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Abstract: Classical molecular dynamics simulations in combination with advanced methods of
analysis were used to shed light on missing parts of our molecular understanding of the Hofmeister
series. In tandem with various experimental techniques, real proteins as well as model systems were
investigated in aqueous salt solutions in order to identify and quantify ion-protein interactions either
leading or not leading to the canonical cationic and anionic Hofmeister ordering.

The potassium cation was found to significantly enhance the BHMT enzymatic activity in
contrast to the rest of the common monovalent cations. In the quest to rationalize this behavior, a
key potassium binding site in the vicinity of the active site was discovered and described. Moreover,
the exceptionally strong effect of K" on the enzymatic activity was explained by hydration properties
of the cations within the limited space of the active site in interplay with their attraction to the
nearby negatively charged residues. By contrast, only a small and indirect influence, which follows
the cationic Hofmeister series, was established for the LinB dehalogenase. The binding hotspot for all
the cations was assigned at the mouth of the tunnel leading to the active site. This assumption was
further supported by single point mutations at the tunnel mouth of this enzyme.

A systematic study of anion-peptide interactions was realized for a variety of model systems
with aid of NMR experiments. Examination of the (VPGVG)q,, polypeptide revealed a dominant role
of anion-backbone interactions in neutral biological systems. On top of that, it was shown that anions
are not attracted to the nonpolar side chains of residues like valine. In order to quantify our previous
findings, capped triglycine was investigated as a model system for the peptide bond in aqueous
solutions of five sodium salts. It was confirmed that the more weakly hydrated the anion is, the more
it interacts with the peptide backbone (SCN" > I' > Br' > CI" > SO,”). Consequently, thiocyanate and
iodide act like salting-in agents, bromide and chloride are neutral in contrast with sulfate which is
repelled from the backbone surface and shows a salting-out behavior.

To capture the effect of charged residues, anion-peptide binding sites for uncapped aqueous
triglycine were explored. In this case, charge-charge interactions dominate, resulting in a reversed
Hofmeister series (S0,> > CI' > Br’ > I), i.e., the more strongly hydrated the anion is, the larger its
affinity to the positively charged N-terminus. Interestingly, SCN™ does not fully follow this rule as a
consequence of a synergy between charge-charge and anion-backbone interactions of this non-
spherical ion. A direct comparison of our results with experimental data published in the 1970s led to
a discovery of an error in the original publication. It was proven that an inefficient synthetic
procedure caused assignment of the measured salting-out constants to a fully capped triglycine
molecule instead of a half-capped version, which matched with our computational results.

Finally, an innovative way of studying ion-protein interactions was demonstrated on the
example of electrophoretic measurements and calculations of neutral model systems and
electroosmotic flow markers.

Keywords: molecular dynamics, proteins, peptides, ions, Hofmeister series.
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Abstrakt: V této dizertaci byla pouzita klasicka molekulova dynamika s pokrocilymi metodami analyzy
dat pro doplnéni a zaroven objasnéni jev( tykajici se Hofmeisterovy fady iontl. V kombinaci
se Sirokym spekterem experimentdlnich metod byly studovany jak realné proteiny, tak i modelové
systémy v roztocich hofmeisterovskych soli. Cilem prace bylo identifikovat a kvantifikovat specifické
interakce iontl s peptidy a proteiny, které zplsobuji vysledné hofmeistrovské Fazeni kationtl a
aniontd, i které toto pravidlo porusuiji.

Pfikladem nehofmeisterovského chovani je zrychleni enyzmatické reakce BHMT transferazy
pomoci draselnych iontll, zatimco ostatni béiné monovalentni kationty nemaji tento efekt.
Molekulové simulace ndm umoznily uréit a detailné popsat vazebné misto pobliz aktivniho mista
enzymu, které bylo pozdéji krystalograficky potvrzeno. Specificita pro draselny kation byla vysvétlena
na zakladé hydratacnich vlastnosti jednotlivych kationtd a interakci se zdporné nabitymi rezidui
aktivniho mista. Naproti tomu pouze maly efekt monovalentnich kationtl na enzymatickou reakci,
ktery odpovida hofmeisterovskému razeni, byl pozorovan pro LinB dehalogendzu. V tomto pfipadé se
kationty vazou u Usti tunelu vedouciho ke katalytické triadé, a proto pouze neptimo ovliviiuji rychlost
reakce, coz bylo podpofeno vypocty i méfenim mutovanych variaci tohoto enzymu.

Dale byla provedena systematickda studie interakci aniontl s peptidy na modelovych
strukturdch rdznych velikosti s podporou dat z nukledrni magnetické rezonance. Vysledky pro
(VPGVG)15 polypeptid nejen odhalily dominanci interakci aniontl s patefi peptidu, ale navic ukazaly,
Ze anionty nejsou pfitahovany k nepolarnim ¢astem rezidui, jakym je napfiklad valin. Nasledujici
analyza triglycinu s obéma chranicimi skupinami, ktery byl zvolen jako model peptidové vazby,
potvrdila, Ze ¢im slabéji je aniont hydratovan, tim silnéji se vaze na bilkovinovou pater (SCN > | > Br’
> ClI" > S0,%). Ve vysledku se proto thiokyanat a jodid chovaji jako vsolovaci ¢inidla, bromid a chlorid
jako neutrdlni ionty, zatimco sulfat peptidy/proteiny vysoluje.

Efekt nabitych rezidui na interakce iontd s peptidy/proteiny byl kvantifikovan na
zwitteriontové (nechranéné) strukture triglycinu. V tomto pfipadé hraje hlavni roli interakce aniontu
s pozitivné nabitym N-koncem molekuly, coZ vede k prevraceni poradi iontli v Hofmeisterové radé
(S0, > CI' > Br > I'). Thiokyanat porusuje toto fazeni, jelikoz se jako jediny véaze jak na pozitivné
nabity N-konec tripeptidu, tak i na peptidovou vazbu, coZz mu umoziuje jeho nekulovy tvar. Pfi
pfimém srovnani nasich vysledkll s experimentdlnimi daty publikovanymi v 70. letech, se nam
podafilo odhallit chybu v pdvodni publikaci. Ukazali jsme, Ze otisténé vysolovaci konstanty souhlasi
s nasimi vypocty pro molekulu triglycinu s jednou chranici skupinou na N-konci, zatimco se rozchazeji
s vysledky pro autory uvedenou oboustranné chranénou variantu. Nas predpoklad byl potvrzen
nereprodukovatelnosti posledniho syntetického kroku v publikovaném ¢lanku.

Jako ukazka nového pfistupu jdouci za jednoduché principy hofmeistrovského vazani kationt(
a aniontl na peptidy a proteiny, byly uvedeny vypocty a méreni elektroforetickych dat pro neutralni
molekuly véetné elektroforetickych markerd.

Klicova slova: molekulova dynamika, proteiny, peptidy, ionty, Hofmeisterova fada iontd.
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1.1 Introduction to the Hofmeister series

1 Abstract in English

1.1 Introduction to the Hofmeister series

Franz Hofmeister is considered to be the first scientist who systematically studied ion-protein
interactions’. As a professor of pharmacology at the German University in Prague he published a
series of experiments on precipitation of the egg-white proteins from aqueous salt solutions**. These
measurements enabled him to order the salts by their ability to precipitate the proteins. Moreover,
using a common cation or anion for series of experiments, he ingeniously separated anionic and
cationic effect, which resulted in the final series commonly known as the lyotropic or Hofmeister
series:

F = S0,% > HPO,* > CH3COO > CI > NO3 > Br > ClO5 > I > ClO, > SCN’

NH," > K* > Na* > Li* > Mg®* > Ca?*

Hofmeister concluded that the ordering of the ions is caused by the water absorbing effects
of the salts. His main idea was rephrased in 1930s as the kosmotropes/chaotropes theory®”.
According to that, kosmotropes have the ability to strongly organize water molecules not only in
their close vicinity, but also in large distances®. Consequently, they ‘steal’ water molecules from the
protein solvation shell, which results in precipitation of the protein from the aqueous solution
(=salting-out effect). In contrast, chaotropes, do not have this ability”?, therefore the protein remains
dissolved in the aqueous solution (=salting-in effect).

However, there are several problems within this theory, which cannot be ignored. Firstly, no
long-range organization of water molecules exists, as numerous experimental and theoretical

publications have shown”'°

. Secondly, the role of the protein is completely excluded, therefore,
according to this theory the results should not differ with various proteins or protein mutants.
Finally, frequently measured violations of the Hofmeister ordering cannot be explained by such a
simple theory. One of the striking examples is the lysozyme precipitation from the aqueous salt
solution. While at high pH and high ionic strength the ions follow the Hofmeister series, at low pH
and moderate salt concentration a reversed Hofmeister series is observed'*.

Because of the weak points in the theory mentioned above, the main scientific interest
shifted from the ion-water to ion-protein interactions in the late 1950s. Thermodynamic
measurements of small model systems were at basis of the experimental approach. Simple
molecules were easier for interpretation of the data. Therefore, N-methyl acetamide (NMA) was, for
example, examined as a model for the protein backbone™**, followed by a systematic study of

1516 A general conclusion was that weakly hydrated anions (I, SCN’, etc.)

polyglycine oligomers
interact with the peptide bond, while strongly hydrated anions do not. The opposite is true for
cations; strongly hydrated cations interact with the backbone unlike weakly hydrated cations. The
lack of sufficient resolution and sensitivity of the experimental techniques in the 1970s and 1980s led
the topic to fall out of interest for the next two decades.

A period of ‘Rennaisance for Hofmeister’ started in 2004, when the first modern Hofmeister
conference was organized. The original Hofmeister papers were translated into English'/, and more
importantly, the key questions were formulated. Finally, the advanced experimental and

computational techniques have allowed a new look into the Hofmeister problem.



1.2 Aims of the study

1.2 Aims of the study

While no universal answer for all the related questions concerning ion-protein interactions
exists, the goal of this thesis is to provide some of the missing pieces of the Hofmeister puzzle. We
focus mainly on the ion-protein and ion-peptide interactions using molecular simulations with a

1821 showed that ion-

substantial support from experimental techniques. The latest studies
protein/peptide interactions consist of two key ingredients which are roughly equally important —
ion-backbone interactions and ion-side chain binding. We apply a reductionist approach to qualify
and quantify both effects while we address the following question — where exactly and how strongly
the Hofmeister ions bind to the backbone or to the side chains. Therefore, mainly model systems are
investigated to provide general conclusions allowing for generalizations of our results.

In addition, we also investigate real proteins to capture the complexity of the topic. In this
quest, we mainly seek to rationalize experimental observations, but on top of that, we aim to predict
additional information, i.g., which mutations can considerably change the enzymatic activity, or
which parts of the protein are not involved in ion binding at all. The atomistic insight helps to
understand experimental data as we offer a detailed view of specific binding sites and explanation of
various ionic effects on the enzymatic activity.

Finally, we attempt to go beyond the classical approach and try to connect cationic and
anionic Hofmeister series. It is well known that anions have more significant effects than cations,
however, the importance of the counter ion for ionic binding is not fully explored yet. Therefore, we
try to gain new information about the ratios of cationic and anionic bindings by applying
nontraditional computational and experimental techniques, such as electrophoresis.

1.3 Methods

1.3.1 Molecular dynamics and methods of analysis

Classical molecular dynamic (MD) simulations were primarily used to achieve the goals listed
above. Empirical force fields for proteins, peptides, ions, and water molecules were chosen in a way
to capture best the observed properties of the studied systems, alternatively, more of them were
used and compared. Primarily, we focused on the thermodynamic quantities and statistical sampling,
therefore, both data convergence and evaluation of the error bars were major issues. Following
methods of analysis were then applied to obtain quantities which are directly or indirectly
comparable with experiments. On top of that, advanced visualization techniques were employed to
display statistical properties that help understanding the results.

The best way how to visualize ion binding sites is to calculate the spatial distribution
function, i. e., the ion map around the investigated molecule. From that, it is relatively easy to
identify which parts of the molecule are involved in or excluded from the interactions with ions. By
adjusting the iso-value of the visualization level, we obtain an overall picture of the importance of
different molecular features. However, to be able to quantify our observations, other types of
analysis need to be applied.

A standardized way of data processing from MD simulations is the evaluation of the radial
distribution function g(r), which is calculated by integration of the spatial distribution function over
the angular coordinates. However, not all the targeted molecules have a spherical shape, therefore,
sometimes it is very useful to go beyond this approach. The proximal distribution function® turns out
to be a good alternative. Here, the molecular surface and the corresponding spatial volume is divided
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into several parts selected by our needs for a better comparison with various experiments (see the

spatial division of the uncapped triglycine surface in Fig. 1). Furthermore, by integration of the

N ion—group

proximal distribution functions in every spatial part, the number of ions ( proximal

) and water

Nwater—group

molecules ( proximal

) belonging to a defined center are obtained. Finally, the preferential

binding coefficient 779%™ can be calculated applying Eq. 1:

Nions _ Nion—group(r)

egion __ aslon—group _ total proximal water—group
. (T) - Nproximal (T) Nwater _ Nwater—group Nproximal (T) (1)
total proximal (T)

where N9 and N}%€" stand for the total number of ions and water molecules in our systems.

The preferential binding coefficient®® defines, whether in the selected region preferential ion binding
(I" > 0) or preferential hydration, i.e., ion depletion (I" < 0) is observed (cartoon explanation in Fig. 1).
It should be emphasize that the thermodynamic property we want to compare with experiment is
not the function I'(r) itself, but its limiting value at large distances (12 A in our case).
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Fig. 1: Visualization of the spatial division around an uncapped glycine trimer and the corresponding iodide
preferential binding coefficients for each of the spatial parts (the color notation being the same for the left and
center figures). Additionally, the meaning of the I coefficient is schematically explained by cartoons
demonstrating the preferential binding of ions (red) vs. the preferential hydration (water molecules in blue) of
an investigated region (orange).

A direct way to compare computational results with the experiment is via the evaluation of
the salting-out constant k,, i.e. the overall effect of the salt on a biomolecule®*. The more positive the
ks value, the better salting-out agent the salt is. Conversely, the more negative k, value, the more
sating-in behavior of the salt is observed. The relation between the preferential binding coefficient
and the salting-out constant is given in Eq. 2:

I.
kg = __ ‘salt (2)
2.303 X Conpy

1.3.2 Exprimental methods

The experimental definition of the salting-out constant k; is based on solubility
measurements™®. An investigated molecule’s solubility (S) is determined in pure water and in a salt



1.4 Results and discussion

solution with concentration of c.,; allowing for evaluation of the k, values as k; = 10g(Swater/Ssait)/Csal -
A direct comparison of the measured and calculated k; values is then possible.

Another way how to monitor the overall effect of salts on the peptide structure is
determination of the lower critical solution temperature (LCST). Elastin-like polypeptides undergo an

226 Below the critical temperature, the polypeptide is dissolved in the

inverse temperature transition
aqueous solution, while above this temperature it experiences a hydrophobic collapse, forming a
separate phase. The LCST can be shifted by adding various salts in different concentrations and the
temperature dependence is then recorded. We are able to distinguish between linear and nonlinear
influence of salts on the LCST and assume that the nonlinear part can be fitted to a binding isotherm.
Consequently, the dissociation constant Ky, can be calculated from the curvature of the AT
dependence of the non-linear part, with Ky = o for purely linear behavior.

Similarly, a peak shift A5 in '"H NMR spectra can be monitored as a function of salt
concentration. In analogy to LCST measurements, the curves are subsequently divided into linear and
nonlinear contributions and the dissociation constant Ky is obtained from the fitted data. The
changes in chemical shifts lie at the limits of measurability, therefore, high demands on the
experimental equipment and precision of data collecting are posed. Nevertheless, this technique
allows us to determine individual dissociation constants for different parts of the molecule
containing non-exchangable protons. On the other hand, exchangeable protons are problematic to
measure. Finally, we note that the determined NMR effects are very local (r* dependence)*’*.

Infrared spectroscopy (IR) can be used in a similar way as described for NMR measurements.
The changes in frequencies are recorded as a function of salt concentration, and the dissociation
constant can be then inferred from the data. The local character of the measurement remains®, but
other functional groups than protons can be examined. Finally, we note that the protein crystal
geometries, obtained from the X-ray spectroscopy, serve as a starting point for most of the MD
simulations. The crystal is, however, a product of specific crystallization conditions, which may differ
significantly from the situation in solvent. On top of that, sodium cations may easily be
misinterpreted as water molecules due to their similar electron densities. Nevertheless, the
combination of all the above listed spectroscopic methods is crucial for making connection with

theoretical calculations and for their benchmarking.

1.4 Results and discussion

14.1 lon-protein interactions

The first half of the results is dedicated to specific ion effects on protein structures and
enzymatic activity. The first enzyme we examined was betaine-homocysteine S-methyltransferase
(BHMT), which is produced in liver and kidney tissues of monogastric animals®. It catalyses a methyl
transfer from betaine to homocysteine at the active site containing a zinc cation, resulting in
production of methionine in our bodies®’. Colleagues from our institute performed a detailed
experimental study on the influence of monovalent cations on the BHMT activity>’. They found out
that potassium enhances the activity significantly, rubidium and ammonium mildly, while the rest of
the investigated cations had no effect. This blatant violation of the cationic Hofmeister series led us
to setting up MD simulations and seeking for an explanation.

We used crystal structures of rat>> and human®® BHMT (tetramer), from which selected a
single monomer and established using simulations the crucial sites for cationic binding. While at the
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protein surface all the binding sites followed the Hofmeister series (Na* > K* > Rb), close to the
active site of the enzyme we detected an exceptional site (see the spatial distribution function of K*
in Fig. 2A). When we calculated the average number of cations at the active site, we found out that
potassium binds to the negatively charged residues (Asp26 and Glul59) the strongest, rubidium less
so and sodium the least, which is in good agreement with experimental results. The reason for this
raises from different hydration properties of these cations. The sodium cation keeps very strongly its
solvation shell of six water molecules. Consequently, it has the largest hydration sphere, which does
not interact with carboxylic groups of the negatively charged residues at the active site very
efficiently. The potassium cation easily loses two of its water molecules, binding strongly to the
carboxylic groups while oscillating between Asp26 and Glu159. Finally, Rb* also easily abandons two
water molecules, but being larger than K*, the charge-charge interaction weakens.

To answer the question whether and how the binding situation changes when a substrate
approaches the active site*, additional simulations with an added inhibitor were performed. In this
case one of the binding sites (Glu159) is sterically hindered by the inhibitor, therefore, Asp26 remains
to be the only residue cations are strongly bound to (Fig. 2B). Our collaborators prepared and
measured several mutants of the BHMT enzyme where the closest residues to the potassium binding
site were altered. All the mutants had low or zero activity but some of them were expressed in very
low yields, which points to their importance in protein folding. In contrast, when a residue not
directly bound to the potassium cation was mutated, the activity of the enzyme remained significant.
Eventually, crystallographers succeeded in structure determination and confirmed the potassium
binding site predicted by MD simulations.

Fig. 2: Isosurfaces of the spatial distribution function of the potassium ion (in purple) calculated around the
BHMT monomer with an isovalue=10. Part A shows the identified binding sites near the Asp26 and Glu159
residues. Part B demonstrates how the binding site is shifted toward Asp26 when the inhibitor CBHcy is present
at the active site. Zinc ion is coloured in grey and its ligand resiudes (Cys247, Cys299, Cys300, and Tyr160)
together with the inhibitor in yellow.
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In contrast to BHMT, the enzymatic activity of the LinB dehalogenase is influenced by ions
according to the Hofmeister ordering (Na* > K" > Rb* > Cs*). Moreover, the ion effect is rather small in
this case. In a similar fashion as described above, we took the structure of LinB and sampled where
the hotspots for cationic binding are located. We observed no penetration of any of the investigated
cations to the active site. On the other hand, we identified a possibly important binding site at the
mouth of the tunnel leading to the active site. By various mutations at the tunnel mouth, we showed
both computationally and experimentally the importance of this region®®. When we increased the
negative charge at the tunnel mouth, we locally increased cationic binding, while when we decreased
the negative charge, the cationic hotspot vanished. In contrast, the overall cationic spatial
distribution function was not affected by this local change. It was experimentally shown that
substrate inhibition decreases with the introduced negative charge at the tunnel mouth and vice
versa, which is in line with the computational observations.

LinB catalyses, in the absence of any cofactor, the conversion of haloalkanes to alcohols®.
Halide anions and protons are released as side products. To better quantify this process, free energy
profiles of halide ions (CI, Br, and I) leaving the LinB active site were calculated. We were
confronted with the uncertainty of the protonation state of the catalytic His272, and consequently,
we had to perform two sets of free energy calculations. In the vicinity of the catalytic triade at the
active site of the enzyme, the halide-stabilizing site takes place®. We showed® that halides are
stable at this site in the following order: I > Br' > CI". This pondering was also supported by stopped-
flow fluorescence experiments. Moreover, we found out that all the anions leave the active site
through the same tunnel having very similar free energy profiles, being better stabilized by the
halide-stabilizing residues than in the bulk. Interestingly, the protonation state of His272 has a non-
negligible impact on the halide free energy profiles. Namely, doubly protonated His has an additional
stabilizing effect on all three anions, while singly protonated His does not. The possible ways of the
proton release from the active site are being investigated at present.

1.4.2 lon-peptide interactions

In contrast to the case studies described in the previous part, a systematic study of the
binding patterns of the Hofmeister ions at the peptide surfaces is presented in this section. First, a
biopolymer (VPGVG)4, known as elastin-like polypeptide (ELP) was experimentally investigated by
our colleagues using LCST and NMR measurements®. Shifts in the clouding temperature (AT) and
proton chemical shifts (Ad) as a function of salt concentration were measured in three sodium salts —
NaSCN, NaCl, and Na,SO,. It follows from the LCST data that only for NaSCN a nonlinear behavior is
observed and, therefore, specific ion-peptide interactions are deduced. Calculated Ky constants from
the NMR experiments suggest that Ca protons are influenced by SCN™ the most, by CI" only mildly,
while a purely linear dependence is measured for SO,”. In contrast, valine side chain protons show
linear behavior in all three salts.

To examine molecular mechanisms of ion binding at the ELP surface, we performed classical
MD calculations of the VPGVG monomer in the same salt solutions. From the spatial distribution
functions, proximal distribution functions, and mainly from the preferential binding coefficients (I'),
we can conclude the following: SCN' is attracted to the ELP surface interacting mainly with the NH
group of the peptide bonds and the adjacent Ca protons, while it is depleted from the nonpolar parts
of the valine residues. This is in contrast to CI” and even more to SO,>, which show repulsion from all
the spatial parts of the molecule, most strongly from the valine residues.
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The finding that the anion-backbone interactions dominate in neutral systems like ELP led us
to examine the ionic effects on the backbone separately. We chose a capped (terminated) triglycine
molecule (GGG) as a model system for the backbone more representative than the frequently used
N-methyl-acetamide (which does not contain any alpha carbon). Similarly to ELP, we ran MD
simulations of the capped GGG in five sodium salt solutions (NaSCN, Nal, NaBr, NaCl, and Na,SO,) for
which dissociation constants Ky from the NMR proton shifts were available. The results** validated
and extended our previous observations: the more weakly hydrated the anion, the more it interacts
with the backbone (SCN" > I > Br > CI' > SO,%). Namely, SO,* , as a strongly hydrated anion, is
depleted from the backbone, which results in a salting-out behavior of sulfate salts. ClI" and Br” act like
neutral agents with no or only minor interactions with the peptide bonds. I and even more so SCN’
bind significantly to the peptide/protein backbone. Calculated spatial distribution functions of all
anions around capped GGG are shown in Fig. 3.

To capture the effect of charged residues on ion-specific interactions, we investigated also
the uncapped (non-terminated) version of triglycine*’. The uncapped N-terminus serves as a model
binding site for positively charged residues (Lys), while the uncapped C-terminus represents
negatively charged residues (Asp or Glu). The results revealed that in contrast to the capped GGG
the charge-charge interactions dominate here. Therefore, the anion with the biggest charge density
S0,%, exhibits the strongest affinity, followed by CI" > Br > I. However, a more complex situation is
observed for SCN’, where both charge-charge and anion-backbone interactions play a significant role,
resulting in a synergic effect enhancing the SCN™ binding to the uncapped GGG molecule. The reversal
of the Hofmeister series in terms of spatial distribution functions is depicted in Fig. 3.

terminated non-terminated

<€

Fig. 3: Density maps of SO,>, CI', Br, I', and SCN” around terminated (left column) and non-terminated (right
column) triglycine at an isovalue of 3.
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In order to compare our results with additional experimental data, salting-out constants k
for seven sodium salts (Na,SO,, NaF, NaCl, NaBr, Nal, NaSCN, and NaClO,) were calculated from MD
simulations. Nandi and Robinson established salting-out constants' for capped triglycine from

solubility measurements for the purpose of ordering Hofmeister salts in the 1970s. Our data were in
good agreement with their results except from NaF and Na,SO,. After a proper check of our force
fields and the methods used in the original publication, we were able to show™ that the k, constants
for a half-capped version of GGG perfectly match with the experimental data of Nandi and Robinson.
Our experimental colleagues then confirmed that the synthetic procedure of the final capping
published by Nandi is irreproducible, therefore, the salting-out constants were assigned to an invalid
structure. Interestingly, we were able to reveal this fact due to a mismatch for the strongly hydrated
anions as they were more repelled from the charged C-terminus than the weakly hydrated ones,
therefore, the effect for them was more pronounced.

Finally, we attempted to go beyond standard approaches and connect the cationic and
anionic Hofmeister series by an unconventional electrophoretic (EOF) separation of neutral analytes.
Usually, electrophoresis is used for charged species®. Moreover, the reported electrophoretic
mobility values are in fact differences between the mobilities of the analyte and the EOF marker™.
Commonly used EOF markers like dimethylsulfoxide (DMSO) or thiourea (TUR), however, interact
with the EOF salts in an uneven way. As a result, they move in the electric field with different
velocities, which violates the commonly applied assumption that EOF markers behave like immobile
species independently on the used electrolyte®™. We quantified these effects for both cations and
anions using MD simulations with support of EOF experiments*®. On top of that, we examined the ion
binding to NMA in EOF electrolytes and were able to establish cationic and anionic effects at the
same time. As an example, NMA moves as an almost neutral analyte in LiAc aqueous solution, from
which we conclude that in average Li* binds in a similar amount to NMA as Ac” does, which is not true
either for DMSO or for TUR. An atomistic view of the simulations allowed us to rationalize
experimental observations. At the same time, experimental data served as a good benchmark for
testing empirical force fields employed in MD.

1.5 Conclusions

In the present thesis we demonstrate how efficient a combined computational and
experimental approach can be for obtaining complex answers to biologically relevant questions such
as ion-specific effects on proteins and peptides. In the first part, selected enzymes were investigated
as experimental data were collected and rationalized by MD simulations. Various binding motifs were
identified in the enzymatic structures and key cationic binding sites were specified. On top of that,
based on our simulations, several mutations were suggested to influence the enzymatic activity.
Interestingly, both Hofmeister following and Hofmeister violating effects were observed.

A systematic study of the ion-peptide interactions demonstrates the strength of a
reductionist approach which divides ion-protein effects into backbone and side-chain contributions.
The fact that the Hofmeister series can be reversed by uncapping the triglycine molecule indicates
the possibility of reaching the desired properties of targeted enzymes in a given salt by simple point
mutations or pH titration. Finally, future development should go beyond the simplifying concept of
separate anionic and cationic Hofmeister series as the anion-cation attraction both in bulk and at the
protein surface can play an important role. Innovative experimental setups armoured with a
computational insight provide a fresh look into the topic as we demonstrated by electrophoretic
measurements and related calculations.
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2 Abstrakt v ceském jazyce

2.1 Uvod do Hofmeisterovy fady iont@

Franz Hofmeister je povazovan za prvniho védce, ktery systematicky studoval interakce iont(
s proteiny®. JakoZto profesor farmakologie na prazské Némecké univerzité publikoval sérii ¢lanké o

srazeni (vysolovani) vaje¢ného bilkil ze solnych roztokd™?

. Na zakladé téchto experimentl seradil soli
podle sily jejich Ucinku na vysraZzeni vajecnych protein. Tim, Ze pouZil rGzné soli se stejnym
kationtem ¢i aniontem, dokazal oddélit vysolovaci efekt pro anionty a kationty zvlast, ¢imz ziskal

vyslednou lyotropickou ¢i po autorovi pojmenovanou Hofmeisterovu rfadu iontu:

F = S0,> > HPO,* > CHsCOO > CI > NO3 > Br > ClO5 > I > ClO, > SCN’

NH," > K* > Na* > Li* > Mg®* > Ca?*

Hofmeister vysvétlil sva experimentalni pozorovani na zakladé hydratacnich vlastnosti iontu.
Jeho hlavni myslenka byla parafrazovana ve 30. letech jako teorie kosmotropnich a chaotropnich
¢inidel™.  Kosmotropy jsou ionty/molekuly, které silné vaZzou molekuly vody, co? jim umoZiiuje
organizovat strukturu vody na velké vzdalenosti®. Diky tomu se obklopuji maximalnim moznym
poctem vod, v disledku ¢ehoz si privlastni i tu vodu, kterad rozpousi protein v roztoku, ¢imz protein
z roztoku vysrazi (vysolovaci efekt). Chaotropy jsou naopak ionty/molekuly, které tuto vlastnost
nemaji”®, a proto zlstava protein rozpustén i v pfitomnosti téchto ¢inidel (vsolovaci efekt).

Teorie se ukazala jako neplatna z nékolika dlivodU. Zaprvé neexistuje iont ani molekula, ktera
by dokazala organizovat vodu na velké vzdalenosti, coZ podpofila fada experimentalnich i
teoretickych praci®'®. Zadruhé v této teorii nehraje protein zadnou roli. To by znamenalo, 7e viechny
proteiny ¢i jejich mutace by byly vysolovany naprosto stejné, coz vime, Ze neni pravda. V neposledni
fadé je nutno fici, Ze takto jednoducha teorie nedokaze vysvétlit pripady, které tato pravidla porusuiji.
Dobrym ptikladem je lysozom, coZ je protein, ktery je vysrazen ze solného roztoku podle
Hofmeisterovych pravidel, pokud jsou pH nebo sila roztoku vysoké. Pfi nizkém pH nebo nizkych
koncentraci solf je naopak pozorovana prevracenad Hofmeisterova fada™ ™.

Diky témto zjisténim se v 50. letech upustilo od vyzkumu hydratace iontll a pozornost se
zaméfila na interakce iontl s proteiny. NejbézinéjSim zplUsobem ziskdvani dat bylo méreni
termodynamickych veli¢in malych modelovych systém, které byly snadné na realizaci i interpretaci.
N-methylacetamid (NMA)®™ ¢ pozdéji glycinové oligomery™'® byly studovany jako modely
peptidové vazby. Jednoznacnym vysledkem bylo, Ze slabé hydratované anionty (jodid, thiokyanat) se
vaZzou na peptidovou vazbu, zatimco silné hydratované anionty (sulfat, fluorid) ne. Presny opak plati
pro kationty: silné hydratované kationty (vapenaty, horecnaty) interaguji s peptidovou vazbou
narozdil od slabé hydratovanych kationtl (draselny, cesny). BohuZel nedostatecna technicka
vyspélost experimentalnich i vypocetnich metod 70. a 80. let zplsobila, Ze se toto téma dostalo na
vice nez dvacet let mimo zajem védecké vefejnosti.

Hofmeisterovska resenance zacala konferenci pofadanou v roce 2004, na které se znovu
otevielo téma hofmeisterovskych efektl. Plvodni Hofmeisterovy publikace z 19. stoleti byly
preloZeny do angli¢tiny®’, klicové otazky byly formulovany spole¢né s novymi sméry vyzkumu pro
komplexni systémy jako jsou proteiny, peptidy, membrany ¢i iontové kanaly. Diky nejnovéjsim
experimentalnim technikam, vypocetnimu vykonu i pokrocilym metodam analyzy se otevrel novy
prostor pro hofmeisterovské badani.
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2.2 Cile prace

JelikoZz neexistuje Zadnad teorie vysvétlujici vSechny pozorované interakce iontl
s biomolekulami, cilem této dizertacni prace je poskytnout odpovédi na nékteré z hofmeisterovskych
zahad. Hlavnim nastrojem pro zodpovézeni téchto otdzek je klasickd molekulovd dynamika

s podporou $irokého spektra experimentalnich metod. Nejnovéjsi tematické studie'®*

ukazuji, ze
interakce iontl s proteiny Ci peptidy se daji rozdélit na dva pfiblizné rovnomérné prispévky, tj.
interakce iontl s pdtefi proteinl a s postrannimi fetézci aminokyselin. My aplikujeme tzv.
redukcionisticky ptistup, tedy Ze zminéné dva pfrispévky lze studovat separdtné, abychom
zodpovédéli nasledujici otazku — kde presné a jak silné se Hofmeisterovy ionty vazou na proteinovou
patef ve srovnani s postrannimi retézci. Proto jsme zvolili zejména modelové systémy rdznych
velikosti, abychom mohli vyvodit obecné zavéry z nasich vypoctl a pozorovani.

Abychom vsak nezlstali pouze u modelovych pfipadd, je potfeba studovat rovnéz realné
proteiny. U vybranych struktur lze snadno monitorovat vliv iontll na enzymatickou aktivitu a diky
simulacim tato pozorovani vysvétlit na molekulové Urovni. Ddle jsme schopni predpovidat, které
mutace by mohly mit pozitivni/negativni vliv na enzymatickou aktivitu, kde se nachazeji vazebna
mista pro interagujici ionty ¢i na které ¢asti molekuly se ionty vlibec nevazou.

Na zavér bychom se radi pokusili o alternativni pfistup, ktery by ndm umoznil propojeni
kationtové a aniontové Hofmeisterovy rady iont(. Je vieobecné zndmo, Ze anionty maji vétsi efekt na
proteiny nez kationty, jak se ale ukazuje, pfitomnost protiiontl je v urcitych pfipadech mimoradné
dalezita. Jak moc je interakce kationtll s anionty rozhodujici anebo jak se méni poméry iontd vaza-
nych na peptidovou vazbu, se pokusime zodpovédét pomoci vypoctl i méreni elektroforetickych dat.

2.3 Metody

23.1 Molekulova dynamika a analyza dat

K dosazeni vytyCenych cilG jsme vyuZili predevsim simulaci klasické molekulové dynamiky
s empirickymi parametry pro proteiny, peptidy, ionty i vodu. Spravnou volbu parametr( jsme vidy
ovéfili srovnanim s experimentdlnimi daty ¢i pouzitim nékolika rGznych variant. Abychom ziskali
platné termodynamické veli¢iny se statistickou presnosti, museli jsme zajistit dobrou konvergenci
vypocetnich dat a urcit smérodatnou odchylku nasich vysledkd. Rlzné statistické a vizualizacni
metody analyzy byly pouZity pro zpracovani ziskanych dat tak, abychom byli schopni pfimého ¢i
neprimého srovnani s experimentem ¢i abychom Iépe porozuméli plivodu pozorovanych interakci.

Nejlepsi zpUsob jak zobrazit, kde se ionty na protein ¢i peptid vaZou, je pomoci tzv. 3D
hustotnich iontovych map. Mista se zvySenou pravdépodobnosti vyskytu iontd se vykresli kolem
studované molekuly, zatimco mista s vyskytem iont(l nizSim neZ zvolena hodnota zlstanou prazdna.
Jednoduse lze tedy urdit, které &asti molekuly interaguji/neinteraguji s ionty. Nicméné tyto mapy
slouZi pouze jako kvalitativni obrazek, abychom mohli uréit silu vazani jednotlivych iontd, je potieba
aplikovat jiné zpUsoby analyzy.

Jednim z nich je vypocet radialni distribu¢ni funkce g(r), kterou ziskame integraci hustotnich
iontovych map podle vSech Uhli prostoru. Jak nazev funkce napovidd, udava, s jakou pravdépodob-
nosti nalezneme ionty/molekuly ve vzdalenost r od centra studované molekuly. Ne vsechny molekuly
ale maji symetricky kulovity tvar, proto je vyhodné zavést novou veli¢inu — proximalni distribu¢ni
funkci®. P¥i jejim vypoctu se povrch molekuly rozdéli na nékolik ¢asti a pravdépodobnost vyskytu
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iontd se urdi pro kazdou ¢ast zvlast. Jak si povrch rozdélime, zaleZi ¢isté na nas, pokud ale chceme

nase vysledky srovnavat s experimentem, fidi se volba casti podle néj (na Obr. 1 je vyobrazeno
rozdéleni nechranéného triglycinu na 3 ¢asti podle NMR méreni). Pokud zintegrujeme proximalni

distribucni funkce (tedy pravdépodobnosti vyskytu iontd v jednotlivych ¢astech), ziskdme pocet iontl

(Nlon—group ) | VOd (Nwater—group

proximal proximal ) pro kazdou sledovanou ¢dst, z nichz jiz snadno dopocteme

preferenéni koeficient interakce (779%°™), jak je uvedeno v rovnici 1:

ions __ Nion—group(r)

egion __ . ion—group _ total proximal water—group
r (T) - Nproximal (T) water water—group proximal (1") (1)
Neotar — Nproximal ™)

ve které NS a NYOLe™ znagi celkovy polet iontdl a vod v nasem systému. Preferenéni koeficient

interakce® udéava, zda se v dané oblasti k povrchu molekuly vazou pfevazné ionty (I > 0) & zda zde
prevaZuje interakce s vodou, jinymi slovy zda jsou ionty odpuzovany od studovaného povrchu (I < 0),
jak je schematicky zobrazeno na Obr. 1. Je nutné zdlraznit, Ze pro srovnani s experimentalni
termodynamickou veli¢inou neni dllezZity cely pribéh I funkce, ale pouze jeji limitni hodnota, kterou
v nasem ptipadé odecditdme ve vzdélenosti 12 A.

preferential binding

0 2 4 6 8 10 12
distance [A]

Obr. 1: Rozdéleni prostoru kolem nechrdnéného triglycinu na 3 oblasti, pro které byl vypocten preferenéni
koeficient interakce I jodidového aniontu (barvy kfivek odpovidaji barvam jednotlivych ¢asti prostoru). Dale je
zde schematicky vysvétlen vyznam T koeficientu, jehoZ kladna hodnota znaci pfednostni vazani iontd (v ¢ervené
barvé), zaporna hodnota pak prednostni hydrataci (vodni molekuly naznaceny svétle modie) povrchu molekuly
(v oranZové barvé) v dané casti prostoru.

P¥mé srovnani vypoctl s experimentem umozriuje vysolovaci koeficient™ ki, ktery udava,
jaky ma dana sdl celkovy efekt na protein/peptid v solném roztoku. Cim kladnéjsi hodnota ki, tim
ucinnéjsim vysolovacim cinidlem dana sul je. Naopak ¢im zdporné;jsi vysolovaci koeficient, tim Iépe
zvolena sul vsoluje (= udrZuje protein rozpustény v roztoku). Vztah mezi preferenénim koeficientem
interakce I a vysolovacim koeficientem k, v solném roztoku o koncentraci c,,; je dan rovnici 2:

I
ks - _ salt (2)
2.303 X Cgqpt

2.3.2 Experimentalni metody

Vysolovaci koeficient k, se experimentdlné zjistuje na zakladé méfeni rozpustnosti*
studovaného proteinu/peptidu v Cisté vodé (Syater) @ v solném roztoku (Sg,:). Pomoci jednoduchého
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vztahu Ky = 108(Swater/Ssait)/Csait S€ Vypocte hodnota vysolovaciho koeficientu, kterou lze pfimo
porovnat s hodnotami ziskanymi z molekulovych simulaci.

Dalsi zpuUsob jak zjistit celkovy efekt soli na peptid je experimentalni méfeni tzv. teploty
zakaleni roztoku (LCST). Polypetidy elastinového typu jsou za nizkych teplot plné rozpustné ve vodé,
zatimco pfti prekroceni teploty zakaleni dojde k hydrofobnimu kolapsu, tedy k vysrazeni peptidu, ¢imz
se zakali do té doby &iry roztok®>?®. Pfidanim réiznych typd soli Ize teplotu zakaleni ménit - vysolovaci
Cinidla tuto teplou snizuji, vsolovaci cCinidla zvysuji. Vyslednou zdavislost teploty zakaleni na
koncentraci soli (cg,i;) Ize rozdélit na linearni a nelinedrni ¢ast, pficemz z nelinearni ¢asti lze vypocitat
disociacni konstantu Kp. Pokud je zdvislost LCST na cg,; Cisté linedrni, pfedpokladdme nekonecné
velkou Kp, tedy nulovou interakci soli s peptidem.

Analogicky k LCST experimentim lze monitorovat posun pozic proton v NMR spektrech (A)
jako funkci koncentrace soli. Opét se namérena data rozdéli na linearni a nelinearni ¢ast a vypocte se
disociaéni konstanta. Oproti LCST experimentdim ma NMR tu vyhodu, Ze rozlisuje chemicky odlisné
protony v rlznych ¢astech molekuly, tudiz Ize pro kazdou takovou ¢ast vypoditat vlastni disociacni
konstantu a ne pouze sledovat efekt soli na celou molekulu. Bohuzel NMR posuny proton vlivem soli
jsou na hrané méfitelnosti, a proto kladou obrovské naroky na technické vybaveni a preciznost
méreni. Problém také zpUsobuji vyménitelné protony na heteroatomech (napt. NH peptidové vazby)
a fakt, 7e namérené efekty soli na NMR spektra jsou velmi lokalni (zavislost r*)*"%,

Infracervena spektroskopie (IC) predstavuje alternativu k NMR méfenim, jelikoZ dokaze
sledovat i jiné typy atom( v molekule nez protony (napf. kyslik v karbonylové ¢i karboxylové
skuping), lokalni charakter méfeni ale z(stava®’. Podobné jako v predchozim ptipadé se
zaznamendvaji zmény v posunech IC spekter v zavislosti na koncentraci soli, z nich? Ize vypoéitat
disociacni konstantu iontu k danému atomu ¢i skupiné atoml. Na zavér musime uvést X-ray
krystalografii, diky které mame k dispozici geometrickd uporfadani atom( studovanych proteind,
kterd slouzi jako vychozi bod pro molekulové simulace. Je ale dobré zdlraznit, Ze krystalizace
proteind probiha za specifickych podminek, tudiz vysledna geometrie nemusi odpovidat skute¢nosti
v roztoku. Navic se sodné kationty ¢asto zaménuji za vodu, protoZe maji podobnou elektronovou
hustotu. Nicméné pfi vhodném zkombinovani vyse uvedenych metod a pocitaCovych simulaci lze
dosahnout téch nejlepsich vysledkd.

2.4 Vysledky a diskuze

24.1 Interakce iontl s proteiny

Prvni polovina vysledkl je zaméfena na specifické interakce iontl s proteiny a ovlivnéni
enzymatické aktivity. Betain-homocystein-metyl-transferdza (BHMT) je enzym, ktery produkuji jatra
a ledviny zvitat s jednokomorovym zaludkem®. BHMT katalyzuje metylaci homocysteinu v aktivnim
misté enzymu, které obsahuje zinecnaty kation, ¢imZ vznikd metionin, latka potfebna pro nas
organismus>’. Nasi kolegové z Ustavu organické chemie a biochemie méfili rychlost enzymatické
reakce BHMT v rliznych solich a objevili necekany vysledek. Draselné ionty nékolikanasobné urychluji
enzymatickou aktivitu BHMT, rubidné a amonné ionty maji pouze maly efekt, zatimco zbylé
monovalentni kationty nemaji Uc¢inek zadny*”. Tento vysledek je v rozporu s Hofmeisterovou fadou
kationt(l, coZ nds motivovalo pfijit s vysvétlenim na zakladé molekulovych simulaci.

Vychéazeli jsme zkrysi®® a lidské® krystalové struktury BHMT (tetramer), vybrali
monomerickou ¢ast a molekulovou dynamickou vzorkovali, kde a jak silné se rGzné kationty vaZzou na
strukturu BHMT. Zatimco vSechna interakéni mista nalezenda na povrchu proteinu interaguji s kationty



2.4 Vysledky a diskuze

v souladu s Hofmeisterovou fadou (Na® > K' > Rb"), v blizkosti aktivniho centra enzymu jsme
identifikovali vazebné misto, kde toto pravidlo neplati (mapa draselnych iontd kolem BHMT struktury
je ukazana na Obr. 2A). Kdyz jsme urcili primérny pocet kationtl vazanych v blizkosti aktivniho mista
na negativné nabita rezidua (Asp26 a Glul59), ziskali jsme vysledek odpovidajici experimentalnimu
pozorovani — draselny kationt se vdaném misté zdrzuje nejvice, rubidny kationt méné casto a sodny
kationt nejméné. Jak efektivné kationt interaguje srezidui v blizkosti aktivniho mista vychazi
z hydrataénich vlastnosti kazdého kationtu. Na* je permanentné hydratovdn 6 vodami, v disledku
¢eho? se pohybuje a interaguje jako iont s nejvétsim hydrataénim polomérem. K* snadno obétuje 2
z jeho vodnich molekul, diky éemuz ma nejmensi hydrataéni polomér a je schopny efektivné
interagovat s negativné nabitymi rezidui aktivniho mista. Rb* také snadno ztraci 2 molekuly vody, ale
jeho atomovy polomér je vétsi nez drasliku, tim padem i hydrataéni polomér je vyssi, coz oslabuje
jeho schopnost interakce s kli¢covymi rezidui®.

V naslednych simulacich jsme prozkoumali, jak se situace v aktivnim misté zméni, pokud se
do néj navéze substrat/inhibitor®. Z Obr. 2 vyplyva, Ze inhibitor stericky brani jedno z pivodnich mist
interakce s draselnym kationtem (Glu159), proto jedinym vazebnym mistem zUlstava Asp26. Na
zakladé tohoto vysledku jsme navrhli mutace okolnich rezidui, které méli potvrdit, Ze pravé toto
misto je klicové pro urychleni enzymatické aktivity BHMT v pfitomnosti draselnych kationt(. VSechny
navrzené mutované verze enzymu mély nulovou ¢i velmi nizkou aktivitu, na rozdil od pfipadu, kdy
bylo zmutovano reziduum v blizkosti aktivniho mista ale nepodilejici se na vdazani draselného
kationtu. Na zavér krystalografové potvrdili ndmi pfedpovézené vazebné misto pro K".

Obr. 2: Hustotni mapy draselného kationtu kolem BHMT enzymu jsou vykresleny fialovou barvou tak, Ze jsou
zobrazena pouze mista, kde je pravdépodobnost vyskytu minimalné 10x vys$si neZ v roztoku. Kli¢ova vazebna
mista v blizkosti aktivniho mista enzymu jsou zvétSena v Casti A pro samostatny enzym (Asp26 a Glu159), v Casti
B za pritomnosti inhibitoru CBHcy (Asp26). Zinecnaty kationt (v Sedé) a jeho ligandy véetné inhibitoru (Zluté)
tvori aktivni misto BHMT enzymu.
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Na rozdil od BHMT maji kationty na enzymatickou aktivitu dalSiho studovaného enzymu, LinB
dehalogendzy, pouze maly Gdinek, ktery odpovida hofmeistrovskému Fazeni (Na* > K* > Rb* > Cs").
Podobné jako v pfedchozim pfipadé jsme zjistovali pomoci molekulové dynamiky, kde kationty
s enzymem interaguji a jak mohou rychlost enzymatické reakce ovliviiovat. Ze simulaci vyplyva, Ze
kationty se skrz Uzky tunel nedostanou az k aktivnimu mistu a zUstavaji pouze u Usti tohoto tunelu.
Na zdkladé mutaci nékolika aminokyselin v Gsti tunelu jsme ukazaly, Ze pravé zde dochazi ke
klicovému vazani kationt’®. Kdyz jsme zvysili negativni naboj u Usti tunelu, zvysili jsme tim i pocet
navazanych kationt(l a naopak, pfi snizeni negativniho naboje identifikované misto interakce zmizelo.
Efekt je ale velmi lokalni, protoZze uvedené mutace nezméni hustotni mapy kationtl ve zbylych
Castech enzymu. Experimentalné bylo dokdzano, Ze zvySenim negativniho ndboje u Usti tunelu
dochazi ke snizeni substratové inhibice, coZ je v souladu s nasimi pozorovanimi.

LinB dehalogendza katalyzuje preménu alkylhalogenidl na alkoholy bez ptitomnosti
jakéhokoliv kofaktoru®’. Vedlej$imi produkty reakce jsou halogenidové ionty a protony, které musi
pred zacatkem nového cyklu aktivni misto opustit. Abychom prostudovali tento proces, spocitali jsme
profily volné energie halogenidovych iontl (CI,, Br a I') opoustéjicich aktivni misto enzymu skrz tunel
az do roztoku. JelikoZ jsou mozné dva protonacni stavy histidinu v aktivnim misté enzymu, provedli
jsme dvé série vypoctl volnych energii pro vsechny halogenidy. V blizkosti aktivniho mista jsou dvé
rezidua, kterd stabilizuji halogenid ihned po jeho vzniku®®, z vypotti volnych energii pak vyplyva, 7e
v ndsledujicim poradi: I' > Br > CI. Tento vysledek byl potvrzen i experimentadlné na zakladé
fluorescentnich méreni®. Navic jsme ukdzali, Ze véechny halogenidy opoustéji aktivni misto stejnym
tunelem s podobnymi profily volné energie, a Ze jsou vice stabilizovany u aktivniho mista enzymu nez
v roztoku. Protonacni stav katalytického histidinu ma nezanedbatelny efekt na profily volné energie
halogenid(. Pokud je His272 pozitivné nabity, vytvari dalsi misto, kde jsou halogenidy stabilizovany
na jejich cesté ven znitra enzymu, pokud je His272 neutrdlni, zadna interakce sionty neni
pozorovana. V soucasné dobé zkoumame, jak aktivni misto opousti vznikajici protony.

2.4.2 Interakce iontd s peptidy

Na rozdil od predchazejich vysledk( je tato Cast vénovana systematické studii interakci
hofmeistrovskych iontl s povrchy peptid(. Jako nejvétsi modelovy systém byl experimentdiné
studovan polypeptid elastinového typu (VPGVG),4, Na Némz byla namérena data pomoci LCST a NMR
technik®. Ziskanda data vypovidaji o tom, jak tfi sodné soli (NaSCN, NaCl a Na,SO,) ovlivriuji teplotu
zakaleni (AT) a posuny piki v NMR spektrech (Ad). LCST méreni ukazala, Ze nelinearni chovani je
pozorovatelné pouze v roztoku NaSCN, z cehoZ lze usuzovat na specifické interakce thiokyanatu
s povrchem polypeptidu. NMR data navic naznacuji, Ze vodiky alfa uhliku peptidové vazby vykazuji
nejvic nelinearni chovani v NaSCN, lehce nelinedrni zavislost v NaCl a Cisté linearni kfivku ziskame
v Na,S0,. Naopak linearni zavislost ve vSech studovanych solich ziskdme pro protony valinového
postranniho fetézce.

Abychom prostudovali interakce iontl s polypeptidem, pouzili jsme klasické molekulové
simulace, které zmapovaly, se kterymi ¢astmi ELP monomeru anionty interaguji. Z hustotnich map
aniontll, proximalnich distribu¢nich funkci a I' koeficientll jsme dospéli k témto zavérim: SCN™ je
pfitahovan k povrchu peptidu a intergauje predevsim s peptidovou vazbou (NH skupinou a sousedici
C,), zatimco je odpuzovan od nepolarnich &asti valinu. CI" a zejména SO,” jsou v priiméru odpuzovany
od vSech casti molekuly, nejvice ale od povrchu valinovych rezidui. VSechny vysledky jsou tak
v souladu s experimentdlnimi pfedpoklady, navic ale poskytuji informaci o vyménitelnych protonech
(NH) a rozlisuji nulovou interakci s peptidem od odpuzovani iont(l z povrchu peptidu.



2.4 Vysledky a diskuze

Jak se ukazalo, v pfipadé neutrdlnich polypeptidd dominuje interakce aniontl s peptidovou
patefi, proto jsme se rozhodli kvantifikovat vazani hofmeisterovskych aniontd na peptidovou vazbu
separatné. Zvolili jsme si molekulu triglycinu s obéma chranicimi skupinami jako model peptidové
vazby a vzorkovali, kde se jednotlivé anionty vaZzou pro 5 rGznych sodnych soli (NaSCN, Nal, NaBr,
NaCl a Na,SO,). Nase vysledky jsme pak porovnali s disociatnimi konstantami ziskanymi z NMR
aniont, tim vice se vaze na peptidovou patef (SCN” > I > Br > CI' > SO,%). Sulfat jakoZto nejsilngji
hydratovany anion je dokonce odpuzovan od peptidové patere, ¢imz se stdvd dobrym vysolovacim
Cinidlem. Chlorid a bromid se chovaji jako neutralni anionty, které s peptidovou vazbou neinteraguji
vlbec nebo jen velmi zfidka. Jodid a nejvice thiokyanat jsou silné pfitahovany k peptidové patefi,
proto s ni velmi intenzivné interaguji, coZ zpUsobuje vsolovaci efekt téchto sodnych soli. Mapy vSech
aniontll okolo chranéného (terminated) triglycinu jsou ukdzany na Obr. 3.

Vétsina proteinl a peptidd obsahuje kromé neutralnich ¢asti také nabita rezidua. Abychom
urcili, jak se anionty vaZzou v pfitomnosti pozitivné nabitych (lysin) a negativné nabitych (aspartat a
glutamat) rezidui, nechranény triglycin poslouzil jako modelovy systém. Zvysledkd plyne*', Ze
coulombické interakce (ndboj-naboj) fidi intenzitu vazani studovanych aniont(, a proto se nejvic vaze
aniont s nejvyssi nabojovou hustotou, tedy SO,~, nasledovany CI' > Br” > I'. Pro thiokyanét je situace
vice komplexni, protoze jak coulombické interakce tak vazani SCN™ na pater peptidu jsou pozorovany
ve velké mire, ¢imzZ vznika synergicky efekt, ktery thiokyanat fadi mimo ostatni anionty. Na Obr. 3 je
ukazano, jak se odchranénim tryglicinu pfevraci Hofmeisterova fada aniontd s vyjimkou SCN'".

terminated non-terminated

Obr. 3: Hustotni mapy pro SO,”, CI, Br, I, and SCN™ okolo chrané&ného (terminated) a nechranéného (non-
terminated) triglycinu demonstruji prevraceni Hofmeisterovy fady iontd s vyjimkou thiokyanatu.



2.5 Zavér

Jak bylo uvedeno v sekci metod, pfimé porovnani simulaci s experimentem nabizi vysolovaci

konstanty k.. Na zakladé publikace od Nandiho®® ze 70. let jsme rozsifili na$ vyzkum na 7 sodnych soli
(Na,SO,, NaF, NaCl, NaBr, Nal, NaSCN, and NaClO,) a spocitali vysolovaci konstanty pro chranény
triglycin, abychom je mohli porovnat s témi v publikaci. Nase vysledky se shodovaly s experimental-
nimi v péti piipadech®, ne viak pro sulfat a fluorid sodny. P¥i patrani po diivodu této neshody jsme
zjistili, Zze pro z poloviny odchranény triglycin (nabity C-konec) vysolovaci konstanty souhlasi pro
vsechna experimentdlni data. Nasledné nasi kolegové ovéfili, Ze zpUsob, kterym autofi plvodni
publikace chtéli ochranit C-konec je nelcinny a de facto tak potvrdili, Ze namérené experimentalni
hodnoty k, byli pfisouzeny Spatné slouceniné. Nam se tuto chybu podafilo odhalit na zakladé
nesouhlasu nasich dat pro silné hydratované anionty, jelikoZ ty jsou od nabitého C-konce odpuzovany
nejvice, a tudiz maji nejvétsi odchylku ks konstant pro nechranény a z poloviny chranény triglycin.

Na zavér jsme se pokusili pfijit s inovativnim pohledem na interakce iontli s proteiny a navrhli
jsme jak propojit kationtovou a aniontovou Hofmeisterovu fadu na zakladé elektroforetické (EOF)
separace neutralnich molekul. Standardné se tato technika pouZiva pro separaci nabitych ¢astic®® a
publikované elektroforetické mobility studovanych analytll jsou vypocéteny jako rozdil
elektroforetické mobilty analytu a kontrolniho markeru®. Béiné pouzivané markery jako dimethyl-
sulfoxid (DMSO) nebo thiomocovina (TUR) maiji ale také potencial interagovat s ionty rozpusténého
elekrolytu®. My jsme ukazali, Ze véeobecné prijimany predpoklad, ze viechny markery se pohybuji
v elektrickém poli stejnou rychlosti, neni pravdivy. Pomoci molekulovych simulaci jsme kvantifikovali,
pro které soli jsou efekty zanedbatelné, a pro které je potfeba brat je v Gvahu®. Dale jsme poufili
molekulu N-methylacetamidu (NMA) jako nejjednodussi model peptidové vazby, na niz jsme
studovali Ucinek kationt( i aniontd soucasné. NMA se v roztoku LiAc pohybuje jako téméF neutralni
molekula, z ¢ehoz vyvozujeme, ze sila vazani lithného kationtu k peptidové vazbé je srovnatelna
s interakci acetatu. Tento zavér ale neplati ani pro jeden elektroforeticky marker, proto je vysledna
rychlost v elektrickém poli rizna pro vSechny tfi neutralni analyty. Molekulové simulace tak nabizeji
detailni pohled a vysvétleni elektroforetickych méreni, na druhou stranu experimentdlni data
umoZiuji ovéreni platnosti pouZitych parametrd pro ionty v pocitacovych simulacich.

2.5 Zavér

V této praci jsme ukazali, jak ucinnd mizZe byt spoluprace nejriznéjsich experimentalnich
technik s molekulovymi simulacemi, pokud se snaZime ziskat odpovédi na komplexni a biologicky
relevantni otazky jako jsou specifické interakce iontQ s proteiny a peptidy. V prvni ¢asti jsme se
soustfedili na vysvétleni experimentdlnich pozorovani zahrnujici ovlivnéni enzymatické rychlosti
pomoci monovalentnich kationtd. Identifikovali jsme nékolik klicovych vazebnych mist v proteinech i
variaci motivl pro iontové interakce. Hofmeisterovské i nehofmeisterovské razeni iontd bylo
vysvétleno pomoci molekulovych simulaci, navic jsme byli schopni navrhnout G¢inné mutace
ovliviiujici enzymatickou aktivitu pro oba studované enzymy.

Ve druhé casti jsme prezentovali systematickou studii na interakce aniontl s peptidy a
kvantifikovali disociacni konstanty iont vazanych na patef peptidu i postranni retézce. Z faktu, Ze
dokazeme prevratit Hofmeisterovu fadu aniontd odchranénim modelového triglycinu, dedukujeme,
Ze lIze dosahnout Zadanych vlastnosti proteint pouhou zménou pH roztoku ¢i bodovymi mutacemi.
Do budoucna je potrfeba se zaméfit na dalsi aspekty jdouci za jednoduché principy Hofmeisterovy
fady, jako jsou interakce kationt( s anionty vroztoku i na povrchu proteinl/peptidd. Inovativni
pfistupy pomahaji poskytnout novy svézi pohled na danou problematiku, jak jsme ukazali na pfikladu
elektroforetickych méreni a vypoctu.
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