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Summary
Molecular dynamics (MD) simulations play nowadays an increasingly important role in
many areas of biology, chemistry and physics. Growing computational power and ongoing
advances in methodology and model accuracy have enabled MD to become a valuable
complement to experimental methods and, in some cases, even a substitute. Chapter 1
gives a brief introduction into MD, specifies the methods used in the present thesis, and
provides key concepts concerning the two types of biomolecular systems considered, namely
carbohydrates and lipids.
Chapter 2 investigates the conformational equilibrium of the six-membered ring, which
is a common structural feature in carbohydrates. The conformational equilibrium is studied in terms of the influence of non-polar ring substitution (one or two substituents of
various bulkiness in different positions and orientations). There, the MD simulations with
the local elevation umbrella sampling (LEUS) method are used in order to characterize
all relevant conformers of the ring, and to calculate the free energy differences between
them. The results are compared to those of quantum-mechanical calculations and to available experimental data. It is shown that for most isomers, the chair conformation with
substituents oriented equatorially is the preferred one, and the preference is stronger for
bulkier substituents. The exceptions are trans-1,2 isomers with bulky substituents, where
the axial orientation is preferred in order to avoid vicinal-gauche repulsions between the
substituents in equatorial orientation. Two compounds trans-1,3-di-tert-butylcyclohexane
and cis-1,4-di-tert-butylcyclohexane are also found to adopt a non-negligible amount of
non-chair conformations. The compound trans-bis-cyclohexylmethyl-cyclohexane, which
is structurally similar to a branched trisaccharide, slightly prefers 4 C1 over 1 C4 . This suggests that the destabilization of the 4 C1 conformation of the central residue of LewisX,
which is investigated in Chapter 3, is not due to a steric repulsion.
Chapter 3 presents new GROMOS force-field parameters for 12 functionalized
hexopyranoses including N-acetyl-2-deoxy-D-glucopyranose (GlcNAc), as well for the
branched trisaccharide LewisX. The MD simulations with the LEUS method are used to
investigate the conformational behavior of these compounds in terms of ring conformation
and, in the case of GlcNAc and LewisX, 3 JH,H -values and NOE-derived proton-proton distances, respectively. Although the functionalized hexopyranoses present the expected ring
conformation along with 3 JH,H -values in agreement with experimental data, inverted ring
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conformations of the GlcNAc residue in LewisX cause disagreements with experimental
NOE-derived proton-proton distances. The reason of the discrepancy is the variation of
the atomic partial charges upon functionalization, which dramatically affects the ringconformational equilibrium via third-neighbor electrostatic interactions around the ring.
Two force-field modifications EXCL and TORS are proposed in order to reduce the dependence of the ring conformation upon the functionalization. The EXCL modification
excludes the third-neighbor electrostatic interactions around the ring. The TORS modification implements the same exclusions as EXCL, but introduces in addition new torsional
terms which substitute to the electrostatic interaction of the excluded pairs. The EXCL
modification does not describe well the ring properties of unfunctionalized hexopyranoses.
On the other hand, the TORS modification leads to similar conformational behavior as
the GROMOS force field 56A6CARBO , but does not improve the conformational behavior of
LewisX. Although the TORS approach could be a promising way to solve the ring conformational properties upon functionalization, further parameterization of the new torsional
terms will be necessary.
Chapter 4 investigates the glycosidic-linkage conformational preferences of 31 aldohexopyranose disaccharides using two types of theoretical approaches. The first approach,
conformational scanning (CS), relies on performing systematic variations of the glycosidic
and exocyclic dihedral angles, all other covalent parameters taking fixed values. The
results are used to construct maps in the glycosidic space (CS-maps) characterizing separately : (i) the potential for steric clashes; (ii) the influence of short-range (including
stereolectronic) effects local to the linkage; (iii) the potential for inter-residue hydrogenbonds. The second approach, the MD simulations with LEUS, characterize the systems
in terms of free-energy maps in the gycosidic space (MD-maps). It is shown that the
computationally inexpensive CS-maps reproduce well the numbers, positions and relative free energies of the main minima on the MD-maps. Steric clashes and short-range
effects are recognized as the leading conformational forces, with virtually no influence of
inter-residue hydrogen-bonding in water. All maps except for (1→6)-linkage present a
single significantly populated basin, generally broad and possibly accompanied by one or
two metastable states with high relative free energies. These observations suggest that
the flexibility of oligo- and polysaccharide chains is due primarily to thermal fluctuations
around a main glycosidic preference, with a secondary role for the occasional occurrence
of alternative glycosidic states.
Chapter 5 focuses on a different class of biological molecules, lipids. More specifically,
it is concerned with bilayers of lipid glycerol-1-monopalmitate (GMP). The lipid bilayer
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can be in phases depending on the composition and thermodynamic conditions. Two
phase transitions are investigated, involving the liquid crystal phase (stable at high temperature) and the gel phase (stable at low temperature in an aqueous environment) or
the interdigitated phase (stable at low temperature in a water-methanol mixture). Three
methods are tested in their ability to facilitate the determination of the main transition
temperature between these phases, namely MD simulation initiated from a homogeneous
phase, MD simulation initiated from a system consisting of two phases in contact (mixed
phases) and temperature replica exchange MD (T-REMD). The MD with mixed phases
is expected to decrease the computational cost by eliminating the time needed to form
a nucleation or a disruption unit for the formation of the ordered or disordered phase,
respectively. The T-REMD method should decrease the computational cost by allowing replicas to cross barriers at either high or low temperatures. It is observed that the
T-REMD method does not lead to any significant enhancement of the convergence rate
associated with the transition temperature determination in comparison to MD initiated
from a single-phase, whereas MD with mixed phases shows a faster convergence and narrower prediction intervals. The reason for the unsuccessful enhancement by the T-REMD
method is that the phase transition, as a first-order transition, has a discontinuity in the
molar enthalpy as a function of the temperature. This causes a gap between the potential
energy distributions of consecutive replicas which are in different phases. This results in
scarce exchanges between these two replicas, and prevents all replicas to reach sufficiently
low or high temperature at which the transition would occur within the simulation time.
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Zusammenfassung
Molekulardynamikcomputersimulationen (MD-Simulationen) spielen heutzutage eine immer bedeutendere Rolle in vielen Bereichen der Biologie, der Chemie und der Physik.
Wachsende Rechenleistung und anhaltende Fortschritte in der Methodik und Genauigkeit
der Modelle haben der MD ermöglicht, ein nützliches Komplement zu experimentellen
Methoden zu sein oder sie sogar zu ersetzen. Kapitel 1 beinhaltet eine kurze Einführung
zu MD-Simulationen, führt die in dieser Dissertation benutzten Methoden auf und erklärt
Schlüsselkonzepte bezüglich der zwei untersuchten biomolekularen Systeme, Kohlenhydrate und Lipide.
Kapitel 2 untersucht das konformative Gleichgewicht des Sechsrings, welcher ein verbreitetes strukturelles Merkmal von Kohlenhydraten ist. Das konformative Gleichgewicht wird
bezüglich der Einflüsse von unpolaren Ringsubstituenten untersucht (ein oder zwei Substituenten verschiedener Sperrigkeit in unterschiedlichen Positionen und Orientierungen).
MD-Simulationen mit der local elevation umbrella sampling (LEUS) Methode werden benutzt, um relevante Konformere des Rings zu charakterisieren und freie Energieunterschiede zwischen ihnen zu berechnen. Die Resultate werden mit quantenchemischen Berechnungen und vorhandenen experimentellen Daten verglichen. Es wird gezeigt, dass für die meisten Isomere die Sesselkonformation mit äquatorial orientierten Substituenten bevorzugt
ist und diese Präferenz für sperrigere Substituenten noch ausgeprägter ist. Ausnahmen
sind die trans-1,2 Isomere mit sperrigen Substituenten, bei welchen die axiale Ausrichtung bevorzugt ist, um die Abstossung zwischen den Substituenten in äquatorialer Ausrichtung zu vermeiden (vicinaler Gauche-Effekt). Bei den zwei Stoffen trans-1,3-Di-tertbutylcyclohexan und cis-1,4-Di-tert-butylcyclohexan wurden auch nicht vernachlässigbare
Anteile von der Sesselkonformation abweichenden Konformationen entdeckt. Das Molekül
trans-Bis-cyclohexylmethyl-cyclohexan, welches strukturell einem verzweigten Trisaccharid ähnelt, bevorzugt die 4 C1 Konformation gegenüber der 1 C4 Konformation leicht. Dies
legt nahe, dass die Destabilisierung der 4 C1 Konformation des zentralen Rings von LewisX,
welches im Kapitel Kapitel 3 untersucht wird, nicht durch sterische Abstossung erfolgt.
Kapitel 3 präsentiert neue GROMOS Kraftfeldparameter für 12 funktionalisierte Hexopyranosen, welche sowohl N-Acetyl-2-deoxy-D-glucopyranose (GlcNAc) als auch das verzweigte Trisaccharid LewisX einschliessen. Die MD-Simulation mit der LEUS Methode
werden benutzt um das konformative Verhalten dieser Moleküle bezüglich der Ringkon-
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formation zu untersuchen und, im Falle von GlcNAc und LewisX, bezüglich der 3 JH,H Kopplungskonstanten und der vom Kern-Overhauser-Effekt (engl. nuclear Overhauser effect, NOE) abgeleiteten Proton-Proton Distanzen. Obwohl für die funktionalisierten Hexopyranosen die erwartete Ringkonformation und die 3 JH,H -Kopplungskonstanten mit experimentellen Daten übereinstimmen, führen invertierte Ringkonformationen im GlcNAc
Ring von LewisX zu Widersprüchen mit experimentellen Proton-Proton Distanzen, die
vom NOE abgeleitet sind. Der Grund für diesen Widerspruch ist die Veränderung der
Partialladungen der Atome durch die Funktionalisierung, welche dramatische Effekte auf
das Ringkonformer-Gleichgewicht hat durch 1,3 elektrostatische Wechselwirkung innerhalb des Rings. Die zwei Kraftfeldmodifikationen EXCL und TORS werden vorgeschlagen um den Einfluss von Funktionalisierungen auf das Ringkonformer-Gleichgewicht zu
reduzieren. Die EXCL Modifikation schliesst 1,3 elektrostatische Wechselwirkungen innerhalb des Rings aus. Die TORS Modifikiation enthält die gleichen Ausschlüsse wie EXCL,
aber führt zusätzlich neue Torsionsterme ein, welche die ausgeschlossenen elektrostatischen
Paarwechselwirkungen ersetzt. Die EXCL Modifikation beschreibt die Eigenschaften der
Ringe in unfunktionalisierten Hexopyranosen unzulänglich. Andererseits führt die TORS
Modifikation zu einem ähnlichen Verhalten wie das GROMOS Kraftfeld 56A6CARBO , aber
verbessert das konformative Verhalten von LewisX nicht. Obwohl der TORS Ansatz ein
vielversprechender Weg sein könnte, um konformative Eigenschaften der Ringe nach der
Funktionalisierung zu beschreiben, ist eine weitere Parametrisierung der neuen Torsionsterme nötig.
Kapitel 4 untersucht die konformativen Präferenzen der glykosidischen Bindung von 31
Aldohexopyranose-Dissachariden mithilfe von zwei verschiedenen theoretischen Ansätzen.
Der erste Ansatz, konformatives Scanning (engl. conformational scanning, CS), beruft
sich auf systematische Variationen der glykosidischen und exozyklischen Torsionswinkel,
während alle anderen kovalenten Variablen konstant gehalten werden. Die Resultate werden benutzt, um Diagramme des glykosidischen Raumes zu erstellen (CS-Diagramme), welche separat folgende Eigenschaften charakterisieren: (i) die potentielle Energie für sterische
Kollisionen; (ii) der Einfluss von Wechselwirkungen auf kurzen Distanzen (einschliesslich
der stereoelektronischen Wechselwirkungen) nahe der glykosidischen Bindung; (iii) die
potentielle Energie der Wasserstoffbrückenbindungen zwischen den verschiedenen Ringen.
Der zweite Ansatz nutzt MD-Simulationen mit LEUS, welche die Systeme hinsichtlich freier Energiediagrammen des glykosidischen Raumes charakterisieren (MD-Diagramme). Es
wird gezeigt, dass die rechnerisch günstigen CS-Diagramme sowohl die Anzahl, die Positionen und relativen freien Energieunterschiede der Hauptminima in den MD-Diagrammen
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wiedergeben. Sterische Kollisionen und kurz reichende Wechselwirkungen werden als die
treibende Kräfte erkannt, mit nahezu keinem Einfluss von Wasserstoffbrückenbindungen
zwischen den Ringen in Wasser. Alle Diagramme ausser denen der (1→6)-Bindung weisen
ein massgeblich bevölkertes Basin auf, welches grundsätzlich breit ist und möglicherweise
begleitet ist von ein oder zwei metastabilen Zuständen mit hohen relativen freien Energien.
Die Erkenntnisse weisen darauf hin, dass die Flexibilität von Oligo- und Polysaccharidketten hauptsächlich durch Thermalfluktuationen im stabilsten Zustand hervorgerufen wird,
während das gelegentliche Auftreten von alternativen Zuständen sekundär ist.
Kapitel 5 fokussiert sich auf eine andere Klasse von biologischen Molekülen, den Lipiden.
Genauer beschäftigt es sich mit Doppelschichten von Glycerol-1-monopalmitat (GMP). Die
Doppelschicht kann in verschieden Phasen vorliegen, abhängig von der Komposition und
den thermodynamischen Konditionen. Zwei Phasenübergänge werden untersucht, welche
die Übergänge von der Flüssig-Kristallphase (stabil bei hoher Temperatur) zu der Gelphase (stabil bei tiefer Temperatur in wässriger Umgebung) und zu der verschränkten
Phase (stabil bei tiefer Temperatur in einer Wasser-Methanolmischung) beinhalten. Die
Eignung von drei Methoden für die vereinfachte Bestimmung der Übergangatemperatur
zwischen den Phasen wird getestet. Die drei Methoden sind MD-Simulationen, welche von
einer homogenen Phase initiiert werden, MD-Simulationen, welche von einem aus zwei in
Kontakt stehenden Phasen (gemischte Phase) bestehendem System initiiert werden und
Temperatur-Replica Austausch MD-Simulationen (engl. temperature replica exchange MD,
T-REMD). Es wird erwartet, dass die MD Simulation mit gemischter Phase den rechnerischen Aufwand reduziert durch die Verringerung der Nukleationszeit für die Bildung einer
geordneten Phase oder die Zeit, die für die Rissbildung benötigt wird bei der Entstehung
einer ungeordneten Phase. Die T-REMD Methode sollte den rechnerischen Aufwand verringern durch die Möglichkeit von Barriereüberschreitungen bei sowohl höheren als auch
tieferen Temperaturen. Es wird beobachtet, dass die T-REMD Methode gegenüber den
MD-Simulationen, welche von einer Phase initiiert werden, nicht zu einer signifikaten Verbesserung der Konvergenzrate bezüglich der Vorhersage der Übergangstemperatur führt.
Die MD-Simulationen mit der gemischten Phase zeigen jedoch eine schnelleren Konvergenz
und ein schmaleres Vorhersageintervall auf. Der Grund für die ausbleibende Verbesserung
durch die T-REMD Methode ist, dass der Phasenübergang, ein Übergang erster Ordnung,
eine Diskontinuität in der molaren Enthalpie in Abhängigkeit der Temperatur aufweist.
Dies verursacht eine Lücke zwischen den Verteilungen der potentiellen Energie aufeinanderfolgender Replicas. Das hat zur Folge, dass es nur selten zum Austausch zwei Replicas
kommt und verhindert wird, dass alle Replicas ausreichend hohe oder tiefe Temperaturen
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erreichen, um einen Phasenübergang während der Simulation zu beobachten.

xviii

Souhrn
V součastnosti hrajı́ simulace molekulárnı́ dynamiky (MD) významou roly na poli biologie,
chemie a fyziky. Rostoucı́ výpočetnı́ sı́la počı́tačů a pokračujı́cı́ vývoj v metodologii a
přesnosti umožňujı́ MD stát se ceným doplňkem experimentálnı́ch metod a v některých
přı́padech i jejich náhradou. Kapitola 1 obsahuje stručný úvod do MD, zaměřuje se na
metody použité v této disertačnı́ práci a poskytuje přehled dvou typů biomolekulı́rnı́ch
systémů, které jsou předmětem této práce, konkrétně uhlovodı́ků a lipidů.
Kapitola 2 zkoumá konfomačnı́ rovnováhu šestičlenného cyklu, který je častým strukturnı́m prvkem uhlovodı́ků Konfomačnı́ rovnováha je studována ve smyslu vlivu nepolarnı́ch substituce cyklu (jednoho nebo dvou substituentů odlišných velikostı́ a v různých
pozicı́ch a orientacı́ch). Je použito simulacı́ MD s metodou local elevation umbrella sampling (LEUS) k charakterizaci všech relevantnı́ch konformerů cyklu a k vypočı́tánı́ rozdı́lu
volné energie mezi nimi. Tyto výsledky jsou porovnány s výsledky kvantově-mechanických
výpočtů a dostupnými experimentálnı́mi daty. Je ukázáno, že pro většinu izomerů je preferovaná konformace židličky se substituenty orientovanými ekvatoriálně s rostoucı́ preferencı́ s velikostı́ substituentů. Výjimkou jsou trans-1,2 izomery s objemnými substituenty,
kde je preferována axiálnı́ orientace, která zabraňuje sterickému odpuzovánı́ mezi substituenty ve vicinal-gauche konfiguraci a v ekvatoriálnı́ orientaci. Bylo také zjištěno, že dvě molekuly sloučeniny: trans-1,3-di-tert-butylcyclohexan a cis-1,4-di-tert-butylcyclohexan majı́
nezanedbatle množstvı́ nežidličkové konformace. trans-bis-cyclohexylmethyl-cyclohexan,
který je strukturálně podobný rozvětvenému trisacharidu, mı́rně preferuje 4 C1 před 1 C4 .
Tı́m pádem destabilizace konformace centrálnı́ho rezidua trisacharidu LewisX, která je
studována v Kapitole 3, nenı́ způsobena sterickým odpuzovánı́m.
V Kapitole 3 jsou představeny nové parametry pro GROMOS force field pro 12 funkcionalizovaných hexopyranos obsahujı́cı́ch N-acetyl-2-deoxy-D-glukopyranózu (GlcNAc) a pro
rozvětvený trisacharid LewisX. Simulace MD s metodou LEUS jsou využity ke zkoumánı́
konformačnı́ho chovánı́ těchto sloučenin z hlediska konformace cyklu a v přı́padě GlcNAc
a LewisX z hlediska 3 JH,H hodnot a protonových vzdálenostı́ odvozeých z NOE experimentu. Ačkoli deriváty hexopyranóz zaujı́majı́ požadovanou konformaci cyklu a shodujı́ se
s experimentálnı́mi hodnotami 3 JH,H , v přı́padě GlcNAc v LewisX představujı́ obrácené
židličky neshodu s experimentálnı́mi protonovými vzdálenostmi odvozeých z NOE experimentu. Důvodem nesrovnalosti je odchylka parciálnı́ch nábojů atomů po funkcionalizaci,
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která dramaticky ovlivňuje konformačnı́ rovnováhy cyklu skrze elektrostatické interacke
atomů které jsou připojeny k cyklu a jsou vzdáleny tři vazby. Jous navrženy dvě modifikace
force field : EXCL a TORS ke snı́ženı́ závislosti konformace kruhu na jeho funkcionalizaci.
U modifikace EXCL jsou odebrány elektrostatické interacke atomů které jsou připojeny k
cyklu a jsou vzdáleny tři vazby. U modifikace TORS jsou narch k modifikaci EXCL zavedeny nové torznı́ interakce, které nahrazujı́ odebranou elektrostatickou interakci. Modifikace
EXCL nereprezentuje očekávané konformačnı́ vlastnosti cyklů nefunkcionalizovaných hexopyranóz. Na druhou stranu modifikace TORS vede ke shodnému konformačnı́mu chovánı́
s vysledky pro GROMOS 56A6CARBO force field, ale už nevylepšuje popis konformačnı́
chovánı́ LewisX. Přestože modifikace TORS může být slibným způsobem řešenı́ problému
s konformacı́ cyklu při funkcionalizaci, bude nutná dalšı́ parametrizace nových torznı́ch
pojmů.
Kapitola 4 zkoumá konformačnı́ preference glykosidické vazby 31 disacharidů aldohexopyranóz s využitı́m dvou typů teoretických přı́stupů. Prvnı́ přı́stup, konformačnı́ skenovánı́
(CS), provádı́ systematické variace glykosidických a exocyklických torznı́ch úhlů a všem
ostatnı́m kovalentnı́m parametry uchovává fixnı́ hodnoty. Výsledkem jsou mapy v glykosidickém prostoru (CS-mapy), které charakterizujı́: (i) potenciál sterických střetů; (ii)
vliv krátkodosahových (včetně stereolektronických) efektů lokálnı́ch pro vazbu; (iii) potenciál pro mezireziduálnı́ vodı́kové vazby. Druhý přı́stup využı́vá MD simulace s metodou
LEUS a poskytuje mapy volné energie v gykosidickém prostoru (MD-mapy). Je ukázáno,
že výpočetně nenákladné CS-mapy reprodukujı́ počet, polohy a relativnı́ volné energie
minim MD-map. Sterické střety a efekty krátkého dosahu jsou identifikovány jako hlavnı́
konformačnı́ sı́ly s prakticky žádným vlivem vodı́kových vazeb ve vodnı́m roztoku. Všechny
mapy s výjimkou glykosidové vazby (1→6) obsahujı́ pouze jednu významnou oblast, která
je většinou široká a přı́padně doprovázena jednou nebo dvěma metastabilnı́mi oblastmi
s vysokou volnou energiı́. Tato pozorovánı́ naznačujı́, že flexibilita oligo- a polysacharidových řetězců je dána předevšı́m fluktuacemi kolem hlavnı́ho minima glykosidové vazby
a až sekundárně výskytem alternativnı́ch konformacı́ glykosidové vazby.
Kapitola 5 se zaměřuje na druhou třı́du biologických molekul, lipidy. Konkrétně jde
o lipidové dvojvrstvy glycerol-1-monopalmitátu (GMP). Lipidová dvojvrstva může být
v různých fázı́ch v závislosti na složenı́ a termodynamických podmı́nkách. Předmětem
zkoumánı́ jsou dva fázové přechody zahrnujı́cı́ fáze: liquid crystal (stabilnı́ při vysoké teplotě) a gel (stabilnı́ při nı́zké teplotě ve vodném prostředı́), nebo interdigitated (stabilnı́
při nı́zké teplotě ve směsi voda-methanol). Tři metody jsou testovány pro svojı́ schopnost stanovenı́ teploty fázového přechodu: MD simulace iniciované z homogennı́ fáze,
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MD simulace iniciovaná ze systému sestávajı́cı́ho ze dvou fázı́ ve vzájmemném kontaktu
(smı́šené fáze) a z metody temperature replica exchange MD (T-REMD). Předpokládaná
výhoda MD se smı́šenými fázemi je snı́ženı́ výpočetnı́ náročnosti tı́m, že eliminuje čas
potřebný k vytvořenı́ nuklea pro vytvořenı́ uspořádané nebo neuspořádané fáze. Metoda
T-REMD by měla snı́žit výpočetnı́ náročnost tı́m, že replikám umožnı́ překročit energetické bariéry fázového přechodu za přı́znivějšı́ch podmı́nek a to při vysoké nebo nı́zké
teplotě. Je zjištěno, že metoda T-REMD nevede k významnému zrychlenı́ stanovenı́ teploty fázového přechodu ve srovnánı́ s MD iniciovaným z homogennı́ fázové, zatı́mco MD
se smı́šenými fázemi ukazuje rychlejšı́ konvergenci a poskytuje užšı́ intervaly předpovědı́.
Důvodem neúspěšnosti metody T-REMD je, že fázový přechod jako přechod prvnı́ho řádu
vytvářı́ diskontinuitu entalpie jako funkce teploty. To způsobuje mezery mezi distribucemi
potenciálnı́ energie sousedı́cı́ch replik, které jsou v různých fázı́ch. Výsledkem je omezená
výměna mezi těmito dvěma repliami a zabraňuje tomu, aby všechny repliky dosáhly dostatečně nı́zké nebo vysoké teploty, při nichž by přechod nastal v simulovaném čase.
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Chapter 1

Introduction
1.1

Molecular dynamics

Molecular dynamics 1 (MD) is a computer-based modeling method relying on the integration of Newton’s equations of motion for a model potential-energy function representing
the molecular system of interest. This method can be used in complement to experiment, to obtain quantities that are difficult (or impossible) to measure experimentally,
or to characterize the distributions underlying a quantity for which only an average can
be measured. In specific cases, MD can even substitute to experiments, in cases where
experiments cannot be performed due to e.g. high cost or danger.
Four basic choices 2 define a modeling method, namely the degrees of freedom considered
in the model, the force field used to describe the interactions in the system, the method for
generating configurations to sample the available conformational space, and the boundary
conditions representing external constraints or restrains acting on the system.

1.1.1

Degrees of freedom

The first choice to be made is the choice of a spatial resolution. It is not always true
that a higher resolution leads automatically to better result, because with increasing resolution, the computational cost of the model increases dramatically and the number of
configurations that can be sampled decrease accordingly. Therefore, the resolution should
be sufficiently fine to describe the studied phenomenon and sufficiently coarse to allow
for the appropriate sampling of the phenomenon within the accessible simulation time.
This trade-off between resolution and computational cost embodies the main problems 2
of molecular modeling.
Possible choices of degrees of freedom range 1–4 from subatomic particles (nuclei, electrons, photons) in quantum dynamics, to atoms, united-atoms 5 (aliphatic groups are considered as a single particle) and other coarse-grained particles (several atoms are grouped
into a single particle) in molecular dynamics, and then to systems represented as continuous media in fluid dynamics. Different levels of resolution can be combined by application
of hybrid methods. These methods try to find a compromise between the resolution and
computational cost with a high resolution description of a key part of the system, while
keeping a low resolution of the surroundings.
In the present thesis, the classical united-atom explicit-solvent scheme is considered,

1

2

Chapter 1. Introduction

i.e. each atom is a single particle with the exception of aliphatic groups, where hydrogen
atoms are treated implicitly together with the central carbon atom forming CHn (n=1,2,3)
“atoms”.

1.1.2

Force field

Each type of interaction in the system is described by a potential-energy term and the
associated parameters. The functional form together with the parameters for all types of
particles define a force field or potential-energy function. Different strategies to create the
model have led to various force fields e.g. CHARMM 6–19 , AMBER 20–34 , OPLS 35–41 and
GROMOS 5,42–59 . Because the latter force field is used in the present thesis, this section
focuses on the GROMOS force field. However, similar principles hold for the other force
fields.
The total potential-energy function U(r) is represented as a sum of terms including
bonded, non-bonded and special terms. The bonded terms Ubnd (r), Uang (r), Udih (r) and
Uimp (r) control the bond lengths, angles, dihedral angles and improper-dihedral angles.
The non-bonded terms Uele (r) and Uvdw (r) describe the electrostatic interaction between
partial charges on the atoms and the van der Waals interactions, respectively. Because
the non-bonded interactions are calculated for all pairs in the system, except those which
are connected by fewer than three bonds, the computational costs scale quadratically with
the size of the system. In practice, a cutoff radius RC is imposed, beyond which the
non-bonded interactions are omitted. To reduce the artifacts caused by applying a cutoff,
a reaction-field 60,61 correction term may be added for the electrostatic interaction. The
artifacts in the case of van der Waals interaction are commonly neglected or, rather, to be
compensated for by an appropriate force-field parametrization. The special term Uspc (r)
correspond to any artificial external force e.g. restraining or biasing. The potential-energy
expresion is thus
U(r) = Ubnd (r) + Uang (r) + Udih (r) + Uimp (r) + Uvdw (r) + Uele (r) + Uspc (r)

(1.1)

or, inserting the terms characteristic of GROMOS,
U(r) =
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(1.2)
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where the K’s are the force constants, bn is the bond length, b0n is the reference bond
length, θn is the bond angle, θ0n is the reference bond angle, ϕn is the dihedral angle, ϕ0n
is the dihedral-angle phase shift, ξn is the improper dihedral angle, ξ0n is the reference
improper dihedral angle, rij is the distance between two atoms i and j, C12,ij and C6,ij are
van der Waals parameters, the q’s are charges, 0 is the vacuum permittivity, RRF = RC
and CRF is defined as
CRF =

(2cs − 2RF )(1 + κRF RRF ) − RF ∗ (κRF RRF )2
(cs + 2RF )(1 + κRF RRF ) + RF ∗ (κRF RRF )2

(1.3)

where cs the relative permittivity of the medium in which the simulation is performed,
RF is the relative permittivity appropriate for the solvent model and κRF is the inverse
Debye screening length.

1.1.3

Generation of configuration

The instantaneous configuration of a system is given by the position vector r and the
momentum vector p of all particles. The Hamiltonian H(r, p) is the sum the potential
energy U(r) and the kinetic energy K(p),
H(r, p) = K(p) + U(r),

(1.4)

where the potential energy function U(r) is described in Section 1.1.2 and the kinetic
energy K(p) is given by,
1 X −1 2
mi pi ,
(1.5)
K(p) =
2 i
where mi and pi are the mass and momentum of atom i, respectively. Then the time
derivatives ṙ and ṗ can be obtained by solving the Hamiltonian equations of motion
ṙ = ∇p H(r, p) = ∇p K(p)
ṗ = −∇r H(r, p) = −∇r U(r),

(1.6)

where ∇ is the gradient with respect to the subscript.
The propagation of the configuration is performed by discrete steps ∆t. This integration
can be performed numerically using various algorithms e.g. Verlet 62 , velocity-Verlet 63 or
leap-frog 64 . The last one is used in the present thesis.

1.1.4

Boundary conditions

The boundary conditions are constraints imposed to the simulated system to enforce the
values of specific observables in the simulation, either instantaneously or on average. The
boundary conditions can be classified into three types, namely spatial, thermodynamical
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and geometrical.
The spatial boundary conditions correspond to the size and shape of the simulated
system, and the treatment of the surroundings. In the case of atomic degrees of freedom,
the size of the system is usually kept small so as to limit the number of particles and,
therefore, the computation cost. The problem of small systems is that they can suffer
from finite-size effects 65,66 , if a special treatment of the surroundings is not considered e.g.
implicit solvation or periodic boundary conditions.
The thermodynamical boundary conditions correspond to constant (average) thermodynamical properties. The ensemble generated based on the equations of motion of Section
1.1.3 is the microcanonical (NVE) ensemble. To obtain canonical (NVT) or isothermalisobaric (NPT) ensembles, which are the common experimental cases, modifications have
to be applied in the form of thermostat or/and barostat algorithms.
The geometrical boundary conditions correspond to the possible constraints acting on
the internal coordinates. They include e.g. bond-length constraints 67 as well as distance
or dihedral angle restraints imposed to enforce agreement with experimental data like
NOE-derived distances or J-coupling constants.

1.1.5

Enhanced sampling

One of the main limitations 1,2 of MD is insufficient sampling at the finite computational
time. Plain molecular dynamics may not sample sufficiently (or may not sample at all) the
relevant states for a studied phenomenon. The common reasons are the high dimensionality of the phase space and the trapping of the system in local potential-energy minima
surrounded by high barriers. Many methods have been designed to overcome this limitation by improving the searching or sampling, e.g. enveloping distribution sampling 68
(EDS), altered-masses MD 69,70 , coarse-grained models, simulated annealing 71,72 , replica
exchange molecular dynamics 73–75 (REMD), and local elevation umbrella sampling 17,76,77
(LEUS). The two latter approaches, REMD and LEUS, are used in the present thesis.
The idea of the REMD method is to simulate parallel non-interacting replicas of the system under different conditions. For example, the temperature REMD (T-REMD) method
simulates a set of systems at different temperatures. After some time period τex the replicas are allowed to exchange their conditions based on a Metropolis criterion 78 , which
satisfies the detailed balance 79 . In the case of T-REMD, the replicas at high temperatures
are more likely to cross barriers and may quickly move over phase space (searching), while
the replicas at low temperatures predominantly visit local minima corresponding to the
most relevant phase-space regions (sampling).
The LEUS method 17 consists of two phases, namely local elevation 76 (LE) as a searching
phase and umbrella sampling 77 (US) as a sampling phase. A choice of collective variables
c (e.g. distance between two atoms, dihedral angle, coordination number) has to be made
such that the collective variables can discriminate between the different states relevant for
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the phenomenon of interest. During the LE phase, an external biasing potential Ubias (c)
enters the potential energy function (Equation 1.1) as part of the Uspc (r) term. This
biasing potential is defined in the space of the collective variables and, every time a
certain region is visited, the biasing potential of this region is increased. This approach
leads to a flattening of the energy landscape in the space of collective variables. Thus,
the system can easily sample the relevant states without being trapped in local minima.
In the US phase, the biasing potential optimized in LE phase is frozen i.e. it is applied,
but not further changed. During the US phase, the system is allowed to sample on the
smoothened free-energy landscape, accessing all relevant states. Such a sampling follows
a different distribution compared to the one with the original potential energy function.
However, observables corresponding to the original distribution can be recalculated via
a reweighting procedure. The reweighting procedure gives a weight w(c) ∼ e(Ubias /kB T)
to each conformation based on the associated value of the biasing potential, where kB is
Boltzmann’s constant and T is the absolute temperature.

1.2

Carbohydrates

Carbohydrates are the most abundant class of biomolecules in the biosphere 80–84 . They
play a role in numerous biological processes 83,85–94 , including energetic processes, structural processes, fertilization, immune defense, cell growth, cell-cell adhesion, inflamation,
cryptobiosis, viral replication, parasitic infection, inflammation and malignant transformation. Accordingly, they are involved in in many industrial and pharmaceutical processes 95–98 as well.
From a structural perspective, carbohydrates present probably the highest level of complexity among the four main classes of biomolecules found in living organisms 87,99,100 . The
structural complexity of carbohydrates (i.e. their variability in terms of molecular composition and stereochemistry) is related to the very large number of possible monomeric
units 87,99,101 , linkage connectivities 87,99,100 and polymerization patterns 87,99,100 . Comparatively, peptides and nucleic acids, which involve alphabets of only 20 or 4 monomers,
respectively, along with linear chains presenting a single linkage type, are structurally
much simpler.

1.2.1

Structure of carbohydrates

Carbohydrates 83,84 can be classified into three major size classes, namely monosaccharides, oligosaccharides and polysaccharides. Monosaccharides are aldehyde or ketone derivatives of straight-chain polyhydroxy alcohols containing at least three carbon atoms.
Oligosacharides consist of a short chain of monosaccharide units. And polysaccharides are
polymers containing more than 20 monosaccharide units. The name carbohydrate is based
on the fact that the most basic carbohydrates have the formula (CH2 O)n .
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Monosaccharides are classified according to the type of the carbonyl group and the number of carbon atoms. Those with an aldehyde moiety are called aldoses and those with a
ketone moiety are called ketose. The monosaccharides with three, four, five, six, etc. carbon atoms are called triose, tetrose, pentose, hexose, etc., respectively. Aldoses and ketoses
with a specific number of carbon atoms are called aldotriose and ketotriose, aldotetrose
and ketotetrose, and etc. All monosacharides except dihydroxyacetone (ketotriose) have
at least one asymetric (chiral) carbon atom. Molecules with n chiral carbons have 2n
stereoisomers. For hexoses, the most abundant monosacharides in nature, this gives 16
stereoisomers for aldohexoses and 8 stereoisomers for ketohexoses. Aldoses and ketoses
with three to six carbon atoms all have specific trivial names. The monosaccharides are
further divided into two series d and l based on the configuration at the carbon atom
most remote to the carbonyl group. There, if the hydroxyl group is on the right (dextro)
in the Fisher projection, the molecule belongs to the d series. If the hydroxyl group is on
the left (levo) in the Fisher projection, the molecule belongs to the l series. Two isomers
which differ only in the configuration around one carbon atom are called epimers.
Alcohol groups of a monosaccharide can react intramolecularly with the aldehyde or
ketone group to form cyclic hemiacetals or hemiketals, respectively. Aldotetroses and
monosaccharides with more than four carbon atoms predominantly form such rings in
aqueous solution. The formation of the hemiacetal or hemiketal creates an additional chiral
center. The two possible isomers are called either α or β, and the carbon atom at this chiral
center is called the anomeric carbon. The isomers which differ only in the configuration
at the anomeric carbon atom are called anomers. The α or β anomers are in equilibrium
when present in aqueous solution. The ring can open and close again, possibly changing the
configuration at the anomeric carbon, a process that is called mutarotation. The two most
common rings are five- and six-membered rings, which are called furanose and pyranose
respectively. The systematic names of monosaccharides are given as a combination of the
trivial name of the stereoisomer, d or l for the series, and the anomer and ring type. For
example, the pyranose form with α anomer of glucose in the d series is α-d-glucopyranose.
An alcohol group of a second monosaccharide molecule can react with the hemiacetal
or hemiketal to form the full acetal or ketal, respectively,leading to a glycosidic linkage
between the two monosaccharides. In this way, oligo- and polysaccharides are formed.
The unit which retains hemiacetal or hemiketal group is called the reducing end of the
oligosaccharide. The systematic name of oligosaccharides is constructed from the end with
the non-reducing unit to the end with reducing unit. The non-reducing units have the
suffix “-yl”. For example, maltose, a disaccharide consisting of α-d-glucopyranose conected
by its first carbon to the fourth carbon of another d-glucopyranose, has the systematic
name α-d-glucopyranosyl-(1→4)-d-glucopyranose.

1.2.2

Conformational behaviour

In the case of oligo- or polysaccharide, four main types of conformational degrees of freedom can be defined: (i) ring puckering; (ii) exocyclic hydroxymethyl rotation; (iii) exo-
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cyclic hydroxyl rotation; (iv) rotation around glycosidic linkages. This represents many
degrees of freedom, but not significantly more than those of a corresponding peptide or
nucleic-acid chain. The extra complexity arises due to their higher polarity, aqueous
carbohydrates seldom fold into well-defined structures 99,102–104 in which these degrees of
freedom would be confined to narrow ranges and that could be characterized experimentally at atomic resolution by means of e.g. X-ray crystallography or nuclear magnetic
resonance (NMR) spectroscopy. As a result, aqueous oligo- and polysaccharides must be
represented by conformational ensembles rather than approximated by single structures.
These ensembles can be investigated experimentally using e.g. NMR 99,103,105–109 , infrared
spectroscopic 110,111 (IR) or rheological techniques 106 (or, in the solid state, using X-ray
fiber diffraction 99,103,105–107 ), but only at a relatively coarse level of resolution, as the signals are masked by thermal fluctuations and conformational variations, i.e. blurred by
ensemble averaging.

1.3

Lipids

In biological systems, lipids 83,84 perform many functions e.g. serve as energy storage, lightabsorbing pigments, enzyme cofactors, electron carriers, hydrophobic anchors for proteins,
hormones, intracellular messengers. In the form of lipid bilayers they are essential component of biological membranes. Their defining feature is a hydrophobic or amphiphilic 112
character. They can be categorized in eight major classes, namely fatty acids, glycerides,
glycerophospholipids, sphingolipids, sterol lipids, prenol lipids, saccharolipids and polyketides. From the eight classes, the present thesis focuses on glycerides, more specificaly
to monoacylglycerol.

1.3.1

Structure of glycerides

An important group of amphiphilic lipids is that of glycerides, namely mono-, di- or
triesters of carboxylic acids and glycerol. The hydrophilic part of the molecule is called the
headgroup, and consists of the glycerol moiety, possibly along with other groups attached
to its non-esterified hydroxyl groups. The hydrophobic part of the molecule consists of one,
two or three tails and, each of which encompasses a non-polar carboxylic acid aliphatic
chain. Glycerides can form various structures like micelles, liposomes and bilayers in
aqueous solution 112,113 . The type of structure which is formed preferentially under specific
conditions of temperature, pressure, hydration and concentration of possible cosolutes
depends on the number, length and saturation of the acyl chains and on the nature of
the headgroup. Various bilayer phases can be distinguished 112–117 . Out of these, three are
relevant in the present thesis: the liquid crystal (LC), the gel (GL) and the interdigitated
(ID) phases. The GL and ID phases are more ordered in comparison to LC phase and are
stable at low temperatures. Comparatively, the LC phase is more disordered and stable
at higher temperatures. The temperature at which two phases are in equilibrium is called
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main transition temperature Tm . The determination of Tm for a specific system is of great
biological and technological interest 118–120 .

Chapter 2

Effect of non-polar substituents on
the conformational preferences of
six-membered rings
2.1

Abstract

The conformational properties of six-membered rings are investigated by considering 40 derivatives of cyclohexane. The derivatives involve six different types of substituents (methyl,
ethyl, isopropyl, tert-butyl, cyclohexyl and cyclohexylmethyl) along with seven types of
constitutional isomers, monosubstituted and 1,1-, 1,2-, 1,3-, or 1,4-disubstituted, the latter
either cis or trans. The ring conformation free-energy differences ∆G are calculated for the
14 canonical conformations of these derivatives using molecular dynamics (MD) simulations with local-elevation umbrella sampling (LEUS) and using quantum-mechanical (QM)
calculations. The MD and QM results agree with each other and with available experimental data. It is shown that for most isomers, the chair conformation with substituents
oriented equatorially is the preferred one, and the preference is stronger for bulkier substituents. The exceptions are trans-1,2 isomers with bulky substituents where the axial
orientation is preferred in order to avoid vicinal-gauche repulsions between the substituents in the equatorial orientation. Two compounds, trans-1,3-di-tert-butylcyclohexane
and cis-1,4-di-tert-butylcyclohexane, are found to adopt a non-negligible amount of nonchair conformations at standard conditions. The compound trans-bis-cyclohexylmethylcyclohexane, which is structurally similar to a branched trisaccharide, slightly prefers 4 C1
over 1 C4 according to the MD and QM results. This suggest that the destabilization of
the 4 C1 conformation for the central residue of LewisX, which is investigated in Chapter 3,
is not due to a steric repulsion.

2.2

Introduction

The existence of two main distinct conformers of cyclohexane was first predicted by
Sachse 121 in 1890 based on reasoning about the tetrahedral geometry of the valence angles.
This suggestion was not broadly acknowledged and cyclohexane was still for a long time
considered to be a planar ring according to Baeyer’s theory 122 . Almost 30 years later 123,124 ,
Mohr 125 predicted two forms for decalin, cis- and trans-decalin based on Sachse’s theory.

9
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In the case of a planar ring, trans-decalin should be so highly strained that it would be
nonexistent. The existence of the two isomers was confirmed by Hückel 126 , trans-decalin
being the most stable one. This established the Sachse-Mohr theory of non-planar cyclohexane.
The two distinct conformations of cyclohexane suggested by Sachse 121 were called the rigid or chair conformation and the flexible or boat conformation (see Figure 2.1A). Both are
free of bond-angle strain owing to minimal deviations from tetrahedral angles. However,
the chair conformation is also characterized by lower torsional-angle and van der Waals
strain compared to the boat conformation 123,124 . This favors the chair conformation over
the boat conformation by 28.9 kJ·mol−1 in the gas phase 127 . Due to the torsional and
van der Waals strain, the boat conformation is not even a local minimum on the potential energy surface. The closest local minimum is a skew-boat conformation that relaxes
the torsional and van der Waals strain 128 (see Figure 2.1A). The skew-boat is less stable
than the chair conformation by 23.0 kJ·mol−1 in the gas phase 128,129 . The large energy
difference makes the chair the predominant conformation of cyclohexane.
When the ring atoms are distinguishable, each conformation (chair, boat and skew-boat)
has more variants. The chair has two variants and the boat and skew-boat have six variants
each, which are displayed in Figure 2.2 together with their names. In this work, the names
for all variants are defined in analogy with the naming convention of pyranose rings in
carbohydrates 99 . Only a little change is necessary due to the presence of the oxygen in a
pyranose ring. Because atom C6 in cyclohexane resides in the position of the ring oxygen
in the pyranose, the index ”6” is used instead of ”O”. The numbering of the ring atoms
of cyclohexane derivatives is clockwise around the ring when looking at the top face of the
ring and the substitutent at atom C1 is oriented up with respect to the ring mid-plane
(Figure 2.1B). Therefore, in the 4 C1 conformer, the substitutent at atom C1 will have the
equatorial orientation. Note that this numbering may not be identical to the usual organic

Figure 2.1: Structures of three canonical conformers of cyclohexane (A), labeling of the
atoms in methyl-cyclohexane (B), two possible orientations of the substituents in the chair
conformer (C; equatorial in blue, axial in red).
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chemistry numbering for any cyclohexane derivative.
In the chair conformation, the ring carbon atoms can have substituents in two distinct
orientations: axial, where the substituent points orthogonaly (up or down) relative to
the ring plane, and equatorial, where substituent points laterally (outwards) relative to
the ring plane 130 (see Figure 2.1C). The chair conformation can undergo an inversion or
flip into the inverted chair conformation. Upon flipping, the axial positions in the chair
become equatorial positions in the inverted chair and vice versa. In the case of cyclohexane
the two conformations (chair and inverted chair) are degenerate. In the cyclohexane
chair conformation, the distances between vicinal equatorial hydrogens, between vicinal
axial and equatorial hydrogens, and between two axial hydrogens on the same side of
the ring (syn-axial ) are essentially identical 124 , in all cases 0.25 nm (Figure 2.3). But

Figure 2.2: Structures illustrating the 14 canonical conformations of the six-membered
ring along with their associated symbols.
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the distance equality does not hold for other substituents than hydrogen, where the ring
carbon to substituent bond distance is longer. For example, in the case of a single methyl
substituent, the carbon of the methyl in axial position will be closer to the hydrogens in
syn-axial position (0.255 nm) than the carbon of the methyl in equatorial position will
be to its vicinal equatorial hydrogens (0.28 nm) 124 . To avoid van der Waals repulsion
with the syn-axial hydrogens, the ring will preferentially adopt the chair conformation
where the substituent is in the equatorial position. For a monosubstituted cyclohexane,
the chair conformation with the substituent in equatorial orientation will thus dominate
in the equilibrium over the inverted chair conformation where this substituent is axial 131 .
How much the equatorial position is preferred depends on the size, shape and charge of the
substitutent. In addition, if the cycle is a heterocycle, the equilibrium is more complicated
due to electrostatic interaction and the anomeric effect 132–135 . In this work, we focus on
the van der Waals effect of non-polar substituents on the conformational equilibrium of
cyclohexane. For a monosubstituted cyclohexane involving a non-polar substituent, the
general rule is simple: the larger the substituent, the more the chair with the equatorial
orientation of the substituent is favored.
The situation is more complicated in the case of disubstituted cyclohexanes. Cyclohexane functionalized by two identical groups has seven constitutional isomers, namely 1,1-,
1,2-, 1,3-, and 1,4-disubstituted cyclohexane, where the last three can be either cis or trans
isomers 123 . The two chairs of 1,1-disubstituted cyclohexane are degenerate. The six other
isomers can be divided into two groups where either: (i) the two chair conformers are
distinct from each other (trans-1,2, cis-1,3 and trans-1,4); (ii) the two chair conformers
are enantiomers of each other (cis-1,2, trans-1,3 and cis-1,4). In the first group, either

Figure 2.3: Distances between substituents in the chair conformer of cyclohexane or of
monosubstituted derivative. In the top picture, the three green lines indicate, in the case of
cyclohexane, the identical distances between: (i) two vicinal hydrogens both in equatorial
position; (ii) two vicinal hydrogen one in axial and the second equatorial position; (iii) two
syn-axial hydrogens. In the bottom picture, a monosubstituted derivative is considered.
The green lines indicate identical distances between vicinal hydrogen and substituent and
the red line indicates the shorter distance between hydrogen and syn-axial substituent.
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both substituents are equatorial or both substituents are axial, which leads to a non-zero
energy difference. In the second group, there is always one substituent equatorial and the
other is axial, which leads to a zero energy difference.
In the first group, the cis-1,3 and trans-1,4 have as a most stable conformation the
chair with the two substituents in equatorial orientations, see Figure 2.4. The reason is
similar as for monosubstituted cyclohexanes. The other chair with the axial substituents
has unfavorable interactions between syn-axial hydrogens and substituents. In the case
of the cis-1,3 isomer, there is also repulsion between the two syn-axial substituents. The
situation is different when the substituents are closer to each other as in the trans-1,2
isomer. The chair with axial substituents has similar interactions as the trans-1,4 isomer,
i.e. it is disfavoured by repulsion between syn-axial hydrogens and substituents. However,
in contrast to cis-1,3 and trans-1,4, the chair of the trans-1,2 isomer with both substituents
equatorial presents a potentially highly unfavorable vicinal-gauche interaction between the
substituents, see Figure 2.4. Depending on the strength of the repulsions in each chair
form, one or the other chair will be favored. This balance depends on the size of the
substituents.
Several studies considered tert-butyl as a large substituent, and investigated the conformational equilibrium of trans-1,2-di-tert-butylcyclohexane (T2DBC). Van de Graaf et al. 136

Figure 2.4: Chair and inverted chair conformations of trans-1,2, cis-1,3 and trans-1,4
di-substituted cyclohexane. The red lines indicate short distances and, therefore, potential
repulsions between hydrogen and substituent, or two substituents in syn-axial orientation
and two substituents in vicinal-gauche orientation.
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used three different experimental techniques to examine T2DBC together with two similar
molecules: trans-1,2-bis[2-(methoxycarbonyl)-2-propyl]-cyclohexane (T1) and trans-1,2bis[2-(hydroxymethyl)-2-propyl]-cyclohexane (T2). They showed: (i) by 1 H-NMR that
T2DBC does not exist in the chair with equatorial substituents, and that both the chair
with axial substituents and a skew-boat are possible conformers; (ii) by 13 C-NMR that
T2DBC does not exist in substantial amounts of chair with eqatorial substituents; (iii) by
IR that T2DBC, T1 and T2 exist at least partly in a non-chair conformation. van Koningsveld 137 found by X-ray diffraction that T1 is in a distorted chair conformation with the
substituents in axial position. Calculations using two force fields 138,139 predicted the chair
with axial substituents and the skew-boat to be the two lowest-energy conformations, with
a slight preference for the skew-boat 140,141 .
In the second group of disubstituted cyclohexane derivatives, both chairs are enantiomers
of each other and thus energetically indistinguishable, but this does not make this group of
isomers uninteresting. In both chairs, one of the substituents resides in an axial position
which causes a destabilization. If the destabilization is significant, another ring form like
boat or skew-boat could become more stable. Furthermore, this group of isomers can serve
as a control group for a method predicting energy differences. If the prediction is non-zero
for the two chairs, the method suffers from inaccuracy.
Based on experimental studies 136,140–145 , three compounds from the second series may
adopt a non-chair conformation: cis-1,2-di-tert-butylcyclohexane (C2DBC), trans-1,3-ditert-butylcyclohexane (T3DBC) and cis-1,4-di-tert-butylcyclohexane (C4DBC).
In this work, we examine the effect of different sizes and shapes of non-polar substituents
on the conformational properties of mono- and disubstituted cyclohexanes in chloroform
using molecular dynamics (MD) simulations and quantum mechanical (QM) calculations.

2.3
2.3.1

Computational procedures
Cyclohexane derivatives

Three series of molecules were considered to investigate the influence of the type and
position of non-polar substituents on the conformational equilibrium of the cyclohexane
ring in chloroform. These 40 molecules are listed in Table 2.1 together with an acronym
used to refer to them in the text.
The first series consists of 33 molecules resulting from the combination of: (i) no substitution, monosubstitution or disubstitution; (ii) set of relevant isomers; (iii) four types
of substituents, namely methyl, ethyl, isopropyl or tert-butyl. This series is designed to
systematically examine the influence of the size and position of the non-polar substituents
on the ring conformation.
The second series consists of four molecules and focuses on the trans-1,2 isomer. The
four molecules have tert-butyl as the first substituent while the second substituent can be
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series

1

2

3

molecule name
cyclohexane
methylcyclohexane
1,1-di-methylcyclohexane
cis-1,2-di-methylcyclohexane
trans-1,2-di-methylcyclohexane
cis-1,3-di-methylcyclohexane
trans-1,3-di-methylcyclohexane
cis-1,4-di-methylcyclohexane
trans-1,4-di-methylcyclohexane
ethylcyclohexane
1,1-di-ethylcyclohexane
cis-1,2-di-ethylcyclohexane
trans-1,2-di-ethylcyclohexane
cis-1,3-di-ethylcyclohexane
trans-1,3-di-ethylcyclohexane
cis-1,4-di-ethylcyclohexane
trans-1,4-di-ethylcyclohexane
propan-2-ylcyclohexane
1,1-di-isopropylcyclohexane
cis-1,2-di-isopropylcyclohexane
trans-1,2-di-isopropylcyclohexane
cis-1,3-di-isopropylcyclohexane
trans-1,3-di-isopropylcyclohexane
cis-1,4-di-isopropylcyclohexane
trans-1,4-di-isopropylcyclohexane
tert-butylcyclohexane
1,1-di-tert-butylcyclohexane
cis-1,2-di-tert-butylcyclohexane
trans-1,2-di-tert-butylcyclohexane
cis-1,3-di-tert-butylcyclohexane
trans-1,3-di-tert-butylcyclohexane
cis-1,4-di-tert-butylcyclohexane
trans-1,4-di-tert-butylcyclohexane
trans-1-tert-butyl-2-methylcyclohexane
trans-1-tert-butyl-2-ethylcyclohexane
trans-1-tert-butyl-2-isopropylcyclohexane
trans-1,2-di-tert-butylcyclohexane
cis-1,2-di-cyclohexylcyclohexane
trans-di-cyclohexylcyclohexane
cis-1,2-bis-cyclohexylmethyl-cyclohexane
trans-bis-cyclohexylmethyl-cyclohexane
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acronym
CHX
MMC
DMC
C2DMC
T2DMC
C3DMC
T3DMC
C4DMC
T4DMC
MEC
DEC
C2DEC
T2DEC
C3DEC
T3DEC
C4DEC
T4DEC
MPC
DPC
C2DPC
T2DPC
C3DPC
T3DPC
C4DPC
T4DPC
MBC
DBC
C2DBC
T2DBC
C3DBC
T3DBC
C4DBC
T4DBC
T2BMC
T2BEC
T2BPC
T2DBC
C2DCC
T2DCC
C2DHC
T2DHC

Table 2.1: Three series of cyclohexane derivatives considered in the present study. The
first, second and third series consist of 33, 4 and 4 molecules, respectively. Note that T2DBC
appears in two series, so that the 41 entries actually correspond to 40 distinct molecules.
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methyl, ethyl, isopropyl or tert-butyl.
The third series consists of four molecules and focuses on the 1,2 isomer. It combines cis
and trans substitutions involving the two substituents cyclohexyl and cyclohexylmethyl.
Molecules with cyclohexylmethyl as substituents are of interest because of the structural
similarity to oligosaccharides.

2.3.2

Molecular simulations

All molecular dynamics simulations were carried out using the GROMOS MD++ program 146–149 along with the 2016H66 united-atom force field 59 and solvent models for chloroform 150 , dimethylsulfoxide 151 and methanol 152 . Chloroform was used for almost all simulations, except simulations of T2DBC in dimethylsulfoxide and methanol which served
as a test for the influence of the solvent.
The Newton equations of motion were integrated using the leap-frog algorithm 64 with
a timestep of 2 fs. All solute bond lengths were constrained and the solvent molecules
kept rigid by application of the SHAKE procedure 153 with a relative geometric tolerance
of 10−4 . A twin-range scheme 154 was applied for calculating the non-bonded interactions,
with short- and long-range cutoff distances set to 0.8 and 1.4 nm, respectively, and an
update frequency of 5 timesteps for the short-range pairlist and intermediate-range interactions. A reaction-field correction 60,61 was applied to account for the mean effect of these
interactions beyond the long-range cutoff distance, using a reaction-field permittivity of
4.8 as appropriate for chloroform 155 (46.7 dimethylsulfoxide 155 and 32.7 for methanol 155 ).
The simulations involved one solute molecule surrounded by 271-500 molecules of chloroform (396 for dimethylsulfoxide and 702 for methanol). The solute molecule was placed
in a cubic computational box (edge length of about 3.2 nm) simulated under periodic
boundary conditions. The simulations were carried out in the isothermal-isobaric (NPT)
ensemble at 298.15 K and 1 bar. The temperature was kept close to its reference value by
weakly coupling 156 the system to a single heat bath using a coupling time of 0.1 ps. The
pressure was kept close to its reference value by weakly coupling 156 the atomic coordinates
and box dimensions (isotropic coordinate scaling, group-based virial) to a volume bath using a coupling time of 0.5 ps and an isothermal compressibility of 4.515·10−4 kJ−1 ·mol·nm3
as appropriate for aqueous biomolecules 42 . Although this choice is somewhat arbitrary, it
has no effect on average thermodynamic properties. The center of mass translation was
removed every 2 ps.
The sampling of the ring puckering was systematically enhanced by application of
the local-elevation umbrella sampling (LEUS) approach 17 . The enhancement was applied in the space of the three improper dihedral angles θC4 −C6 −C2 −C1 , θC6 −C2 −C4 −C3 and
θC2 −C4 −C6 −C5 as defined by Pickett and Strauss 157 (see Figure 2.1 for the atom labels). In
the local elevation 76 (LE) build-up phase, a biasing potential energy term was optimized in
the three-dimensional ring-puckering space during 10 ns using a force-constant increment
per visit set to 35·10−3 kJ·mol−1 . An exception was system DPC where the LE simulation
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took only 5 ns. In the subsequent umbrella sampling 77 (US) phase, the biasing potential
energy term was frozen and used to sample the system during 100 ns. The representation
of the biasing potential energy term relied on truncated-polynomial basis functions 158 and
a grid spacing of 10 degrees.

2.3.3

Molecular simulations

Two methods relying on quantum mechanics were also applied for comparison purposes:
(i) density functional theory 159 (QMDFT); and (ii) Møller-Plesset perturbation theory
of second order (QMMP2). As the QMDFT method the recently presented PBEh-3c
method by Grimme et al. 159 with Ahlrichs-type split valence double-zeta basis set def2SV(P) 160,161 . In the QMMP2 method the resolution of the identity approximation was
used with the aug-cc-pVDZ basis set 162 for the orbitals in conjunction with the corresponding basis set for the density-fitting. Both QM calculations were performed with
program ORCA 163 using the CPCM continuum model for chloroform. For these QM calculations, the first and third series were considered (except cyclohexane). Two low-energy
chair conformations were selected from the MD simulations for the QMDFT energy minimization. The substituents were in staggered conformation oriented from the ring and
from each other. The final structures provided a potential energy difference between the
two chairs ∆UQM DF T (1 C4 ) from the QMDFT calculations. The resulting structures were
further energy minimized with QMMP2 and from the final structures potential energy
differences between the two chairs ∆UQM M P 2 (1 C4 ) were calculated.

2.3.4

Conformation assignment scheme

The 14 canonical conformations of cyclohexane (two variants of the chair and six variants of each of both, the boat and skew-boat) are displayed in Figure 2.2 together
with their names. These canonical conformations can be defined using the three angles
α1 = θC4 −C6 −C2 −C1 − 180◦ , α2 = θC6 −C2 −C4 −C3 − 180◦ and α3 = θC2 −C4 −C6 −C5 − 180◦ , where
θC4 −C6 −C2 −C1 , θC6 −C2 −C4 −C3 and θC2 −C4 −C6 −C5 are the improper dihedral angles defined by
Pickett and Strauss 157 . The names of all variants and their canonical values of α1 , α2 and
α3 are reported in Table 2.2.
Because the values of α1 , α2 and α3 for configurations from the MD simulation will differ
from the ideal ones listed in the Table 2.2, a closest distance (CD) assignment scheme was
applied 17 . The CD scheme assigns to a trajectory structure the canonical conformation
from which it has the smallest deviation d, defined as
αTi αj
d(αi , αj ) = 1 −
|αi | |αj |

(2.1)

where α = {α1 , α2 , α3 } and αi and αj are vectors associated with the two compared
configurations i and j.
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Conformation
4
C1
1
C4
B3,6
B2,5
B1,4
3,6
B
2,5
B
1,4
B
1
S3
1
S5
3
S5
3
S1
5
S1
5
S3

α1 [◦ ] α2 [◦ ] α3 [◦ ]
-35
-35
-35
35
35
35
30
-60
30
30
30
-60
-60
30
30
-30
60
-30
-30
-30
60
60
-30
-30
60
-60
0
60
0
-60
0
60
-60
-60
60
0
-60
0
60
0
-60
60

Table 2.2: Values of three angles α1 , α2 and α3 corresponding to the 14 canonical conformations (see Section 2.3.4).

2.3.5

Analysis

For all molecules considered (Table 2.1), the results of the LEUS simulations were analyzed
in terms of the free-energy difference between the canonical conformers and, for some
selected systems, free-energy maps were calculated in a space of substituent dihedral angles
for the two chair conformers. In the both cases, the US phase of the simulations was used
for the calculation employing reweighting to correct for the effect of the biasing potential
energy as described in Ref. 17 . The QM calculations were analyzed in terms of potential
energy difference ∆U between the two chair conformations. Some selected molecules were
analyzed in terms of distribution of substituent rotamers.
For the free-energy difference calculation, the 4 C1 conformer was chosen as a reference
(zero relative free energy) because it has a substituent on C1 in equatorial orientation and,
therefore, it is usually the conformer with the lowest free energy. The relative free energy
of a conformer X is noted as ∆G(X), with ∆G(4 C1 ) = 0 by definition.
The MD simulations were carried using the 2016H66 force field 59 which is united-atom
type force field. In a united-atom force field, aliphatic hydrogens are not treated explicitly,
but are included implicitly in a group with the carbon atom they are attached to. Four
different united-atom types are included, namely CH, CH2 , CH3 and CH4 . The implicit
treatment of the alipahtic hydrogen is realized by using specific van der Waals parameters
for each type 59,164 reported in Table 2.3. Even though the aliphatic hydrogens are not
treated explicitly in the simulations, we refer to their implicit locations in the discussion.
In order to analyze rotamers of substituents in trans-1,2 isomers, two dihedral angles
φ and ψ are defined by atoms C6 , C1 , C1A , Y and C1 , C2 , C2A , Y, respectively. C1 , C2 ,
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IAC

Name

13
14
15
16
66
18

CH0
CH1
CH2
CH3
CH1r
CH2r

1/2

1/2

C6
C6,nei
[(kJ·mol−1 ·nm6 )1/2 ]
0.04896
0.04838
0.07790
0.05396
0.08642
0.06873
0.09805
0.08278
0.07790
0.06873
0.08564
0.06873

1/2

1/2

C12
C12,nei
[10−3 (kJ·mol−1 ·nm12 )1/2 ]
14.330
1.837000
9.850
1.933000
5.828
2.177596
5.162
2.455782
9.850
1.360000
5.297
1.360000

Table 2.3: The integer atom code (IAC) and atom-type name (Name) used in 2016H66
force field 59 are listed along with the single-atom van der Waals interaction parameters
1/2
1/2
1/2
1/2
C6 , C12 , C6,nei , C12,nei . Subscript nei refers to parameters of third-neighbor interaction.
The name CHx (x=0, 1, 2, or 3) stands for united atoms consisting of one carbon atom and
x hydrogens. The name CHxr (x=1 or 2) stands for cyclic united atoms consisting of one
carbon atom and x hydrogens.

C6 stands for ring atoms as numbered in Figure 2.1, C1A for the first substituent atom
attached to the position 1 of the ring, C2A for the first substituent atom attached to the
position 2 of the ring, Y for the next carbon atom attached to C1A in a case of substituents
ethyl, cyclohexylmethyl and tert-butyl, or for the hydrogen atom attached to C1A in a case
of substituents isopropyl and cyclohexyl. The different definitions of atom Y are necessary
due to the different nature of the substituents. While ethyl and cyclohexylmethyl have
only one carbon atom attached to C1A and tert-butyl has three of them but all equivalent,
isopropyl and cyclohexyl have two distinguishable carbon atoms attached to C1A . Then
the free-energy maps correspond to the two-dimensional space defined by these dihedral
angles φ and ψ. The maps were calculated for some trans-1,2 isomers, namely T2DEC,
T2DPC, T2DBC, T2DHC and T2DCC and for both chairs (4 C1 and 1 C4 ). The global
minimum of the map was set to zero as a reference point.

2.4

Results

All simulations were examined in terms of the extent of sampling in the puckering space,
see Suppl. Mat. Figures 2.S.1-2.S.3, and convergence of ∆G(1 C4 ), see Suppl. Mat. Figures
2.S.4 and 2.S.5. In all cases, the convergence was found to be adequate given the employed
LEUS protocol.
The relative free energies ∆G of the 14 canonical conformers of cyclohexane are shown
in Figure 2.5. Because all atoms in cyclohexane are equivalent, the variants of the three
types of canonical conformers (chair, boat and skew-boat) must have the same ∆G value.
The chair is expected to be the most stable conformer followed by skew-boat and boat,
with experimentally derived ∆G values 23.0 and 28.9 kJ · mol−1 , respectively. The results
from the simulations are 25.5 and 27.0 kJ · mol−1 , respectively, in agreement with these
expectations. The ∆G values of the 14 canonical conformers for all molecules considered
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are reported in Suppl. Mat Table 2.S.1.
The ∆G(1 C4 ) values for first and third series of compounds in Table 2.1 (except cyclohexane) are shown in Figure 2.6. The figure includes values of all methods namely MD
simulation as well as, QMDFT and QMMP2 calculations. The three methods yield good
agreement with each other.
Some types of substitution, namely 1,1, cis-1,2, trans-1,3 and cis-1,4, should lead to
zero ∆G(1 C4 ) due to degeneracy or enantiomery. These isomers are highlighted by red
frames in Figure 2.6. The values from the MD simulations are at most 1 kJ · mol−1
with two exceptions for molecule C4DBC and C2DCC, which reach values of 3 and 2
kJ · mol−1 , respectively. The large substituents in both systems may cause the somewhat
larger deviations from zero probably due to a slower establishment of equilibrium. Values
from QM simulations are even closer to zero with only one exception, T3DEC, where the
QMDFT method fails to provide a zero estimate.
The ∆G(1 C4 ) of monosubstituted cyclohexanes is expected to increase with the size of
the substituent because of its axial position in 1 C4 . The MD results show a small increase
between the methyl and the ethyl substituent, but the increase is more significant towards
isopropyl and even more to tert-butyl (series MMC, MEC, MPC, MBC). The increase in
the magnitude of the effect is in part explained by the decreasing possibility to rotate the
methyl groups away from syn-axial hydrogens along the series ethyl, isopropyl and tertbutyl. The QM calculated ∆G(1 C4 ) are all positive and similar to MD results, but the

Figure 2.5: Relative free energies ∆G of the 14 canonical conformations of cyclohexane
with respect to 4 C1 calculated from the MD simulations.
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Figure 2.6: Relative free energies ∆G(1 C4 ) of the inverted chair for the first and third series
of compounds (Table 3.1, except CHX), as calculated from the MD simulatoins or using
QMDFT and QMMP2 calculations. The red frames enclose isomers which are expected to
present ∆G(1 C4 ) = 0 kJ · mol−1 .

trend is a bit different. In the case of QM, ∆G(1 C4 ) decreases in the series methyl, ethyl
and isoproply even though the decrease is small. The discrepancy can have its root in
inaccurate force-field parameters of MD simulations or in a missing entropic contribution
in the results from QM calculations. An analogical situation is encountered for the trans1,4-disubtituted cyclohexane (series T4DMC, T4DEC, T4DPC and T4DBC). However,
both substituents are repelled from syn-axial hydrogen, therefore, the ∆G(1 C4 ) values
are larger. Another similar situation is that of cis-1,3-disubtituted cyclohexane (series
C3DMC, C3DEC, C3DPC and C3DBC), where both substituents are on the same side
of the ring in syn-axial orientation in 1 C4 (see Figure 2.4). Because the substituents are
larger than hydrogens, the ∆G(1 C4 ) values are even larger than in the two previous cases.
Interestingly, the QM ∆G(1 C4 ) decreases only from methyl to ethyl in the case of trans1,4-disubtituted cyclohexane and increases in the series ethyl, isopropyl and tert-butyl.
For the trans-1,2 isomer (series T2DMC, T2DEC, T2DPC and T2DBC), an equilibrium
between two important repulsions has to be established (see Figure 2.4). In the 4 C1 chair
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conformation, both substituents are equatorial, i.e. are far from syn-axial hydrogens.
however, they are vicinal-gauche to each other which can cause steric repulsion. In the
1
C4 chair conformation, the substituents are axial on opposite sides of the ring so they do
not repel each other, but a repulsion with syn-axial hydrogens is present. In agreement
with this reasoning, the ∆G(1 C4 ) calculated from the MD simulations decreases with the
size of the substituent due to the increasing vicinal-gauche repulsion in 4 C1 . In the case of
T2DMC, the 4 C1 chair is still the preferred conformation. However, T2DEC has already
the 1 C4 chair as a slightly preferred one. And, the compounds T2DPC and T2DBC
have the 1 C4 chair as the only significantly populated conformation. The values of the
Lennard-Jones interaction parameters of the 2016H66 force field 59 for the involved united1/2
atom types are listed in Table 2.3. The parameter C12 increases in the order methyl, ethyl,
1/2
isopropyl, tert-butyl. Simultaneously, the parameter C12,nei decreases. Because the central
carbons of two substituents are third neighbors, the increasing repulsion between the two
equatorial substituents is caused by the increasing number of methyl groups attached to
the central carbon, and not by an increasing repulsion between the central carbons. In the
case of the QM ∆G(1 C4 ), T2DPC is an outlier in a decreasing trend in the series methyl,
ethyl, isopropyl and tert-butyl. The reason might be the missing entropic contribution in
the results from QM calculations. The isopropyl group in 4 C1 (equatorial orientation) will
be more restricted in rotation due to the repulsion from vicinal equatorial isopropyl then
in 1 C4 (axial orientation), therefore, entropy would favor the 1 C4 conformation.
In the second series of compounds considered in Table 2.1 (T2BMC, T2BEC, T2BPC
and T2BBC), the first substituent is tert-butyl and the second is methyl, ethyl, isopropyl
or tert-butyl. In Figure 2.7, the ∆G(1 C4 ) values of the second series calculated from the
MD simulations are seen to monotonically decrease with the increasing size of the second
substituent. All molecules of the second series prefer the 1 C4 conformation.
The ∆G(1 C4 ) values for the third series of compounds (C2DCC, T2DCC, C2DHC and

Figure 2.7: Relative free energies ∆G(1 C4 ) of the inverted chair for the second series of
compounds in Table 3.1 calculated based on the MD simulations.
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T2DHC) are shown in Figure 2.6. The two chair conformations of the cis-1,2 isomers have
∆G(1 C4 ) close to zero, which is expected because they are enantiomers. The compounds
T2DCC and T2DHC have 4 C1 chair as a slightly preferred conformation. The compound
T2DCC can be compared to T2DPC as, in both cases, the first carbon of the substituent
has two carbons attached. It is seen that T2DCC has a larger ∆G(1 C4 ) than T2DPC. But
the substituents of T2DCC and T2DPC have different atom types. The first-substituent
carbons of T2DCC and T2DPC are CH1r and CH1, respectively. The CH1r type has
1/2
1/2
larger C6,nei and smaller C12,nei parameters than CH1 which could be a reason for the
larger ∆G(1 C4 ) of T2DCC. A similar shift towards larger ∆G(1 C4 ) in the case of the
cyclic substituents can be seen in the QM results. The compound T2DHC is structurally
similar to a branched trisaccharide. The positive ∆G(1 C4 ) suggest a slight destabilization
of the 1 C4 conformation of the central ring of about 4, 8 and 3 kJ · mol−1 in the case of
MD, QMDFT and QMMP2, respectively.
The free-energy maps in the space of substituent dihedral angles for the two chair conformers of some trans-1,2 isomers, namely T2DEC, T2DPC, T2DBC, T2DHC and T2DCC
can be seen in Figure 2.8. The figure shows that the preferred rotamers are different
for each chair conformation. Interesting features are shown for compounds T2DPC and
T2DCC, where preferred rotamers between chairs are not overlapping. If a system suffers
from a rotamer being trapped upon the ring inversion (i.e. the rotamers stay in a preferred orientation of the previously sampled chair conformer even though the other chair
conformer is being sampled), for 4 C1 , a minimum should be present in a region which
is preferred in 1 C4 and vice versa. Because this is not the case in Figure 2.8, rotamer
trapping does appear. T2DBC samples all 9 staggered minima. T2DEC and T2DHC
sample 4 staggered minima in the case of 1 C4 conformation where the substituents are
oriented away from the ring, while in the 4 C1 conformation they adopt preferentially a
conformation where they orient themselves away from each other. Similar behavior can be
seen for T2DPC and T2DCC, but in the case of the 1 C4 conformation, only one staggered
orientation is possible in which both substituents and both branched carbon atoms are
oriented away from the ring.
The compound T2DBC was simulated in three different solvents, chloroform, methanol
and dimethylsulfoxide, in order to investigate the effect of the solvent on the conformational
equilibrium. In all three solvents, the ∆G(1 C4 ) are almost identical (see in Figure 2.9),
therefore, no significant influence is found.
A comparison with results from experimental studies is performed in Figure 2.10. The
numerical values together with the experimental methods and source references are reported in Suppl. Mat. Table 2.S.2. A few previous theoretical estimates are also included in
this table. Unfortunately, only a limited number of experimental values has been found
and often, these provide qualitative rather then quantitative results. A good agreement in
terms of ∆G(1 C4 ) is observed with only two molecules being outliers, MBC and T2DBC.
Because MBC strongly prefers 4 C1 , it makes experimental measurement of ∆G(1 C4 ) hard
because the concentration of 1 C4 can be below the detection limit. Therefore, just lower
bound estimates are provided, and the highest experimental lower bound is in agreement
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Figure 2.8: Free-energy maps for the two chair conformers in the space of substituent
dihedral angles φ and ψ of selected trans-1,2 isomers, namely T2DEC, T2DPC, T2DBC,
T2DHC and T2DCC. The maps are calculated from the MD simulations and the global
minimum of each map was set to zero as a reference point.
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Figure 2.9: Relative free energies ∆G(1 C4 ) of the inverted chair for T2DBC calculated
based on the MD simulations in three different solvents.

with MD simulations. For the molecule T2DBC no experimental data are available and
the calculated results vary within 40 kJ · mol−1 .
Only two compounds are found to have non-negligible populations of non-chair conformers, namely T3DBC and C4DBC. The most stable conformer of T3DBC is the 3 S1 with
a ∆G value of -1.4 kJ · mol−1 . Another two non-chair conformations are predicted to be

Figure 2.10: Comparison of relative free energies ∆G(1 C4 ) calculated based on MD simulations with available experimental data marked with filled symbols (and results of a few
previous theoretical studies marked with empty symbols). The numerical values can be
found in Table 2.S.2.
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significantly populated, namely B1,4 and 3,6 B with ∆G values of 2.3 and 2.5 kJ · mol−1 ,
respectively. The non-chair low energy conformers of C4DBC are 5 S1 , 3 S1 , and B1,4 with
∆G values of 2.2, 2.5 and 3.9 kJ · mol−1 , respectively.

2.5

Conclusions

In the present work, 40 derivatives of cyclohexane with non-polar substituents were considered to investigate the conformation of equilibrium of the six-membered ring. This was
done using MD simulations in chloroform with LEUS enhanced sampling, complemented
with the use of two QM methods with the continuum model for the solvent chloroform.
The MD and QM results are found to agree well with each other as well as with available
experimental data (and the results of a few previous theoretical studies).
In the case of MD, a clear trend of increasing ∆G(1 C4 ) is found for three series, namely
the series MMC, MEC, MPC, MBC, the series T4DMC, T4DEC, T4DPC, T4DBC and
the series C3DMC, C3DEC, C3DPC, C3DBC of molecules with increasing size of the
substituent. From these three series, the lowest ∆G(1 C4 ) is found for monosubstituted
compounds followed by disubstituted compounds with trans-1,4 substitution, with the
highest values for disubstituted cis-1,3 compounds. This trend is explained, see Figure
2.4, by the number and strength of syn-axial repulsion in the 1 C4 conformation. The
trend is less monotonous for QM calculations, where some ethylated or isopropylated
cyclohexanes exhibit a decrease within an overall increasing trend.
In contrast a trend of decreasing ∆G(1 C4 ) is found for two series, namely the series
T2DMC, T2DEC, T2DPC, T2DBC and the series T2BMC, T2BEC, T2BPC, T2BBC.
This trend is explained (Figure 2.4) by highly unfavorable vicinal-gauche interactions
between the two substituents. A decreasing trend is observed in the case of QM calculations
as well except for T2DPC which exhibits a local increase in the series T2DMC, T2DEC,
T2DPC, T2DBC.
In the case of cyclohexane with cyclic substituents, T2DCC and T2DHC have 4 C1 chair
as a slightly preferred conformation. The compound T2DCC is compared to T2DPC
due to the structural similarity. The MD and QM calculations yield larger ∆G(1 C4 ) for
T2DCC. The compound T2DHC is structurally similar to a branched trisaccharide. The
positive ∆G(1 C4 ) suggest a destabilization of the 1 C4 conformation of the central ring of
about 4, 8 and 3 kJ · mol−1 in the case of MD, QMDFT and QMMP2, respectively. This
suggests that the destabilization of the 4 C1 conformation of the central residue of LewisX,
which is investigated in Chapter 3, is not due to a steric repulsion.
Out of all compounds considered, a non-negligible amount of non-chair conformations
was experimentally observed 136,140–145 for three compounds, namely T3DBC, C4DBC and
C2DBC. The compound T3DBC was found to exist predominantly in a skew-boat conformation based on a 1 H-NMR study 143 . Based on the MD simulations, the most stable
conformer of T3DBC is the 3 S1 with a ∆G value of -1.4 kJ · mol−1 . Two other non-chair
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conformations are predicted to be significantly populated, namely B1,4 and 3,6 B with ∆G
values of 2.3 and 2.5 kJ · mol−1 , respectively. For the compound C4DBC, a mixture of
skew-boat and chair was suggested 140,141,143–145 based on 1 H-NMR, IR spectroscopy, and
electron diffraction data and calculations. Based on the MD simulations, the non-chair
low energy conformers of C4DBC are 5 S1 , 3 S1 , and B1,4 with ∆G values of 2.2, 2.5 and
3.9 kJ · mol−1 , respectively. For the compound C2DBC, Kessler et al. 142 suggested a
skew-boat as the most stable conformer using NMR spectroscopy, whereas van de Graaf et
al. 136 concluded that a chair conformation is preferred based on 13 C-NMR, 1 H-NMR and
IR spectroscopy. Based on MD simulations, none of the non-chair conformers of C2DBC
was predicted to have low free energy, which is in agreement with the latter study.

28

2.6

Chapter 2. Cyclohexane derivatives

Supplementary information

Name
4

CHX
MMC
DMC
C2DMC
T2DMC
C3DMC
T3DMC
C4DMC
T4DMC
MEC
DEC
C2DEC
T2DEC
C3DEC
T3DEC
C4DEC
T4DEC
MPC
DPC
C2DPC
T2DPC
C3DPC
T3DPC
C4DPC
T4DPC
MBC
DBC
C2DBC
T2DBC
C3DBC
T3DBC
C4DBC
T4DBC
C2DCC
T2DCC
C2DHC
T2DHC
T2BMC
T2BEC
T2BPC
T2DBC

C1
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0

1

C4
-0.1
3.9
0.0
0.8
2.7
16.8
0.0
0.4
11.7
4.6
0.2
0.9
-0.7
20.1
0.3
0.0
13.2
7.9
0.3
0.6
-7.0
32.7
-0.9
-0.6
20.8
23.2
-0.3
0.9
-29.2
65.4
0.3
2.6
54.7
1.8
0.8
0.3
4.1
-1.5
-5.8
-15.4
-29.2

B36
27.2
30.3
25.9
38.0
25.6
30.5
41.5
30.4
32.3
30.4
26.3
40.2
25.2
30.9
42.9
30.3
32.7
33.9
18.6
57.0
27.1
34.0
44.3
32.9
37.3
40.4
19.0
66.2
1.9
40.8
45.1
33.8
40.5
55.7
32.6
41.6
27.4
22.9
20.7
14.9
1.9

B25
27.1
30.7
26.2
28.9
37.1
38.7
26.8
29.8
31.9
30.5
25.9
28.2
36.4
40.8
26.2
30.3
32.5
33.8
20.6
23.3
36.0
45.0
25.2
33.5
36.6
41.4
17.9
26.8
5.3
49.7
21.4
40.7
43.0
20.2
40.8
26.4
39.5
24.5
23.0
20.0
5.3

B14
27.2
27.6
35.9
28.3
26.5
30.1
23.8
22.1
43.8
26.7
36.1
27.9
25.1
30.6
22.7
21.1
45.1
27.7
18.8
22.7
27.3
34.0
18.6
18.8
47.0
28.0
13.8
26.3
5.1
40.5
2.3
3.9
52.3
19.9
29.4
26.1
26.3
19.6
18.1
16.1
5.1

∆G [kJ·mol−1 ]
B 25 B 14 B
27.0 26.7 27.1
27.2 27.2 41.0
26.1 25.9 34.3
32.4 42.0 42.8
25.9 27.1 37.0
39.5 26.7 40.6
24.2 27.0 41.6
21.6 21.3 50.4
31.4 31.5 40.6
27.0 27.2 39.6
25.8 26.1 34.4
33.1 42.7 44.2
24.4 25.8 34.6
42.2 26.6 40.9
23.0 26.4 42.7
20.4 20.9 51.9
32.8 32.7 42.5
28.4 28.4 44.3
20.9 18.9 19.4
28.2 42.7 46.4
27.7 27.7 34.0
44.1 28.6 44.7
18.1 25.7 44.6
18.5 18.8 56.5
36.5 36.4 46.9
29.1 28.6 46.1
18.2 18.5 13.8
39.2 40.6 44.6
1.8
8.5
5.2
46.2 30.6 46.3
2.5 19.5 44.9
6.7
5.2 64.1
41.6 41.2 45.5
22.9 44.6 47.3
34.1 30.0 38.9
31.2 42.9 43.3
27.4 26.6 37.6
9.8 25.4 27.1
8.8 25.4 26.0
9.4 20.9 20.6
1.8
8.5
5.2
36

1

S3
25.4
36.7
32.2
39.9
31.7
36.1
44.0
46.9
40.0
37.6
33.3
42.4
30.4
37.1
45.1
47.4
40.6
41.8
20.3
53.5
30.2
41.3
47.7
52.9
44.1
45.0
16.1
54.5
1.1
45.4
50.0
57.1
43.6
52.7
36.6
43.0
33.3
26.9
24.7
18.8
1.1

1

S5
25.4
36.6
32.5
34.0
37.7
39.6
33.6
46.8
39.6
37.2
33.5
34.5
36.7
40.4
33.6
47.4
40.8
41.7
20.8
32.6
36.2
45.6
35.4
52.1
44.9
45.0
16.6
33.1
4.9
48.5
34.8
59.2
47.0
30.9
41.5
32.6
39.1
24.7
24.7
19.9
4.9

3

S5
25.4
25.9
21.6
27.3
32.5
39.2
22.7
21.2
26.9
25.2
21.5
27.5
29.7
40.7
21.7
20.7
27.5
28.2
18.9
21.4
29.8
45.8
19.2
20.4
31.1
32.3
16.8
27.3
0.9
48.6
8.4
16.5
40.5
16.9
36.7
24.9
33.8
16.1
14.0
11.8
0.9

3

S1
25.7
26.0
32.1
27.5
22.8
36.6
22.2
20.1
40.5
25.4
32.8
26.8
21.2
36.9
21.2
19.3
41.4
26.4
22.0
20.5
25.8
41.6
15.8
16.5
45.3
26.0
16.3
28.6
6.7
44.3
-1.4
2.5
47.1
15.9
30.1
25.4
23.3
11.4
10.8
14.0
6.7

5

S1
25.7
26.2
32.1
33.3
27.1
26.0
22.3
20.5
40.8
25.5
33.2
33.6
25.9
26.1
21.5
19.4
41.3
25.8
20.1
31.5
28.3
28.0
19.2
16.5
45.3
26.0
17.0
31.4
9.4
32.4
8.6
2.2
48.3
29.5
28.9
32.3
26.3
22.9
23.0
18.9
9.4

5

S3
25.6
26.1
21.9
39.3
22.5
25.5
33.7
20.8
26.8
25.9
21.9
41.4
21.8
25.8
33.7
20.5
27.5
27.7
16.6
52.0
25.7
27.8
34.7
20.3
31.8
31.3
18.9
54.3
5.4
32.7
33.3
12.8
37.7
51.9
30.1
42.7
23.6
22.2
21.3
17.0
5.4

Table 2.S.1: Relative free energies ∆G(1 C4 ) of the 14 canonical conformations for all
compounds in Table 3.1 calculated based on the MD simulations.
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Name

MMC

T2DMC

C3DMC

T4DMC
MEC
MPC

MBC

T2DBC
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∆GM D (1 C4 )
[kJ·mol−1 ]

3.9

2.7

16.8

11.7
4.6
7.9

23.2

-29.2

∆Gref (1 C4 )
5.7
7.3
7.5
6.7
7.5
7.4
7.5
7.1
11.3
11.3
11.3
10.8
6.8
23.0
22.6
23.0
22.6
5.6
15.1
15.1
7.8
7.3
8.6
9.0
9.0
22.6
18.5
20.1
19.8
10.3
10.3
4.6
7.3
-41.7
-82.8
-61.1
-55.2

Ref.

Method

165

NMR
NMR
NMR
NMR
NMR
MM
NMR
average
NMR
MM
NMR
NMR
NMR
NMR
MM
NMR
NMR
NMR
NMR
NMR
MM
average
MM
average
NMR
MM
average
MM
MM
NMR
NMR
NMR
NMR
MM
MM
MM
QM

166
167
168
169
170
171
172
169
170
171
173
168
169
170
171
174
168
169
171
170
172
170
172
175
170
172
140
176
177
175
178
168
140
179
179
179

Table 2.S.2: Experimentally derived and theoretical relative free energies ∆Gref (1 C4 ) used
for comparison in Figure 2.10 together with relative free energies ∆Gref (1 C4 ) calculated
based on the MD simulations. The acronyms MM and QM stands for molecular mechanics
and quantum mechanics, respectively. Average stands for an average obtained from several
individual values from the indicated reference, where several experimental methods were
used.
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Figure 2.S.1: Sampling of the ring-conformational space defined by α1 , α2 and α3 (Section 2.3.4) in the case of CHX. The sampling during the umbrella sampling phase of the
simulation is illustrated by points at 2 ps interval.
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Figure 2.S.2: Sampling of the ring-conformational space defined by α1 , α2 and α3 (Section 2.3.4) of the first series of compounds in Table 3.1 except CHX. The sampling during
the umbrella sampling phase of the simulation is illustrated by points at 2 ps interval.
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Figure 2.S.3: Sampling of the ring-conformational space defined by α1 , α2 and α3 (Section 2.3.4) of the first and second series of compounds in Table 3.1. The sampling during
the umbrella sampling phase of the simulation is illustrated by points at 2 ps interval.
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Figure 2.S.4: Convergence of relative free energies ∆G(1 C4 ) during the umbrella sampling
phase of MD simulations for the first series of compounds in Table 3.1.

Figure 2.S.5: Convergence of relative free energies ∆G(1 C4 ) during the umbrella sampling
phase of MD simulations for the second and third series of compounds in Table 3.1.

Chapter 3

Towards a GROMOS force field
parametrization for oligosaccharides
containing N-acetyl-hexosamines.
3.1

Abstract

New GROMOS force-field parameters were developed for 12 functionalized hexopyranoses,
namely the α vs. β anomers and the O1 -methylated vs. non-methylated versions of Nacetyl-2-deoxy-d-glucopyranose (GlcNAc), N-acetyl-2-deoxy-d-galactopyranose (GalNAc)
and l-fucopyranose (Fuc), as well as for the branched trisaccharide LewisX. The conformational behavior of these compounds is investigated in terms of ring conformation and, in
the case of GlcNAc, in terms of calculated 3 JH,H -values. Although the isolated GlcNAc
presents the correct ring conformation, inverted ring conformations of the central GlcNAc
residue in LewisX cause disagreement with experimental by NOE-derived proton-proton
distances. The reason is found to be the variation of the atomic partial charges upon functionalization, which affects the ring-conformational equilibrium via third-neighbor electrostatic interactions around the ring. Two force-field modifications EXCL and TORS are
proposed in order to reduce the dependence of the ring conformation upon the functionalization. The EXCL modification excludes the third-neighbor electrostatic interactions
around the ring. The TORS modification implements the same exclusions as EXCL,
but introduces in addition new torsional-angle potential-energy terms which substitute
to the electrostatic interaction of the excluded pairs. The EXCL modification does not
describe well the ring properties of unfunctionalized hexopyranoses. On the other hand,
the TORS modification leads to similar conformational behavior as the GROMOS force
field 56A6CARBO , which describes well monosaccharides but fails to describe the conformational behavior of oligosaccharides including LewisX. Although the TORS approach could
be a promising way to improve the ring conformational properties upon functionalization,
further parameterization of the additional torsional terms will be necessary.

3.2

Introduction

Carbohydrates are the most abundant class of biomolecules in the biosphere 80–84 . Besides their energetic and structural functions, they encode information e.g. about protein
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targeting, cell-cell interaction, cell differentiation, tissue development and extracellular
signals 83,85–94 . This information is encoded in their structure, which probably involves the
highest level of complexity among the four main classes of biomolecules found in living
organisms 87,99,100 . The structural complexity of carbohydrates (i.e. their variability in
terms of molecular composition and stereochemistry) is related to the very large number of possible monomeric units 87,99,101 , linkage connectivities 87,99,100 and polymerization
patterns 87,99,100 .
The oligosaccharides LewisX, d-Galβ(1→4)[l-Fucα(1→3)]-d-GlcNAc, and SialylLewisX (sLewisX) NeuAcα(2→3)-d-Galβ(1→4)[l-Fucα(1→3)]-d-GlcNAc, are bloodgroup antigens which play a role in cell adhesion 180 and are used as tumor markers 181 .
Their conformation was the scope of many studies 182–196 . Pérez et al. 189 reported the first
crystal structure, where all rings are in the 4 C1 chair conformation except for l-Fucose,
which is in the 1 C4 conformation (incorrectly quoted as 4 C1 in the original reference 189 ),
and the (φ, ψ) glycosidic dihedral angles are (-75◦ , 134◦ ) for the 1→4 linkage and (-75◦ ,
-101◦ ) for the 1→3 linkage being in agreement with experimental studies 182–188,190–192,194,195
in solution, relying mainly on NOE-derived proton-proton distances and 3 JH,H -values, as
well as with theoretical studies 185–187,191–195 . Note that the φ and ψ glycosidic dihedral
angles are defined here as O5 -C1 -O1 -C0n and C1 -O1 -C0n -C0n−1 , where the prime is assigned to
an atom of the reducing residue and n stands for the linkage connectivity. Poppe et al. 190
showed for sLewisX that the conformation of the part without NeuAc (which is LewisX)
residue is rigid in aqueous solution, and in complex with proteins (lectins) is close to the
conformation of unbound sLewisX, while the glycosidic linkage of NeuAc is flexible in solution and various forms are recognized by different lectins. But Harris et al. 191 suggested
greater conformational freedom of sLewisX free in solution. In particular, the glycosidic
linkage of Fuc can access a second conformational minimum with (φ, ψ) being (-150◦ ,
-140◦ ). This result is also supported by the molecular dynamics (MD) simulation study of
Veluraja et al. 193 , who proposed even a third minimum for the glycosidic linkage of Fuc
with (φ, ψ) being (-80◦ , -160◦ ). Zirke et al. 194 used NOE-derived proton-proton distances
to investigate the conformational ensemble in solution, and identified a non-conventional
C-H · · · O hydrogen bond as a prominent stabilization factor. This was confirmed by
Battistel et al. 195 using NMR techniques together with MD simulations. Topin et al. 196
reported unusual distortions of LewisX when bound to bacterial or fungal lectins, and an
occasional opening of free LewisX in solution assisted by distortion of the central GlcNAc
ring.
MD simulations of carbohydrates can be used 197–206 to obtain molecular information at
spatial and temporal resolutions on the order of 0.1 nm and 1 fs, respectively. Force fields
designed for carbohydrates have been developed since 1980s 206 . The difficulties in developing force fields for carbohydrates include the strongly polar bonds in close proximity,
the subtle variations of charge distributions between different isomers (and even between
different conformations), the anomeric and exo-anomeric effects, and the structural complexity 206 . In our group, the development of carbohydrate force fields 51,53,57 for GROMOS
led to the latest two versions 56A6CARBO 57 and 56A6CARBO R 58 , which are considered in
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this work. The earlier force field 56A6CARBO focused on an accurate representation of
the conformational properties at the monomer level, including ring-inversion free energies
(free energy ∆GI associated with the inversion of the ring conformation from the regular
4
C1 to the inverted 1 C4 chair). However, simulations of dimers and longer oligomers 58
using 56A6CARBO revealed unexpected chair inversions (4 C1 →1 C4 ). The reason of the
destabilization fo 4 C1 was the decrease in charge magnitude of the anomeric oxygen atom
O1 upon functionalization 58 . 56A6CARBO R involves a modification of two Lennard-Jones
exceptions and one torsional-angle potential to remedy this situation. This modification
has no influence on unfunctionalized hexopyranoses.
In the present work, the first two challenges are a description of functionalized hexopyranoses, some of which belonging to LewisX, and of LewisX itself (see first series
of compounds in Table 3.1). The results show that even though the description of the
monomers is in agreement with experiment, the LewisX violates NOE-derived protonproton distances derived from experiment 194 . The reason of the violation are ring inversions of the central GlcNAc residue of the trisaccharide. In LewisX one faces a similar
problem 58 as in linear oligosaccharides using 56A6CARBO , but here with two substitutions
on O3 and O4 (see Figure 3.1 for the atom labeling). This dependence of the ring conformation upon functionalization may be tentatively addressed using empirical patches
of the force field 58 , or using a different treatment of third-neighbor electrostatic and torsional interactions around the ring. The latter is the second main focus of this work.
Two force-field modifications EXCL and TORS are tested as an attempt to reduce the
dependence of ring stability on the charges of the substituents around the ring. The EXCL
modification excludes the third-neighbor electrostatic interactions around the ring. The
TORS modification implements the identical exclusion as in EXCL and introduces new
torsional terms which substitute the electrostatic interaction of the excluded pair. The
TORS modification leads to similar conformational behavior as the GROMOS force field
56A6CARBO , which describes well monosaccharides but fails to describe the conformational
behavior of oligosaccharides.

3.3
3.3.1

Computational procedures
Topology of hexopyranose derivatives

The force fields 56A6CARBO 57 and 56A6CARBO R 58 do not encompass parameters for
N-acetyl-2-deoxy-D-glucopyranose (GlcNAc), N-acetyl-2-deoxy-D-galactopyranose (GalNAc) and l-fucopyranose (Fuc), some of which are relevant to the LewisX molecule.
The topology of GlcNAc for both force fields was therefore constructed in this work
based on that of d-glucopyranose (Glc), by replacing the hydroxyl group at C2 with an Nacetylamino group. Because the N-acetylamino group is analogous to a peptide bond, its
charges, bond types, bond-angle types, dihedral-angle and improper-dihedral-angle types
were taken from the protein residues in the 53A6OXY 207 force field. However, the dihedral
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series

1

2

molecule name
N-acetyl-2-deoxy-α/β-d-glucopyranose
1-O-Methyl-N-acetyl-2-deoxy-α/β-d-glucopyranose
N-acetyl-2-deoxy-α/β-d-galactopyranose
1-O-Methyl-N-acetyl-2-deoxy-α/β-d-galactopyranose
α/β-l-fucopyranose
1-O-Methyl-α/β-l-fucopyranose
d-Galβ(1→4)[l-Fucα(1→3)]-β-d-GlcNAc
α/β-d-allopyranose
α/β-d-altropyranose
α/β-d-glucopyranose
α/β-d-mannopyranose
α/β-d-gulopyranose
α/β-d-idopyranose
α/β-d-galactopyranose
α/β-d-talopyranose
1-O-Methyl-α/β-d-allopyranose
1-O-Methyl-α/β-d-altropyranose
1-O-Methyl-α/β-d-glucopyranose
1-O-Methyl-α/β-d-mannopyranose
1-O-Methyl-α/β-d-gulopyranose
1-O-Methyl-α/β-d-idopyranose
1-O-Methyl-α/β-d-galactopyranose
1-O-Methyl-α/β-d-talopyranose
α/β-d-All-(1-4)-α/β-d-All-(1-4)-α/β-d-All
α/β-d-All-(1-4)-α/β-d-All-(1-4)-α/β-d-All
α/β-d-Alt-(1-4)-α/β-d-Alt-(1-4)-α/β-d-Alt
α/β-d-Glc-(1-4)-α/β-d-Glc-(1-4)-α/β-d-Glc
α/β-d-Man-(1-4)-α/β-d-Man-(1-4)-α/β-d-Man
α/β-d-Gul-(1-4)-α/β-d-Gul-(1-4)-α/β-d-Gul
α/β-d-Ido-(1-4)-α/β-d-Ido-(1-4)-α/β-d-Ido
α/β-d-Gal-(1-4)-α/β-d-Gal-(1-4)-α/β-d-Gal
α/β-d-Tal-(1-4)-α/β-d-Tal-(1-4)-α/β-d-Tal

acronym
α/β-GlcNAcH
α/β-GlcNAcM
α/β-GalNAcH
α/β-GalNAcM
α/β-FucH
α/β-FucM
LewisX
α/β-All
α/β-Alt
α/β-Glc
α/β-Man
α/β-Gul
α/β-Ido
α/β-Gal
α/β-Tal
α/β-AllM
α/β-AltM
α/β-GlcM
α/β-ManM
α/β-GulM
α/β-IdoM
α/β-GalM
α/β-TalM
α/β-All-trimer
α/β-All-trimer
α/β-Alt-trimer
α/β-Glc-trimer
α/β-Man-trimer
α/β-Gul-trimer
α/β-Ido-trimer
α/β-Gal-trimer
α/β-Tal-trimer

Table 3.1: Two series of compounds considered in the present study. The first and second
series consist of 13 and 48 molecules, respectively, see Section 3.3.3.

angle C3 -C2 -N2 -CN2 (Figure 3.1) term was removed from the force field to better reproduce
the quantum-mechanical energy profile (Wojciech Plazinski, personal comunication) and
an additional Lennard-Jones third-neighbor parameter (N2 -C4 : C6,nei = 3.392513 · 10−3
kJ·mol−1 ·nm6 , C12,nei = 3.0 · 10−6 kJ·mol−1 ·nm12 ) was introduced to prevent ring flips into
inverted chair. The topology for GalNAc was generated in a similar way starting from
d-galactopyranose. Finally, the topology of Fuc was constructed from l-galactopyranose

3.3. Computational procedures

39

Figure 3.1: Illustrative picture of atom naming in case of β-Glc and β-GlcNAcH

by removing the hydroxyl group at C6 .

3.3.2

Force-fields variants considered

Four force-field variants are considered and compared in this work. The parameter sets
56A6CARBO 57 and 56A6CARBO R 58 including the new residues GlcNAc, GalNAc and Fuc
as described in Section 3.3.1, along with two modifications.

40

Chapter 3. CarboPatch

The first modification is called EXCL and it is derived from 56A6CARBO R by excluding
all electrostatic interactions between third-neighbor atoms which are directly connected
to the pyranose ring. For example, the atom pairs excluded from electrostatic interactions
for GlcNAc (Figure 3.1) are C6 -O4 , O4 -O3 , O3 -N2 and N2 -O1 .
The second modification is called TORS and it is derived from 56A6CARBO . The
same exclusion scheme as in EXCL is applied. However, the removed electrostatic interactions are substituted by dihedral-angle terms (see Table 3.2). Parameters for the
dihedral-angle terms OAx-Xr-Xr-OAx and OAx-Xr-Xr-Cx were obtained by fitting the
dihedral-angle-functional term to the electrostatic potential energy calculated for O4 O3 and C6 -O4 , respectively, using 56A6CARBO R force field. Then the force constants
were optimized to reproduce the Angyal estimates 208 for unfunctionalized hexopyranoses.
The parameters for the other dihedral-angle terms were obtained upon scaling by the
ration of appropriate charges. For example, the force constant for OAx-Xr-Xr-OEx
KOAx-Xr-Xr-OEx was obtained from the force constant for OAx-Xr-Xr-OAx KOAx-Xr-Xr-OAx
by KOAx-Xr-Xr-OEx = KOAx-Xr-Xr-OAx · chOEx /chOAx , where chOEx is the charge of an ether
oxygen atom and chOAx is the charge of an alcohol oxygen atom.
These two extensions should remove the dependence of the ring conformational equilibrium on the partial charges of atoms directly connected to the ring.

3.3.3

Molecules considered

Two series of molecules were considered (Table 3.1), so as to compare results from the
four force-field variants. For the ease of notation, all molecules are associated with an
acronym, also given in Table 3.1.
The first series consists of 12 monosaccharides for which no parametrization was available
in 56A6CARBO and 56A6CARBO R , along with the LewisX trisaccharide.
Pattern
OAx-Xr-Xr-OAx
OAx-Xr-Xr-OEx
OAx-Xr-Xr-Nx
OAx-Xr-Xr-Cx
OEx-Xr-Xr-OEx
OEx-Xr-Xr-Nx
OEx-Xr-Xr-Cx
Nx-Xr-Xr-Cx

Kφ
[kJ·mol−1 ]
33.0
23.9
15.9
5.0
17.2
11.5
3.6
2.4

m
1
1
1
1
1
1
1
1

φ0
[◦ ]
0.0
0.0
0.0
180.0
0.0
0.0
180.0
0.0

Table 3.2: Torsional parameters used in the TORS force-field variant. Kφ is the force
constant, m the multiplicity and φ0 the phase shift, see Equation 1.2 in Chapter 1. OAx
stands for a non-ring alcohol oxygen atom, Xr for any ring atom, OEx for a non-ring ether
oxygen atom, Nx for a non-ring nitrogen atom and Cx for a non-ring carbon atom.
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The second series consists of 48 molecules. The first 32 are based on the 8 unfunctionalized hexopyranose monosaccharides with either α- or β- anomery along with either a
free or methylated lactol group. The last 16 are homo-trisaccharides with (1→4) linkage
and either α- or β-connectivity. This series was used to compare the force-field modifications EXCL and TORS with the force fields 56A6CARBO 57 and 56A6CARBO R 58 and to the
semi-empirical scheme by Angyal 208 for the estimation of ring-inversion free energies.

3.3.4

Molecular simulations

All MD simulations were carried out using the GROMOS MD++ program 146–149 along
with the force fields 56A6CARBO 57 and 56A6CARBO R 58 and their two modifications (Section 3.3.2). The simple point charge (SPC) model 209 was used for water.
The simulations involved one solute molecule surrounded by 1543-1912 and 2899-3337
SPC water models for monomers and trimers, respectively, simulated under periodic
boundary conditions within a cubic computational box (edge length of at least 3.6 or 4.5 nm
for monomer and trimer, respectively). The simulations were carried out in the isothermalisobaric (NPT) ensemble at 298.15 K and 1 bar. The temperature was kept close to its
reference value by weakly coupling 156 the system to a single heat bath using a coupling
time of 0.1 ps. The pressure was kept close to its reference value by weakly coupling 156 the
atomic coordinates and box dimensions (isotropic coordinate scaling, group-based virial)
to a volume bath using a coupling time of 0.5 ps and an isothermal compressibility of
4.515 · 10−4 kJ−1 · mol · nm3 as appropriate for aqueous biomolecules 42 . The center of mass
translation was removed every 1000 timesteps.
The Newton equations of motion were integrated using the leap-frog algorithm 64 with
a timestep of 2 fs. All solute bond lengths were constrained and the solvent molecules
kept rigid by application of the SHAKE procedure 153 with a relative geometric tolerance
of 10−4 . A twin-range scheme 154 was applied for calculating the non-bonded interactions,
with short- and long-range cutoff distances set to 0.8 and 1.4 nm, respectively, and an
update frequency of 5 timesteps for the short-range pairlist and intermediate-range interactions. A reaction-field correction 60,61 was applied to account for the mean effect of these
interactions beyond the long-range cutoff distance, using a reaction-field permittivity of
61 as appropriate for SPC water model 209 .
As in our previous work on saccharides 57 , the sampling of the ring puckering was systematically enhanced by application of the local elevation umbrella sampling (LEUS) approach 17 . More specifically, LEUS was applied in the three-dimensional space defined by
the improper dihedral angles θC4 −O5 −C2 −C1 , θO5 −C2 −C4 −C3 and θC2 −C4 −O5 −C5 introduced by
Pickett and Strauss 157 . In the local elevation 76 (LE) build-up phase, a biasing potential
energy term was optimized in the three-dimensional ring-puckering space during 10 ns
using a force-constant increment per visit set to 35 · 10−3 kJ · mol−1 . In the subsequent
umbrella sampling 77 (US) phase, the biasing potential energy term was frozen and used to
sample the system during 50 ns. The representation of the biasing potential energy term
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relied on truncated-polynomial basis functions 158 and a grid spacing of 10 degrees.

3.3.5

Analysis

The simulations were analyzed in terms of: (i) the free energy difference ∆GI associated
with the inversion of the ring conformation from the 4 C1 chair to the 1 C4 chair; (ii) vicinal
proton-proton coupling constants (3 JH,H -values) between H1 -H2 , H2 -H3 , H3 -H4 , H4 -H5
(see numbering in Figure 3.1); and (iii) NOE-derived proton-proton distances. For most
compounds, 4 C1 is the regular and 1 C4 the inverted chair, the former expected to be more
stable. For Fuc, it is the opposite as this compound belongs to the l-series.
The ∆GI values were calculated for both series of compounds from the US part of the
simulations using reweighting to correct for the effect of the biasing potential energy as
described in Ref. 17 . In the second series, ∆GI values are compared to the semi-empirical
scheme by Angyal 208 .
The 3 JH,H -values were calculated from the simulations using the Karplus equation modified by Haasnoot et al. 210 , and compared to experimentally derived data 211–215 in the case
of GlcNAc. Experimental NOE-derived distances 194 were used to compare the force-fields
variants in the case of LewisX.

3.4

Results

This section focuses on four main questions: (i) how well do the four force-field topologies
and the parameters introduced in Section 3.3.1 perform in the case of the monomers of
the first series; (ii) how well do they perform in the case of trisaccharide LewisX; (iii) do
the two force-field variants EXCL and TORS improve the conformational properties of the
first series; (iv) how well do the two force-field variants perform in hexopyranose-based
carbohydrates of the second series. These questions are addressed in Sections 3.4.1-3.4.4.

3.4.1

Hexopyranose derivatives

The monomers of the first series were investigated in terms of ∆GI values and, in the case
of GlcNAc, 3 JH,H -values. The results are shown in Figures 3.2 and 3.3, respectively. The
numerical values can be found in Suppl. Mat. Table 3.S.1 and 3.S.2, respectively.
In the case of the monomers of the first series except Fuc, ∆GI is expected to be positive
( C1 is the preferred conformation), based on 3 JH,H -value data 194,211–216 . Fuc molecules
are expected to have negative ∆GI , as 1 C4 is the preferred conformation in the l-series
of hexopyranoses except for α-l-idopyranose 208 . These expectations are fulfilled for all
12 monomers and in the case of all four force-field variants. Because 56A6CARBO R and
56A6CARBO are identical for unsubstituted monomers, they give the same value of ∆GI
4
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Figure 3.2: Free-energy difference ∆GI associated with the inversion of the ring conformation from the 4 C1 chair to the 1 C4 chair in the case of the first series for all force field
variants. The ∆GI of the β-d-Gal residue of LewisX is not shown, because only the 4 C1
chair was sampled in the simulations. The numerical values are reported in Suppl. Mat.
Table 3.S.1.

for non-methylated residues. Upon O1 methylation in the d-series, the 56A6CARBO R force
field relative to 56A6CARBO should stabilize the 4 C1 conformation of the α-anomers and
destabilize the 4 C1 conformation of the β-anomers 58 . This is true for the new monomers
as well, e.g. ∆GI of α-GlcNAcM is higher than for α-GlcNAcH in 56A6CARBO R , whereas
the opposite is true for 56A6CARBO .
The comparison of calculated 3 JH,H -values with experimental data 211–216 is shown in
Figure 3.3. All four force-field variants are in agreement with experiment with some
exceptions where the difference reaches about 2 Hz. The Karplus equations by Haasnoot et
al. 210 used for the calculation of 3 JH,H -values have maximal values of about 9 Hz, therefore,
the experimental values above 10 Hz can easily lead to differences of 2 Hz even in case of a
small deviation of the torsion angle from the maximum frequency. Furthemore, the 3 JH,H values for the 1 C4 reference show a significantly larger deviation from the experimental
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Figure 3.3: Comparison of calculated and experimental 3 JH,H values for four variants of
GlcNAc and for all force-field variants together with calculated values for 1 C4 conformation.
The numerical values together with experimental references are reported in Suppl. Mat.
Table 3.S.2.

data.

3.4.2

LewisX

The LewisX simulations were analyzed in two ways: ∆GI values and NOE-derived protonproton distances. The results are shown in Figures 3.2 and 3.4, respectively. The numerical
values can be found in Suppl. Mat. Table 3.S.1 and 3.S.3, respectively.
As mentioned in Section 3.2, ∆GI is expected to be positive (4 C1 is the preferred conformation) for the GlcNAc and Gal residues, and negative (1 C4 is the preferred conformation) for the Fuc residue 189,194,195,208 . Figure 3.2 shows the expected sign of ∆GI for Fuc
considering all force-field variants. The results for the Gal residue are not shown, as only
4
C1 conformation was sampled during the simulations. This does not permit the calculation of ∆GI , but suggests that 4 C1 is as expected the dominant conformation. Contrary to
expectation, negative values of ∆GI were obtained for the GlcNAc residue in the case of
the 56A6CARBO , 56A6CARBO R , and TORS force-field variants. As discussed in Section 3.2,
56A6CARBO R was proposed as a remedy for ring inversions caused by the substitution
of the oxygen atom O1 and the associated decrease in charge magnitude 58 . Here, one
faces the same problem, where GlcNAc undergoes ring inversions upon substitution on
oxygen atoms O3 and O4 . To remedy the dependence upon substitution, two force-field
modifications EXCL and TORS (Section 3.3.2) were introduced and tested on both series
of molecules (Table 3.1). EXCL indeed stabilizes GlcNAc in 4 C1 , but it is not the most
realistic variant. TORS, which is more realistic, fails to achieve this stabilization.
The discrepancy with experiment can also be seen for the NOE-derived proton-proton
distances (Figure 3.4). Even though the intraresidue distances are in agreement with

3.4. Results

45

Figure 3.4: Comparison of experimentally NOE-derived proton-proton distances with simulation data in the case of LewisX. Left from the red line are intraresidual distances and
right from the red line are interresidue distances. The numerical values together with experimental reference and definitions of all distances are reported in Suppl. Mat. Table
3.S.3.

experiment in all cases, the main conformation-determining distances are the interresidue
distances, which suffer from severe violations in the 56A6CARBO , 56A6CARBO R and TORS
force-field variants.

3.4.3

Force-field modifications: First series

The influences of the force field modifications EXCL and TORS on the conformational
properties of the first series of molecules are shown in Figures 3.2-3.4. The numerical
values can be found in Suppl. Mat. Table 3.S.1-3.S.3, respectively.
The results for the monomers are in agreement with experiment in the case of all forcefield variants in terms of ∆GI and 3 JH,H -values, whereas for LewisX, ∆GI and NOEderived proton-proton distances are in agreement with experiment only in the case of
EXCL force-field modification.
Figure 3.2 shows that EXCL stabilizes the 4 C1 conformation for all molecules of the first
series, except for Fuc where 4 C1 stabilization is not desired. Within LewisX, the GlcNAc
residue has a predominant 4 C1 conformation only in the case of the EXCL variant, which
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also satisfies most of the NOE-derived proton-proton distances. However, EXCL probably
over-stabilizes the corresponding conformations, with ∆GI values of monomers up to 100
kJ·mol−1 .
For the monomers, the TORS variant performs similarly well as the force fields
56A6CARBO and 56A6CARBO R in terms of ∆GI , 3 JH,H -values and NOE-derived protonproton distances. However, it leads to an incorrect chair conformation for GlcNAc within
LewisX.

3.4.4

Force-field modifications: Second series

Figures 3.5-3.8 show comparisons of ∆GI between unfunctionalized hexopyranoses and the
semi-empirical scheme of Angyal 208 , the O1 -methylated hexopyranoses and the trimers.
The numerical values can be found in Suppl. Mat. Table 3.S.4.
Unfunctionalized hexopyranoses within 56A6CARBO (Figure 3.5) present good agreement
with the Angyal estimates 208 . Tha values for O1 -methylated hexopyranoses are similar.
But some unstable 4 C1 chairs of α-anomers are seen in the case of the trimers.
56A6CARBO R (Figure 3.6) maintains the agreement with Angyal 208 and increases the
stability of 4 C1 chairs for α-anomers in the case of O1 -methylated hexopyranoses and
trimers.
EXCL (Figure 3.7) leads to rather extreme values of ∆GI and does not agree with the
Angyal estimates 208 . However, unfunctionalized hexopyranose and O1 -methylated hexopyranoses give even more similar values of ∆GI . The reason is that the charge modification on O1 upon methylation has a smaller influence due to the electrostatic exlusions.
The force constants of the new torsional terms introduced in TORS were optimized to
reproduce the Angyal estimates 208 , therefore, they are in a good agreement (Figure 3.8).
The values for O1 -methylated hexopyranoses do not differ much from the unfunctionalized
hexopyranoses. However, the ∆GI values of trimers show a similar spread as in the case
of 56A6CARBO . In particular, the ∆GI values of α-series are in many cases negative, which
means that the undesired ring inversions are still present.

3.5

Conclusions

The force field 56A6CARBO 57 was mainly parameterized for an accurate representation of
the conformational properties at the monomer level. The limitations of this force field appeared with simulations of oligomers, which revealed unexpected ring inversions 58 . A new
force field 56A6CARBO R 58 was proposed which involved a modification of two LennardJones exceptions and one torsional-angle potential energy term to remedy the ring inversions.
In this work, new force-field parameters for 12 functionalized hexopyranoses were presen-
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Figure 3.5: Comparison of the free-energy difference ∆GI associated with the inversion
of the ring conformation from the 4 C1 chair to the 1 C4 chair in the case of 56A6CARBO .
In the first row, experimentally inferred values by Angyal 208 are plotted against simulated
unfunctionalized hexopyranoses. In the second row, values from simulated O1 -methylated
hexopyranoses are plotted against values from simulated unfunctionalized hexopyranoses.
In the third row, values from simulated trimers are plotted against values from simulated
unfunctionalized hexopyranoses. The numerical values are reported in Suppl. Mat. Table
3.S.4.

ted, namely for α vs. β anomers and O1 -methylated vs. non-methylated versions of
GlcNAc, GalNAc and Fuc. Their conformational behavior was investigated in terms of
the ring conformations 189,194,195,208 and, in the case of GlcNAc, in terms of 3 JH,H -values.
Some of the 12 functionalized hexopyranoses were used to construct the branched trisaccharide LewisX. The central residue of LewisX, GlcNAc, adopted an inverted ring con-
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Figure 3.6: Comparison of the free-energy difference ∆GI associated with the inversion
of the ring conformation from the 4 C1 chair to the 1 C4 chair in the case of 56A6CARBO R .
In the first row, experimentally inferred values by Angyal 208 are plotted against simulated
unfunctionalized hexopyranoses. In the second row, values from simulated O1 -methylated
hexopyranoses are plotted against values from simulated unfunctionalized hexopyranoses.
In the third row, values from simulated trimers are plotted against values from simulated
unfunctionalized hexopyranoses. The numerical values are reported in Suppl. Mat. Table
3.S.4.

formations which caused disagreement with experimental NOE-derived proton-proton distances. Because this inversion upon functionalization showed a similarity to the ring
inversions in oligomers in the case of the 56A6CARBO force field, two force field modifications EXCL and TORS were tested in order to reduce dependency of the ring conformation
upon functionalization.

3.5. Conclusions
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Figure 3.7: Comparison of the free-energy difference ∆GI associated with the inversion of
the ring conformation from the 4 C1 chair to the 1 C4 chair in the case of the EXCL forcefield modification. In the first row, experimentally inferred values by Angyal 208 are plotted
against simulated unfunctionalized hexopyranoses. In the second row, values from simulated
O1 -methylated hexopyranoses are plotted against values from simulated unfunctionalized
hexopyranoses. The numerical values are reported in Suppl. Mat. Table 3.S.4.

The EXCL modification led to agreement with experiment in the case of the first series
but probably owing to a strong overstabilization of desired ring conformation. As a result,
the EXCL modification did not agree with values obtained using the semi-empirical scheme
by Angyal 208 in the case of the second series.
The TORS modification exhibited a similar conformational behavior as the force fields
56A6CARBO and 56A6CARBO R and did not improve the conformational behavior of LewisX.
In the case of the second series, the results of the TORS variant were very similar to those
of 56A6CARBO force field. In particular, many trimers of α-series had negative ∆GI .
The TORS approach showed to be a feasible way of treating third-neighbor electrostatic
interactions around the ring. To improve the description of the ring conformational properties upon functionalization, further parameterization of the new torsional terms will be
necessary.
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Figure 3.8: Comparison of the free-energy difference ∆GI associated with the inversion of
the ring conformation from the 4 C1 chair to the 1 C4 chair in the case of the TORS forcefield modification. In the first row, experimentally inferred values by Angyal 208 are plotted
against unfunctionalized hexopyranoses. In the second row, O1 -methylated hexopyranoses
are plotted against unfunctionalized hexopyranoses. In the third row, trimers are plotted
against unfunctionalized hexopyranoses. The numerical values are reported in Suppl. Mat.
Table 3.S.4.

3.6. Supplementary information
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Supplementary information

acronym
α-D-GlcNAcH
β-D-GlcNAcH
α-D-GlcNAcM
β-D-GlcNAcM
α-D-GalNAcH
β-D-GalNAcH
α-D-GalNAcM
β-D-GalNAcM
α-L-FucH
β-L-FucH
α-L-FucM
β-L-FucM
α-L-Fuc LewisX
β-D-GlcNAc LewisX

56A6CARBO
19.2
30.4
13.0
31.0
18.1
25.1
10.9
29.6
-9.3
-21.1
-2.9
-30.6
-9.7
-10.6

∆GI [kJ·mol−1 ]
56A6CARBO R EXCL
19.2
83.4
30.4 110.9
28.3
90.8
21.7 100.3
18.1
45.1
25.1
77.4
24.1
51.4
20.5
64.4
-9.3
-54.1
-21.1 -112.3
-17.4
-63.8
-23.9 -100.6
-19.9
-42.6
-19.1
27.2

TORS
17.2
25.2
14.3
26.5
22.3
29.1
14.2
28.3
-8.8
-24.1
-7.2
-27.2
-5.6
-19.4

Table 3.S.1: Free energy difference ∆GI associated with the inversion of the ring conformation from the 4 C1 chair to the 1 C4 chair in the case of the first series for all force-field
variants.
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3

acronym

Ref or force field
215
215
212
214
213

α-GlcNAcH

211

56A6CARBO
56A6CARBO R
EXCL
TORS
212
213
211

β-GlcNAcH

56A6CARBO
56A6CARBO R
EXCL
TORS
212

α-GlcNAcM

56A6CARBO
56A6CARBO R
EXCL
TORS
212
213
213
213
213

β-GlcNAcM

213
213

56A6CARBO
56A6CARBO R
EXCL
TORS

JH1,H2
3.3
3.8
3.6
3.5
3.6
3.6
4.5
4.5
4.7
4.3
8.5
8.5
8.5
7.2
7.2
7.3
7.2
3.6
4.3
3.5
3.9
4.8
8.5
8.6
8.5
8.6
8.5
8.4
8.6
7.3
7.2
7.3
7.2

3

JH2,H3 3 JH3,H4
[Hz]
10.4
8.4
10.4
9.4
10.6
9.2
10.8
8.6
10.7
9.0
8.5
8.0
7.5
8.0
7.5
8.2
8.0
8.0
7.5
9.9
9.1
10.4
8.8
10.4
8.2
7.6
8.2
7.6
8.2
8.0
8.2
7.6
10.7
9.8
7.7
7.6
8.0
7.8
7.9
7.9
8.0
7.7
10.3
8.9
10.3
8.8
10.3
8.8
10.3
8.7
10.2
8.7
8.8
10.4
8.1
7.5
8.2
7.5
8.3
7.9
8.3
7.6

3

JH4,H5
9.3
9.4
9.6
9.4
10.2
7.6
7.6
7.7
7.3
8.1
7.7
7.7
7.5
7.6
8.7
7.3
7.4
7.4
7.5
10.3
9.9
9.9
9.7
10.0
7.5
7.7
7.6
7.6

Table 3.S.2: Comparison of calculated and experimental 3 JH,H values for four variants of
GlcNAc for all force-field variants.
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residue

atom

residue

atom

β-Gal
β-Gal
β-Gal
β-Gal
β-Gal
β-Gal
β-GlcNAc
β-GlcNAc
β-GlcNAc
β-GlcNAc
β-GlcNAc
α-Fuc
α-Fuc
α-Fuc
α-Fuc
α-Fuc
α-Fuc
β-GlcNAc
β-GlcNAc
β-GlcNAc
β-Gal
β-Gal
β-Gal
β-Gal
β-Gal
β-Gal
β-GlcNAc
β-GlcNAc
β-GlcNAc

H1
H1
H1
H2
H3
H4
H1
H1
H2
H5
H61
H1
H1
H3
H4
H4
H5
H1
H3
Q8
H1
H1
H1
H2
H2
Q6
H3
Q8
HN2

β-Gal
β-Gal
β-Gal
β-Gal
β-Gal
β-Gal
β-GlcNAc
β-GlcNAc
β-GlcNAc
β-GlcNAc
β-GlcNAc
α-Fuc
α-Fuc
α-Fuc
α-Fuc
α-Fuc
α-Fuc
β-GlcNAc
β-GlcNAc
β-GlcNAc
β-GlcNAc
β-GlcNAc
β-GlcNAc
α-Fuc
α-Fuc
α-Fuc
α-Fuc
α-Fuc
α-Fuc

H2
H3
H5
H3
H4
H5
H3
H5
Q8
H62
H62
H2
Q6
H5
H5
Q6
Q6
HN2
HN2
HN2
H4
H62
H61
H5
Q6
H3
H1
H1
H1
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Ref 194
0.330
0.290
0.270
0.300
0.260
0.260
0.400
0.310
0.570
0.310
0.227
0.290
0.550
0.340
0.300
0.410
0.430
0.410
0.400
0.540
0.280
0.310
0.290
0.350
0.430
0.410
0.330
0.530
0.370

56A6CARBO
0.285
0.235
0.221
0.291
0.243
0.248
0.385
0.289
0.425
0.258
0.163
0.226
0.466
0.222
0.247
0.288
0.238
0.270
0.262
0.275
0.233
0.397
0.353
0.578
0.641
0.649
0.192
0.537
0.393

r [nm]
56A6CARBO R
0.286
0.233
0.231
0.289
0.245
0.239
0.386
0.360
0.436
0.236
0.163
0.236
0.464
0.222
0.249
0.285
0.239
0.275
0.230
0.267
0.237
0.428
0.410
0.651
0.679
0.708
0.197
0.539
0.388

EXCL
0.288
0.228
0.197
0.291
0.244
0.248
0.238
0.240
0.429
0.259
0.163
0.227
0.470
0.236
0.241
0.293
0.238
0.273
0.260
0.276
0.206
0.283
0.306
0.287
0.321
0.451
0.166
0.464
0.240

TORS
0.291
0.253
0.218
0.293
0.243
0.234
0.391
0.304
0.425
0.245
0.163
0.222
0.460
0.240
0.232
0.278
0.237
0.263
0.278
0.277
0.232
0.417
0.356
0.627
0.655
0.667
0.215
0.557
0.448

Table 3.S.3: Comparison of NOE-derived proton-proton distances with values derived
from experimental data in the case of LewisX. Hydrogen atoms are labeled according to
the carbon atom to which they are attached (see Figure 3.1). Q’s stands for a group of
hydrogens which are either topologicaly equivalent or their signal in NMR spectra cannot
be distinguished. Q8 of β-GlcNAc stands for the three hydrogens attached to acetyl group,
Q6 of α-Fuc for the three hydrogens attached to C6 carbon atom, Q6 of β-Gal for the two
hydrogens attached to C6 carbon atom.
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acronym
All
Alt
Glu
Man
Gul
Ido
Gal
Tal
AllM
AltM
GluM
ManM
GulM
IdoM
GalM
TalM
All-trimer
Alt-trimer
Glu-trimer
Man-trimer
Gul-trimer
Ido-trimer
Gal-trimer
Tal-trimer

56A6CARBO
α
β
11.6 21.9
3.5 13.6
17.1 28.6
9.0 16.5
8.2 19.4
-1.5 10.7
12.5 26.3
4.8 16.8
10.1 25.5
0.6 12.4
14.4 25.0
4.6 17.4
4.8 21.6
-1.3 11.5
7.5 25.2
3.1 15.0
8.8 16.4
-2.7 11.7
-10.2 13.0
-12.4 10.5
-1.8 30.0
-11.6 24.7
-9.4 19.9
-10.4 11.5

∆GI [kJ·mol−1 ]
EXCL
56A6CARBO R
α
β
α
β
11.6
21.9
2.4 51.1
3.5
13.6
-94.5 -40.4
17.1
28.6 104.2 154.5
9.0
16.5
1.4 51.1
8.2
19.4
-33.2 12.3
-1.5
10.7 -135.6 -86.7
12.5
26.3
60.8 117.7
4.8
16.8
-24.9 23.7
21.8
17.9
10.6 34.8
11.9
6.2
-77.8 -45.7
26.1
22.7 110.6 139.0
17.7
12.2
20.1 45.5
16.9
15.2
-27.6
-3.5
3.9
3.4 -120.3 -93.6
21.7
19.9
70.8 104.5
15.7
9.1
-10.3 18.6
19.2
0.9
11.0
1.2
8.1
4.3
1.4
0.8
4.3
22.0
-1.9
14.9
4.2
16.0
4.0
1.0
-

TORS
α
β
9.0 15.2
1.9 10.6
15.0 29.1
10.2 21.1
8.2 18.8
-4.1 11.0
12.1 23.3
12.1 23.0
7.1 20.0
-2.6 15.4
13.2 28.1
5.2 17.7
3.4 20.3
-4.8 10.0
13.4 30.5
5.3 19.7
5.1 7.4
-1.1 12.9
-13.8 17.0
-15.0 10.4
-13.8 36.8
-14.8 29.7
-11.6 24.3
-11.3 19.7

Table 3.S.4: The numerical values of the free-energy difference ∆GI associated with the
inversion of the ring conformation from the 4 C1 chair to the 1 C4 chair of hexopyranoses,
O1 -methylated hexopyranoses and trimers using all force-field variants.

Chapter 4

The rules governing the
conformational preferences of
hexopyranose disaccharides in water
Abstract

Two types of theoretical approaches are used to investigate the glycosidic-linkage conformational preferences of 31 aldohexopyranose disaccharides. The first approach, conformational scanning (CS), relies on performing systematic variations of the glycosidic and
exocyclic dihedral angles, all other covalent parameters taking fixed values. The results
are used to construct maps in the glycosidic space (CS-maps) characterizing separately :
(i) the potential for steric clashes; (ii) the influence of short-range (including stereoelectronic) effects local to the linkage; (iii) the potential for inter-residue hydrogen-bonds.
The second approach relies on performing explicit-solvent molecular dynamics (MD) simulations of the disaccharides in water based on the GROMOS 56A6CARBO R force field
along with local-elevation umbrella sampling (LEUS), the results being analyzed in terms
of free-energy maps in gycosidic space (MD-maps). It is shown that the computationally
inexpensive CS-maps reproduce well the numbers, positions and relative free energies of
the main minima on the MD-maps. The simpler CS approach can thus be used to predict
the dominant and alternative conformations of a linkage in an arbitrary hexopyranose
disaccharide, which mainly depend on its connectivity (1, 2, 3, 4 or 6) and stereochemistry (axial-axial, axial-equatorial, equatorial-axial or equatorial-equatorial), along with a
smaller influence of the orientation (axial or equatorial) of the exocyclic groups vicinal to
the linkage. The analogy also supports a leading conformational role for steric clashes and
short-range effects, with virtually no influence of inter-residue hydrogen-bonding in water. All maps present a single significantly populated basin, generally broad and possibly
accompanied by one or two metastable states with high relative free energies. These observations suggest that the flexibility of oligo- and polysaccharide chains is primarily due
to thermal fluctuations around a main glycosidic preference (fuzziness), with a secondary
role for the occasional occurrence of alternative glycosidic states (kinks).
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Introduction

From a structural and conformational perspective, carbohydrates probably present the
highest level of complexity among the four main classes of biomolecules found in living
organisms 87,99,100 .
The structural complexity of carbohydrates (i.e. their variability in terms of molecular
composition and stereochemistry) is related to the very large number of possible 87,99–101 :
(i) monomeric units (number of carbon atoms and position of the carbonyl group, pyranose
vs. furanose form, as well as epimery and substitution of the exocyclic groups); (ii) linkage
connectivities (linkage position around the ring, α vs. β anomery); (iii) polymerization
patterns (residue sequence, possible branching, degree of polymerization). Comparatively,
peptides and nucleic acids, which involve alphabets of only 20 or 4 monomers, respectively,
along with linear chains presenting a single linkage type, are structurally much simpler.
Due to this enormous structural variability, oligo- and polysaccharides are extremely polyvalent in terms of the roles they can fulfill in living cells 86,90,92–94 , e.g. energetic, structural
and informational.
The conformational complexity of carbohydrates is in part related to the above structural
variability. In the present chapter, however, the discussion will be restricted to a “simple”
structural subclass, namely the unbranched polymers of aldohexopyranoses. In this case,
the conformational degrees of freedom of a chain are 87,99,101 (Figure 4.1) : (i) the ring
conformation of each monomer; (ii) the glycosidic dihedral angles φ and ψ of the successive
linkages; (iii) the exocyclic hydroxymethyl dihedral angle ω and hydroxyl dihedral angles
χ1 , χ2 , χ3 , χ4 and χ6 of the successive monomers. Note that for a (1→n)-linkage, χ1
becomes φ and χ0n becomes ψ, and that in the special case of a (1→6)-linkage, ω 0 becomes
a third glycosidic dihedral angle.
This represents many degrees of freedom, but not significantly more than those of a
corresponding peptide or nucleic-acid chain. Where the extra complexity arises is that,
due to their higher polarity, aqueous carbohydrates do not fold into well-defined threedimensional structures 99,103,104,197 in which these degrees of freedom are confined to narrow
ranges. As a result, aqueous oligo- and polysaccharides must be represented by conformational ensembles rather than approximated by single structures. These ensembles can be
investigated experimentally using e.g. nuclear magnetic resonance 99,103,105–109 (NMR), infrared spectroscopy 110,111 (IR) or rheological techniques 106 , but only at a relatively coarse
level of resolution, as the signals are masked by thermal fluctuations and conformational
variations, i.e. blurred by ensemble averaging. To some extent, similar consideration apply to the solid state, where X-ray fiber diffraction 99,103,105–107 only provides information
at a comparatively low resolution. This raises two important questions.
The first one is how wide are these conformational ensembles, i.e. how much (or how
little) flexibility is actually required to give rise to the observed blurring? Many polysaccharides have relatively long persistence lengths in aqueous solution 219–221 , and can form
fibers with regular secondary-structure patterns in the solid state 221–224 . Recent NMR and
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Figure 4.1: Atom and dihedral-angle labelling illustrated in the context of α-maltose.
The definitions follow the IUPAC conventions 217,218 with the exception that the second
(reducing) residue is labelled here with a prime. For a (1→n)-linked disaccharide, the
dihedral angle φ is defined as O5 -C1 -O1 -C0n , the dihedral angle ψ as C1 -O1 -C0n -C0n−1 , the
dihedral angle ω as O6 -C6 -C5 -C4 and the dihedral angle χi as Ci−1 -Ci -Oi -Hi . In the special
case of a (1→6)-linkage, ω 0 becomes a third glycosidic dihedral angle, labeled ω. In the
special case of a (1→1)-linkage, the second residue is also non-reducing.

IR experiments have also been able to detect persistent inter-residue hydrogen-bonds 225–233
for oligosaccharides in solution. In addition, the trans-glycosidic scalar couplings of most
aqueous disaccharides appear compatible with a single dominant glycosidic conformation 234–237 , generally the same as that observed in X-ray structures. A similar finding
arises from molecular dynamics (MD) simulations 238–240 . These observations suggest that
the involved conformational ensembles may be described, at the level of the successive
linkages, in terms of a main glycosidic conformation associated with a significant flexibility (fuzziness), rather than in terms of significantly populated alternative conformers
(kinks). This distinction is illustrated schematically in Figure 4.2.
If aqueous carbohydrate chains are predominantly confined to the neighborhood of a
single conformation at the level of their successive linkages, the second question concerns
the nature of the driving forces determining these single-linkage preferences. Clearly,

58

Chapter 4. Disaccharide

FUZZINESS

KINKS

Figure 4.2: Two extreme single-linkage mechanisms contributing to the blurring of the
conformational ensemble sampled by an aqueous oligo- or polysaccharide chain. Fuzziness
corresponds to the thermal variability of the successive linkages within a single broad freeenergy basin. Kinks correspond to the occasional occurrence along the chain of a weakly
populated conformation corresponding to a distinct metastable free-energy minimum.

steric (van der Waals clashes between successive sugar units), stereoelectronic (e.g. anomeric, exo-anomeric and gauche) and electrostatic (e.g. hydrogen-bonding) effects act in
interplay 240 . A priori, one would expect these effects and their balance in an aqueous
environment to depend in a complex fashion on the structure (molecular composition and
stereochemistry) of the polymer as defined above. If this was true, it would render the
prediction of preferred single-linkage conformations on the basis of the structure extremely
difficult.
The goal of the present study is to provide insight into the two above questions by comparing the results of two types of theoretical approaches where, for simplicity, we focus
on aldohexopyranose dimers (single glycosidic linkage) and consider only regular 4 C1 chair
conformations of the two residues. The first approach, referred to as conformational scanning (CS), relies on enumerating the conformations of the dimer by systematic variations
of the glycosidic and exocyclic dihedral angles, all other parameters (bond lengths, bond
angles and ring dihedral angles) assuming standard (fixed) values. Using simple geometrical definitions, this scanning permits to construct maps in the space of the glycosidic
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dihedral angles (CS-maps) characterizing separately: (i) the potential for steric clashes;
(ii) the influence of short-range (including stereoelectronic) effects local to the linkage; (iii)
the potential for inter-residue hydrogen-bonds. The second approach relies on performing explicit-solvent MD simulations of the disaccharide in water based on the GROMOS
56A6CARBO R force field 57,58 . Using local elevation umbrella sampling 17 (LEUS), wellconverged maps of the free-energy surface in the space of the glycosidic dihedral angles
(MD-maps) can be obtained.
By considering 31 disaccharides (out of the 5120 possible aldohexopyranose dimers)
arranged in three series (Table 4.1), it is shown that : (i) the computationally inexpensive
CS-maps reproduce well the numbers, positions and relative free energies of the main
minima on the much more expensive MD-maps; (ii) the analogy supports a main role for
steric clashes (forbidden regions) and short-range (including stereoelectronic) effects, with
virtually no influence of inter-residue hydrogen-bonding in water; (iii) all maps, except the
case of a (1→6)-linkage, present a single significantly populated free-energy basin in the
glycosidic space, generally broad and possibly accompanied by one or two metastable states
with high relative free energies. This analysis is used to formulate a simple rule (table)
for the dominant conformation of a linkage from the knowledge of its connectivity (1, 2,
3 or 4) and stereochemistry (axial-axial, axial-equatorial, equatorial-axial or equatorialequatorial), along with the orientation (axial or equatotial) of the exocyclic groups vicinal
to the linkage.

4.2
4.2.1

Computational procedures
Selected disaccharides

Three series of aldohexopyranose dimers were considered (Table 4.1), so as to investigate
separately the influences of different structural factors on the conformational properties of
the glycosidic linkage, namely: (i) the connectivity and stereochemistry of the linkage; (ii)
the orientation of the exocyclic groups vicinal to the linkage; (iii) the orientation of the
more remote exocyclic groups. The connectivity is defined by the position of the linkage
on the second residue, corresponding to a bond between the O1 of the first residue and
the C0n of the second residue, where n can be 1, 2, 3, 4 or 6 (see e.g. Figure 4.1 for n = 4).
Here, the first residue is non-reducing and the second residue is reducing, except for n = 1
where both are non-reducing. The linkage sterereochemistry is defined by the axial (a)
or equatorial (e) orientation of the linkage on the first and on the second residue, leading
to the combinations a − a, a − e, e − a or e − e (see e.g. Figure 4.1 for a − e). The
orientation of the vicinal groups is similarly characterized as a or e. Here, the orientation
refers to the usual 4 C1 chair conformation of both rings, which is the only one considered
in the present work, and the experimentally most stable one for the hexopyranoses of the
D-series 208,241–243 except α-d-idopyranose 208,242,243 . Note that an axial orientation of the
hydroxymethyl group at C5 or C05 of a 4 C1 chair corresponds to a monosaccharide of the

60

Chapter 4. Disaccharide

series

1

2

3

IUPAC name
α-d-glucopyranosyl-(1 → 1)-α-d-glucopyranoside
β-d-glucopyranosyl-(1 → 1)-α-d-glucopyranoside
α-d-glucopyranosyl-(1 → 1)-β-d-glucopyranoside
β-d-glucopyranosyl-(1 → 1)-β-d-glucopyranoside
α-d-glucopyranosyl-(1 → 2)-β-d-mannopyranoside
β-d-glucopyranosyl-(1 → 2)-β-d-mannopyranoside
α-d-glucopyranosyl-(1 → 2)-β-d-glucopyranoside
β-d-glucopyranosyl-(1 → 2)-β-d-glucopyranoside
α-d-glucopyranosyl-(1 → 3)-β-d-allopyranoside
β-d-glucopyranosyl-(1 → 3)-β-d-allopyranoside
α-d-glucopyranosyl-(1 → 3)-β-d-glucopyranoside
β-d-glucopyranosyl-(1 → 3)-β-d-glucopyranoside
α-d-glucopyranosyl-(1 → 4)-β-d-galactopyranoside
β-d-glucopyranosyl-(1 → 4)-β-d-galactopyranoside
α-d-glucopyranosyl-(1 → 4)-β-d-glucopyranoside
β-d-glucopyranosyl-(1 → 4)-β-d-glucopyranoside
α-d-glucopyranosyl-(1 → 6)-α-l-idopyranoside
β-d-glucopyranosyl-(1 → 6)-α-l-idopyranoside
α-d-glucopyranosyl-(1 → 6)-β-d-glucopyranoside
β-d-glucopyranosyl-(1 → 6)-β-d-glucopyranoside
β-d-glucopyranosyl-(1 → 4)-β-d-glucopyranoside
β-d-glucopyranosyl-(1 → 4)-β-d-allopyranoside
β-d-glucopyranosyl-(1 → 4)-α-l-idopyranoside
β-d-glucopyranosyl-(1 → 4)-α-l-talopyranoside
β-d-mannopyranosyl-(1 → 4)-β-d-glucopyranoside
β-d-mannopyranosyl-(1 → 4)-β-d-allopyranoside
β-d-mannopyranosyl-(1 → 4)-α-l-idopyranoside
β-d-mannopyranosyl-(1 → 4)-α-l-talopyranoside
β-d-glucopyranosyl-(1 → 4)-α-d-glucopyranoside
β-d-glucopyranosyl-(1 → 4)-β-d-mannopyranoside
β-d-allopyranosyl-(1 → 4)-β-d-glucopyranoside
β-d-galactopyranosyl-(1 → 4)-β-d-glucopyranoside
α-l-idopyranosyl-(1 → 4)-β-d-glucopyranoside

acronym
a1a
e1a
a1e
e1e
a2a
e2a
a2e
e2e
a3a
e3a
a3e
e3e
a4a
e4a
a4e
e4e
a6a
e6a
a6e
e6e
(e)e4e(ee)
(e)e4e(ae)
(e)e4e(ea)
(e)e4e(aa)
(a)e4e(ee)
(a)e4e(ae)
(a)e4e(ea)
(a)e4e(aa)
e4e(1)
e4e(2)
(3)e4e
(4)e4e
(5)e4e

Table 4.1: Three series of aldohexopyranose dimers investigated in the present study. Only
the 4 C1 chair conformation is considered for both rings, which is the experimentally most
stable one except for the second residue in (e)e4e(aa) and (a)e4e(aa). Note that a1e and
e1a as well as e4e and (e)e4e(ee) represent the same molecules, namely α,β-trehalose and
β-cellobiose, respectively, so that the 33 entries actually correspond to 31 distinct molecules.
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L-series instead. In this case, the 4 C1 conformation is not the experimentally most stable
one except for α-l-idopyranose.
The first series consists of the 19 aldohexopyranose dimers defined by: (i) all possible
linkage connectivities; (ii) all possible linkage stereochemistries; (iii) an equatorial orientation for all other exocyclic groups of the two residues. For the ease of notation, these
disaccharides are referred to by a simple letter-number-letter acronym defining their connectivity and stereochemistry, e.g. e4e for β-cellobiose and a4e for β-maltose. Note that
a1e and e1a actually represent the same molecule (α, β-trehalose) albeit with swapped
definitions of the first and second residues and of the glycosidic dihedral angles φ and ψ.
For simplicity, the two variants are kept in the series, which has thus formally 20 entries.
As illustrative examples for this first series, the four (1→4)-linked dimers are depicted in

Figure 4.3: Three series of aldohexopyranose dimers considred in present study (Table 4.1):
(A) 4 illustrative disaccharides among the 19 of the first series, those with a (1→4) linkage;
(B) the 8 disaccharides of the second series; (C) the 5 disaccharides of the third series.
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Figure 4.3A.
The second series consists of the 8 aldohexopyranose dimers defined by: (i) a (1→4)linkage connectivity; (ii) an e − e linkage stereochemistry; (iii) all possible orientations
for the exocyclic groups at the three positions vicinal to the linkage. Here, the acronym
is extended by parenthetized letters indicating the orientations of the exocyclic groups
at C2 (hydroxyl group) on the first residue as well as at C03 (hydroxyl group) and C05
(hydroxymethyl group) on the second residue, e.g. (e)e4e(ee) for β-cellobiose (which also
belongs to the first series as e4e). Note that for the compounds (e)e4e(aa) and (a)e4e(aa),
the 4 C1 conformation of the second residue (α-l-talopyranose) is not the experimentally
most stable one. It was nevertheless retained to preserve the systematism of the series.
The eight dimers of the second series are depicted in Figure 4.3B.
The third series consists of the 5 aldohexopyranose dimers defined by: (i) a (1→4)linkage connectivity; (ii) an e − e linkage stereochemistry; (iii) an equatorial orientation
for all other exocyclic groups of the two residues, except at one of the five positions more
remote to the linkage. Here, the acronym is extended by a parenthetized number indicating
the position of the exocyclic groups that is made axial, namely C3 (hydroxyl group), C4
(hydroxyl group) or C5 (hydroxymethyl group) on the first residue, or C01 (lactol group) or
C02 (hydroxyl group) on the second residue, e.g. e4e(1) for α-cellobiose. The five dimers
of the third series are depicted in Figure 4.3C.
For all the disaccharides considered (31 unique molecules), most of the analysis will refer
to maps in the space of the glycosidic dihedral angles. This usually corresponds to the
two-dimensional space defined by the dihedral angles φ and ψ, except for the (1→6)-linked
disaccharides, where it corresponds to a three-dimensional space defined by the dihedral
angles φ, ψ and ω. This space will be further refered to as the glycosidic space in both
cases.

4.2.2

Conformational scanning

The goal of the conformational scanning (CS) approach is to investigate whether the
driving forces controlling the glycosidic-linkage conformational preferences of a specific
disaccharide in water can be predicted on the sole basis of the interactions between two
covalently-rigid sugar rings. To this purpose, a program was written in C++ to generate the Cartesian coordinates of all atoms of a selected disaccharide given values for the
dihedral angles ω, χ2 , χ3 , χ4 , χ6 , φ, ψ, ω 0 , χ02 , χ03 , χ04 , χ06 and φ0 (see definitions in Figure 4.1). This coordinate generation relied on fixed values for the reference bond lengths,
bond angles and ring dihedral angles taken from the 56A6CARBO R force field 57,58 . These
values are 0.1000, 0.1435 and 0.1520 nm for the O-H, C-O and C-C bonds, respectively,
and 109.5◦ for all bond angles. The ring dihedral angles were fixed to ±60◦ as appropriate
for generating a 4 C1 ring conformation.
For all disaccharides considered (Table 4.1), the CS program was used to calculate three
types of maps in the glycosidic space, characterizing steric effects, short-range (including
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stereolectronic) effects, and potential inter-residue hydrogen-bonding. To establish these
maps, the dihedral-angles φ and ψ for a (1→n)-linkage with n = 1, 2, 3 o 4 were varied systematically by increments of 5◦ . For a (1→6)-linkage, the dihedral angle φ and ψ
as well as ω were varied systematically by increments of 10◦ . The determination of the
hydrogen-bond map required in addition a search in the χ and ω dihedral angles relevant
to a particular inter-residue hydrogen-bond. This search was performed with a variable increment based on minimizing distance between a hydrogen atom and an hydrogen-bonding
acceptor. The initial scanning increment was 120◦ . If the distance increased over a step,
the increment was divided by two and its sign reversed. The search stopped at the recognition of a hydrogen-bond or when the increment was below 10◦ . More details about the
three types of CS-maps are provided in Section 4.2.4.

4.2.3

Molecular dynamics simulations

All molecular dynamics (MD) or stochastic dynamics 42,244 (SD) simulations were carried out using the GROMOS MD++ program 146–149 along with the 56A6CARBO R force
field 57,58 and the simple point charge (SPC) water model 209 . For all disaccharides considered (Table 4.1), four different simulation setups were employed: (i) MD simulation
of the disaccharide in water (MD); (ii) MD simulation of the disaccharide in water with
the electrostatic interactions turned off (MDN E ); (iii) SD simulation of the disaccharide
in vacuum (SD); (iv) SD simulation of the disaccharide in vacuum with the electrostatic
interactions turned off (SDN E ). In practice, the electrostatic interactions were turned off
by setting all solute and solvent atomic partial charges to zero. The first setup represents
the physical situation of an aqueous disaccharide and the main basis of the analysis. The
three other setups were introduced to investigate the effect of the solvent environment on
the conformational properties and, in particular, of hydrogen-bonding.
The Newton (MD and MDN E ) or Langevin (SD and SDN E ) equations of motion were
integrated using the leap-frog algorithm 64,245 with a timestep of 2 fs. All solute bond
lengths were constrained and the water molecules (MD and MDN E ) kept rigid by application of the SHAKE procedure 153 with a relative geometric tolerance of 10−4 . A twin-range
scheme 154 was applied for calculating the non-bonded interactions, with short- and longrange cutoff distances set to 0.8 and 1.4 nm, respectively, and an update frequency of 5
timesteps for the short-range pairlist and intermediate-range interactions. For the simulation involving explicit water solvation and electrostatic interactions (MD), a reaction-field
correction 60,61 was applied to account for the mean effect of these interactions beyond the
long-range cutoff distance, using a reaction-field permittivity of 61 as appropriate for SPC
water model 246 .
The MD and MDN E simulations involved one disaccharide molecule surrounded by 19032485 water molecules in a cubic computational box (edge length of about 4 nm) simulated under periodic boundary conditions. The MD simulations were carried out in the
isothermal-isobaric (NPT) ensemble at 298.15 K and 1 bar. The MDN E simulations were
carried out in the canonical (NVT) ensemble at 298.15 K and a solvent density of 971
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kg·m−3 instead, to prevent a box expansion caused by the absence of solvent-solvent electrostatic interactions. The temperature was kept close to its reference value by weakly
coupling 156 the system to a single heat bath using a coupling time of 0.1 ps. In the MD
simulations, the pressure was kept close to its reference value by weakly coupling 156 the
atomic coordinates and box dimensions (isotropic coordinate scaling, group-based virial)
to a volume bath using a coupling time of 0.5 ps and an isothermal compressibility of
4.515 · 10−4 kJ−1 · mol · nm3 as appropriate for aqueous biomolecules 42 . The center of mass
translation was removed every timestep.
The SD and SDN E simulations involved one disaccharide molecule in vacuum. The
reference temperature was set to 298.15 K and the friction coefficient was set to 91 ps−1 ,
as appropriate for water 244 . Note that this parameter influences the dynamics, but not
the thermodynamic properties of the system.
In all simulations, restraints were applied to the two rings, so as to maintain a 4 C1
chair conformation throughout and avoid the unnecessary complication of occasional ring
flips (see Suppl. Mat. Table 4.S.3 for populations of the ring conformations of the US
part of the unrestrained simulations). In the spirit of the Pickett and Strauss scheme 157 , a
harmonic potential energy function was applied to the improper dihedral angles C4 -O5 -C2 C1 , O5 -C2 -C4 -C3 , C2 -C4 -O5 -C5 , with a reference value of 145◦ , a harmonic force constant
of 0.0152 kJ · mol−1 · deg−2 (various force constant has been tested, see Suppl. Mat. Figure
4.S.10) and a linearization of the potential energy function beyond deviations of 15◦ . A
change in ring flexibility was investigated by calculating the probability distributions of the
improper dihedral angles C4 -O5 -C2 -C1 , O5 -C2 -C4 -C3 , C2 -C4 -O5 -C5 (Suppl. Mat. Figure
4.S.11) and only a negligible effect has been found.
As in our previous work on disaccharides 57,240 , the sampling along the dihedral angles φ
and ψ, as well as as ω for a (1→6)-linkage, was systematically enhanced by application of
the local elevation umbrella sampling (LEUS) approach 17 . In the local elevation 76 (LE)
build-up phase, a biasing potential energy function was optimized in the two-dimensional
glycosidic space during 50 ns, or in the three-dimensional glycosidic space during 100 ns,
using a force-constant increment per visit set to 5 · 10−4 kJ · mol−1 . In the subsequent
umbrella sampling 77 (US) phase, the biasing potential energy function was frozen and
used to sample the system during 50 ns. The representation of the biasing potential
energy function relied on truncated-polynomial basis functions 158 with a grid spacing of
11.25 ◦ .
For all disaccharides considered (Table 4.1), the results of the LEUS simulations were
analyzed in terms of free-energy maps in the glycosidic space. These maps were calculated
based on the US phase of the simulations, using reweighting to correct for the effect of
the biasing potential energy function as described in Ref. 17 . The global minimum of the
map was set to zero as a reference point. For the setups MD, MDN E , SD or SDN E ,
these free-energy maps will be further referred to as MD-, MDN E -, SD- and SDN E -maps,
respectively.
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Glycosidic CS-maps

The selection of maps issued from the CS analysis (Section 4.2.2) and providing insight
into the conformational preferences observed in the MD-maps from the explicit-solvent
simulations in water (Section 4.2.3) required some explorative work, which is presented
in this section. Here, the word map refers to a function in the two- or three-dimensional
glycosidic space. Three types of CS-maps were retained, characterizing: (i) the potential
for steric clashes (clash-map) and the presence of sterically forbidden regions (FR-map);
(ii) the influence of short-range (including stereolectronic) effects local to the linkage (SRmap); (iii) the potential for inter-residue hydrogen-bonds (HB-map).
The clash-map is defined in the CS analysis by the number Ncl of interresidual atom
pairs characterized by a highly unfavorable van der Waals interaction, considering the ten
atoms constituting each of the two rings along with their first covalent neighbors (except
the glycosidic oxygen atom), so 20 atoms are used in total for a disaccharide. Note
that the application of this definition does not require a scanning of the dihedral angles
controlling the orientations of the exocyclic hydroxyl and hydroxymethyl groups. The van
der Waals energy is calculated based on a Lennard-Jones function using the parameters of
the 56A6CARBO R force field 57,58 , and an atom pair is assumed to present a clash when the
Lennard-Jones energy exceeds a threshold ncl kB T with kB T = 2.5 kJ·mol−1 . Clash-maps
calculated with different values of ncl ranging from 2 to 64 are shown in Figure 4.4 for the
illustrative case of β-cellobiose (e4e).

Figure 4.4: Clash-maps calculated using the CS analysis along with different values of the
parameter ncl in the case of β-cellobiose (e4e). The first 6 graphs show maps of the number
Ncl of clashes calculated using ncl = 2, 4, 8, 16, 32 or 64, where ncl kB T is the Lennard-Jones
energy threshold above which a pair interaction is counted as a clash. The 7th graph shows
the Lennard-Jones interaction energy Ulj between the ten atoms constituting each of the two
rings along with their first covalent neighbors (except the glycosidic oxygen atom). The last
graph shows the forbidden region map (FR-map), defined in the present work by ncl = 16
along with Ncl ≥ 3.
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All maps agree on the region where clashes occur, but differ in the extent of this region.
If the map issued from a CS analysis (covalently rigid sugar rings) is to be representative for potential clashes in a real situation (somewhat flexible sugar rings), the value of
ncl must be chosen sufficiently high, because: (i) potential clashes can be alleviated to
some extent by a relaxation of the covalent coordinates; (ii) small distance changes in
this relaxation can already produce a large release of unfavorable van der Waals energy.
However, ncl should remain sufficiently low in order to still discriminate the regions where
clashes actually occur. As a compromise, ncl = 16 was retained as limiting value. In
addition, we define a forbidden region (FR-map), i.e. the zone of the glycosidic map that
is essentially inaccessible for steric reasons, as the region for which Ncl ≥ 3. The FR-map
for β-cellobiose is also illustrated in Figure 4.4 (last map on the bottom right).
The hydrogen-bond map is defined in the CS analysis by the number Nhb of interresidue hydrogen-bonds that can potentially be formed in a given conformation. Here,
the presence of a hydrogen-bond is defined by a hydrogen-acceptor distance smaller than
0.25 nm and a donor-hydrogen-acceptor angle larger than 135◦ . For each point of the
glycosidic space, the determination of the potential formation of a specific hydrogen-bond
requires the scanning of one, two or three χ and ω dihedral angles. Considering all the
potential hydrogen-bonds, one may either count the total number of hydrogen-bonded
donor-acceptor pairs encountered (cumulative scheme) or find the configuration with the
highest number of simultaneous hydrogen-bonds (compatible scheme). Hydrogen-bond
maps calculated with either of the two schemes are shown in Figure 4.5 for the illustrative
case of β-cellobiose (e4e).
Both schemes agree on the hydrogen-bond rich and poor regions. However, if the map
issued from CS is to be representative for potential hydrogen-bonds in a real situation,
the compatible scheme is to be preferred. This is because the cumulative scheme leads
to a double counting in case of incompatible hydrogen-bonds (see drawings on the right
of Figure 4.5): (i) when a donor can hydrogen-bond to alternative acceptors, but not
simultaneously; (ii) when the donor and acceptor can interchange their roles, i.e. in a
flip-flop situation. For this reason, only the hydrogen-bond maps corresponding to the
compatible scheme will be considered in the following. Furthermore, the region of these
maps overlapping with the FR-map should be removed, as it corresponds to hypothetical
hydrogen-bonding patterns that cannot be realized in nature. Thus, we define the HB-map
as the hydrogen-bond map where the forbidden region has been removed. For example,
the HB-map of β-cellobiose is the bottom-right map in Figure 4.5.
The short-range map is defined in the CS analysis by the interaction energy Usr associated with the glycosidic linkage and its immediate neighborhood. It includes the torsional
energy Uto associated with the dihedral angles φ and ψ, as well as ω for (1→6)-linked
disaccharides, plus the Lennard-Jones inter-residue interaction energy Une between sets of
neighboring atoms, calculated using the parameters of the 56A6CARBO R force field 57,58 .
Two possible set definitions were considered (see drawings at the top of Figure 4.6), including either first and second neighbors of the glycosidic oxygen atom (small set) or,
in addition, its third exocyclic neighbors (large set). The corresponding atom pairs are
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Figure 4.5: Hydrogen-bond maps calculated using the CS analysis along with cumulative
or compatible hydrogen-bond pattern definitions in the illustrative case of β-cellobiose (e4e).
All graphs show the number Nhb of hydrogen-bonds. The left graphs rely on a cumulative
definition, where the total number of possible hydrogen-bond is counted. The right graphs
rely on a compatible definition, where double-counting of alternative or flip-flop hydrogenbonds is removed. The bottom graphs have the forbidden region (FR-map) removed. The
last graph (bottom-right) shows the hydrogen-bond map (HB-map), defined in the present
work by a compatible scheme with exclusion of the FR-map.

listed explicitly in Suppl. Mat. Tables 4.S.1 and 4.S.2, respectively. Short-range maps (as
well as their Uto and Une components) calculated with either of the two sets are shown in
Figure 4.6 for the illustrative case of β-cellobiose (e4e). Note that the global minimum of
the map is systematically set to zero as a reference point. Here also, the regions of these
maps associated with steric clashes should be removed.
The idea of the short-range map is to account for the short-range effects affecting the
glycosidic linkage conformation, including as a main component the stereoelectronic effects encompassed in the torsional potential energy functions and third-neighbor LennardJones interactions. Ideally, the set of neighboring atoms included in the calculation of
the Lennard-Jones component should be: (i) sufficiently large to capture all the required
short-range effects; (ii) as small as possible, so as to be generic, i.e. avoid including irrelevant stereochemical features of the disaccharide. To test the two alternative sets (small
and large) in terms of these two requirements, the corresponding short-range maps are
compared to MD-maps in Figure 4.7 for the illustrative cases of β-cellobiose (e4e) and
β-d-glucopyranosyl-(1→4)-β-d-galactopyranoside (e4a). Clearly, the small set is insufficient to reproduce the main features of the MD-map, reason for which the second set is to
be preferred. Thus, we define the SR-map as the map determined with the large set and
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Figure 4.6: Short-range maps calculated using the CS analysis along with a small- or largeset definition in the illustrative case of β-cellobiose (e4e). The left graphs show a definition
based on a small set of atoms (first and second covalent neighbors of the glycosidic oxygen
atom). The right graphs show a definition based on a large set of atoms, which also includes
the exocyclic third neighbors. The top graphs show the torsional energy (Uto ) map. The
second-row graphs show the short-range Lennard-Jones energy (Une ) between the selected
atoms of the two residues. The third-row graphs show the sum of the two (Usr = Uto + Une ).
The bottom graphs show Usr with the forbidden region (FR-map) removed. The last graph
(bottom-right) shows the short-range map (SR-map), as defined in the present work by a
large atom set and with exclusion of the FR-map.
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where the forbidden region has been removed. For example, the SR-maps of e4e and e4a
are the third maps from the top in Figure 4.7.

4.3

Results

The main question we wish to address is whether the key features of the MD-maps issued
from the explicit-solvent simulations can be reproduced in terms of the SR- and HBmaps issued from the CS analysis. This comparison is interesting for two main reasons.
First, the CS maps are computationally much less expensive to calculate than the MD
maps, namely a few minutes instead of about 1500-2000 CPU hours per map (total singleprocessor computer time for one disaccharide). In other words, they are much easier to
establish for a new disaccharide type with arbitrary stereochemistry. Second, the CS
maps disentangle the three main conformational driving forces influencing the preferred
conformations of the linkage, namely steric clashes (forbidden regions; FR-map shown
as excluded areas in the two other maps), short-range (including stereoelectronic) effects
(SR-map) and inter-residue hydrogen-bonding (HB-map), thereby providing insight into
the balance of these driving forces.
The corresponding results are discussed in Sections 4.3.1-4.3.3, considering in turn the
three disaccharide series of Table 4.1. The observations based on these three series are
used to formulate a simple rule (Table 4.2) for the dominant conformation of a linkage.
Expanding on this discussion, Section 4.3.4 compares the results of simulations relying
on the physical MD scheme with those of the alternative schemes MDN E , SD and SDN E
where the electrostatic interactions or/and the solvent are removed. Section 4.3.5 compares ensembles generated by MD and CS approaches in terms of clash maps, HB-map,
SR-map and SR-component-maps. Section 4.3.6 compares the results of the theoretical
approaches with experimental data. Finally, Section 4.3.7 investigates the implications of
the present results in terms of the nature of the flexibility (fuzziness vs. kinks) of oligoand polysaccharides.
Table 4.2: Dominant conformation of a linkage from the knowledge of its connectivity (1,
2, 3 or 4) and stereochemistry, along with the orientation of the exocyclic groups vicinal
to the linkage. Ox stands for the orientation (ax for axial, eq for equatorial) of the oxygen
atom (for labels see Figure 4.1) in the 4 C1 conformation, n stands for connectivity.
link O1 O2 O’n−1 O’n O’n+1 or C6 φ / ◦ ψ / ◦
1→1 ax eq none ax
eq
58
62
1→1 eq eq none ax
eq
-72
78
1→1 ax ax none ax
eq
58
62
1→1 eq ax none ax
eq
-72
78
1→1 ax eq none eq
eq
78 -58
1→1 eq eq none eq
eq
-52 -48
1→1 ax ax none eq
eq
78 -58
1→1 eq ax none eq
eq
-52 -48
1→1 ax eq none ax
ax
58
62
1→1 eq eq none ax
ax
-72
78
1→1 ax ax none ax
ax
58
62
1→1 eq ax none ax
ax
-68
78
Continued on Next Page. . .
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Table 4.2 – Continued
link O1 O2 O’n−1 O’n O’n+1 or C6
1→1 ax eq none eq
ax
ax
1→1 eq eq none eq
1→1 ax ax none eq
ax
ax
1→1 eq ax none eq
1→2 ax eq eq ax
eq
1→2 eq eq eq ax
eq
1→2 ax ax eq ax
eq
1→2 eq ax eq ax
eq
1→2 ax eq eq eq
eq
1→2 eq eq eq eq
eq
1→2 ax ax eq eq
eq
1→2 eq ax eq eq
eq
1→2 ax eq ax ax
eq
1→2 eq eq ax ax
eq
1→2 ax ax ax ax
eq
1→2 eq ax ax ax
eq
eq
1→2 ax eq ax eq
1→2 eq eq ax eq
eq
1→2 ax ax ax eq
eq
eq
1→2 eq ax ax eq
1→2 ax eq ax ax
ax
ax
1→2 eq eq ax ax
1→2 ax ax ax ax
ax
1→2 eq ax ax ax
ax
1→2 ax eq ax eq
ax
1→2 eq eq ax eq
ax
1→2 ax ax ax eq
ax
1→2 eq ax ax eq
ax
1→2 ax eq eq ax
ax
1→2 eq eq eq ax
ax
1→2 ax ax eq ax
ax
1→2 eq ax eq ax
ax
1→2 ax eq eq eq
ax
1→2 eq eq eq eq
ax
1→2 ax ax eq eq
ax
1→2 eq ax eq eq
ax
1→3 ax eq eq ax
eq
1→3 eq eq eq ax
eq
1→3 ax ax eq ax
eq
1→3 eq ax eq ax
eq
1→3 ax eq eq eq
eq
1→3 eq eq eq eq
eq
1→3 ax ax eq eq
eq
1→3 eq ax eq eq
eq
ax
1→3 ax eq eq ax
1→3 eq eq eq ax
ax
1→3 ax ax eq ax
ax
1→3 eq ax eq ax
ax
1→3 ax eq eq eq
ax
1→3 eq eq eq eq
ax
1→3 ax ax eq eq
ax
1→3 eq ax eq eq
ax
1→3 ax eq ax ax
eq
1→3 eq eq ax ax
eq
1→3 ax ax ax ax
eq
1→3 eq ax ax ax
eq
1→3 ax eq ax eq
eq
1→3 eq eq ax eq
eq
1→3 ax ax ax eq
eq
1→3 eq ax ax eq
eq
1→3 ax eq ax ax
ax
1→3 eq eq ax ax
ax
1→3 ax ax ax ax
ax
1→3 eq ax ax ax
ax
1→3 ax eq ax eq
ax
1→3 eq eq ax eq
ax
1→3 ax ax ax eq
ax
1→3 eq ax ax eq
ax
Continued on Next Page. . .

φ/◦
78
-52
78
-52
58
-52
58
-52
58
-52
58
-52
62
-58
58
-58
58
-58
58
-158
58
-58
58
-58
58
-58
58
-58
58
-58
58
-158
58
-58
58
-52
58
-52
58
-52
58
-52
58
-52
62
-58
58
-58
58
-58
58
-162
58
-58
58
-162
62
-58
62
-58
58
-58
58
-58
58
-58
58
-58

ψ/◦
-58
-48
-58
-48
-122
-102
-122
-102
112
132
112
132
-112
-62
-112
-62
78
122
78
78
-162
-62
-162
-62
78
168
78
168
-162
-108
-162
-162
118
168
118
168
118
132
118
132
-122
-102
-122
-108
128
178
122
178
-162
-112
-162
-158
72
128
72
78
-112
-68
-112
-68
72
178
72
178
-162
-68
-162
-68
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link
1→4
1→4
1→4
1→4
1→4
1→4
1→4
1→4
1→4
1→4
1→4
1→4
1→4
1→4
1→4
1→4
1→4
1→4
1→4
1→4
1→4
1→4
1→4
1→4
1→4
1→4
1→4
1→4
1→4
1→4
1→4
1→4

4.3.1

O1
ax
eq
ax
eq
ax
eq
ax
eq
ax
eq
ax
eq
ax
eq
ax
eq
ax
eq
ax
eq
ax
eq
ax
eq
ax
eq
ax
eq
ax
eq
ax
eq

Table 4.2 – Continued
O2 O’n−1 O’n O’n+1 or C6
eq eq ax
eq
eq eq ax
eq
ax eq ax
eq
ax eq ax
eq
eq eq eq
eq
eq eq eq
eq
ax eq eq
eq
ax eq eq
eq
eq eq ax
ax
eq eq ax
ax
ax eq ax
ax
ax eq ax
ax
eq eq eq
ax
eq eq eq
ax
ax eq eq
ax
ax eq eq
ax
eq ax ax
eq
eq ax ax
eq
ax ax ax
eq
ax ax ax
eq
eq ax eq
eq
eq ax eq
eq
ax ax eq
eq
ax ax eq
eq
eq ax ax
ax
eq ax ax
ax
ax ax ax
ax
ax ax ax
ax
eq ax eq
ax
eq ax eq
ax
ax ax eq
ax
ax ax eq
ax

φ/◦
62
-52
62
-52
58
-52
58
-52
58
-58
58
-162
62
-52
58
-52
72
-58
152
-58
58
-108
58
-162
58
-58
58
-58
58
-52
58
-52

ψ/◦
-112
-98
-112
-98
108
128
108
128
-168
-118
-168
-162
132
168
128
168
-98
-62
-62
-62
78
78
78
78
-168
-62
-168
-62
78
168
78
168

First disaccharide series

The comparison of the MD- with the SR- and HB-maps for 15 disaccharides of the first
series (Table 4.1) is shown in in Figure 4.8. The positions, approximate widths, and
relative free energies of the corresponding global and metastable minima (indicated by red
and green points, respectively, on the figure) are also reported numerically in Table 4.3.
Note that the (1→6)-linked disaccharides are not included (discussed separately below)
and that α, β-trehalose is represented twice as e1a and a1e (the corresponding maps are
exactly symmetric). A variant of Figure 4.8 with the forbidden regions included can be
found in Suppl. Mat. Figure 4.S.1, and more details concerning the analyses of the 1→n
linkages with n = 1, 2, 3, 4 (including alternative maps as well as those for the MDN E , SD
and SDN E schemes) can be found in Suppl. Mat. Figures 4.S.2, 4.S.3, 4.S.4 and 4.S.5,
respectively.
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Figure 4.7: Maps calculated using the CS analysis and MD simulations in the illustrative
cases of β-cellobiose (e4e) and β-d-glucopyranosyl-(1→4)-β-d-galactopyranoside (e4a). The
HB-map (hydrogen-bond) and SR-map (short-range effects) from the CS analysis are compared to the MD-map (free energy) from the simulation. An alternative short-range map
involving a small atom set (see Figure 4.6) is also shown for comparison.
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Figure 4.8: Comparison of HB-, SR- and MD-maps of the first disaccharide series (Table
4.1), except for the those with (1→6)-linkage (shown separately in Figure 4.9). The red
points mark the positions of the global minima and the green points mark the positions
of the metastable minima. The positions, approximate widths, and relative free energies
of the global and metastable minima are also reported numerically in Table 4.3. A similar
figure without removal of excluded regions from the FR-maps is provided in Suppl. Mat.
Figure 4.S.1.
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Considering Figure 4.8 the results show a remarkable agreement between the MD- and
SR-maps in terms of the positions of the global minima. Most of the alternative local
minima are found at similar positions in the two maps as well. One exception is the
disaccharide e1e where two alternative minima are found in the SR-map, but in the MDmap, this region is part of the large well encompassing the global minimum.
The occurrence of large forbidden regions in the SR-maps suggests that steric interactions
represent the main factor determining, in a course-grained sense, the populated regions
of the glycosidic space. The area of the sterically accessible region tends to shrink with
equatorial-to-axial changes in the linkage orientation at the two residues, i.e. in the order
CS
acronym φ /
a1a
e1a
a1e
e1e

a2a
e2a
a2e
e2e
a3a
e3a
a3e
e3e
a4a
e4a
a4e
e4e

◦

58
-58
48
78
102
-52
-78
58
58
-52
58
98
-52
-98
58
-52
58
98
-52
-98
62
-52
58
98
-52
-92

ψ/

◦

62
78
102
-58
48
-48
58
-72
-122
-102
112
-52
132
-48
118
132
-122
58
-102
68
-112
-98
108
-48
128
-42

r/
15
35
35
25

15
15
15
15
15
15
15
15
10
15
10
20

MD
◦

∆Usr /
∆G /
φ/◦ ψ/◦ r/◦
kJ·mol−1
kJ·mol−1
0
78
72
15
0
0
-58 112
20
0
3
48
92
12
0
112 -58
20
0
3
92
48
12
0
-72
-52
15
0
2
3
0
98
-98
35
0
0
-68
-92
20
0
0
82
92
20
0
18
102 -62
22
0
-68 138
20
0
16
-78
-42
26
0
82
92
20
0
0
-62 148
20
0
0
98 -122 25
0
18
102
68
15
0
-62
-92
20
0
19
-82
78
28
0
92 -108 35
0
0
-58
-92
15
0
0
72
88
25
0
20
102 -42
22
0
-78 118
20
0
5
-72
-42
19

Table 4.3: Positions (φ and ψ) of the energy minima, approximate width r of the global
minima and energy differences with respect to the global minima for ∆Usr or ∆G, considering the first disaccharide series(Table 4.1), except of the systems with (1→6)-linkage (listed
separately in Table 4.4). The radius r is defined as the radius of a circular area around the
global minimum which contains 68 % of the population of the ensemble.
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ee < ea ∼ ae < aa. In particular, when the orientation at the first residue is axial, the
rotation around φ is sterically hindered, and when the orientation at the second residue is
axial, the rotation around ψ is sterically hindered.
In contrast, little correlation is observed between the HB-maps and the MD-maps. This
is in line with the suggestion that solvent-exposed intramolecular hydrogen-bonds represent a negligible conformational driving force in aqueous solution 247,248 . In the aqueous
solution, the major conformational influence of H-bonds is limited to buried H-bonds and
predominantly represents in this case a steering force as opposed to driving one. Conformations involving mismatches among buried polar groups are strongly penalized by the
desolvation cost, but buried H-bonded groups do not contribute significantly to the stability of a conformation, because their electrostatic interaction merely offsets this desolvation
cost 247,248 .
Table 4.3 compares the location of the minima, their widths (represented by an effective
radius r) and their relative energies. The radii of the minima are somewhat larger in the
MD-maps, except for some molecules with (1→1)-linkage. This can be explained by a
relaxation in the covalent degrees of freedom (e.g. angle bending) that is only possible
in MD simulation. The values of the radii are rather large and permit relatively large
fluctuations around the main minima. The energy differences obtained by both approaches
are also similar, except for some molecules with a (1→1)-linkage.
The disaccharides with (1→6)-linkage have three variable dihedral angles and, therefore,
the resulting maps can be displayed in the form of isosurfaces in a three-dimensional space.
Alternatively, one can rely on two-dimensional Boltzmann weighted projections in the
φ − ψ, φ − ω or ψ − ω planes. The four types of representations are provided in Figure 4.9
for the four (1→6)-linked disaccharide of the first series. The positions and relative free
energies of the corresponding global and metastable minima (indicated by red and green
points, respectively, on the figure) are also reported numerically in Table 4.4. More details
concerning the analyses of the (1→6)-linkage in three-dimension projections or in the form
of its three two-dimensional projections (including alternative maps as well as those for
the MDN E , SD and SDN E schemes) can be found in Suppl. Mat. Figures 4.S.6, 4.S.8 and
4.S.9, respectively.
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Figure 4.9: Comparison of HB-, SR- and MD-maps of the first disaccharide series (Table
4.1) with (1→6)-linkage. From left to right and from top to bottom: three-dimensional
representations, projections onto the ψ-φ plane, projections onto the ω-φ plane, projections
onto the ω-ψ plane. The red points mark the positions of the global minima and the green
points mark the positions of the metastable minima. The positions and relative free energies
of the global and metastable minima are also reported numerically in Table 4.4.
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The three variable glycosidic dihedral angles give the (1→6)-linkage disaccharides more
freedom. The forbidden regions of the FR-map also grow in size with a number of the
axial linkages, as was the case for the other disaccharides. However, none of the FR-region
entirely prevents the rotation around any of the dihedral angles in any of the projections.
The least restricted dihedral angle seems to be the ω angle, along which many metastable
minima appear. The MD-map and SR-map are again in excellent agreement, with only
few exceptions. The main mismatch is in the value of the ω angle. The reason is a presence
CS
acronym φ /
a6a

e6a

a6e

e6e

◦

65
65
-45
65
-45
65
-45
55
55
-55
55
-55
-55
-55
65
65
65
-45
65
-45
-45
55
55
-55
55
-55
-55
-55

ψ/

◦

-175
175
-175
175
175
85
175
-175
-175
-175
175
175
-75
175
-175
75
175
175
-175
175
-175
-175
175
-175
-175
175
-175
-85

ω/

MD
◦

-65
-175
-65
55
-175
75
55
-65
-175
-65
55
-175
-175
55
175
175
65
175
-65
65
-65
175
65
175
-65
65
-65
-75

∆Usr /
φ/◦
kJ·mol−1
0
75
5
95
8
85
8
105
13
85
16
17
0
-75
4
-75
6
-65
8
-75
11
55
14
55
14
55
0
85
3
85
6
75
8
85
9
105
14
17
0
-75
6
-75
7
-75
10
65
12
-65
16
65
22
55

-175
-175
175
-75
75

∆G /
kJ·mol−1
175
0
-55
8
65
8
-175
9
95
13

-175
-65
175
-175
-175
-175
-175
175
175
65
-175
-75

175
175
75
-65
175
75
-65
-175
55
175
-75
-85

0
3
9
10
11
20
21
0
2
4
9
19

175
175
-175
-175
-85
175
-175

175
65
-75
-175
-85
65
-75

0
1
8
11
13
14
20

ψ/

◦

ω/

◦

Table 4.4: Positions (φ, ψ and ω) of the energy minima and energy differences with respect
to the global minima for ∆Usr or ∆G, considering the first disaccharide series (Table 4.1)
with (1→6)-linkage. Unlike in Table 4.3, the widths of the global minima are not reported
because the accessible conformational space is larger and the sphere encompassing 68 % of
the population would always span multiple minima.

4.3. Results

81

of several minima along the ω angle, whose depths are not very different. Therefore, the
ω angle of the minima is a rather arbitrary value. Another sign of the flexibility around ω
is the small differences in potential or free energy between minima along this angle. The
global minima on the SR-maps for systems e6a and e6e are not at the same locations as
those on the MD-map concerning the φ dihedral angle. However, some metastable minima
found on the SR-map, at similar values of φ and ψ as the global minima on the MD-map
have ∆U of only 6 and 7 kJ · mol−1 for e6a and e6e, respectively. Based on Figure 4.9,
the minima are comparably broad as in the case of other linkages.

4.3.2

Second disaccharide series

The comparison of the MD- with the SR-maps for the 8 disaccharides of the second series
(Table 4.1) is shown in in Figure 4.10. As was observed for the compounds of the first
series, the HB-maps present also here little correlation with the MD-maps, therefore, they
are not displayed in the figure. The positions, approximate widths, and relative free
energies of the corresponding global and metastable minima (indicated by red and green
points, respectively, on the figure) are reported numerically in Table 4.5.
CS

MD

∆U
acronym φ [◦ ] ψ [◦ ] r [◦ ]
[kJ mol−1 ]
(e)e4e(ee) -52 128 20
0
-92 -42
5
(e)e4e(ae) -108 78
35
0
(e)e4e(ea) -52
48
(e)e4e(aa) -52
48
(a)e4e(ee) -52
-92

168
148
168
142
128
-42

15

(a)e4e(ae) -162

78

25

0

(a)e4e(ea) -52 168
-162 112
(a)e4e(aa) -52 168
-162 78

15

0
23
0
8

15
20

178

0
12
0
10
0
5

-78
-72
-72
-72
-62

118
-42
112
-42
152

20

15

∆G
[kJ mol−1 ]
0
19
0
27
0

-68

148

25

0

-72
-162
-72
-68
-62
-62

112
98
-38
108
-48
142

20

20

0
12
19
0
27
0

-58

138

25

0

φ [◦ ] ψ [◦ ] r [◦ ]

25

30

Table 4.5: Positions (φ and ψ) of the energy minima, approximate width r of the global
minima and energy differences with respect to the global minima for ∆Usr or ∆G, considering the second disaccharide series. The radius r is defined as the radius of a circular area
around the global minimum which contains 68 % of the population of the ensemble.
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Figure 4.10: Comparison of SR- and MD-maps for the second disaccharide series (Table
4.1). The red points mark the positions of the global minima and the green points mark the
positions of the metastable minima. The positions, approximate widths, and relative free
energies of the global and metastable minima are also reported numerically in Table 4.5.

This second series was designed to test the influence of the exocyclic groups vicinal to
the linkage. The comparison between MD- and SR-maps for this series suggests that the
orientation of these vicinal exocyclic groups has far less influence on the conformational
properties than the axial or equatorial orientation at the two residues of the linkage itself.
Here again, the MD- and SR-maps present a remarkable agreement in terms of the changes
observed in the shape and orientation of the main low free-energy well. More precisely,
an axial orientation at C2 stretches the well towards lower φ-values, an axial orientation
at C03 stretches the well towards lower φ- and ψ-values, and an axial orientation at C05
stretches the well towards higher φ- and ψ-values. The main disagreement can be seen
in (e)e4e(ae) and (a)e4e(ae) for which the MD-map shows an extension of the main well
towards lower φ- and ψ-values relative to (e)e4e(ee), but with no shift of the the global
minimum. In contrast, the SR-map shows a shift of the global minimum with the well
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extension. While in the first series, the introduction of axial stereochemistry at the linking
sites restricted the conformational freedom around the glycosidic linkage, in the second
series, the restricted region rather shrinks when introducing axial stereochemistries at
the linkage-neighboring sites. Similar widths of minima are found in by both MD- and
SR-maps. Values of the widths are, as in the first series, rather large.

4.3.3

Third disaccharide series

The comparison of the MD- with the SR-maps for the 5 disaccharides of the third series
(Table 4.1) is shown in in Figure 4.11. Here again, the HB-maps present little correlation with the MD-maps, therefore, they are not displayed in the figure. The positions,
approximate widths, and relative free energies of the corresponding global and metastable
minima (indicated by red and green points, respectively, on the figure) are not reported
numerically, as they changed very little (values similar to those of e4e in Table 4.3).
This third series was designed to test the influence of the exocyclic groups more remote
to the linkage. The SR-maps are in all cases nearly the same, because neither the torsional
potential energy nor the Lennard-Jones clash energy are influenced by the stereochemistry
of these more remote groups. The only component which changes slightly in these SRmaps is the sterically forbidden region, which is defined based on all ring and first outof-ring atoms. The same is observed for the MD-maps, which are all very similar. The
conclusion is that the more remote groups have a negligible influence on the conformational
preferences of the glycosidic linkage. Based on the observations of the three series, a
simple rule (Table 4.2) for the dominant conformation of a linkage is formulated from the
knowledge of linkage connectivity (1, 2, 3 or 4) and stereochemistry (axial-axial, axialequatorial, equatorial-axial or equatorial-equatorial), along with the orientation (axial or
equatotial) of the exocyclic groups vicinal to the linkage.

4.3.4

Alternative simulation schemes

To investigate the influence of the solvent or/and electrostatic interactions on the MDmaps, four different simulation setups (Section 4.2.3) were applied to the first series of
disaccharides. Two comparisons are made: (i) a comparison of MD-maps for the four
simulations setups in Figure 4.12; (ii) a comparison of HB-maps together with MD- and
SD-maps in Figure 4.13. Figure 4.12 shows an illustrative example for molecule e4e only,
since the observations are similar for all systems. The MD-maps for all the systems and
simulation setups can be found in Suppl. Mat. Fig. 4.S.12 and 4.S.13, respectively. All
the types of maps, system types, and simulation setups can also be found in Suppl. Mat.
Figures 4.S.2-4.S.9.
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Figure 4.11: Comparison of SR- and MD-maps for the third disaccharide series (Table
4.1). The red points mark the positions of the global minima and the green points mark the
positions of the metastable minima. The positions, approximate widths, and relative free
energies of the global and metastable minima are not reported numerically, as they changed
very little (values similar to those for e4e in Table 4.3).
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Figure 4.12: Comparison of the 4 simulation setups defined in Section 4.2.3 (MD, MDN E ,
SDN E and SD) in the illustrative case of β-cellobiose (e4e).

Figure 4.13: Comparison of HB-, MD- and SD-maps for selected disaccharides which show
a large difference between MD- and SD-maps.
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In the first comparison of Figure 4.12, it can be seen that MD, MDN E and SDN E give
similar results, while in the SD-map, a new metastable mimimum appears at 48◦ and
122◦ of φ and ψ, respectively, and with a low relative free energy of 8 kJ · mol−1 . The
explanation is that in a high permittivity environment (e.g. water) the solute charges are
highly screened. Therefore, the behavior of the solute is similar as in a situation without
partial charges in a low permittivity environment. In the SD case, however, the charges
are not screened. Therefore, they have a larger influence on a conformational equilibrium.
The conclusion is that the charges do not play a major role in defining the conformational
equilibrium in water.
In the second comparison of Figure 4.13, systems are selected where a minimum present
in the SD-map is absent or very shallow in the MD-map. These alternative minima of
the SD-maps are all in the hydrogen-bond rich regions. Little correlation can be found
between hydrogen-bond rich regions and minima in the MD-maps. This confirms the
findings in Refs. 247,248 , which state that the hydrogen bonds have no or little influence on
the conformational preferences in an environment of high dielectric permittivity such as
water, whereas their influence becomes important in an environment of lower dielectric
permittivity such as a less polar solvent.

4.3.5

Comparison of maps

The structures generated by CS approach have fixed values for the covalent parameters
(bonds, angles and ring dihedrals), while they are kept flexible in the MD approach. Both
approaches generate an ensemble of conformations which sample the space of glycosidic
linkage. These ensembles were interpreted in terms of CS- and MD-maps for CS and MD
ensemble, respectively. Note, that there are several variants of the CS-maps depending on
which kind of an analysis was performed e.g. the clash maps, the HB-maps, or the maps
of Uto , while the MD-map stands for the type of the ensemble to which the analysis is
applied and for displayed variable- relative free energy, because it is the only variant used
for the MD ensemble. Here, for the MD ensemble, selected CS-maps are calculated. The
MD ensemble was not reweighted i.e. corresponds to the biased ensemble. To specify the
ensemble and the variant of a map, they are referred as a ensemble-variant-map e.g. a
clash-map calculated for the MD ensemble is called the MD-clash-map and a HB-map calculated for the CS ensemble is called the CS-HB-map. Maps produced by both ensembles
are compared in Figure 4.14 in terms of the clash-maps, the HB-maps, the Uto maps, the
Une maps, and the SR-maps in the case of β-cellobiose (e4e). The white areas in the maps
obtained with the CS ensemble are sterically forbidden regions defined by clashes, while
in the maps obtained with the MD ensemble, they are unsampled regions.
The locations of the clash-rich regions are in agreement between the MD- and CS-clashmaps, but the MD-clash-maps are reaching smaller values of Ncl . The reason is that the
MD ensemble is Boltzmann weighted, so that very high energy clashes are avoided in
practice by distorting softer degrees of freedom. By the softer degree of freedom, it is
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Figure 4.14: Clash-, HB- and SR-maps, along with SR-map contributions Uto and Une ,
in the illustrative case of β-cellobiose (e4e). The maps were calculated using an ensemble
from CS (left column) and an MD-generated ensemble from the US part of the simulation
(right column).
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meant a degree of freedom whose energetic increase caused by a distortion avoiding the
clash is compensated by a larger energetic decrease caused by the clash avoidance. Such
a softer degree of freedom can be a dihedral angle of the ring or a bond angle, which are
kept fixed in CS approach. Nevertheless, the high clash regions were not sampled in MD
which confirms the presence of clashes. In contrast, the HB-maps are similar for both MD
and CS ensemble indicating the same positions of hydrogen-bonds rich conformations.
The Usr term may be split into its components Uto and Une . The Uto map is the same for
both ensembles, because the Uto depends only on the φ and ψ dihedral angles. The maps
of Une are not the same but the positions of the minima are in agreement. The reason
why the Une maps are different is the same as mentioned above for the clash-maps. The
systems largely relax the clashes by slight covalent distortion and avoids regions with very
large Une . Because of the effect described above, the MD-SR-map looks more like the Uto
map, while CS-SR-map is more similar to Une .

4.3.6

Comparison with experiment

To assess whether the MD-maps are a reliable reference for the SR-maps, a comparison
with experimental data is performed in Figure 4.15. The experimental points were obtained using GlyTorsion 249 , which analyses glycosidic torsional angles of saccharides found
in the the Protein Data Bank www.rcsb.org 250 , corresponding to structures obtained using
NMR or x-ray crystallography.
The types of linkages which are extensively covered by experimental data are in excellent
agreement with the locations and depths of the minima of the MD-maps.
The few structures which do not correspond to low energy regions in MD-maps can
be distorted structures. Structures of saccharides in the Protein Data Bank were often
measured as bound ligands of proteins or trapped substrates in active sites of enzymes,
where they often undergo conformational changes triggered by the binding.

4.3.7

Flexibility of polysaccharides

The blurred conformational ensembles measured by experimental techniques may be described, at the level of the successive linkages, in terms of a main glycosidic conformation
associated with a significant flexibility (fuzziness), or in terms of significantly populated
alternative conformers (kinks). The distinction between fuzziness and kinks is illustrated
schematically in Figure 4.2. This section investigates the influence of fuzziness and kinks
on determining the conformational variability of oligosaccharides.
Based on Figure 4.8 and Table 4.3, the widths of the main minima in the case of the first
series except for (1→6)-linkages are rather large and permit relatively large fluctuations
around the minima. This supports fuzziness mechanism as being responsible for the blurring of the conformational ensemble. The high energy differences prevent the mechanism
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Figure 4.15: Comparison of MD-maps with experimental data derived from GlyTorsion 249 .
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of kinks and, therefore, it might be less important for the blurring than the fuzziness.
Values of the width are large even for the second series (Figure 4.10 and Table 4.5), which
supports fuzziness mechanism as mentioned above. Again, the high energy differences
suggest that the mechanism of kinks is less important for the blurring then the fuzziness.
In the case of (1→6)-linkage (Figure 4.9 and Table 4.4), the minima are broad as in the
case of other linkages, but the presence of many metastable minima with low free-energy
difference suggest that both fuzziness and kinks can play a role in the blurring of the
conformational ensemble.
To visually analyze the conformational difference, probability-distribution maps were
calculated from the MD-maps a4e, e4e and e6e to generate Boltzmann weighted ensembles
of glycosidic dihedral angles. The sampled dihedral angles were used by the CS program to
generate 50 structures of three molecules: [4)-α-D-Glcp-(1→]20 , [4)-β-D-Glcp-(1→]20 and
[6)-β-D-Glcp-(1→]20 , respectively. The structures were fitted onto each other to minimize
root mean square deviation in the positions of the C1 atoms, and the resulting structures
are displayed in Figure 4.16.
The above mentioned linkages were chosen because the MD-maps have at least one
metastable minimum. More precisely, a4e and e4e have one metastable minimum while
e6e has several of them. Further, e4e has a broader global minimum in comparison to a4e.
When a4e and e4e were considered, the metastable minimum was not sampled even
once, therefore kinks doesn’t play a role for conformational blurring. In contrast, the
metastable minima were sampled many times by e6e, therefore both fuzziness and kinks

Figure 4.16: Boundles 50 mutually superimposed structures of oligosaccharides with 20
residues generated using the CS program based on Boltzmann weighted distributions of
dihedral angles from the MD-maps. From left to right, the displayed molecules are [4)-αD-Glcp-(1→]20 , [4)-β-D-Glcp-(1→]20 and [6)-β-D-Glcp-(1→]20 , for which the corresponding
MD-maps are a4e, e4e and e6e, respectively.
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can be responsible for the conformational blurring.
The bundles of the generated structures from a4e and e4e form a helix and the a4e bundle
has less deviation from a helical secondary structure in comparison to e4e bundle. The
reason is a narrower global minimum in the MD-map of a4e, therefore, the smaller impact
of fuzziness. The bundle generated from e6e is disordered and no common secondary
structure can be observed. The reason are possibly both the kinks and the fuzziness. The
kinks possibly play a major role because the angle difference between various minima is
about 120◦ . The fuzzines may have a stronger impact for e6e than in the case of a4e and
e4e, because it can blur in the three dimensions of a glycosidic linkage instead of two.

4.4

Conclusions

From the conformational perspective, oligo- and polysaccharides remain probably the least
understood among the four main classes of biomolecules. Disaccharides contain all the
types of degrees of freedom present in oligosaccharides including the glycosidic dihedral
angles and ring conformations which define the secondary structure of oligosascharide and
therefore, they have the same role as φ and ψ in proteins. Understanding the preferences
of glycosidic dihedral angles is a crucial step to understand the overall oligosaccharide
conformational behavior.
With the assumption that the residues stay in the 4 C1 ring conformation, we showed that
it is feasible to obtain the position of global minimum with a simple calculation of the CS
approach of the short-range (including stereoelectronic) effects local to the linkage. Shortrange effects consist of torsional potential energy of glycosidic dihedral angles and van
der Waals energy between selected atoms around the linkage (Figure 4.6). By studying
31 disaccharides, it was found that the connectivity and stereochemistry of a linkage
have the main influence on the conformational behavior of the glycosidic linkage. The
stereochemistry of the exocyclic groups vicinal to the linkage have a small but not negligible
influence. The stereochemistry of the exocyclic groups more remote to the linkage have
negligible influence. These observations were used to formulate a simple rule (Table 4.2)
for the dominant conformation of a linkage from the knowledge of its connectivity (1, 2,
3 or 4) and stereochemistry (axial-axial, axial-equatorial, equatorial-axial or equatorialequatorial), along with the orientation (axial or equatorial) of the exocyclic groups vicinal
to the linkage. Table 4.2 does not contain the 1→6 linkage, because several metastable
minima are present for this linkage.
If the system is in a high permittivity environment, the electrostatic interaction has
negligible influence on the conformational preferences of the glycosidic dihedral angles.
While, in the low permittivity environment, the electrostatic interaction changes the freeenergy surface, but it is still a rather minor influence. Little correlation was found between
hydrogen-bond rich regions and minima in the MD-maps. This confirms the findings in
Refs. 247,248 , that the hydrogen bonds have no or little influence on the conformational
preferences in an environment of high dielectric permittivity such as water, whereas their
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influence becomes important in an environment of lower dielectric permittivity such as a
less polar solvent.
The results from SR-maps and MD-maps were in agreement with the visual analysis
performed for the three systems a4e, e4e and e6e in terms of the influence of fuzziness
and kinks on determining the conformational variability of oligosaccharides. It has been
found that the fuzziness is the main factor responsible for the conformational blurring of
non (1→6)-linkages, while, in the case of a (1→6)-linkage, both kinks and fuzziness play
the role in the conformational blurring with kinks being the major factor.
The CS approach could be used for larger systems like oligosaccharides where the difference between computation cost of the CS and MD approach is even more dramatic.
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Figure 4.S.1: Comparison of HB-like-, SR-like- and MD-maps of the first disaccharide
series (Table 4.1), except for the those with (1→6)-linkage (shown separately in Figure 4.9).
The red points mark the positions of the global minima and the green points mark the
positions of the metastable minima. The positions, approximate widths, and relative free
energies of the global and metastable minima are also reported numerically in Table 4.3. The
figure is similar to Figure 4.8 but without removal of excluded regions from the FR-maps.
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Figure 4.S.2: Full set of maps for the first disaccharide series (Table 4.1) presenting the
(1→1)-linkage.
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Figure 4.S.3: Full set of maps for the first disaccharide series (Table 4.1) presenting the
(1→2)-linkage.
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Figure 4.S.4: Full set of maps for the first disaccharide series (Table 4.1) presenting the
(1→3)-linkage.
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Figure 4.S.5: Full set of maps for the first disaccharide series (Table 4.1) presenting the
(1→4)-linkage.
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Figure 4.S.6: Full set of three-dimensional maps for the first disaccharide series (Table
4.1) presenting the (1→6)-linkage.
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Figure 4.S.7: Full set of the two-dimensional maps for the first disaccharide series in the
case of (1→6)-linkage, involving Boltzmann-weighted projection onto the ψ-φ plane.
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Figure 4.S.8: Full set of the two-dimensional maps for the first disaccharide series in the
case of (1→6)-linkage, involving Boltzmann-weighted projection onto the ω-φ plane.
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Figure 4.S.9: Full set of the two-dimensional maps for the first disaccharide series in the
case of (1→6)-linkage, involving Boltzmann-weighted projection onto the ω-ψ plane.

1-1
type
3 Or Cr
Or Cr
Or Or
3 Cr Cr
Cr Cr
Cr Or
3 Cr Cr
3 Cr Or
pair
O5-C2
O5-C3
O5-C1
C2-C2
C2-C3
C2-C1
C1-C3
C1-C1

1-2
type
3 Or Cr
Or Cr
Or Cr
3 Cr Cr
Cr Cr
Cr Cr
3 Cr Cr
3 Cr Cr
pair
O5-C4
O5-C5
O5-C3
C2-C4
C2-C5
C2-C3
C1-C5
C1-C3

1-4
type
3 Or Cr
Or Cr
Or Cr
3 Cr Cr
Cr Cr
Cr Cr
3 Cr Cr
3 Cr Cr
Cr Cr
C1-C5 3 Cr Cr

C2-C5

O5-C5
Or Cr
C2-C6 3 Cr Ch2

1-6
pair
type
O5-C6 3 Or Ch2

Table 4.S.1: List of atom pairs for calculating the short-range energy Usr based on the
Lennard-Jones interactions of the small atom set (see drawing at the top of Figure 4.6).
For the 5 different linkage conectivities, the columns list: atom name in the non-reducing
residue, atom name in the reducing residue, ”3” if they are third neighbors, atom-type name
in the non-reducing residue, atom-type name in the reducing residue. Cr stands for ring
carbon, Ch2 stands for CH2 group, Or stands for ring oxygen. The corresponding integer
atom codes in the 56A6CARBO R force field are 56, 15 and 54, respectively.

pair
O5-C1
O5-C2
O5-O5
C2-C1
C2-C2
C2-O5
C1-C2
C1-O5

Small set
1-3
pair
type
O5-C3 3 Or Cr
O5-C4
Or Cr
O5-C2
Or Cr
C2-C3 3 Cr Cr
C2-C4
Cr Cr
C2-C2
Cr Cr
C1-C4 3 Cr Cr
C1-C2 3 Cr Cr
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Cr
Cr
Cr
Oa
Oa

1-4
pair
type
O5-C4 3 Or Cr
O5-C5
Or Cr
O5-C3
Or Cr
O5-C6
Or Ch2
O5-O3
Or Oa
Or Cr

O5-O5
Or Or
O5-C4
Or Cr
C2-C6 3 Cr Ch2

O5-C5

1-6
pair
type
O5-C6 3 Or Ch2

C2-C1 3 Cr Cr C2-C2 3 Cr Cr C2-C3 3 Cr Cr C2-C4 3 Cr Cr
C2-C2
Cr Cr C2-C3
Cr Cr C2-C4
Cr Cr C2-C5
Cr Cr
C2-O5
Cr Or C2-C1
Cr Cr C2-C2
Cr Cr C2-C3
Cr Cr C2-C5
Cr Cr
C2-O2
Cr Oa C2-O3
Cr Oa C2-O4
Cr Oa C2-C6
Cr Ch2
C2-O1
Cr Oa C2-O2
Cr Oa C2-O3
Cr Oa C2-O5
Cr Or
C2-C4
Cr Cr
O2-C1
Oa Cr O2-C2
Oa Cr O2-C3
Oa Cr O2-C4
Oa Cr O2-C6
Oa Ch2
O2-C2
Oa Cr O2-C3
Oa Cr O2-C4
Oa Cr O2-C5
Oa Cr
O2-O5
Oa Or O2-C1
Oa Cr O2-C2
Oa Cr O2-C3
Oa Cr O2-C5
Oa Cr
O2-O2
Oa Oa O2-O3
Oa Oa O2-O4
Oa Oa O2-C6
Oa Ch2
O2-O1
Oa Oa O2-O2
Oa Oa O2-O3
Oa Oa O2-O5
Oa Or
O2-C4
Oa Cr
C1-C2 3 Cr Cr C1-C3 3 Cr Cr C1-C4 3 Cr Cr C1-C5 3 Cr Cr
C1-O5 3 Cr Or C1-C1 3 Cr Cr C1-C2 3 Cr Cr C1-C3 3 Cr Cr C1-C5 3 Cr Cr
C1-O2
Cr Oa C1-O3
Cr Oa C1-O4
Cr Oa C1-C6
Cr Ch2
C1-O1
Cr Oa C1-O2
Cr Oa C1-O3
Cr Oa C1-O5
Cr Or
C1-C4
Cr Cr

1-1
1-2
pair
type
pair
type
O5-C1 3 Or Cr O5-C2 3 Or
O5-C2
Or Cr O5-C3
Or
O5-O5
Or Or O5-C1
Or
O5-O2
Or Oa O5-O3
Or
O5-O1
Or

Large set
1-3
pair
type
O5-C3 3 Or Cr
O5-C4
Or Cr
O5-C2
Or Cr
O5-O4
Or Oa
O5-O2
Or Oa
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Table 4.S.2: List of atom pairs for calculating the short-range energy Usr based on the
Lennard-Jones interactions of the large atom set (see drawing at the top of Figure 4.6).
For the 5 different linkage conectivities, the columns list: atom name in the non-reducing
residue, atom name in the reducing residue, ”3” if they are third neighbors, atom-type name
in the non-reducing residue, atom-type name in the reducing residue. Cr stands for ring
carbon, Ch2 stands for CH2 group, Or stands for ring oxygen, Oa stands for alcohol oxygen.
The corresponding integer atom codes in the 56A6CARBO R force field are 56, 15 and 54,
respectively.

First residue
4
name
C1 / % 1 C4 / % other / %
a1a GlcA1GlcA
67.2
32.7
0.1
a1e GlcA1GlcB
21.3
77.9
0.8
a2e GlcA2GlcB
35.2
63.3
1.4
a2a GlcA2ManB
99.8
0.2
a3a GlcA3AllB
15.6
83.3
1.1
a3e GlcA3GlcB
100.0
0.0
a4a GlcA4GalB
100.0
a4e GlcA4GlcB
5.4
90.1
4.4
a6e GlcA6GlcB
100.0
a6a GlcA6LGlcA 100.0
e1e GlcB1GlcB
100.0
e2e GlcB2GlcB
100.0
0.0
e2a GlcB2ManB 100.0
0.0
e3a GlcB3AllB
100.0
e3e GlcB3GlcB
100.0
e4a GlcB4GalB
100.0
e4e GlcB4GlcB
100.0
0.0
e6e GlcB6GlcB
100.0
0.0
e6a GlcB6LGlcA 100.0
-

4

Second residue
C1 / % 1 C4 / % other / %
83.0
13.3
3.7
1.0
1.0
0.0
1.0
1.0
0.0
93.2
6.8
1.0
1.0
0.0
1.0
1.0
1.0
1.0
0.0
1.0
0.0
1.0
96.4
3.6
1.0
99.0
1.0
1.0
1.0
-

Table 4.S.3: Relative occurrence of ring conformers of unrestrained simulation of the US
phase. Conformation assignment was calculated with the closest distance approach defined
in Ref. 17 .
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Figure 4.S.10: Time series of ring conformation with different ring restraining. Conformation assignment was calculated with the closest distance approach defined in Ref. 17 . Ring
restraining was applied to a system α-D-glucopyranosyl-(1→1)-α-D-glucopyranoside starting from a conformation where the first ring was in 1 C4 conformation while the second ring
was in 4 C1 conformation. Restraining was applied to three improper dihedral angles α1 , α2 ,
and α3 defined in Ref. 157 . From top to bottom following force constants were chosen 1, 2, 5,
10, 20, 50, 100, and 150 kJ·rad−2 ·mol−1 . In each plot the bottom color bar describes the first
residue ring conformation and the top color bar describes the second residue conformation.
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Figure 4.S.11: Comparison of ring flexibility with and without 4 C1 restraining. Probability
distributions of three improper dihedral angles α1 , α2 , and α3 157 defining ring puckering
were calculated for the both rings of β-cellobiose in water. The probability distributions
were calculated over the 50 ns US phase of the LEUS simulation. The top and bottom plots
display angle probability distributions of the first and the second residue, respectively.

Figure 4.S.12: Comparison of the 4 simulation setups defined in Section 4.2.3 (MD,
MDN E , SDN E and SD) for the first disaccharide series (Table 4.1), considering (1→1)- and
(1→2)-linkage.
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Figure 4.S.13: Comparison of the 4 simulation setups defined in Section 4.2.3 (MD,
MDN E , SDN E and SD) for the first disaccharide series (Table 4.1), considering (1→3)- and
(1→4)-linkage.
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Can temperature replica exchange
facilitate the determination of the
main transition temperature of lipids
using molecular dynamics
simulations?
Abstract
The temperature replica exchange molecular dynamics method (T-REMD) is tested in its
ability to facilitate the determination of the main transition temperature of a glycerol-1monopalmitate (GMP) lipid bilayer. This method is compared to two approaches using
plain molecular dynamics (MD) simulations performed over the same range of temperetures, but without exchanges. The first approach, as the T-REMD, is initiated from a
single-phase lipid bilayer, whereas the second MD approach starts from a system consisting of two phases in contact (mixed phases). MD with mixed phases is expected to
decrease the computational cost by eliminating the time needed to form a nucleation or a
disruption unit for the formation of the ordered and disordered phase, respectively. The
T-REMD method should decrease the computational cost by allowing replicas to cross
barriers at either high or low temperatures. Two phase transitions are investigated, involving the liquid crystal phase (stable at high temperature) and the gel phase (stable
at low temperature in an aqueous environment) or the interdigitated phase (stable at low
temperature in a water-methanol mixture). This is achieved by considering lipid bilayers of
two different sizes (72 and 128 GMP molecules) in the case of the simulations started from
a single-phase and three different sizes (220, 230 and 250 GMP molecules) in the case of
the simulations started from the mixed phases. It is observed that the T-REMD method
does not lead to any significant enhancement of the convergence rate of the transition
temperature determination in comparison to MD initiated from a single-phase, whereas
MD with mixed phases shows a faster convergence and narrower prediction intervals. The
reason for unsuccessful enhancement by the T-REMD method is that the phase transition, as a first-order transition, has a discontinuity in the molar enthalpy as a function of
temperature. This causes a gap between the potential energy distributions of consecutive
replicas which are in different phases. This results in scarce exchanges between these rep-
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licas and prevents all replicas to reach a sufficiently low or high temperature at which the
transition would occur within the simulation time.

5.1

Introduction

Lipid molecules are hydrophobic or amphiphilic 112 . An important group of amphiphilic
lipids is that of glycerides, namely mono-, di- or triesters of carboxylic acids and glycerol.
The hydrophilic part of the molecule is called the headgroup, and consists of the glycerol
moiety, possibly along with other groups attached to its non-esterified hydroxyl groups.
The hydrophobic part of the molecule consists of one, two or three tails, each of which
encompassing a non-polar carboxylic acid aliphatic chain. Glycerides can form various
structures like micelles, liposomes and bilayers in aqueous solution 112,113 . The type of
structure which is formed preferentially under specific conditions of temperature, pressure,
hydration and concentration of possible cosolutes depends on the number, length and
saturation of the acyl chains and on the nature of the headgroup. These structures play
a crucial role in living organisms. In particular, the bilayer serves as a barrier between
cellular compartments and a boundary for the cell itself. Various bilayer phases can be
distinguished 112–117 . Out of these, three are relevant in this work: the liquid crystal
(LC), the gel (GL) and the interdigitated (ID) phases (Figure 5.1). The GL and ID
phases are more ordered in comparison to LC phase and are stable at low temperatures.
Comparatively, the LC phase is more disordered and stable at higher temperatures.
The temperature below which the bilayer changes from the LC phase to a more ordered
phase like GL or ID is called the main transition temperature or the melting temperature
Tm . Tm depends on the bilayer composition and on environmental conditions such as the
hydration level and the concentration of possible cosolutes like e.g. alcohols. For shortchain alcohols, the dependence of Tm on the concentration of the alcohol is complicated
by the biphasic effect 251 . At low concentration, Tm decreases with increasing alcohol

Figure 5.1: Illustrative configurations for the three different phases of a glycerol-1monopalmitate (GMP) bilayer namely the liquid crystal (LC), the gel (GL) and the interdigitated (ID).
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concentration whereas at high concentration, the opposite trend is observed 252–258 . The
concentration at which the trend changes is called the biphasic reversal concentration crev .
The value of crev depends on the type of alcohol and the type of lipids 251,257–259 . The
reason for the biphasic effect is that the low-temperature phase is different below crev ,
where it is the GL phase, and above crev , where it is the ID phase 258,260,261 . Nevertheless,
following the usual experimental practice 115,251 , the same symbol Tm is used here for any
transition between the ordered (either GL or ID) and the disordered (LC) phase.
The different phases of a bilayer can be distinguished based on the arrangement of the
lipids and by specific ranges of values for parameters such as the area per lipid a, the
bilayer thickness h, and the tail-end to tail-end distance t between the lipids of the two
leaflets. As stated earlier, a GL↔LC transition defines Tm below crev , where the GL phase
is stable below Tm while the LC phase is stable above Tm . In the GL phase, which is more
ordered, the tails are mostly in all-trans conformations and are collectively tilted relative
to the bilayer normal. In the LC phase, which is less ordered, the tails are in a mixture of
trans and cis conformations and do not evidence a preferential orientation 112 . As a result
of these differences, the GL phase is thicker and has smaller area per lipid compared to
the LC phase. Above crev , an ID↔LC transition defines Tm instead, where the ID phase
is stable below Tm , while the LC phase is still the stable phase above Tm . In the ID
phase, which is more ordered, the acyl chains of the two leaflets interpenetrate each other.
As a result, the ID phase is thinner than the GL phase and has a larger area per lipid.
Furthermore, in contrast to the LC and GL phases, the ID phase has a negative tail-end
to tail-end distance, i.e. the tail-ends of the bottom layer are closer to the heads of the
top leaflet than the tail-ends of the top layer.
Given the structural properties of the different phases, the biphasic effect can easily be
rationalized 260,261 . Below crev , upon increasing the alcohol concentration, the GL phase is
increasingly destabilized by the intercalation of alcohol molecules between the headgroups,
pushing towards an increase of the area per lipid and thus, a decrease in Tm . In contrast,
above crev , the ID phase is increasingly stabilized by the intercalation of alcohol molecules
between the headgroups, leading to the increase in Tm .
Numerous molecular dynamics (MD) simulations of lipid bilayers have helped understand their structure, thermodynamics and dynamics 260–283 . In particular, the interaction
between alcohols and lipid membranes has been investigated in many theoretical studies
both at atomistic 260–269 and at coarse-grained 258,267,275,284 levels of resolution. The advantage of atomistic (MD) simulations over experimental methods is their very high spatial
and temporal resolution.
In previous simulation studies by our group 260,261,277–280 concerned with the phasetransition properties of glycerol-1-monopalmitate (GMP) (Figure 5.2) bilayers, the method
chosen to evaluate Tm was a bracketing approach. This approach relies on MD simulations
initiated from one of the phases of interest (e.g. LC, GL or ID) and carried out at different
temperatures spanning a ladder close to Tm . When equilibrium is reached, the simulations
initiated from the GL or ID phase (depends on the alcohol concentration) and performed
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at T > Tm are expected to change to the LC phase, while the simulations initiated from
the LC phase and performed at T < Tm are expected to change into the GL or ID phase.
Unfortunately, reaching equilibrium may require extensive simulation times. Furthermore,
because the driving force for the transition depends on the difference between T and Tm ,
the simulation time required to observe a phase transition becomes increasingly long when
T is increasingly close to Tm . As a result, for finite MD simulations, a stable phase is only
reached when T is sufficiently far from Tm and the observed GL,ID→LC and LC→GL,ID
transitions only define upper and lower bounds, respectively, of a relatively large temperature interval surrounding Tm . For example, for the systems considered in Ref. 261 ,
the bracketing method provides Tm estimates in reasonable agreement with experiment
given a bracketing interval of about 11 K based on simulations lasting 180 ns. Hence,
a major shortcoming of the bracketing approach is its high computational cost, since it
requires a large number of relatively long simulations. Even though these simulations can
be performed in parallel, a massive amount of computer time has to be invested.
Phase transitions are rare events whose occurrences can be separated by long intervals.
In the case of GL,ID↔LC and at Tm , these intervals are probably on the multi-µs scale 280 .
The long time necessary for a transition at or close to Tm is due to both thermodynamic and
kinetic factors. From the thermodynamic perspective, the free-energy difference between
the two phases is zero at Tm i.e. there is no driving force for the transition. From the
kinetic perspective, the rate can be limited by high energy as well as entropy barriers.
The energy barrier is an energetic cost for the creation of a disruption unit in the ordered
phase or the creation of a nucleation unit in the disordered phase. The entropy barrier is
determined by the complexity of the conformational space to be searched from promoting
order or disorder in the system.
Rare events in the multi-µs range are on the edge or beyond the current MD simulation
limits 2 . This raises an interest for sophisticated methods which can extend these limits 68 .
In the present study, we apply two methods to tentatively enhance the rate of phase transitions and thereby improve the accuracy in the determination of Tm by MD simulation:
(i) MD simulations initiated from a system consisting of the two phases in contact; (ii)
temperature replica exchange 73–75 MD (T-REMD) initiated from a system consisting of a
single phase.
An MD simulation initiated from a system with the two phases in contact has the
advantage that the system contains both a nucleation unit for the formation of the ordered
phase and a disruption unit for the formation of the disordered phase. If the simulation

Figure 5.2: Chemical structure of the lipid glycerol-1-monopalmitate (GMP) with atom
numbering.
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is not performed under conditions at which the two phases can coexist in equilibrium
(T 6= Tm ), the stable phase is expected to grow at the expense of the metastable one. In
this way, the progression towards equilibrium should be faster compared to that of an MD
simulation initiated from a homogeneous metastable phase.
The idea of the T-REMD method is to simulate parallel non-interacting replicas of the
system at different temperatures. The Metropolis criterion 78 is then applied periodically
to allow replicas to exchange. Two important parameters have to be chosen in T-REMD
simulations: a time interval τex between exchange attempts and a temperature difference
∆T between two consecutive replicas. This approach is usually applied to sample large and
rough phase spaces. The replicas at high temperatures are more likely to cross barriers
and may quickly span the free-energy surface, while the replicas at low temperatures
replicas predominantly visit local minima which enable precise sampling of the relevant
regions in the phase space. In this work, we apply T-REMD in a slightly different spirit,
i.e. allowing replicas to cross barriers at both high and low temperatures so as to speed
up the transitions. The idea is illustrated in Figure 5.3. The replicas at T ≈ Tm are
expected to be kinetically trapped for long times in either of the two phases, due to high
barriers for both the GL,ID→LC and LC→GL,ID transitions. However, they are allowed
to transiently exchange to lower (T  Tm ) or to higher (T  Tm ) temperatures. At
T  Tm , the barrier for the LC→GL,ID transition would be considerably reduced. At
T  Tm , the barrier for the LC→GL,ID transition would also be considerably reduced.
The expectation is thus that cycling through temperatures should enhance both types of
transitions.
The two methods are applied to study a lipid bilayer consisting of GMP lipids (Figure 5.2). GMP was used as a model lipid in previous simulation studies by our
group 260,261,277,279–281 . The advantages of GMP as a model system are that: (i) lipids

Figure 5.3: Schematic illustration of the free energy profile (free energy as a function of
some collective coordinate describing the phase transition) at different temperatures considering ordered (GL or ID) and disordered (LC) phases. The three temperatures are lower
than, close to or higher than the main transition temperature Tm .
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with only one acyl chain exhibit a faster relaxation; (ii) the uncharged headgroup also
leads to a faster relaxation and limits finite-size and approximate-electrostatic artifacts;
(iii) a ripple phase does not occur during the GL↔LC transition 285 ; (iv) experimental
thermodynamic and structural data are available 286,287 ; (v) a comparison to previous studies by our group is possible.
The present study compares the bracketing approach used in previous work to the two
above mentioned methods: (i) MD with mixed phase; (ii) T-REMD with different values
of τex and ∆T . Both methods are expected to provide a more accurate estimate of Tm
(smaller bracketing interval) given a similar computational effort.

5.2
5.2.1

Computational procedures
Simulations

All simulations were carried out using the GROMOS MD++ program 146–149 . They relied
on the 53A6OXY force field 207 for the lipids and methanol, along with the SPC water
model 209 . Four different simulation setups were applied using either plain MD or TREMD 73–75,288–292 with different exchange times τex and temperature differences ∆T . The
four setups are: (i) parallel MD simulations at 24 temperatures (no temperature exchange)
in the range 290-359 K in step of 3 K, with the acronym PA 3K; (ii) T-REMD simulations
at 24 temperatures in the range 290-359 K with τex = 50 ps and ∆T = 3 K, with the
acronym RE 50ps 3K; (iii) T-REMD simulations at 24 temperatures in the range 290-359
K with τex = 1 ns and ∆T = 3 K, with the acronym RE 1ns 3K; and (iv) T-REMD
simulations at 71 temperatures in the range 290-360 K with τex = 50 ps and ∆T = 1 K,
with the acronym RE 50ps 1K.
The simulations were performed under periodic boundary conditions based on rectangular boxes containing a lipid bilayer in the xy-plane along with nW water molecules and
nM methanol molecules. The system compositions are detailed in Section 5.2.2. The
simulations were carried out in the isothermal-isobaric (NPT) ensemble at a constant
temperature (specific temperature for the different simulations) and at a constant pressure of 1 bar. The temperature was kept close to its reference value by weakly coupling 156
the lipids and solvent molecules separately to two heat baths using a relaxation time of
0.1 ps. The pressure was kept close to 1 bar by weakly coupling 156 the atomic coordinates and box dimensions in the xy-plane and along the z -axis separately (semi-anisotropic
coordinate scaling) to a pressure bath with a relaxation time of 0.5 ps and an isothermal
compressibility of 4.575 · 10−4 kJ−1 · mol · nm3 as appropriate for biomolecular systems 42 .
Newton’s equations of motion were integrated with the leap-frog algorithm 64 based on
a timestep of 2 fs. The center of mass translation was removed every 0.2 ps. Bond-length
constraints as well as full rigidity of the water molecules were imposed using the SHAKE
procedure 153 with a relative geometric tolerance of 10−4 . The twin-range cut-off scheme 154
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was applied for the calculation of the non-bonded interaction, with short- and long-range
cutoff distances set to 0.8 and 1.4 nm, respectively, and an update frequency of 5 timesteps
for the short-range pairlist and intermediate-range interactions. A reaction-field correction 60,61 was applied to account for the mean effect of the electrostatic interactions beyond
the long-range cutoff distance, using a relative dielectric permittivity of 61 as appropriate for SPC water model 209 (the effect of methanol on this property was neglected). In
the T-REMD simulations, the velocities were rescaled upon exchange to match the target
temperatures. Simulations lasted 200 ns for each system after equilibration.
A Metropolis criterion is applied for exchanges between configuration in the T-REMD
simulations, where the probability wij of exchanging two configurations i and j is

1,
for ∆ ≤ 0
wij =
(5.1)
(−∆)
e
for ∆ > 0
with
∆ = (βj − βi )(Ui − Uj ).

(5.2)

Here, Ui and Uj are the potential energies of the configuration, and βi and βj the Boltzmann
factors corresponding to their current temperatures, with and β = (kB T −1 ), kB being the
Boltzmann constant.

5.2.2

Simulated systems

The initial configurations were taken from previous studies performed by our group 260,261 .
Two types of starting configurations for the lipid bilayer were used, either homogeneous
(initiated from one single phase) or heterogeneous (initiated form two different phases
in contact). In both cases, zero or high methanol contents were considered. The high
content is greater than crev , which was estimated to be 261 5.2 mol·dm−3 . In the case of a
homogeneous starting configuration, two different bilayer sizes were considered with 72 and
128 GMP molecules. The simulations involved racemic mixtures of two lipid enantiomers
and were performed in the full hydration regime. The full hydration regime is defined
based on Ref. 277,286 as a higher than 36% water per lipid mass ratio. In this regime,
Tm becomes independent of the water concentration. The composition of the different
systems, along with their acronyms used to refer to them in the text, is summarized in
Table 5.1.
The simulations initiated from the homogeneous bilayer structure combine: (i) zero or
high methanol content; (ii) all the three phases (LC, GL or ID) as the initial configuration;
(iii) small (2×6×6) and large (2×8×8) bilayer patches. The resulting 12 systems are listed
in the upper half of Table 5.1. The acronym is a string consisting of the type of solution
environment (W for water or M for aqueous methanol), the starting phase (PH = LC, GL
or ID) and the patch size (S for small or L for large). Before each production simulation,
all systems were equilibrated during 24 ns at 300 K or 340 K for the ordered and disordered
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acronym

nL

nW

nM

W PH S
M PH S
W PH L
M PH L
W GL-ID
M GL-ID
W GL-LC
M GL-LC
W LC-ID
M LC-ID

72
72
128
128
230
230
222
222
250
250

490
490
853
853
1675
1675
1675
1675
1675
1675

0
200
0
320
0
600
0
600
0
600

cM
[mol · dm−3 ]
0
12.2
0
11.6
0
11.3
0
11.3
0
11.3

Table 5.1: Composition of the simulated systems. For each system, the following parameters are reported: the number nL of lipid molecules, the number nW of water molecules,
the number nM of methanol molecules, and the molarity cM (number of moles of methanol
per liter of methanol-water solution, based on the methanol-water solution densities from
Ref 293 ). The acronym W stands for pure water, M for aqueous methanol, PH for the initial
phase (LC, GL or ID), LC for the liquid crystal phase, GL for the gel phase and ID for the
interdigitated phase.

phases, respectively. For these systems, simulations were carried out systematically using
the protocols PA 3K, RE 50ps 3K, RE 1ns 3K and RE 50ps 1K of Section 5.2.1. The
simulations of the small systems for the GL↔LC transition (W LC S, W GL S) were also
once repeated with different initial velocities to examine the reproducibility.
The simulations initiated from the second type of bilayer structure (heterogeneous) combine: (i) zero or high methanol contents; (ii) a GL and ID, a GL and LC, or a LC and
ID patch. The resulting 6 systems are listed in the lower half of Table 5.1. The acronym
is a string consisting of the type of solution environment (W for water or M for aqueous
methanol) and the phase combination defining the initial configuration (PH1 -PH2 , where
PH1 , PH2 = LC, GL or ID). The mixed patches have varying sizes, because of the different
structural parameters of each phase e.g. a phase with thin and broad bilayer has to be
cropped to match the same width with a phase with thick and narrow bilayer. Before
each production simulation, the mixed patches were briefly relaxed at 300 K for only 1.2
ns to prevent an occurrence of a transition. For these systems, simulations were carried
out using the protocol PA 3K only.

5.2.3

Analysis

The simulations were analyzed in terms of the following properties: (i) the area per lipid a;
(ii) the bilayer thickness h; (iii) the tail-end to tail-end distance t; (iv) a phase-assignment
descriptor η; (v) the temperature interval [Tmin , Tmax ] bracketing the main transition
temperature Tm ; (vi) the temperature evolution of the replicas during the simulation (for
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T-REMD); (vii) the potential energy U.
The parameter a is the area of the patch divided by the number of lipid molecules in each
of the two leaflets. The parameter h is the difference between the average z -coordinate
of the ester oxygen atoms (atom number 8 in Figure 5.2) of the top and the bottom
leaflet. The parameter t is the difference between the average z -coordinate of the terminal
methyl group of the acyl chain (united-atom number 25 in Figure 5.2) of the top and the
bottom layer. For the calculation of h and t, the configurations must first be gathered by
application of periodic translations along the z-axis in such a way that the bilayer midplane is at z=0. Note that t can be negative in the case of an interpenetration of the tails of
the two leaflets. The parameter η is used to assign a phase to each trajectory configuration.
It is defined based on the structural parameters a, h and t by applying the cutoffs listed in
Table 5.2. These threshold values were defined based on previous work 260,261,280 on GMP
bilayers, by visual analysis of the three phases and correlation with the parameter values.
An illustrative example of time series for η is shown in Figure 5.4 for four simulations
relying on the RE 50ps 1K simulation protocol.
For the first type of simulations (homogeneous patch), the temperature interval [Tmin ,
Tmax ] bracketing Tm is calculated based on the time series of η during the simulations
started from the ordered and the disordered phases. The lower bound Tmin of the Tm
interval corresponds to the highest temperature at which the ordered phase prevails in the
last 20 ns of a simulation started from the disordered phase. Similarly, the upper bound
Tmax of the Tm interval corresponds to the lowest temperature at which the disordered
phase prevails in the last 20 ns of a simulation started from the ordered phase.
For the second type of simulations (heterogeneous patch), the temperature interval [Tmin ,
Tmax ] bracketing Tm is defined in a similar way, except for the absence of reference to the
initial configuration (which is not in a single phase). In this case, the lower bound Tmin
for Tm is the highest temperature at which the ordered phase prevails in the last 20 ns.
Similarly, the upper bound Tmax for Tm is the lowest temperature at which the disordered
phase prevails in the last 20 ns.
The temperature evolution of the replicas in time shows the frequency of exchanges. For
a successful T-REMD simulation, exchanges have to allow all the replicas to reach both
LC
GL
ID
parameter
2
a /nm
≥ 0.305 < 0.305 ≥ 0.305
h /nm
≤ 3.250 > 3.250 ≤ 3.250
t /nm
> -0.300 > -0.300 < -0.300
Table 5.2: Cutoff values of the three parameters used to assign a phase to a given lipid
configuration for glycerol-1-monopalmitate (GMP): area per lipid a, bilayer thickness h,
and tail-end to tail-end distance t. LC stands for the liquid crystal phase, GL for the gel
phase and ID for the interdigitated phase. The conditions on a, h and t must be fulfilled
simultaneously for a phase to be assigned. Configurations matching none of the three triplets
are labeled unassigned (UN).
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Figure 5.4: Phase descriptor evolution with the RE 50ps 1K simulation protocol for the
GL↔LC transition (in pure water) in the left column and the ID↔LC transition (in aqueous
methanol) in the right column. The large systems are considered in all cases. The top row
corresponds to simulations started from the ordered phase and defines the upper limit Tmax
to Tm . The bottom row corresponds to simulations started from the disordered phase and
defines the lower limit Tmin to Tm .

low and high temperatures. In this case, they should be able to undergo phase transitions
in the finite simulation time.
The potential energy U enters the criterion for the exchange probability (Equation 5.2).
Based on Equation 5.1 a sufficient overlap of the potential energy distributions between
successive replicas is necessary to get a sufficient number of exchanges.

5.3

Results

The time series of η for the simulation protocol RE 50ns 1K considering equilibria GL↔LC
in pure water and ID↔LC in aqueous methanol are shown in Figure 5.4. The corresponding graphs including all simulations can be found in Suppl. Mat. Figures 5.S.1-5.S.13.
In the top row of Figure 5.4, the simulations starting from the ordered phase (GL or ID)
undergo a phase transition to LC for sufficiently high T . The higher the temperature, the
earlier the transition takes place in the simulation. The lowest T at which the transition is
observed and the LC prevails in the last 20 ns is the upper bound Tmax of the bracketing
interval for Tm . In the bottom row, the simulations starting from LC phase undergo a
phase transition to the ordered (GL or ID) phase for sufficiently low T . The lower the
temperature, the earlier the transition takes place. The highest temperature at which the
transition is observed and the ordered phase prevails in the last 20 ns is the lower bound
Tmin of the bracketing interval for Tm . The reason why Tmax and Tmin differ (hysteresis) is
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that close to Tm , which resides between these two temperatures, the driving force for the
transition is too small for the transition to occur within 200 ns. The temperatures Tmin
and Tmax are expected to become identical in the limit of infinite sampling.
Corresponding Tm bracketing intervals were obtained based on the time series of η for all
the protocols and systems listed in Sections 5.2.1 and 5.2.2, i.e. a total of 22 combinations.
The results are shown in Figure 5.5. The intervals for GL↔LC are in agreement with the
Tm values of 318-320 K reported previously 260,261 using the bracketing approach and in
qualitative agreement with the experimental value 286 of 328 K. The intervals for ID↔LC
are also in agreement with values of 312-315 K reported previously 260,261 based on the
bracketing approach.
The simulations involving the mixed (heterogeneous) systems lead to smaller bracketing

Figure 5.5: Bracketing intervals for Tm based on all simulation protocols and system
setups. The top panel shows GL↔LC transition and the bottom panel shows ID↔LC
transition. In this figure, PH stands for the initial phase (LC, GL or ID), LC for the liquid
crystal phase, GL for the gel phase and ID for the interdigitated phase. The protocols
considered are PA 3K (parallel MD simulations at 24 temperatures without temperature
exchange in the range 290-359 K in step of 3 K), RE 1ns 3K (T-REMD simulations at
24 temperatures in the range 290-359 K with τex = 1 ns and ∆T = 3 K), RE 50ps 3K
(T-REMD simulations at 24 temperatures in the range 290-359 K with τex = 50 ps and
∆T = 3 K), RE 50ps 1K (T-REMD simulations at 71 temperatures in the range 290-360 K
with τex = 50 ps and ∆T = 1 K). The simulations for the GL↔LC transition with a small
patch involve two independent simulations.
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intervals than those involving a temperature ladder (without or with replica exchange),
especially for the ID↔LC transition. These systems probably cross the barrier more easily
because they already have a nucleation region. For the temperature-ladder approaches,
the intervals for the ID↔LC transition are wider than those for the GL↔LC transition.
This may indicate that the ID↔LC transitions have higher enthalpy or entropy barriers
than the GL↔LC transitions and, therefore, reaching equilibrium takes more time.
For the GL↔LC transition, the size of the patch influences the size of the bracketing
interval. The upper bound of the interval for the smaller system is systematically lower
than that for the corresponding larger system. On the other hand, the lower bound of
the interval is not significantly affected. As a result, the intervals for the smaller systems
are narrower in the GL↔LC case. The upper bound is defined by the GL→LC transition
and it appears that this transition is easier facilitated in a smaller as opposed to a larger
system (i.e. it can occur within 200 ns at temperatures that are closer to Tm ). This may
suggest that the small systems may suffer from finite-size effects. The simulation repeats
involving the small patch hint of a good reproducibility of these observations.
In the ID↔LC case, the width of the intervals is larger than in the GL↔LC case.
Some of the smaller systems are shifted to slightly higher temperatures compared to the
corresponding larger systems. However, this shift may not be statistically significant. In
contrast to what was observed for the GL↔LC case, the upper bound of the interval does
not change with the system size. The reason could be that the ID phase is stable already
in small patches and is not so influenced by system-size as the GL phase.
The intervals from the bracketing approach using mixed systems (heterogeneous initial
configuration) are in agreement with those from the other simulations, except for the
small systems in the GL↔LC case, which are suspected to suffer from finite-size effects.
The intervals are 4 times or more narrower in the case of large systems in comparison to
the results using homogeneous systems. Furthermore, the final intervals could already be
obtained after about 50 ns of simulation. Thus, this mixed-system approach appears to
be significantly more efficient.
For the T-RMED setups, the Tmin and Tmax change only slightly with a different choice
of simulation protocol. Besides Figure 5.5, this can be seen in Figure 5.6 which shows the
results for the GL→LC transition applied on the larger patch starting from the GL phase
and in pure water using the four different protocols. All protocols give a similar upper
bound and a similar rate of transition to LC for the higher temperature simulations. This
means that, against intuitive expectation (Section 5.1) and irrespective of ∆T and τex ,
T-REMD does not enhance the transition rate.
The time series of the phase descriptor is shown with the frequency of exchanges in
Figure 5.7 for the protocols RE 50ps 1K and RE 50ps 3K involving the large patch starting
from the GL phase in pure water. In both T-REMD setups with ∆T = 1 or 3 K, the
exchanges are scarce between consecutive replicas which are in different phases. The lack
of exchanges is caused by an insufficient overlap of the potential energy distributions of
the corresponding replicas.
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Figure 5.6: Phase descriptor evolution with four simulation protocols for the large systems
in pure water starting from gel phase. The protocols considered are PA 3K (parallel MD
simulations at 24 temperatures without temperature exchange in the range 290-359 K in
step of 3 K), RE 1ns 3K (T-REMD simulations at 24 temperatures in the range 290-359 K
with τex = 1 ns and ∆T = 3 K), RE 50ps 3K (T-REMD simulations at 24 temperatures in
the range 290-359 K with τex = 50 ps and ∆T = 3 K), RE 50ps 1K (T-REMD simulations
at 71 temperatures in the range 290-360 K with τex = 50 ps and ∆T = 1 K).

To illustrate the latter point, the time series of η is shown along with the corresponding
potential energy distributions of all replicas in Figure 5.8 for the RE 50ps 1K protocol
considering two simulations started in the ordered phase. The overlap in the potential
energy distributions is small between consecutive replicas which are in different phases.
Figure 5.9 shows potential energy distributions of the three phases in pure water and in
aqueous methanol simulated at the same temperature and with the RE 50ps 1K protocol.
In both cases, the difference in the potential energy distribution is larger between the
LC and ID phases than between the LC and GL phases. This suggests a more complex
rearrangement with a larger energy change during the LC↔ID phase transition, and explains the wider bracketing intervals of Tm . However, the lack of exchanges is observed for
the both the ID↔LC and GL↔LC transitions.
The reasons why T-REMD does not facilitate the Tm estimation (i.e. reduce the bracketing interval) compared to the bracketing approach without exchanges is because of the
lack of exchanges between consecutive simulations which are in different phases. This
effect is related to the fact that a phase transition is a first-order transition characterized
by a discontinuity in the molar enthalpy as a function of T . The magnitude of the discontinuity is the latent heat of transition, which causes the energy gap between two phases at
the same temperature 294–296 . A consequence of the lack of exchanges between consecutive
simulations which are in different phases is that replicas cannot reach temperatures which
are sufficiently far from Tm so that the phase transitions occurs rapidly. This issue cannot
be solved by decreasing ∆T , by changing the distribution of the replicas or by changing
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Figure 5.7: Phase descriptor evolution and exchanges of replicas for the system W GL B
and two simulation protocols RE 50ps 1K and RE 50ps 3K. The first row shows the phase
evolution, the second row shows the temperature trajectory of all replicas, the third row
shows every 8th and 4th replica for RE 50ps 1K and RE 50ps 3K, respectively, and the fourth
row shows an enlarged region which is in the red frame in the third row. The enlarged plots
show every 4th and 2th replica for RE 50ps 1K and RE 50ps 3K, respectively.

τex , because the potential energy difference will remain large irrespective of the simulation
temperature.
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Figure 5.8: Phase descriptor evolution and potential energy distribution in the RE 50ps 1K
simulation protocol for the GL↔LC transition (in pure water) in the top row and the ID↔LC
transition (in aqueous methanol) in the bottom row. The energy distribution is calculated
from the last 50 ns of the simulation. Both simulations started from ordered phase.

Figure 5.9: Potential energy distribution in the RE 50ps 1K simulation protocol for all
three phases at 320 K in pure water (left panel), and in aqueous methanol at 310 K (right
panel).

5.4

Conclusions

The best approach out of the ones considered here is the MD bracketing initiated from a
simulation box encompassing the two different phases in contact. The T-REMD protocol
did not significantly decrease the computational effort required in the Tm estimation. A
phase transition, as a first-order transition, has a discontinuity in the molar enthalpy as a
function of T . This causes a gap between the potential energy distributions of consecutive
replicas which are in different phases. This results in scarce exchanges between these
replicas and prevents all replicas to reach sufficiently low or high T at which the transition
would occur within the simulation time.
The difference in the potential energy distribution is larger between the LC and ID
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phases than the LC and GL phases. This suggest a more complex rearrangement in the
LC↔ID phase transition and can explain the wider prediction intervals of Tm . The wide
intervals for the ID↔LC study may as well indicate that the ID↔LC transitions has higher
energy barriers and therefore the establishment of the equilibrium requires a longer time.
The size of the patches influences only the GL↔LC simulations and not the ID↔LC ones.
Therefore, the GL phase is more sensitive to the finite size effects.
A solution might be to use a type of Hamiltonian replica exchange MD called generalized
replica exchange method or q-REM 295–297 which has been successfully applied for phase
transitions close to the critical temperature 295,296 . In this generalized replica exchange
method, each replica has a Hamiltonian differing in a parameter q which is similar to
smoothing parameter in enveloping distribution sampling 298,299 . As q approaches 1.0 the
original Hamiltonian is restored. As q becomes larger than one, the energy barriers are
reduced and replicas can undergo the phase transition.
Another approach for future investigation could be T-REMD with mixed phases. In
T-REMD with mixed phases, the presence of two phases could eliminate the gap between
potential energy distributions and T-REMD could enhance the transition by allowing
replicas to access high or low temperatures.
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Figure 5.S.1: Phase descriptor evolution with the PA 3K simulation protocol and for the
GL↔LC transition (in pure water). The large systems are in the left column and the two
repeated simulations of the small systems are in the middle and the right columns. The top
row corresponds to simulations started from the GL phase and defines the upper limit of
Tm . The bottom row corresponds to simulations started from the LC phase and defines the
lower limit of Tm .
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Figure 5.S.2: Phase descriptor evolution with the PA 3K simulation protocol and for the
ID↔LC transition (in aqueous methanol). The large systems are in the left column and the
small systems are in the right column. The top row corresponds to simulations started from
the ID phase defines the upper limit of Tm . The bottom row corresponds to simulations
started from the LC phase and defines the lower limit of Tm .

Figure 5.S.3: Phase descriptor evolution with the PA 3K simulation protocol and for the
metastable initial configuration. The starting phase was an ordered phase GL and ID with in
aqueous methanol and in pure water, respectively. The large systems are in the left column
and the small systems are in the right column. The top row corresponds to simulations
started from the GL phase. The bottom row corresponds to simulations started from the
ID phase.
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Figure 5.S.4: Phase descriptor evolution with the RE 50ps 1K simulation protocol and
for the GL↔LC transition (in pure water). The large systems are in the left column and
the two repeated simulations of the small systems are in the middle and the right columns.
The top row corresponds to simulations started from the GL phase defines the upper limit
of Tm . The bottom row corresponds to simulations started from the LC phase and defines
the lower limit of Tm .

Figure 5.S.5: Phase descriptor evolution with the RE 50ps 1K simulation protocol and
for the ID↔LC (in aqueous methanol). The large systems are in the left column and the
small systems are in the right column. The top row corresponds to simulations started from
the ID phase defines the upper limit of Tm . The bottom row corresponds to simulations
started from the LC phase and defines the lower limit of Tm .
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Figure 5.S.6: Phase descriptor evolution with the RE 50ps 1K simulation protocol and
for the metastable initial configuration. The starting phase was an ordered phase GL and
ID with in aqueous methanol and in pure water, respectively. The large systems are in the
left column and the small systems are in the right column. The top row corresponds to
simulations started from the GL phase. The bottom row corresponds to simulations started
from the ID phase.
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Figure 5.S.7: Phase descriptor evolution with the RE 50ps 3K simulation protocol and
for the GL↔LC transition (in pure water). The large systems are in the left column and
the two repeated simulations of the small systems are in the middle and the right columns.
The top row corresponds to simulations started from the GL phase defines the upper limit
of Tm . The bottom row corresponds to simulations started from the LC phase and defines
the lower limit of Tm .

Figure 5.S.8: Phase descriptor evolution with the RE 50ps 3K simulation protocol and
for the ID↔LC transition (in aqueous methanol). The large systems are in the left column
and the small systems are in the right column. The top row corresponds to simulations
started from the ID phase defines the upper limit of Tm . The bottom row corresponds to
simulations started from the LC phase and defines the lower limit of Tm .
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Figure 5.S.9: Phase descriptor evolution with the RE 50ps 3K simulation protocol and
for the metastable initial configuration. The starting phase was an ordered phase GL and
ID with in aqueous methanol and in pure water, respectively. The large systems are in the
left column and the small systems are in the right column. The top row corresponds to
simulations started from the GL phase. The bottom row corresponds to simulations started
from the ID phase.
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Figure 5.S.10: Phase descriptor evolution with the RE 1ns 1K simulation protocol and
for the GL↔LC transition (in pure water). The large systems are in the left column and
the two repeated simulations of the small systems are in the middle and the right columns.
The top row corresponds to simulations started from the GL phase defines the upper limit
of Tm . The bottom row corresponds to simulations started from the LC phase and defines
the lower limit of Tm .

Figure 5.S.11: Phase descriptor evolution with the RE 1ns 1K simulation protocol and
for the ID↔LC transition (in aqueous methanol). The large systems are in the left column
and the small systems are in the right column. The top row corresponds to simulations
started from the ID phase defines the upper limit of Tm . The bottom row corresponds to
simulations started from the LC phase and defines the lower limit of Tm .

136

Chapter 5. Lipids

Figure 5.S.12: Phase descriptor evolution with the RE 1ns 3K simulation protocol and
for the metastable initial configuration. The starting phase was an ordered phase GL and
ID with in aqueous methanol and in pure water, respectively. The large systems are in the
left column and the small systems are in the right column. The top row corresponds to
simulations started from the GL phase. The bottom row corresponds to simulations started
from the ID phase.

5.5. Supplementary information

137

Figure 5.S.13: Phase descriptor evolution with the PA 3K simulation protocol and for the
mixed-phase initial configuration. The left and right column have zero and high methanol
concentration, respectively. The top row corresponds to simulations started from a mixture
of two phases which are stable for a given methanol concentration. The second corresponds
to row simulations started from a mixture where the ordered phase is metastable for a
given concentration of methanol. The bottom row corresponds to simulations started from
a mixture of two ordered phases where one of them is metastable for a given methanol
concentration.

Chapter 6

Outlook
MD simulation is an established method providing insight into the dynamics of (bio)molecular systems at spatial and temporal resolutions on the order of 0.1 nm and 1 fs,
respectively. To improve sampling at finite computational time, two methods were used
in the present thesis: the temperature replica exchange molecular dynamics (T-REMD)
method and the local elevation umbrella sampling (LEUS) method.
In Chapter 2, the conformational equilibrium of the six-membered ring, which is a
common structural feature in carbohydrates, was investigated in terms of the influence
of non-polar ring substitution. Most isomers adopt only one conformation, namely the
chair conformation with substituents oriented equatorially, the preference increases with
the bulkiness of the substituents. However, three isomers were found to adopt different
conformations in the case of bulky substituents. The trans-1,2 isomers prefer the chair conformation with both substituents oriented axial. The trans-1,3 and cis-1,4 isomers adopt
a non-negligible amount of non-chair conformations. Finally, the compound trans-biscyclohexylmethyl-cyclohexane, which is structurally similar to a branched trisaccharide,
slightly prefers 4 C1 over 1 C4 . This suggest that destabilization of the 4 C1 conformation
of the central residue of LewisX, which is investigated in Chapter 3 is not due to a steric
repulsion.
In Chapter 3, new GROMOS force-field parameters were presented for 12 functionalized
hexopyranoses and for the branched trisaccharide LewisX, which contains some of the
new functionalized hexopyranoses. Although the functionalized hexopyranoses presented
the expected conformational behavior, the dominant conformation of LewisX was in disagreement with experimental NOE-derived proton-proton distances. The reason for the
discrepancy was the variation of the atomic partial charges upon functionalization, which
dramatically affected the ring-conformational equilibrium via third-neighbor electrostatic
interactions around the ring. A remedy to this problem could be a force field which replaces third-neighbor electrostatic interactions around the ring by appropriate torsional
terms, leading to a better parameter transferability across compounds. This approach
was implemented in the force-field modification TORS which excluded the third-neighbor
electrostatic interactions around the ring and introduced new torsional terms to substitute to the electrostatic interaction of the excluded pairs. The TORS modification led to
similar conformational behavior as the GROMOS force fields 56A6CARBO , which describes
well monosaccharides but fails to describe the conformational behavior of oligosaccharides.
Further work should focus on improving the parametrization of the new torsional terms
of TORS.
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In Chapter 4, the glycosidic-linkage conformational preferences were investigated for 31
aldohexopyranose disaccharides using two types of theoretical approaches. The first approach, conformational scanning (CS), relied on performing systematic variations of the
glycosidic and exocyclic dihedral angles, all other covalent parameters taking fixed values.
The results were used to construct maps in the glycosidic space (CS-maps) characterizing
separately : (i) the potential for steric clashes; (ii) the influence of short-range (including
stereolectronic) effects local to the linkage; (iii) the potential for inter-residue hydrogenbonds. The second approach, MD simulations with LEUS investigated the systems in
terms of free-energy maps in gycosidic space (MD-maps). It was shown that the computationally inexpensive CS-maps reproduce well the numbers, positions and relative free
energies of the main minima on the MD-maps. Steric clashes and short-range effects were
recognized as the leading conformational forces, with virtually no influence of inter-residue
hydrogen-bonding in water. All maps presented a single significantly populated basin, generally broad and possibly accompanied by one or two metastable states with high relative
free energies. These observations suggest that the flexibility of oligo- and polysaccharide
chains is due primarily to thermal fluctuations around a main glycosidic preference, with
a secondary role for the occasional occurrence of alternative glycosidic states. The CS approach could be used for larger systems like oligosaccharides, where the difference between
computation costs of the CS and MD approaches is even more dramatic.
In Chapter 5, two phase transitions of lipid bilayers consisting of glycerol-1monopalmitate were investigated. Three methods were tested in their ability to facilitate the determination of the main transition temperature between phases, namely MD
simulation initiated from a homogeneous phase, MD simulation initiated from a system
consisting of two phases in contact (mixed phases) and T-REMD. The T-REMD method
did not lead to any significant enhancement of the convergence rate of the transition temperature determination in comparison to MD initiated from a single-phase, whereas MD
with mixed phases shows a faster convergence and narrower prediction intervals. The
reason for the unsuccessful enhancement by the T-REMD method is that the phase transition, as a first-order transition, has a discontinuity in the molar enthalpy as a function of
temperature. This causes a gap between the potential energy distributions of consecutive
replicas which are in different phases. This results in scarce exchanges between these replicas and prevents all replicas to reach a sufficiently low or high temperature at which the
transition would occur within the simulation time. The work could continue with application of the T-REMD method to the systems with mixed phases, where the presence of two
phases could eliminate the gap between potential energy distributions and T-REMD could
enhance the transition by allowing replicas to access high or low temperatures. Another
method of choice for phase transition could be a type of Hamiltonian replica exchange
MD called generalized replica exchange method or (q-REM) which has been successfully
applied for phase transitions close to the transition temperature.
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