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Kurzfassung

Diese Doktorarbeit befasst sich r&ixperimenten, Simulationen und theoretischen
Fragestellungen zur Ferninfrarpektroskopie an Proteineim diesem Frequenzbereich
werden fur die Foktionalitat von Proteinen wichtige kolleké# Bewegungn erwartet.
Trotzdem fehtien bisher reproduzierbare Ferninfrarotspektren unter definierten Bedingungen,
sowie Messungen zur Abhangigkeit bzgl. der wichtigen Parameter Temperatur und
Hydrierung. Grinde hierfur sind vor allem experimentelle Headerungen im
Ferninfrarotbereicjdie es zu Uberwinden giltie z. B.das Fehlen von starken Lichtquellen
zusammen mit dem Bedarf fur sehr sensitive, in unserem Fall heliumgekuhlte Detektoren
AuRerdem miussenalbiologischen Proben so prapariert werddass derenatirlicher
Zustandund damitdie Funktionalitderhalten bleibt, einsignifikanteAbsorption

gewabhrleistet ist, ab&rotzdemnoch eine ausreichende Transmission fir die Messung
vorhanderist.

Fur den experimentellen Teil, meSchwerpunkt diser Arbeitwurdeninsgesamt funf
Messaufbauten konzipiert, die es erlauBeoteine unter einen Infrarotknoskop zu messen,
welches als Quelle ein Fouri@ransformSpektrometer nutzt. Mit dem wesentlichen Aufpau
der sogenennteh At mo s p h @ sing Messearlgdén @nfiFrequenzbereich von ca. 40 cm
bis 690 crit moglich, was ungefahr 1 bis 20 THz entspridbamit reicht der Messbereich
Uber den Ferninfraretn den TerahertErequenzbereich hineiber Messaufbau erlaubt es
aulRerdem die beiden wichtigBarameter Temperatund Hydrierung zu variieren. Diese
beeinflussen di€roteindynamikso dass\uswirkungen auf das Ferninfrargisktrum von
Proteinen zu erwartegind, was sich auch in den Messergebnissen bestatigteaemperatur
und feuchtigkeitsablmgige Messungen zu realisienenrde eine eigene Praparationsmethode
entwickelt, die es erlaubt freitragende Proteinfilme herzustelemit konnte auf das sonst
ubliche Tragermaterial verzichtet werden, welches insbesondere die externe Hydrierung der
Filme erschwert bzw. behindefuséatzlichbietendie freitragenden Filme die Mdglichkeit die
Proteinmenge auf ein optimales SigRauschVerhaltnis flr die technisch schwierigen
Messungen im Ferninfrarotbereich einzustell@rundlagedieserProbenpraparain ist die
HerstellungeinesFilms mittels Lyophilisation auf Polypropylen, welches einen ahnlichen
thermischen Ausdehnungskoeffizienten besitzt wie der Proteinfilm selbst. Somit werden bei
den fur die Herstellung notwendigen Temperaturdnderungen Ridaémnaerhindert. Das
hydrophobe Tragermaterial erleichtatif3erdeneine Abldsung des Proteinfilms nach
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Abschluss des Lyophilisationsprozesses, so aiasshlieRendreitragende Filme in die
Atmosphéarenzelle fur dieigentlicheMessung tbertragen werdennki@n. Mittels eines
PeltierElements und eines P00 Temperatursensors kann die Temperatur in der
Atmosphéarenzellautomatisiert auf 0,1 K genau eingestellt und gehalten werden. Der fur
Proteine physiologisch relevante Temperaturbereich von 4°C bis 58d@alistandig
abgedeckt. DiexterneHydrierung der Filme erfolgt (iber gesattigte Salzlosungen. Uber
diesen stellt sich eine so konstante relative Luftfeuchtigkeit ein, dass diese Matbbtle

die Kalibrierung von Feutigkeitsensoren verwendet wirdte\é verschiedener Salzlésungen
kann die relative Luftfeuchtigkeit und damit die Hydrierung des Proteinfilms in einem
Bereich von 33% bis 97% relativer Luftfeuchtigkaiit einerStabilitatvon besser als 1%
relativer Luftfeuchtigkeitariiert werdenUber die sogenannte SorptitsothermGleichung
kann die Hydrierung des Proteiggantitativbeschrieben werden. Unt&usnutzungder
Verhéltnisse zwischen unsereekannterParametern der Probenpraparation und dem
Messbereich unter dem Mikroskopriktten wirsogar erstmals direkt auf die Anzahl der
Wassermolekiile und deren-Aind Abnahme bei Veranderung der relativen Luftfeuchtigkeit
schlieBenEine solcheexterne Hydrierung reicht aus eine annahernd natirliche Umgebung
einesProteins in wassriger Loésung gimulieren. Beweis dafir ist das Einsetzen der
enzymatischen Aktivitat verschiedener Proédereits bei sehr geringer externer Hydrierung,
die die fur die Funktionalitat notwendige Proteindynamik auslésen. Somit kann das Protein
nahezun seinem naturlicen Zustand gemessen werden und die starke Absorption von
Wasser im Ferninfrarotbereich umgangen werden. Das Dreikomjgmsgstem aus Protein,
biologischen Wasser und Wasbei einer Messung in wassriger Losk@nnmit unserem
Messaufbawauf die erstetbeiden Komponenten reduziert werden, was dierjmétation der
Ergebnisse erlehtert. Biologisches Wasser werden Wassermolekile genannt, deren
Eigenschaften durch die Bindung odiez Nahe zum Protein gegenuber freien Wasser
abweichenDies betrifft z. B translatorische und rotatorische Freihessigeinzeher
Wassermolekilesowie das Wasserstoffbriickennetzweankl somit aucldie

spektroskopischen Eigenschafthaser Molekulem Ferninfrarotbereich.
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Abb. 1: Ferninfrarotdsorptionspektredervier ggmessean Proteine bei einer Tempenaton 24°C

und 33% relativeLuftfeuchtigkeit.Im Gegensatz zum Terahefzequenzbereich lassen sich

die vier Proteine anhand mehrerer Absorptionsbanden deutlich voneinander unterscheiden

Gemessen wurden vier PrateBovine Serum Albumin (BSA), Hen Egg White Lysozyme
(HEWL), b-Lactoglobulinund Trypsin Inhibitor Teilweise sind dies die ersten publizierten
Ferninfrarotmessungen an diesen Proteinen, jedoch sind es fir alle Proteine die ersten
Messungen unter kontrarten Bedingungen bezuglich Temperatur und Hydrierung.
AulRerdem wurde die Temperatund Feuchtigkeitsabh&ngigkeit der Proteinspektren im
Ferninfrarotbereich untersuchlie in Abbildung 1 zu sehast, lassen sich die vier Proteine
anhand ihrer Fernirdirotspektren unterscheidanddie mittels eines Fits identifizierten
Absorptionsbanden kdnnen fidergleiche zu Simulationseegnissen herangezogerrden

In der Analyse wurden Hinweise darauf gefunden, dass im Ferninfrarot sowohl allgemeine als
auchprateinspezifische AbsorptionsbandauftretenIn den angrenzenden
Frequenzbereichen des mittleren Infrarot und des Terahertzbereicingegereine
Proteinunterscheidung anhand der Spektearm bzw. nicht moglich. Im mittleren Infrarot
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werden die in a#n Proteinen vorkommenden kovalenten Bindungen gemessen. Fur eine
Unterscheidung zwischen Proteinen mussen kleinste Abweichungen in Frequenz, Hohe und
Form der Absorptionsbanden herangezogen werden, die durch die sekundare und tertiare
Struktur und das dyamische Verhalten von Proteinen verursacht werdeM.erahetz-

bereich zeigen alle Proteie@en fast linear ansteigenden AbsorptionsverlaufKBentnis

des Ferninfrarofgektrumsvon Proteinenst dies als tieffrequente Flanke einer breiten
Absorption®ande zwischen 100 ¢hund 200 crit erklarbar Eine Unterscheidung zwischen
Proteinen ist aufgrund der fehlenden Absorptionsbaimdererahertzbereichisher nicht
maoglich.Zusatzlich zu den eigentlichen Messungen wurden weitreichende Untersuchungen
zur Reproduzierbarkeit devlessergebnisseorgenommen indem Spektren unterschiedlicher
Proben aus verschiedenen und gleichen Praparationslaufen, sowie verschiedene

Probenmesspunkte auf einer Probe miteinander verglichen wurden
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Abb. 2: Vergleich der feuclgkeitsabhangigen Veranderung des Ferninfrarotspektrums von Bovine

Serum Albumin (BSA) mit einer kalkulierten Absorption des im Messbereich vorhandenen
Wassers bei Annahme einer Absorption von flissigem WaBeef7% relativer Luft
feuchtigkeit wirdeallein die Absorption der Wassermolekidige gemessene Absorption des
ProteinWassefKomplexes uibersteigen. AuRerdem miisste die relative Anderung der
Absorption mimlestens eine GroRenordnung gréierbeobachtet seiBeide Argumente

lassen auf eindeutlichgeringere Ferninfrarotabsorption von biologischem Wasser schliel3en,
welchesdurch das Protein beeinflusst wird und somit andeyaamische) Eigenschaften

gegeniber flissigeasserzeigt
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Eine Variationder externen Hydrierung der Proteine hat nur egeingen Effekt auf das
Feminfrarotspektrum der Proteinad zeigtwie in Abbildung 2 zu sehen jstur eine kleine,

aber reproduzierbare frequenzunabhangige Zunahme der Absorption mit steigender
Hydrierung Dies ist auf den ersten Blick Uberraschend\aesser im Ferninfrarot stark
absorbierend ist und eine groRe zusatzlicheahl Wassermolekile hinzukommt und die
Absorption stark zunehmen mussigée der Vergleichmit einer kalkulierten Wasserab

sorptionin Abbildung 2 zeigtDa jedoch biologisches Weer hinzukommt, welches durch

das Protein in seinen Eigenschaften beeinflusst wird, konnte aus dem quantitativen Vergleich
geschlossen werden, dass diese Wassermolekiile eine deutlich geringere Ferninfrarot
absorption zeigen als fliissiges WasE#m. Vergléch zum Ferninfrarotspektrum von Eis legt

nahe, dass die eingeschrankte Dynamik der biologischen Wassermolekiile eher eisdhnlich ist.
Somit unterstg¢tzen unser e -Medsl§fiubolggischesdas soge
Wasser. Somit konnten wir ein bishef &inzelmolekilebene beschriebenes Modell

basierend auf Simulationen und Strukturanalysen mit der makroskopischen Grof3e Absorption

verknupfen, die eine Mittelung Giber das dynamische Verhalten von vielen Molektlen

darstellt.
18 T T T T T T T T T T T
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F —— BSA, 24°C
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Abb. 3: Ferninfrarotspektmn von Bovine Serum Albumin (BSA) unter einer Variation der Temperatur.

Als grofiten Effekt konnte eine frequenzunabhéangige Abnahme der Absanitisteigender
Temperatuausgemacht werden (schwarzer Pfeil). Fir 8iskussionder Messergebnisse
wurde dergesamte Temperatureffektdrei unabhangige Teaueratureffekteaufgeteilt. Somit
konnten zudem zwei frequenzabhéangige Effédkemtifiziert werden. Die roten Graphen stellen

jeweils LorentzFits der Proteinspektredar.

11
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Temperaturanderungen hingegen hatieen deutlich gréReren Einfluss auf Bierninfrarot
spektrenalseine Anderung der Hydrierungur Diskussion wurde der Temperatureffekt wie

in Abbildung 3 angezeigt in drei verschiedétfeekte aufgeteilt. Die frequenzunabhéngige
starke Abnahme der Abgption mit steigender Temperatur wird von frequenzabhangigen
Effekten Uberlagert, fir deren Ursache wir im unteren Frequenzbereidariiaming

nahelegen, die nicht fur den frequenzabh&ngigen Effekt bei hGheren Freqgelteekann

und daher separatsttutiert wird.

Fur den frequenzabhangigen Temperatureffekt im unteren Frequenzbereich (grauer Pfeil in
Abbildung 3) konnte fir alle Proteine auf®elcactoglobulineine Veschiebung zu tieferen
Frequenen mit steigender Temperatur beoachtet werbtediesem Frequenzbereich sind
hohere besetztéustande zu bericksichtigen, da Raumtemperatur von 24°C mit einer
Frequenz von 206, 5 chkorrespouiert. Mit steigender Temperatur nimmt die Besetzung
hoherer Zustande zu und somit werden auch Ubergange zwischen héheren Zustanden
haufiger, was zu einer Verschiebung der Absorption zu niedrigeren Frequenzen fuhrt. Flr das
abweichende Verhalten vdnLactoglobuln, welches als einziges Protein zwei Absorptions
banden in diesem Frequenzbereich zeigt, konnte mdglicherweise der hxSteretAnteil
verantwortlich sein. Im héheren Frequenzbergmebil3er Pfeil in Abbildung 3zeigen alle
ProteineFrequenzbreiche mistarker undnit geringerTemperaturabhangigkeit. Letztere
Uberlappen mitur alle gemessenen Proteigefundenen Absorptionsbanden, so dass ein
Zusammenhanmit demallengemeinsamerundgerist eines jeden Protenabe liegt

Der frequenzunabhangigemperatureffekt zeigt einen deutlichen Absorptionsriickgang mit
steigender Temperatur fur alle Proteilggliche Erklarungen hierfir haben viir unserem
Model of Energy Related Correlation Effisdn Proteins (MERCEP) zusammengefasst,
welches zur Klarung szifischer Fragestellungen mit molekulardynamischen Simulationen
untermauert wurde. Wir glauben, dass die steigende Temperatur Korrelationen innerhalb des
Proteins reduziert, welchie fir die Infrarotabsorption relevam®ipolmomente sowie
kollektive Bevegungen betrifft. Insbesondere induzierte Dipolmomente zwischen nicht
gebundenen Atoenin einem typischeWan-derWaalsAbstand zueinandeverden durch

eine Erh6hung des mittleren Abstands geringer. Zusatziicmt die Korrelation innerhalb

der kollektven Proteinbewegungen ab, da diese durchd&WaalsBindungen und
Wasserstoffbriicken gekoppslhd Beide Bindungsaen werden durch die
Temperaturanderungeeinflusst. Erste duratie erwahntéAbstandganderungfir letztere

konnten wir in Simulationereigen, dass zumindest die Lebensdauer der Wasserstoffbriicken

bei einem Temperaturanstieg abnimmt. Die Anzahl der gebildeten Wasserstoffbriicken nimmt

12
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sogar zu, dies weist aber in Summe auf einetégliemperaturinduzieriroteindynamik hin.
Wasserstoffliicken werden kirzexugebildet und aufgrund der héheren Dynamik stehen in
Summe andere und somit mehr Bildungsmdglichkeiten von Wasserstoffbriicken zur
Verfigung. Insgesamt ist die Bewegung der Proteinatome untereinander weniger korreliert
und die kollekiven Proteinbewegungen mit einer Absorption im Ferninfrarotfrequenzbereich
werden geringer. Diese Reduktion der Anzahlladiektiven Proteinbewegungen zusammen
mit dem Ruckgang der fur die Infrarotabsorption relevanten Dipolmomente fihrt zu einem
generden Absorptionsriickgang mit steigender Temperatur in den Ferninfrarotspektren der
Proteine.

Daneben ist in dieser Arbeit ein Review Uber dghér publizierten Ferninfrargisktren von
Proteinen enthalten, sowie Reviews Uber relevante Messungen im Terahdmittleren
Infrarotfrequenzbereich. AuRerdem wurake Ergebnisse der Messungen und Simulationen
in eine umfangreiche Betrachtung verschiedener theoretischer Themen eingebettet, die im
Kontextdieser Arbeit behandelt wurden. So habenbaispielsveiseden in der Literatur
bestehenden Dissebzgl. der Existenz eines Bosagks in Proteispektren aufgegriffen
Proteine zeigen zwar eine breite Algmnsbande in einem ahnlichen Frequenzbereich wie
der Bosonpeak in Glasern, jedoch sprechen die Taeypennd Feuchtigkeitsabhangigkeit
sowie die Existenz bei Temperaturen oberhalb des dynamischen Ubergangs gegen die gleiche
physikalische Ursache dieser Absorptionsbande. Der dynamische Ubergang in Proteinen wird
gerne auch als Glasiibergang bezeichadggh zeigt der Verlauf der Warmekapazitéat einen
eindeutig anderen Verlauf als bei Glasern, so dass auch dieser Begriff flr Proteine nicht
verwandt werden solltéulRerdem ist in dieser Arbasin Weg beschrieben Ferninfrarot
spektren von Proteinen auf Bayon molekulardynamischen Simulationen zu berechnen.
Dazu wure auf Kubos quantenmechaniséf@mulierung des Dissipatiefluktuation

Theorems undie DipolmomentKorrelationsfunktiorzurtickgegriffen. Wir hoffen damit
korrespondierenden Simulationen zosererhier prasentierteRerninfrarotmessungen an

Proteinerden Weg zu bereiten.

13
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1. Introduction

What is santerestingaboutfar-infraredproperties of proteins® legitimate questiomafter
having spent some years of reseach in this field.Mb& ®ndensednswer is importance,
interest and challenge. Importansmceproteins are an essential component for all living
organisms and thiar-infraredis one ofthe most promising frequency rarsge gain
information about functionally relevant motiowkich will lead topotentapplications if their
real nature can bencerevealed. Interesbecause the here treated topic is at the edge of
physics, chemistry and biology requireing also sound mathematical understanding for the
presented theoretical deaitions,all in all fitting very well to my three different subjects of
study which wee finished prior and meanwhitkis PhD thesis. There are no limits for
interestandespeciallya topic with touchpoints to many other differesateas of research
camble to satisfia s ¢ i thirstfar lnowdedge. But thisnconfined fields also a
challengedirectly passing over to the third reaseimce much more research will be
necessary for a complete understanding of proteins concerning all three akgiesthesis
experiments, simulations, and theory. For eadh@&ispecific challengebave been nte

The experimental challenge was the developement of an own setup for the sample
arrangementeetingparticularrequirements andnablingreproducible mesurementsn the
far-infraredrange,one of the crucial obstaclés overcome when probing biological matter.
Unavailable powerful light sources and therefore the necessity of sensitive, usually helium
cooled, detectors, representing an arrangement waghresadditionallyan affiliated
sample preparatiowhich considers carefully adequate absorption as wslliffisient
transmissionto mention at leastomeof theexperimentateasons for the lack of thorough
protein research in this frequency ramgéhe pastDue to the complexity of proteins
simulations are powerfultool to get further insight into microscopic consequenices
instancdf external parameters are changed as applied in our experitdengsthe challege
was to get accompanyingraulations to ouprior theoretically derived hypotheses ahdn
finally to match them withheinterpretaion of our experimental resultAnother simulations
concerning topic leads directbywerto thetheoretical challengda this field Simulations
which model thdar-infraredabsorptiorare notavailable since even less complex water is
hardly matching the actual measurememtgperlyup to now Even the way to calculate such
far-infraredspectra igrobably just known toavery small group of peopldédlence a lot of
basic theoretical workn how the requirementsf an experimental physicist can be matched

15
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with the capabilities of simulation researchieasl to be doneepresenting challenge in the
combined field okexperimentssimulatiors and theoy. Since protein research can be

approached from physics, chemistry, biology, and medicine either on an experimental or on a
theoretical way some confusions, misconceptams disagreemengse present in theurrent
scientific discussionftencaused by focussatiorach time orthe own well knownfield of
researchTo get familiar with adjacent research areas has desordinglythe principal

theoretical challengeut afterward combination of this knowledge allowed us to derive
severalconclusionglarifying some of the above mentioned controversiégrefore the
upcoming theory chapter includes already s
basis for the discussion ofir experimentgpresented in chapter 4 to which a setup and sample

prepaationdetailsconcerning section was placed in front.

16
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2. The Theory of Far-Infrared Spectros-

copy on Proteins and Affiliated Topics

All Proteins are made of thamme basic amino acid elements, I tleveloping three
dimensional structure is rich in vaties. An overviewoverstructure, different types of bonds
andtherole of proteins folliving organismss givenat the beginning of this chaptdihe
timescale of pteindynamicsspars many orders of magnitudeom femtesecondgo seconds
andthese dpamics aressential for the functionality. Infrared spectroscopy is one possibility
to investigatamotions theoretically predicted to be related to functionality and thesedfind
motions will be in focus of ik particularsection But the interpretatio of the gained
experimental dates aggravated by the complexity of the sample, namely the protein
macromoleculeEspecially molecular dynamics simulation is a very promising technique to
model proteins and is widely used for calculations of the strutdater in X-ray
experimentsmeanwhile witha well conformity. Unfortuntely this method still hato

overcome some obstacles for calculating infrared spectra even of faatess complicated
than the demanded proteivater systems. Only one close e experimental data calculated
waterspectum was published in 1996¢06]. To date a second group claimed by personal
communicatiorto havemodeled a far-infraredspectrum of liquid water properly but no
spectrum was published so far. As it can berasslthat just feMD Simulationgroups are
capable otalculating protein infrared spectra, the theory is presented here in a
comprehensive waylhis theoretical chapter will be closed bgliacussion of thevide field

of protein hydratiorand in particulathe procedure of calculating the water content of
proteins out of external macroscopic valugEsit is used in our experiments

Besides presentingerethe theoretical basis for our measurements we daldegit heor et i c a
r e s w$ dresady mentioneaboveto explain thesultitle of this thesis. As such we
understand our own extension of several modetsformulas as well as new atusions that
we draw from a synopsis of theoretical discussions. Some nesuits alreadyincluded in

the theoreticathapterwill lead to newfindings if their derived arguents are joint later with
the experimentadata That there is also a large theoretical outcavithin this

experimentally focusdthesis is the reason fasuch acomprehensive presentation of theor

asgiven here.
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2.1 Proteinsi Structure, Bond Types, and Folding

Even made out of just 20 different natural ocitiy amino acids the variety of proteins is
manifold as well as the various functions in living organisms. The importance of protein
reseach can be understood bgcapturingessential processes where proteins are
indispensableProteins are involved in the storage and transport of energyoelgecand

small molecules [Ni@6]. The mostamousexample is hemoglobin for the;@nd CO
transpot. Almostall enzymes are proteifdad6] catalyang processem living organisms
Usuallyspecificchemical reactions wouldke place at a much slower rate mgyanes can
accelerate treereactionsby orders of magnitude typically around®16 10" with a record of
about10° up to datdJad6]. Exemplary srine proteasedike trypsintrigger the hydrolysis,
basicallythe breaking, of peptide bonds to digest proteiris gmaller peptides and amino
acids.A good summary of protein functions is fouindLes04] covering besides the two
already namethsks,mainly protein functions irissuestructurs andalsoas antibodiesAn
example for the first group of proteirmmphasizinghe structure relevancis mllagen
whichis the most abundant protemmammals The latter group isne important reason why
protein research is pushed forward in Life Science compakiesher class of proteiracts

as hormoss. For instance insulin maintains thedi sugar at appropriate leveisd
thisproteinwas oneof the firstbeingproduced by pharmaceudiidindustry on a larger scale
for Diabetes patients.

The essential rolef proteinsfor understanding living organisnh&comes apparenbt only

by theabundancef differenttypes and functions but aly the ficttha about 50% of the
dry mass of a livingell consists of proteins [TQZ]. To understand protein relatecsdases
and curing themis another driving force for protein researBest knownare the protein
aggregation dieases like Alzheer or the Brkinson dseaseSenile plaques, which are dense
insoluble extracellular protein deposits, indicate the first and so called Levy bodies the latter,
which are inclusions in brain cells cairting protein aggregates [L&Y. That proteins can
alsobe the tansmitting agent of deases b@me apparent even to nonscientists in 2001 as a
seriousepidemicspread outrom the United Kingdom called Bovine Spongiform
Encephalopath{BSE) or theso calledi ma d diseasad his was associated with the
occurrenceof a new form of th&€reutzfeldtJakobdiseasen humans giving rise to a
transferability of theliseasdrom cattle to humans. People got aware fin@ns
(proteinaceous infectious partisjecan cross spedoarriers since it is assumed that BSE

originates from the Scrapi@liseasen sheepA lot of preventation action artloroughtesting
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is ongoing since that time includifigcusednvestigations on proteins. At the moment it is
believed that a particular protaniamedPrP, which role is natompletelyrevealedyet, exists
in two forms differing in their conformatioss seen in fig2.1 The infectiousersioncan
form aggregates which can block functions innkevoussystem. It can alscatalyzenatural
proteins to the infectious forteading to an ogpread of theliseaser an infetion of other
individuals [Le®4].

Fig. 2.1: The natural and infectious form of PrP causing the diseasm®Spongform
Encephalopathy (BSEHWik08§].

Even beyond understanding proteins and their catdisedssa long term goabf research in
this fieldis protein design. Especially pharmaceuticduisiry seeks for adverse efféete
medication through the highly specific functionality of protemaking protein research a

promising field for manypplicatios in the future.

2.11. The Structure of Proteins

As we have seefor prion diseaseshe structure of proteins esucialfor their functionality

orin this case, fotheir disfunctionalityThe structurdunctionhypothesislaims thathe
presenprotein structure is the result of a million years ongoing evolutional selection process
which suitsperfecty the certain biological function in that particular organism.

Understanding the structure of a protein will lead to a further understanding of the
functionality.This also called Anfinsen @maAnf73], that the three dimensional structure

of a protein igleterminedsolely by its amino acid sequence, is widely acknowledged in a
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nonstrict form due to easy experiments. Loosing structure results inddasictionality,
restoring the structure restore®iein functionality [Ka06]. Just in the last two sentences the
two major open questiain protein researcare summarizeds visualized in fig2.2 How

can the protein structutee predicted out of th primary sequence alone? And how can the
protein structure and its dynamigsrelated to the functionality? With this thesis we will

contribute to answering the latter.

Sequence Structure Function
ASTDYWONWTDGGGIVNAY e~ K PK,= 6.1
NGNGYLTLYGWTRSPLIE® - \ Il -
DRTTFTQYWSVRQSKRPT(  Prediction [: aR ks Prediction |

) A . » s SE0 \
NVTVW E ‘; e HyCIDCIHM A
N ~
S & Asps2 pK,=38
Fig. 2.2: Thetwo major open questions in protegsearchHow canthe protén structurebe

predicted by the knowledge of the primary sequence? Hawheafunctionalitybe
predicted by an analysis of the protefrusture and dynamid€ol06]?

Starting with the amino acid chain sequertke different forms oproteinorganizationare
referredto the primary up to the quarterny structure which will be discussed in detail in this

section regarding topics needed in later chapters

2.1.1.1.  The Primary Structure of Proteins

Encoded in the DNA (or RNAor some specigghe baic sequence of proteins is translated
into a messenger RNand transcripted by the transfer RM#pletts (codonsinto an amino

acid sequence at the ribosomes of the rough endoplasmatic reticulum. The amino acids are
linked byapeptide bond which is fared between the carboxyl group and the amino group of
two amino acids under formation of one water molefude 2.3). The sequence of tt&8

natural occurring+L-amino acids is called th@imary structure of a protein which is known

for more than 100D proteins [Be@3]. This large number is owed to tdevelopmenof the

automatted Edman degradation allowing a fast analysis of every protein primary structure
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Peptide bond
Fig. 2.3: Formation of a peptide bond between two amino a&idsan additional wate

molecule[Ber03].

Thenon polampeptide bond is rather unable to rotate which arises from a slight double bond
character. As it can be seen fréign 24 thelengthof the peptide bond is typically 1.32,
confirmed by Xray structure analysis amgiantum mechanical calculations. Tiasnuch

closer to the doub bond length C=N of about 1.26than to the single bond-& length of
1.445 A [Dau97]. This results in a planar structure of six different aténms the left (black)
Cpatom via G, O, N,andH to the second gatom of the next amino acid. In contradiction to
that the two single bonds around thgafbm are able to rotate freely, restrictedly by steric
considerations (fig2.4). This is the major reason for the many different posgitd&ein
conformations of which many are explored in the so called rough energy surface at
physiological temperaturésee chapter 2.2.2)

Standard bond
lengths:

C,~C 1.52A
Cc=0 1.23A
C-N 1.33A
N-C, 1.45A

Fig. 2.4: Bond lengtls and angles of the peptide bond. Thsultingplanar structure is indicatéBer03,
Dar93, Tw&®4, Dau9T.
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All amino acids just differ in side groups which can be classifiadifferent waysNonpolar,
polar and charged sidgoups are found as well as sgleupsthatcan consist of a simple H
atomup to aromatic rings oevencontaining sulfur ams.For this thesis the properties

concerning the interaction with water molecules is decisive wdrieell presentedor every

single kind of side groum [Sel06].

2.1.1.2. The Secondary Structure of Proteins

Internal hydrogen bonds are the majomponent for the formation of two groups of

secondary structure elements in proteivanely helical and sheet type structures. The

peptide chain which is not organized in one of these two forms is called random coil. Here a
lot of thepossible proteicorformationsoccur due to the large degree of freedom especially
of the two single bonds around thg&@om of every amino aciavhich are able to rotate as
discussed in the previous section. Also the interaction with surrounding water molecules is
strongerfor the random coil compared to the denser pddlelices and sheets.

| n thélie seddndary structure every amino acid C=0 group forms a hydrogen bond with
the amino acid group M usuallysituated four residues ahead as sedigir2 5 [Ber03].
Essenially all occurringU-helices in proteins are righianded which is slightly energetically
morefavorablethan the lefhanded version because of steric reasons betwesidéhgroups

and the backbone. In right a n d-beticestall amino acidide groupgoint outwards with

3.6 amino acids per turn. Amino acids spaced three or four apart are very close to each other
as discussed below. In semroteins another helical typgeso called @ helix, oftenoccursat

theGt er mi nal -helinnd of an U
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Fig. 2.5: Secondary structureelem s of prot-Behbx, Lappet hahéehhd t he p e
lower right the antp a r aJsheat $trucha. Carboratoms are black, nitrogen atoms blue,
oxygen atoms rednd hydrogen atoms whifBer03].
Ofthemany var isdteied s dfheb common astrandepfarmsaatel el an
discussed. Fig. 2.visualizeshe stabilizationby hydrogen bonds betweemo different
strands which are arrangement of almostify extended amino acid chairiBheside groups
are usually in an alternating conformati@éi. b-sheets are more or less planar strustur
which exhibitjusta slight twist over the compket | engt h. | nhelix strocturea st t o

where different amino acids aasclose as 1.5 &the d s t a n-sheetsiis much largarp
to3.5A[BeN3].l n t he a-4sheét gna aminb cid is bobind to another one in the
adjacent strand by two hydrogen bonds at the C=0 aH&NEes. In the parallel form one

amino acid is bound to two amino dsiby one hydrogen bond each as seen in Fg. 2.

2.1.1.3 The Tertiary Structure of Proteins

The spatial arrangement of secondaryctire elements is called the tertiary structure of
proteins.The reasons for a further packing will be discussedarfdhling chapte2.1.3 The

tertiary structure of a protein is stabilizeddgombination of van der Waals, hgdjien and
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disulfide bonds [Tug7]. The first type is a much weaker interaction but due to the dense
protein packing and the many possible afmamsthis contribution is significant. The tertiary
structure is first to change by démation which can be defined several ways. Here we will

use the definition of a significantractural chang¢éhatunables the protein to function.

Typical thermaldenaturation energie$ many proteins are not sufficient to break up

secondary structure elements. Hence the tertiary structure must be relevant for the protein
functionality since thiss the onlyarrangementhat isalteredas thefunctionalitychangeor
disappearesTheory predicts that tertiary structure motions and binding energies are related to

thefar-infraredfrequency range.

Fig. 26: The protein Alantitrypsin as an example for tertiary structinguding U-helices in red,

b-sheetsn yellow and random codtructures in blugPDBO0§].

2.1.14 The Quarternary Structure of Proteins

If more than one peptide chain forms a superstructure which sometimes also includes non
organic groups, this is called the quarternary structure oftaipré-or humans the most
important example is hemoglob(fig. 2.7) consisting of four peptide chains and additional

iron containing heme groups.
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Fig.2.7: The quarternary structure of human hemoglobin consistifiguofpeptide chains (red and

blue) and additional iron containingeme groups (greefiDB08].

2.12. Bond Types in Proteins

The different types of bondxcuring in proteingindtheir corresponding motions can be
observed in different infrared frequency regions. As a basis for theliateission an

overview over the respective properties, relations and energy scales is present@ddere.
bornds concerning anorganic groups to be found sometinfaa@ional binding sites of
proteinsdo not occur irour measured proteins and disulfidends are just found in special
side groupsthe focusof this section will be on the relevant covalent and hydrogen bonds as
well as the van der Waals interactiose lattetwo areimportantfor our later derived
MERCEP model used for the interpretatiof thetemperature dependefar-infrared

measuremenis chapter 4.6
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2.1.2.1. Covalent Bonds in Proteins

In covalent bonds the electron dealverlap and an electron simy mechanism between the
atom pair is found. Single covalent bonds are Ugtia@e to rotate if theglo not have a
double bond charactdike the peptide bond througbomerisation as an example gcton
2.1.1.1. Pure double bonds are not able to rotate. Atomic pair motions like stretching
vibrations, bending and rotational desalong the bondan be observed in the infrared
spectraThe first typeis typical for themid-infraredfrequency range. For instaniceN-
methylacetande, a model compound for peptidenided moleculedike proteins the lowest
covalent stretching mods well above 600 cim [Mir 96] which indicates that these types of
motion do not play a significant role in tfe-infrared frequencyange and ifthat they may
contribute just to theery upperpart of the here presented measureméints more typicato
observe bending and rotational motions of coviydmtundatom pairsn thefar-infrared
Single ovalent bond leng8{Eng91]in proteins are in the range of 1 A4®bond) to 1.5 A
(C-C bond anddouble bond lengthare slightlyshorter than theiriisgle bondanalogie The
bond energy [Tug7] ranges fron290 kJ/mol (EN bond) to 720 kJ/mol (C=0 bond) and is
well above the thermal energy 26 kJ/molat room temperature and the used infrared
radiation within a range 00.48 kJ/mol at 40 cthto 8.25kJ/mol at 690 ci [Wil 63].

It is important tamentionthe interplay between covalent boradsl hydrogen bonds like it
occursfor N-H and C=0 bonds for instance. If there is a hydrogen bond fohionekienor
altered by temperature, conformational or ranadfects the covalent bond is influenced and
therefore sensitive teuchsmall changes, too. A formation astronger hydrogen bond leads
to a weakening and larger averageatiste between the covalently bowatdmsdue to

electron shell relocations

2.1.2.2. Hydrogen Bonds in Proteins

Proposedor thefirst timein 1912 the basic work on hydrogen bonds was done by Linus
Pauling[Paw7]. By comparing water to other substances likEgHr HS the theoretical
valuefor the melting pointvould be about100°C andor the boiling poinabout-80°C. The
large differencarisesfrom the hydrogen bond network which is in water obviously a

significant energygontribution.
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In proteins hydrogen bonds play an important role in the formation of the secondeiyrstru
elements and are hence involved in protein folding and stability. The conclusion from energy
measurements on proteisghat every hydrogen bdrcontributes around 4kJ/molto the

protein stability [My®6]. Structural relevant buried polar groupside a protein are to 9@

bound via hydrogen bonds als initio calculatiors on several biomolecules shfMei05].
Hydrogen bonds involving side chains are a key element in jestiarcture stabilization

[Bor94]. Even in some enzymatic reactions hypno bonds are involvedmphasizing their
role for protein functionality [De®5].
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Fig. 2.8: P a r adsHeet $truckure with typical atom to atom hydrogen Bengths on the lefiDer95].

On the right it is shown that thaverage hydrogen bonds length in parditeheets is about

1.7 | to-hel9ces iUn8U; to xhett2.]1AtanhIAi orderechnt i par ¢
with increasiig average hydrogen bond len¢@ie01a)].

A commoncriterionfor a hydrogen bond refers &mon-covalent bondverage distance
smaller than 3.5 A betweem electronegativacceptomtom and a hydrogen atorbeying
also someestrictionson the angle betwedhe hydrogen bond artte covalently bondpolar
group the latteracting as a donor withithethree atom system-K---Y [Kim 05, Daw7]. In
figure 2.8typical atom to atom hydrogen bond lengbfig b-sheet structurare shown
Depending on the typaf secondary structure elemerdgferent hydrogen bond lengtland
hence energies are found as it is sedigir2.8 on the rightwhich are relevant for thater
describedsecondary structure contedgterminatiorderived from covalent bond motiobyg
mid-infraredspectroscopyTypical hydrogen bond lengililepending on the atom type are

found for instance inTleeQ1, Hey06]. In thedenselypacked proteiinterior a distinction of
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boundatom pairs is ot always easy from experimental dasangell as fom simulation

results. There is no sharp transition from hydrogen bonds to van der Waals type bonds dealt
with in the following sectionfFor instance arboncarbon interactions are clearly of van der
Waalstype since the majority of nereighborss found between 3.4 and 4A distance in

radial distribution functions. Just a few of them are found closer than 3JSu&llyN---O
distances are at maximum 2.8 A drahceclearly hydrogen bond dominated. Blit:-O

distances exhibit an intermediate character of the two described before with the majority at
3.5A to 3.75A distance which is just a little bit closer thne C---C distance and well

around thaupper limit of the hydrogen bond definitipDer9o5].

Fig. 2.9: The electron density is changed along a hydrdgerd. The red mesh around thweygen atom
(red) indicates an increased electr@msity. The green mesh arouthg hydrogen atom
(white) visualize the decreased electron density upapblaizationof the hydrogen bond.
The electron delity around the nitrogen aton(Blue) is affected depending on the covdient
bound atom typ§Tse07]

As it can be seen froffilg. 2.9the electron density around thgdrogen bon@toms is shifted
even affedhg theneighboringcovalenty boundatoms leading to an enhanced dipo

moment of the hydrogen bomsgstem Tsed7]. When taken into account the van der Waals
radii, where the repulsive term dominates the van der Waals interaction, the hydrogen bond
between H---O is 0.3 less than the mere summation of A 2carbon boundhydrogen) and
1.5A (oxygen) [DeB5]. Hence ponahydrogen bond breaking in proteins at elevated
temperatures we conclude from this fact that we can expectknean distance increas

larger than the sole thermal expansioinsuch a weak hydrogen bond. The hydrogen bond
breaks and the repulsive part of the van der Waals interaction will increase the distance at
least those 0.3 A between the former bound atomlgzaiiing to local ne-linear expansion

Also the energy potential for the covalgritound A-H group is alteredinder the formation

of a hydrogen bonds seen iffig. 2.10[Jef1]. The typical hydrogen bond energy is in the
range of8.4 kJ to 62.&J per mol[Sch94] whereasrn proteins the hydrogen bond energy is
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more in the rang of 2 kJ to 21kJ per mol[Des91, Ber03. This is a value just slightly above
the thermal energy at room temperature which is ab&t]. So hydrogen bonds will be

affected by temperature and heiace likely to play a role in a denaturation event.

Potential energy

Distance

Fig. 2.10: On the formation of a hydrogen bond the potential energy curve flatehdevelopa second
minimumwhosedepth increases with the strength of the hydrogen bond. THettetching
vibrational energy levels get closer and the energy barrier between these two wells is very

sensitive to the environmefitef1].

Proteins form on average 1.1 hydrogen bonds per regidioh sums up ta sizeable number
in large proteins as measured héree tackbone hydrogen bond C=0--Mis the most
common with 68% followed by C=0-:-side chain andl!--side chain hydrogen bonds with
11% and 10% respectively. Hydrogen bonds between two side chains occur with thb.
The average hydrogen bond lengtB884 A. To a close approximation the number of
hydrogen bonds scales with the secondary structure content. All these results have been
gained in a statistical manner from Stickle et alabglyzinginformationof 42 different
proteirs gained bymany diffeentX-ray experiments. [Sti92{oncerning the hydration shell
of proteins, the C=0 group has the option to feertwo or more hydrogen bonds in contrast
to the NH bond. Therefore 7% of the wateiprotein hydrogen bonds involve oxygen atoms
of the proein rather than nitrogen atoms [Dem97].

Hydrogen bond stretching and bending motions can be observedan-thizgaredfrequency
region[Zun96]. Raman spectra on hydrated lysozyme and myoglobin were attributed to
hydrogen bond vibrations in the rangenfr60 cm' to 210 cni [Eav03]. Combining several
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publications [Hal63, JoeT4ll agree to find hydrogen stretchinwptionsbelow 250 crit or

at leasbelow600 cm' [Jefd1] down to about 50 cih Hydrogen bending motions are
assumed to occur below 200 ¢mnd 50 crit respectively. Hence it can be concluded #tat
least the hydrogen stretching modes will contribute to our measured frequencyAsinge.
Joesten and Schaad [JdEpointed outtwo hints on the observation of hydrogen bonds can
be given conceing our measurementsince an assignmeat hydrogen bond absorption
featuregs difficult. First the polarizability changgpon the formation of hydrogen bonds is
small and so the corresponding Ranfeaturesshould be weak. Second very broad and
asymmetic absorption bands are expected infdranfraredregion due to the strong

influence of the surrouting on the wedk coupledhydrogen bonds.

2.1.2.3. Van der Waals Bonds in Proteins

Real gases shodeviations fronmthe ideal gas formulas especiatly increased pressure and
atlower tamperature where the interactibatweermoleculess increased. Going badk the
publication from van der Waals in 18 AB/§a73 this was explained by an interplay of a
strongshort ranged repulsive andhv@ak butiong range attractive forcfKra83]. The two

new introduced constarntsanda belongto theabove describefbrces in the van der Waals
equation(2.1).

;f‘éui‘/_” & -br) =R (2.1)

Substances where no ionic or covalent booelsveen moleculeasre presnt like helium for
instanceexhibit some attractive force between the molecules whichsdrgsa fluctuations

in permanent and induced dipsl&his force is very weak which becomes obvidas
instancan enhanceavaporation even by small temperatunereases in these substances out
of the liquid state [Tip8]. The attracting long rangqzhrt of thevan der Waals interaction has
beenoftenneglected due to the focus on the strong short range repulsiyengemtant for
volume calculations and strweal concerngChad3].

If in generalvan der Wals interactionsare relevantthe main contribution comes from the
dispersion interaction part arising from dipole inducgublé interactionand hence we will

use the term van der Waals interactions infdflewing sectiors assuming thislispersive part
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as the most important on@ithout an exact knowledge of the share each different subtype of
interaction contributes

Usually van der Waals interactions aefined ass sum olKeesom, Debye and London
contibutions [R096]. The first one refers to dipoledipole interactions, the second to dipole

T non polar interactions and the last ¢o@on polai non polar interactiongased on the

work from London in 1930Uon3d. The lastinteraction isalsonameaddispersion force

because London found a link between his second order perturbation teewsgrninghis
energy and optical dispersion [B&€).

In general van der Waals interactsarise fromfluctuations in the electron density which can
induce a diple in an adjacent atom or molecule. fidfere the van der Waals interacton
increasewith the size bthe electron shell and depead thepolarizailities of the influenced
atoms or molecule®ut many aspects about van der Waals interactions remdeaunegen
today[Gla01]]. Their spacialdistribution and exact distance dependence wikimse matter
arejusttwo of the open questions. Tlegistenceof amolecule specificityand a frequency
dependence of the interaction is also still under discussion.

Hamaker and Lifshz [Ham37,Dzy61] described the van der Waals interaction between
macroscopi bodies in their modern fornthe classical way to estimate the van der Waals
interaction energhetween two colloidal bodigs given in the firsjppaperby sumning

pairwise each contributiofiere the so called Hamaker constaepending on the
polarizabilities and the density of atoms in both bodies as well as on the polarizability of the
medium in betweerdescribes the free energy of this interaction. Thisiedeer constant can

be derived from quantum mechanical calculati®oa Here the origin of the van der Waals
interaction comes from the classic electrodynamical thedrgre a zergooint radiation is
included. By using theomedanades <KGolewetnioen fafnc
equations correspontisarandom fluctuating radiatiowith a Lorentz invariant spectrum.

This random fluctuating radiaticdrives polarizable particles into random oscillations. The
radiation which is emitted from twgarticles ishencecorrelated to the initial random

radiation. This gives a nonvanishing average for the classical Lorentz force on each particle
named van der Waals force. At elevated temperatures just the spectrum of the fluctuating
random radiation chges [Boy'5]. A more modern description is given for instance by
Laberge [Lab98] derived from a ntiglole approach. A list of the different interactions and
their distance dependence is givetahble 2.1 Laberge pointed out that the dispersion forces
canbeof long rangespreading out even more tha@ A. For energy calculations the

additivity of interactios of a three atom systeim relevantTo complete the distance
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dependence dable2.1, Coulombinteractions are found to lm®n-additive, electrostati
interactionsadditive,induced dipole interactions namditive andlispersiorinteractions
non-additive[Buc80, EIr94, Kalg].

Interaction Spatial geometry dependence Energy distance dependence
Electrostatic
ChargeCharge no 1/r
ChargeDipole yes 1/r
ChargeDipole (long range) yes 1/
Dipole-Dipole yes /¢
ChargeQuadrupole yes /¢
Dipole-Quadrupole yes 1
QuadrupoleQuadrupole yes 1/r
Induced Polarization yes e
Dispersion no n®
ExchangeRepulson no 1/
H-Bonding yes ~1.23.5A

Table 2.1 Overview over norcovalent interactions in proteiivicluding their geometry andistance
dependence [Lab98]

We will have a closer look on the dispersion forces arising from London interaictiche
argumentgyiven aboveUnder the assumption of two harmonic oscillators the energy
potential caused by the attractive dispersion forces can be calculated from the oscillation
frequencies and the polarizabilies Uto the well known f distance dependence [Dau97

—_ nl g laZa
= e el (2.2)

The attractive dispersion force and the repulsive pédnich is often described by &%

distance dependendead tothe Lennaredanes potential description of the van der Waals
potential eergy function as visualized in fig. 2.1The point of equal attracticand repulsion
gives a distance optimum for the atom pAirlarger distances the attractive part is the major

component deemsing with f towards larger distances.
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Fig. 2.11: Left: Van der Waals potential for two carbon atorfike repulsive term originatesainly from

the quantum mechanical Pauli exclusion principle and the attractive term from thednduc
dipole-dipole nteractiongN6106].

Right: Examples of van der Waals potentials for two hydrogen atoms, two carbon atoms in a
tetrahedral arrangement and two carboxyl atoms for their distance dependence and their
calculated energjFer89. The potential minimum as weds their longrange attraction differ

significantly between theggpes ofatom pairdNo6106].

As fig. 2.11shows the potential minimum as well as the long range attraetiedifferent
depending on thiype ofatom pairs. Depending on the literature [0&) Tu7] the valuef
this pair distanceange all between 2.6 A and 4.4 A. Thetevantenergy scaléor biological
sampless evenmore scattergdstarting from very small values of 0.1 kJ/noglto 2 kJ/mol
[N6I06]. A little bit larger values are pposed in the books from Berg and Tuszynski (Ber
Tud07] which are in thein our oppiniormore likely, range of2 kJ/mol to 4.5 kJ/magber atom
pair. The van der Waals energy is hence about 100 tones thanfor covalent bonds anal
to 10 timedower thanfor hydrogen bondsalmostreaching théower edgeenergy values of
weak hydrogen bonds. But due to thegenumber of possible pairs (much larger than the
statistical 1.1 hydrogen bonds per residuproteinsas cited above) this interaction can
become substantiand hencanimportantfactorin densely packed systems like proteins.
Also it is very interesting to mention that the van der Waals bond energy rarige from 0.4
kJ/mol to4.2 kd/molis around thehermal energy 02.5 kJ/ma at roomtemperature and
thereforestronglyinfluenced by this parametef/e will come back to this in the discussion of
the temperature dependent measurements and in the section about our new ohnaghéér
4.6.
For several reasons the importance of van der $\latdractionsn biological mattecan be
emphasizedr-or proteinstabilizationvan der Waals interactions are isppiensable(re85].
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Collagen chainsre held together by van der Waals forces and some hydrogen Berads.
debatableexample for secondaryracturestabilizationthe results fronrmodelingthe forces

o f -aiix inkcytochrome revealed that the van der Waals energy is the major component of
the total energy. It is two to three times larger than the energy contribution arising from
hydrogen bads due to their large number. In general the energy solely due to van der Waals
interactions was found to be arousdlkJ/molto 126 kJ/moprotein which is avery large

value since hereow many van der Waals interactions per atomsaremed up and nainly

one pair interaction as abovihe conclusion of thimodelingis that the van der Waals
interaction determines thecal barriers for forming or nofi o r miheliges, Sinceydrogen
bonds arenergeticallyprofitablein both helical and nehelical regions. Therefore the van

der Waals interactiohas to determinthe formatioras tte authors suggest [Kil]. For the
stabilizationof protein tertiary suctures many publications indicate thtéte packing of

apolar side chainis herethe driving forceandall side chainsnteractby van der Waals forces
[Kel88, KeB9, Tu®7].

The dense packing of proteins is anyway related to the van der Waals iotex.a®tmone

hand van der Waals interactions are necessary to reach such a dense packing and on the other
hand the dense packieghanceshe distance dependent van der Waals interactions and make
them a relevant contributian proteing[Lim91, Pag6, Ber@]. In a simulation of lysozyme
adsorption on charged surfactee van der Waals interactiovas found tglay a significant

role. From the total energy at a distance of 3 A between protein and stivéagan der

Waals interaction contributes about@f the total energy. At 5 A this is still about ¥5of

the total energy-or weakly charged prates the computed results revéladt van der Waals
attraction is the predominant contributor to the adsorption on the surfaseesult shows
gualitatively that even if electrostatics are the major compqrvamt der Waals interactions

with their fastspacialdecay cannot be neglected & ®mparable large distances [R8}.

Later the results have been verified in generatdoyespondingxperiments [R®5]. Also it

was conclded that in matter with an oak dipole moment less than 1 D it can be assumed
that the London dispersion forces dominate the infrared absorption retetzdtpole

moment [Ro®6]. Even for calculationsoncerning théong rang interactions between two
bovine pancreatic trypsin inhibitproteins in electrolyte solutiopnan der Waals forces have
beenanalyzedand ncluded irto the molecular dynamics simulatifon04] Van der Waals
interactions are essential for a reagatigtion of water structure and dynas as the outcome

of ab initio molecular dynamics simulations reveal&dcomparison to neutron data indicéte

that at distances where dispersion forces fuben about 3 A to 5 A distanciist models
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including van deWaals interactiosare able to desitre the experimental data [LinP3n
biological systemswith dominating hydrophobic groupgan der Waals interactions are
assumed to play an even more crucial role than for the highly polar and hydrogen bond
forming liquid water.

To get an estimati®r the relevant frequency range of van der Waatleraction contributions
a dudy on the van der Waals Trimer,MNCl [Elr91a,EIB1b]will be quickly discussetiere
Intermolecular vibrationsf this moleculefiave been fond by THz spectroscopy and
compared to calculations. Bands exist atBi7 as inplane bend, at 46m™* a s-befid and at
45cm™ as outof-plane bendnotionswith acalculated frequency deviation of less thazn#

! This demonstrates tlrecurrencef intramolecular vibrations at that frequency range in
systems having significant van der Waals interac#amother indication comes from
simulations of the dielectric properties of methyl cyanide which is a highly poidr fl
[Edw84a, EdB4b]. The comparisoof the calculation with the actual spectrum shows mainly
reorientation effects around 70 ¢rout induced dipole effects are essential to match the
spectrum derived from the simulation with the experimentaliangarticularin this low
frequency rangdn general, motions of weak bonds, especially from larger molecules are
found in the faiinfrared or THz frequency range, whereas motions of strong bonds are found
in themid-infrared

Photons in the lower half of ofrequency rangbave enough energy &xcite van der Waals
bond motions or even to break thefhe van der Waals bond energy afaom pair is
around 4 kJ/mohs stated abovédaking the energy valued the lower and upper edff®m
Tuszynski [Tu®7] and calculating thattributedfrequencyat which this energy is provided,
we get for the energy range afl kJ/mol to 18.8 kJ/mdhe frequencies of2cm™* and376
cm* with the attributed temperatures (so tkéf provides the energy) e220°C and 270°C
respectively. Van der Waals interaxts together with interactions mediatdatectly over an
ensemble o€ovalentbonds will lead to the concept of collective motignghich means a
correlated motion of several atoms in a concerted imasummaryit is very likelyto observe
temperatureensitiveeffectsespecially upowan der Waals interactions in dar-infrared

frequency range.
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2.1.3. Protein Folding

Starting from the stretched out amino acid clessembleat the ribosoms the protein starts

to fold under suitable conditions whigha process not completainderstood up to now

[Fra94]. Those suitable conditions include the right temperature range, the type of solvent and
the pH valueAs we have seen in chapter 2,1tk protein structure is relevant for the
functionality and mifolded proteins can causéseasesConcerning our measuremeyiise
knowledge about the folding processl lead us to the concept of the energy landscape

whichis the basis for protein dynamicsthe nexisection Also the later presented

comparison oproteins toglass formers evolves from the globdut not completely defined
minimumreached athe end of the folding process justifying this section about the folding

process.

Fig. 2.12: The hydrophobic ééct as a major driving force f@roteinfolding in aqueousolutions
[Palo4].

One of the major Adr i withehydrdpobicefesssuming pr ot ei n
folding in an aqueous surrounding like qakhsmaor blood at leassomeside chain®f

amino acids are hydrophobic and arergetically inalower state by forming an almost water

free protein interiorlt is not always possible to get all hydrophobic grawdbke inside due

to steric considerations. A hydrophoBide chaircould be adjacent to a hydrophilic one

leading to dargefriction for this part of the protein during the folding proce&st in general

more hydrophilicside groupsresituatedatthe water covered protein surface but still

hydroplobic ones are found thefer this reasontoo. Theamountof hydrophobiaonpolar
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amino acid groupata protein surface ignh averagehencea small majority of 526 [Jan99].

But in lysozymeas one of the measurptbteins,a summatia derivesa ratio of 5% polar

(N andO groups) and 4% non polar surface ares instane [Lee71]. A visualization of
thehydrophobic effegtcaused byhe interaction of protein side chains d@hd surrounding

water molecules, which triggers a folding of the peptide clsgpneisentedh fig. 2.12

Fig. 2.13shows theside group classificain of myoglobint he fAhydr ogen at omo
science. Many charged and polar hydrophilic (blue) amino acids are #thedsurface (left
picture)amonga large number of hydrophilic (yellow) and other (white) amino acids. The cut
through theolded protein (right picture) reveals that in the interior the majority of amino
acids is hydrophilicBut dso hydrogen bond formation, van der Waals interactistesic
hindranceand water molecule dynamics influenthe protein folding processaddition to

the hydrophobic effect

Fig. 2.13: Amino acids at the myoglobin surface (left) and in the protein interior (right). Charged and
polar hydrophilic amino acids (blue) are found mainly on the outside, whereas hydrophobic
(yellow) and other (white) aminccals are found mainly at the interior but also on the water
covered protein surface [BerD3

A visualizationof the dynamics oh small side chain folding @cturizedin fig. 2.14 Several
energy barriersn the way to the final conformatidrave to besurmountedAfter a first
nucleation somentermediatefree state has to be formadainprior a different ordering is
able to be formeddackbone fluctuations together with parts frozen in their folded or
misfolded states indicate the randomness ofpftosess and anharmonic nature of motions.
Even here with just a few connection points side chainthe large number of different
possible conformations and intermediate stheEomes eviderthat have to be formed on the

way to the proper folding.
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Fig. 2.14: Side chairorganizationin a folding process. Barriers heights and intermediate conformations
are justchoserfor thevisualizationof the random character. The connection points indicate the

ordered or disorded conformation stateespectiely [Shakhnovich2006]

This side chain organizatideads us to the so called Levinthal paradoxon which is a strong
argumentgainst a random walk during protein folding [NieP4t87. Going back tdhe
example given by Jaenicke and Kdhg84 Pet87]even at aheoreticallyassumedery fast

rate of exploration of 18s™, the time of the universestimated to b&0"’ s, will be not

enough to discover all possible®i@ifferent conformations of an averag@0 amino acid
containing proteinSince in mture even the slow folding proteins get their conformation
within several secondthere must be a principal direction the folding process is heading for
to achivesucha many orders of magnitude faster folding reuidirectional folding is
nowadays decribed by a so called folding funnel as seeiign2.15and fig. 2.16wvhich was
investigated anderified by model calculationt.e092]. The form is given by the energy
distribution in a hyperspace based on all possible conformations. In &#duivo possible
conformational degrees of freedom depict in fig. 2.16justone degree of freedom,

representing certaicuts through the hyperspace.
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Fig. 2.15: The folding funnel of a peptide chain. Not all possible minima are tested but a directional
folding downhill sets in after the initial (random) conformational state. The tip is magnified
emphasizindhe presence of several energy minildainique lowest energy state is missing
and the thermal engy is usually high enough frovideadequate eneygor testingmany
different conformations above the very tip of the folding furjNet04].

The initial state of the peptide chain is random as well as the folding into the first
conformational substate. Then a random testing of several minima setalhdmwnhill in
energy towards the folding funnel tipswhich
similar to adenaturizedstateareformed on the way to the natural form whenteoften

named molten globule statas infig. 2.16 The over b shape is already reachdulit

functionality lacks. Further folding leads to the energy levdiaphysiological temperature,
regardingthe influence of the natural surrounding. In a folded protein no unique state of
lowest free energy exists. The loststate is highly degenerate in slightly different
conformations called conformational substates. These substates differ just in details and may
exhibit different functional ragfor instance. So natural proteins are all foldethesame

general manndsut differ in the many conformational substates theyraa¢ the momenand

which they can leaviy transitions to other conformational substates. If the temperature is
lowered theglass(fig. 2.16), but better called dynamical transition (see chap&d.1) is

reached. Here the degrees of freedom get much less upon cooling and the dyretraidalt

is significantly restricted. The lowest tips are reached by further cooling and the proteins will
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be Atrappedo i n the di tstcalmdneer. Tineladk oiaunduest r i bu

minimum is one similaty of proteins toglassformers.
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Fig. 2.16: Cut througha schematidolding funnel. The misfoldedranolten globule state is an
intermediate odenaturizedtate in which the proteican betrapped under severabnditions.
Above the discrete traps at the very tip of the folding funnelglésstransition and the natural
energy levels are indated, which define possibb®nformationsThe paramete@ gives the

percentagestimateof the ndive stateconformationfOnu97]

After folding, the efficient packing of a protein is comparable to a dense liquid [Nigag
is caused mainly by hydrogen bonding and van der Waalsd@specially from the many
apolar parts andide chain®f the prdein interior [Har94]0n the other handhé dense
packing makevan der Waals interactions favorable. If they are disryptecassume here a
temperature increase for instanites protein becomes destabiliz&h[89]. Thedelicate

optimal conformation ofhe protein might beundamentallydisturbed and this small change
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canhencdead to a much largénonlinearo effect. This could explairetrospectivelyhe

influence of the weak but multiplvan der Waals interactions protein stability and
structureasdiscussed in the former sectidn their analysishte authorseparatedhisvan der

Waals interaction basédpac ki ngo ef fect f r o mefféectsand fouad | kno
the first one to be almost twice as large in their energy contributiortlibdatter namelyin

the range 08.4kJ/mol to 12.1 kd/matomparedo 0.4kJ/mol to 6.7 kJ/mgSan89].In the

folded protein the hydrophobic effect is smaller than the van der Waals interactions which are

in contradictionto the firstone, temperatersensitivavhichwill beuse laterin the

temperature dependent measurengéstussion chaptet.6.

2.2. Protein Dynamics

In the sections so far the protein had been treated more as a rigid molecule of which we have
analyzedhe structure. Motions anélated frequency ranges have been mainly concerned
with the stretching and bending of distinctive bonds. From the dynamical process of protein
folding, which ends inno unique energy minimufwe want to deriveow the dynamics of

the folded protein whicks important for the functionality. To understand proteins one has to
analyzethe motions of many thousands of protein atoms and of some hswodsthched

water moleculesogetherto get a complete picturghichis necessary foa fundamental
insightinto proteinfunctionality. First we willdemonstrate the way thatli¢o the dynamics
functionality association.Aen we will lookatthe huge range of differenimescales and
amplitudes of all motions occurring in proteins. Out from that the functref@tant motions

in proteins will be identified together with their propertigs instanceheir attributed
frequencies andmplitudestheir harmonic/anharmonic characterinrgeneral equilibrium
fluctuationshon-equilibrium transitions. The conceyf the energy landscape and hierarchy
describing folded protein dynamics will be introduced before the influeneenperature and

of thesolvent on thiglynamicalbehaviomwill be in focus.Since water plays a crucial role for

proteins the propertiesdl i f f er ent & thaersdymanic$ willba diseussedo.
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2.2.1. The Relation between Functionality and Protein

Dynamics

2.2.1.1. Historical Review

Perutz and Kendrew [Per60, Ken60] were the first that got an atomic resolution of protein
st uctures in 1960 on hemoglobin and myogl obi
intrinsic beauty of the molecular structures led to the misconception that proteins are rigid
molecules and most attempts to understand protein function have beenrbasediogi d mo d e |
[Nie96]. The key which fits into a lock was thisualizationof enzyme functionality. This
changed slowly in the 1980ies as it came out more and more that protein dynansies play
crucial role for functionality. The first hint on the impamce of protein dynamics for
functionality came from Perutz and Mathews [Pemsbd found that there is no open path in
myoglobin and hemoglobin for gas molecules to reach or leave the bindiingsitast on
physiological time scales. Otherwise a stti@in has to swing out and to allow access which
would include protein motions on a large sc@leat some transitions in myoglobin require a
dynamical protein and do not occur in rigid myoglobin was/enby Case and Karplus

in1979 [Cas79]And tat graups of atoms in proteiranmove in a concerted way from one
minimum toanothemwas found by molecular dynamics simulation frtao et al. on
ferrocytochrome ¢Mao83.

The picture of the energy landscape with many different conformations a proteis travel
through came upround the same tinf®y Bryngelson and Wolyne8fy87a]. Along this
knowledge different techniques for investigations of these motions were demanded because
X-ray crystallographymost used at that timaverages over all &se differentonformations

and pst the average value of motjamthout detailed frequency or amplitude composition

can be gained. Here the progress in (inelastic) neutroescgtexperiments, fanfrared and

THz spectroscopyand the femtosecond purppobe expements are mentioned. Also

computer simulations on proteins to model this complex dynatéteviorbecame more
important since that tim&.et the relation between protein dynamics and their functionality is

known but isstill afar from being understoawpic.
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2.2.1.2.  Functionality Related Experiments

Today the importance of protein motidios the functionalityis best studied on myoglobin
(fig. 2.17). All possible paths for an entering or leaving of oxygen in a rigid structure are
related to energlarriers of more than 420 kThis would take billions ofearsin contrast to
the verymuch fastephysiologicaltime scales. Callated energies of 35.6 ké&lated to many
small conformational changesan decrease thelevanterergy barrier down to@9 kJwhich
leads taime scales close to the observed physiological ones [KaFr8& underlines the
connectivity between motions on different timescales, amplitudeeaationswithin a
protein(seechapter 2.2.1.3)Small local conformations, able tvercome the low energy
barriersseparating theext substateprepare a way for a global transitiathin the protein.

In addition to the large number wiovingatomsin a proteinthis connectia adds even more

complexityto protein dynamics.

Fig.2.17:  Schematicatirawingas a cut through the overall structofesperm whale myoglobirThe
heme group binding site is situated in a protein cavity. The conformation of the two parts

opening and closing the protein cavityfluence the protein funicinality [Fra07].

Conformational changes are important to the protein function andageaEssibilityis critical
as it isalsoseen from mutagenesis and temperature manipulating experiments. In lysozyme
for instance so called hinge bending motionsiavelvedby clamping down polysaccharides
in bacteria cell walls when breaking these dolaysozyme is described agprotein with two
lobes covering the active site in between, whose relative motions havartzgredy a
very early model assuming twaidl simplified lobes after the functional relevance was
discovered [McC76]The lysozyme and myoglobin examples indiGatengothersthatin
particularlymotions involving many atoms seem to be relevant for protein functionaligy. Th
so called collectivenotions are important to the protein functibas beemlsostated by
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Huber and Bennett andasconfirmed by simulation results on lysozyfioe instance

[Hub83, Lev8%. The first molecular dynamics simulation on protémsupport experimental
findingshas been done several yeaaslierby the group of McCammon and Karplus on

bovine pancreatic trypsin inhibitar 1977 [McC77].These earlysimulationresults already

showed the comparability and usefulness ofgi@edinformationwhen comparing them to

real observables. Concerted motions of some atoms have been found and a connection to low

frequency modes has beaineadyderivedat that time

2.2.1.3. Timescales and Amplitudes of Protein Dynamics

Table 2.2shows the timescales and amplitudes ofggromotions based on the work of
McCammon in 1984 [McC84J he timescale spawns 15 orders of magnitude. Even if more
recent results indicate that the here presented overview might be about one order of
magnitude too lovior some motionsa first indicatian is given in whickspectroscopic
relevantfrequency rangand respectively energy scatbe different protein motions can be
expectedVibrations of bounétom pairsare found in the midhfrared with main features
between 1500 cthand 3500 cril coverirg the timescales around 100 Tiprresponding to

10 s per period as seentable2.2 The above discussed motions of globular regions of a
protein are found in the THz rangehich we reach on the lower frequency side of our
measurements. Due to thendping of the solvent and due to the dense internal packing of
proteins the motions of surface side chains and the torsional liberation of buried groups occur
on everlongertimescales situated in the upper GHz frequency range. Hinge bending motions
arereferredto be very low in frequency but McCammon stadééady in the same papéat
mostexperimentsp to that date indicate a timescale around 20 ps which would be in the very
upper part of the giverangein table 2.ZMcC84]. (Local) denaturatiorreaching the

timescale of seconds the slowest dynamical procassproteins. As it is known from

medicine a denaturation can also occur aimascale spawning several daggenextending

the protein dynamics some orders of magnitude on this freqeaey
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Motion Spatial extent| Amplitude (nm) | Logarithm of

(nm) characteristic time
per second

Relative vibrations of 0.27 0.5 0.0017 0.01 -14 to-13

bonded atoms

Elastic vibration of globular} 1 -2 0.0057 0.05 -12 to-11

region

Rotation of sidechas at 0.5-1 0.5-1 -11 to-10

surface

Torsional liberation of 0.5-1 0.05 -11 to-9

buried groups

Relative motion of different| 1- 2 0.17 0.5 -11 to-7

globular regions

Rotation of medium sized | 0.5 0.5 -4t00

sidechains in interior

Local denatuation 0.5-1 0.5-1 5to1

Table 2.2:  Timescales, spacial extent and amplitudes given for internal protein motions. Here just the

order of magnitude was estimated based ofnfloemationavailable at that timgvicC84].

As anargumenfor maybe todow frequencieshat have beeassumedtwo molecular

dynamics simulations of bovine pancreatic trypsin inhibitor are discussed. They concluded
that atomic fluctuations take place on subpicosecond time scale as local fluctuations and as
more collective maons in the range of 1 ps or longarresponding tabout 3cm™ upto 30

cmi’ [Swa82]. Large fluctuationaithin the proteirhavealwaysbeen due to these collective
types of motiorjlch91a, Swa82]. This indicates that the interface from local to colledype

of motions is found in the fanfrared or THz frequency rangBut aomic fluctuationsare
alreadyfound around 200 cthin this earlysimulation[Swa82] which is too low in
frequencysince these motions apeovento befound in the midinfrared. So in generalthe

results seem to be a little bit too low in frequeri@yt we anyway do not expect a sharp
transition frequencgt which specigprotein motions are found and hence it is very likely to
see the onset of discovering collective motianeurprobedfrequency range. More recent
reviews on THz spectroscopy and corresponding simulations covering the frequency range of
about 1 crit to 100 cnt expect breathing modes of secondary structures, correlated motions
of some amino acid groups andtigy structure fluctuations in thisequency range [Lei06].

All of them important for the protein functionality supporting our choiceme&surementso

proteins inthe farinfrared frequency range.
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Many studies fand that in particular functionalielevant ligand binding and catalysis

involved protein regions often exhibit large amplitude displacememighasizinghe

importance of these kigdof motion[Art79, Hub83, Fra79]But if one group of atomshoves
otherproteingroups or solvent moleculesvgato give waytherefore motions in proteins

often occur in a correlated manner. This underlines the analogy of protein motions to viscous
liquids which is often stated. The dense protein packing causes that on timescales shorter than
0.5 ps small amplitde motions occur similar to simple liquid motions [McC84]. Hrises

from a temporary trapping between other protein parts or solvent molecules. There is a
Arattling in a temporary c ag e ontemaltndkatenala s s ume
sdventcollisions inducealsorandom like motions as in liquid®n alongertimescaleprotein
motionsbehavamore solid like. This can be understood by the fact that most of the atoms in a
protein have defined average positions corresponding to the padiedn state. There is a
Arestoring forceo pointing backwards to the
disturbanceAll together overdamped as well asderdamped motions ocdarproteins

Large amplitude motiongreassumed to be ithe THz frequency range or lowglike the

hingebending in lysozyme or the rotatiof side chainst the surface é&etable 2.2) Both

are subject to damping from the surrounding solvent and frictional forces could be sometimes
even dominant. Whereas covalenhlds and small amplitude motions move freely and just

smallfriction effects are involved.
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Fig. 2.18:  Mean square displacemerfitsm neutron scatterin@white) on deoxy myoglobin with 80 ps
time resolution (circles) and 12 ps time resolufimiangled from [Dos98]. Mdssbauer results
areindicated byblack circlegPar03]
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An overall amplitudef all motionsis givenby the mean square displacement. Mdssbauer
spectroscopynd neutron scattering experiments indicate that proteins exhibit a very large
value compared tothersolids. Fig.2.18shows mean square displacements derived from both
techniques on deoxy myoglobin states. The later discussed dynamical transition is seen
around 200 KHere we would like to emphasize that molecular dynamics sirantafound

that just a few anharmonic modes are responsible for the nmjotbution tothis large mean
square displacemenBfr92,Ama93,Hay94, Hay95Kit98, VIi99]. Smith et al. [Smi04]
derived from anolecular dynamicsimulation of lysozyme at 30K that less than 1% of the
total dynamics contribute more than 9@8thetotal mean square displacemenhis is in

line with the observed few kisdf motionin proteins expcted to show large amplitudes
(table 2.2) Combinedtogether, this indicates thhatnctional relevant motions seem to be
related to large amplitudinal, very likelyollective, motions situated in thaw frequency

range.
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2.2.1.4.  Collective Motions and their Frequency Range

Throughout this thesis we refer to collective motions esmnaerted dynamical behaviour of at
least five, usually much more, atoms of a protein. Such groups of atoms will range from small
sidegroups up to large regions or parts of the whole protein, which are in motion relative to
each other. We want to clearlgarate collective motions from the typically two or three
atoms involving vibrations or rotations along direct bonds. Roughly defined, a group of atoms
reveals collective motions if correlated movement of atoms further away than their next
neighbours exitsEvery study based ommll imodeb molecules for proteins can therefore

not reveahnyintramolecular collective type of moh. Since such small molecules are often
used for normal mode analysis, information about collective motions are often coynpletel
missing which, we want to emphasize here, is not caused by the method itself.

The connection of collective motions to the-ifigirared and THz frequency range is based on
the joint publication of Brooks, Karplus afetttitt [Brd88] which stated that evesibove 100

cm* collective motions of several atoms like aromatic ring motions occur. Motions in the
range of 20 cimto 100 cni are collective motions of many atoms together usually correlated
to large amplitudes. Torsional vibrations of secondary siraa@lements are assumadhis
frequency rangewith the helical structures moligely to besituated in the upper half and the
sheet stictures in the lower halHinge bending motions aseiggestedo be in the THzange
preciselybetweer cni* and5 cmi™.

At the same timexperimental results of neutron scattering in the low frequency range below
150 cm® did not show a distinction between proteins containing different secondary structure
elements. This was shown by Smith ebalbovine pancreatitrypsin inhibitor[Smi86],
myoglobin [Dos89, Cus90] arfdrtherproteins as found in [Cus88 and references therein].
The conclusion is thdhe type ofsecondary structure elementsednot contribute a lot to
inelastic neutron scattering and presumablganeral to the low frequency rangeit so des

their spatial arrangement and the relative motion of the secosilacyureelementsSince
mainly this tertiary structure information is required to unravel the protein functionality
process this is an eograging result for experiments in the-fafrared frequency range.
Molecular dynamics simulation resultaded on the paper from Go et al. [Go&2|nd modes

in the range from 100 cfto 200 cnt* which are of collective nature involving several
neighboing atoms or residues. Below 100 ¢ihe motions become more and more global

involving already large parts of the protein. These motoamsribute a large part to the
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overall net displacemenndare basiclly of anharmonic character linking up to thexhe

section.

2.2.1.5. Basic Types of Protein Mtion

We will extend theconceptiororiginally given by Doster and Settles [Dos98] that motions in
a protein can be compared to people in a ttaratram two major types of motiorzcur.

The first types a small amplitude, harmonic fluctuations caused by the motions of a single
person reaatg on his moving surrounding. Bubim time to time large amplitude,
anharmonic disturbance®presenting the second typecur which drive the system out of
equilibium and a relaxation to the initial amew equilibrium state sets ili.a person is
surrounded by a bunch of friends the enexggingfrom a disturbance is faster dissipated in a
larger system of peoptean alone. ldncein this casehe equilibrium tate is reachedn a

faster timescaldn a protein these connections are very likely tpteelominatelythe

hydrogen bonds and energy is mediated and distributed quickly through this nétisork.

the dissipatioffluctuation theorem which connects theigigrium fluctuations with the

energy dissipation can be eaipled by thisllustration Motions from smalfluctuations

which alwaysoccur in the systeptontainas well as the reaction to a large disturbance and
theway howdissipation of energig caried out,informationabout the whole system. They
are connectetb each otheand from the analysis @iistone of tlesetypes the network

motions are completely defineshd the reaction or occurrence of the otlipe can be

predicted.
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Fig. 2.19 By equilibrium fluctuations slightly different conformations or excited vibrational levels can be
reached. The energy is provided by thermal fluctuations and by anharmonic coupling to other
states or to the solvent. From some excited states a transitiossiblyfollowed by a
relaxationbehaviorto the new ground state. The anharmonic character of this transition is
displayed by the nonsymmetric energy barrier between the two different Stategling
effects arenot included in this modg¢Kie02].

Sud two types of motions are assumed to occur in protédagFra88]. Which arenamely
equilibrium fluctuations and functionally important motions. The first describes an
approximated harmonic and the second a relaxation type processstAoceafterthe
photodissociation of myoglobin and carbon monoxide new conformational state of the
protein after this event is slightly different from the one before. This state is reached by
several functionally important motions outspreading like waves withipribtein. Ths event
was described by Ansari et al. [Ans85] as a protein quake due to the similarity to an
earthquake leading to a new equilibrium state by sef@talv upprocesses caused by the
first event. he wo differentkindsof motion, which cancause transitions between different
conformational statesan be described in the following waheequilibriumfluctuations

arise from permanent fluctuations within the energy, entropy and volume caused by the
interaction with the surrounding, namelgtholvent. The solvent can be seen as a thermal
bath to which these protein motions are coupled to [Cooper1976]. Nonequilibrium relaxations
occur after a perturbation likight quantum absorption, the above described ligand
dissociation or even after afrsition to a new conformational state. Afterwards a relaxation
from this nonequilibrium state to aguilibrium statdakes place as seenfig. 2.19 Both
kinds of motiondiffer in their harmonic and anharmoriehaviorrespectivelylf linear
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responsef the system is assumedibth typesof motionare connected via the dissipation
fluctuation theoremdescribed in a more general way using correlation functions by Kubo
[Kub57,Kub66§, which is the basis for theelowpresented calculation of protein alysiton
usingdipole moment correlation functionghe latter arelerived from normal mode analysis
or molecular dynamics simulation andrte the detailwill be discussed ithe belonging
chapter Encapsulatedhetheoretical models attribute the functad relevant motions to
anharmonic, large amplitude motiodscollective character of motions is very likely in such
a denskly packedand highly conneed statewhich proteinsreveal Methodsanalyzingthe
excited state after a major external disturbaasceell as methodmnalyzingthe harmonic
fluctuations of the system abeth capableo gain results which contain information about the

completeproteinwatersystem.

2.2.2. The Energy Landscape

As emphasizedh the protein folding section (R.3), the folding process does not end in a
unique energy minima onaell defined statelnstead there exishany slightly diferent
possibleconformationswhich areall roughly folded in the same manner and shape. This
section here wi |l Inwbighbothtypesoftransitoresbetiveeo differenk t o
conformationccurthathave beenlescribed in the prior sectionhe influence of

temperature and the solvent will be discussed and the most vecgion,fithe protein

seashape modelwill be introduced and extended
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The hierarchical ordering of several tierpissentedn the upper picture. Each tisplits into

several different states, herg, A; and A, which were identified in the mithfrared spectra of

the carbon monoxide stodhing vibrdions. Each substate consisfsseveral further minima

and hence another tier in theerarchicakenergy landscapé&ra0l].

and Pauling [Mir36] were the fi

rst

c onf i gu dematurizegroteins. They suggested that upon denaturation a change of

these configurations is taken plagd&ée modernenergy landscape concept has its roots in the

statistical mechanics of glasses and phase transitions basednwrkie Bryngelson and

Wolynes E.g. see Bry8& Wol08]. On the other side Frauenfelder established his model of

conformational substateBria79,Fra88] which ae arranged in hierarchicalway, derived

from experimental observations on myoglobin resefcio8, Fr@l, Fra02b] He was ale

to identify at least founierarchicakiers in myoglobin and relatezhe ofthem to three mid

infrared C=0 stretching vibrations andftmctional aspectike thecarbon monoxid binding

asdemonstrateth fig. 2.20[Fra01} Both appraches were brougltogether irjoint papes of
Frauenfelder and WolyngBra91, Fra94, Fra9P An example for thenodern proteirenergy

landscapearising from the macroscopic folding funnebisturizedin fig. 2.21
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Fig. 2.21: The energy landscape of a protaira two dimensional conformational subspatée native
state is at physiological temperaturesll above the rough tipna certain energlevel. On this
level several local energy minima repregaemssibleintermediate state3he protein can be
it r ap psemedimefirosuch a localinimumbefore a large transition &other minima
occus. Each of these wellsasno distinct minimum but several local minima agaufmich can
be identified with theénierarchythat Frauenfelder added to the energy landscapeepbof
Wolynes[Hil06].

Temperature is the main factor which defines the access to other conformational states and
hence the hierarchiclvel. Proteins moveapidly from one substate to anothehanging

their structure by breakingd reforming norcovalent bonds [Fra79)Vhen the temperature

is lowered the protein is trapped in one of the tiers just able to switch between the different
sulronformations at the global minimum of tipiarticularenergy well. The barrier to another
global conformationaligstate is now invincible. This trappirgut still in a nordefined
minimum, is a similarity toa glassy state

Temperature dependent experiments arepassibilityto explore andnalyzethe energy
landscape. A kink in the total and further derived oomiational mean square displacement
term of Xray measurements on myoglopivere one of the first indications aftransition

around 200 KFra79] Above this temperatura strong temperature dependent increase in the
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conformational mean square displaegrnis observedvhereas below the transition the
conformational mean square displacententains more or less constant, indicagngapped
state of the protein. The large increase suggests that the energy lseparatingnany

different conformatioal substatesare overcomat a certain temperatuaad therefore a large
increase of the conformational mean square displacement is observed. These results lead to
the conclusion that the access to many conformational substatslineaty increased
around200K, which isreferredto theglassor better dynamicéransitionin proteins. Thee

thet her mal energy is able to Afill o the protei
broadens a ldaffig. 2.16) Many new substates can be reached aongthe possible transitions
increase to a lge extendSimulations for instance drydrated carbxy myoglobin revealed
thatbelow the dynamical transitidhe dynamic&remainly of harmonic natura the trapped
tiers[Ste96].Above the dynamical trart8n temperature, theorrequilibriumtransitions to

other wells increase the anharmonicity which governs the dynamics at physiological
temperatures.

Direct information about the energy landscape is gained by fs-{puoly@ experiments as

some groups, inctling the groumf Zewail, perform on biomolecules [Hil94, Zhud4am95,
Ham98, EdI02Pal02, Zho02, PalOo4therpossibilitiesto discover the energy landscape are
holeburningand photon echo experimeijitee97, Sch01, Pon6éTheir results indicatboth
similaritiesanddifferences to glasses as well. The time laws seem to be different in proteins
compared to glasses and even compared to an unfolded pBatethe solvent around the
protein seems to play an important role which underlines the difies@¢oglass formers as

well as themportance of theolvent in a protein system. The first molecular dynamics
simulation which tried to probe the effect of the solvent on the collective protein motions
revealed an unexpected result [Hay93]. The energistaape of thbovine pancreatic trypsin
inhibitor protein is significantly altered by the solvent compareadonulation ofthe same
protein in a free space. The proteiristaved to the dynamics of the solveas Iben et al.

first described the influece of water molecules on thiasgdynamical transition in
carbonmonoxymyoglobin [Ibe89]. Frauenfeldgeneralizedhis effetcon the whole protein
dynamics and folding procedure [Fra0l1, FraG@&nimore et al. [Féib] stated that a well
defined energyadndscape is not accounting for the surrounding solrehisrecentreview
onthedynamical transition of proteins Dos{&0s08]concludedhat the concept of a well
defined energy landscapehsncemisleading.The solvent acts aspasticizerwhich

modulates the energy barriers and he suggested therefore the name protein seascape. We add
herethat not only the solvent but also the anharmonic couplatyeen many different
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protein motions will lead tpermanenimodulationsof theproteinenergy leveland hence we

support a sehscape gtn@atemmhdisi ze this aspect

2.2.3. The Properties ofWater

Proteins and their surrounding water molecules build together a functional relevant system
which cannot be treatexparatelyTypical values of prein concentration in their natural
environment are for cytoplasm 170 mg/ml to 38@&ml which corresponds to abouh %o
2.5h. Thehvalue is the mass ratio of gram water per gram protein. This value béelahgs
particularcaseto about 7 to 9 hydran shellsaround each protei@nd intermolecular protein
distancevaryingbetween 50 A to 40 A [Mid96]. The most intriguinggumenfor the
relevance of water molecules around a protein edroen hydration dependent enzyme
activity measurementspregntedin fig. 2.22[Row8(. Lysozyme, which is also studied in
our measwements, has no detectable enzym@anection below a hydration value of th2
[Rup83]. At that hydration it seems to start that internal hydrogen bonds are broken and
randomly replace by proteinwater hydrogen bonds faciliated the energy provideffom
thesurrounding water molecul&ghich are necessaiy causdluctuations tdfinally perform
enzymatic activityAnother reason is that proteins consist of ordered regions, namely
helices and-sheets, connected by disordered random coils where the main srasttbe
larger parts and collective motioagtaken place. Watenoleculesnteracting withthese
random coil sectionsan have a large effect on the dynamics of theds aadfurther onthe
whole proteinAs it can be seen froffig. 2.22above 0.2 the activity increases with
increasing hydration. Forfall activation of globular proteins a typical threshold ofi9id

required which is less than a fully coverageh#f protein surface [Biz02].
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Fig. 2.22: Enzymatic activity of lysozyme as a function of the mass water camegrthreedifferent pH
values. Open symbols belong to externally hydrated measurements and closed symbols to
solvent directly added to pratepowder measurements. All three graphs show no enzymatic
activity below 0.2h [Row8(].

We will follow the discriminationfrom Denisov and Halle and distinguish between three
categories of water [Den96]. Strongly bound internal water which almost betotigs

protein structurdself, water molecules interacting with the protein surfadgch we call

protein bound water or better biologiavater (since also ndmoundwater molecules in the
vicinity of the protein surface have different properties) famther departediquid bulk water
which is always pr&ent in the natural surroundiag stated above ftine low protein
concentration irtytoplasms.

Structural water molecules are observe imay protein structure analystor instance.

Another hint omes from the fact that protesnystalscontain typically 40% to 50% water
[Row8(]. This very large number is maybe due to high humiditsing theprotein storage

time. Fact is that a complete drying does not remove all water molecules, so theréoseems

a type of very strongly bound water molecules within the protein structure. The actual number
of these water molecules will be discussed in the following section. Afterwards the dynamic
and spectroscopic properties of water and ice will be presastadasis for the discussion of
our results on biological wateéerived from ouhydration dependent measuremants

chapter 4.5

As discussed at the end of the energy landscape sectitarhasthe ability of promotion
conformational changewhich wasprovenby Sundaralingam and Sekharudu from protein

structure analysis arfdom the influence bwatermoleculeson the secondary structure
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elements [SuBB]. So there must be some water molecules which influence the protein and
some water molecules whicheanfluenced by the presence of the protein, too. These two
groups do not have toe the sameA definition of these water molecules will hence be very
difficult and this problem is far from being unraveled. Even a distinction between bulk water
moleculesand the biological water molecules is not always easy concerning the experimental
techniquesFor the above enzymatic activity experiments it was therefore very important that
measurements involvingeat organic solventdsofounda loss offunctionality[Mat02]. This
indicates in addition that some water properties are essential for functionality and that water
cannotbereplaced easily by other solvenBometimes a second effect occurringhe
proteinwater systenmakesthe interpretatiomf the resits difficult. For the here given

example Griebenow and Kilbanov [Gri95] found in their work on agueoganic mixtures

that despite the fact that dehydration increases the tendency for a praokeiratorizeand

hence a loss of functionalitgn the otler handhe secondary structure elements are even
stabilized by adsser conformational mobility. Ofteast a synopsis ohformationgained by
different techniques allows access to this complex proteter interaction and to entdag

the different contbutions.

The different methods of revealing the proteiater interactions are quickly summarized by
replacing the type of solvent, hydration and dehydration experiments apmoach, and
cryogenicexperiments freezingutthe motions of the solvenhd the protein. All three types

and their findings point into the direction of a linkdggtweernproteinwater interactions with

the protein functionality. There is a large exchange between biological water and bulk water
impedng a distinction between tke two types. But this exchange seems to be important for
the protein motions and seem to act as mediator for conformaticsiadies the protein
undergoe$Mat02]. In our experimental procedure we have the advantage of measuring just
one type of watemoleculeswhich is biological water. Due to the two compound pratein

water systerwe can straight forward conclude on biological water properties without using
assumptions on bulk water propertias most of the three component system measurements
have donet so far.In this thesisve wi | | stick as much as possib
biological water molecules exhibiting any property that is different from bulk water
molecules. This seems to be more general than using the definition of water molecules

directly influencing the protein dynamics.
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2.2.3.1.  Strongly Bound Internal Protein Water

The identification of strongly bound water moleculemanly based on Xay structure
analysegxperiments on proteins. Regarding to the large number of water nagecul
exceeding often one hundrede refinement of protein structure decreased the found number
of internalwater molecules significantlgver the yearsSo many older protein structures
overestimate the number of strongly bound water molecules due tecincionclusions on
hydrogen atoms on which the results mredominatelypased. As an examplie estimations

of thenumber of water molecules within the structure of myoglobin decreased from 106 water
molecules in 1968 to 40 jushedecade later [Ro80]. Spin relaxation rates gained by special
nuclear magnetic resonance experiments performed on lysozyme, myoglobin, trypsin and
serum albumin characterize the strongly bound water molecules by enhanced residence times
from about 10 s to 10° s. The exachumber of buried water molecules within the protein

was not possible to be derived but the experiments indicate at least for BSA 30 to 60 water
molecules per proteifpen96] Recenmolecular dynamics simulatiomgpically assume just

a handful of internavater moleculegper protein which are strongly bound realprotein
crystalsthis number can differ becauadditional water moleculewightfill cavities within
andbetween the proteirilsading to larger number of water moleculBst even at low
hydrationthe numberof water molecules attached to {h®teinsurface becomes much larger
than the internal oness it will be seen in the section about thepBon Isotherm Equation

(see chapte? 4). Therefore it can be safely assumed that for our measmts the internal
strongly bound water moleculaesealreadypresent even at our lowest hydration. A
contribution to the number @fater molecules changed by the external hydration can be

excluded.

2.2.32. Liquid Water and | ce

Liguid watermaintains lhetetragonalce structureon a statistical bases seen ini§. 2.23

Two molecules acas adonorand two as an acceptof the hydrogen bond&ecent

experimental data for the internal distances in liquid wageived forO-O 2.82 A for O-H

1.85 A,and forH-H 2.40 A [Tu99].There exist no perfect tetragonal nebsk in liquid

water. Thecoordiat i on number i s about 4.5 i nadhincati ng

the structure disturbing the pure tetrahedral arrangeneéntagsumed that due tleermal
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fluctuations and dynamical reordering the ideal tetratmedrdisturbedy a permanent

formationand breakgeof hydrogen bonds.
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Fig. 2.23: Left: The tetrahedral structure of waigsualized byhighlightingthe oxygen atoms afeveral
watea molecules At 4°C, the lengths in the graph are givenrte 2.85 A, 1= 3.29 A y= 4.65
A, 1,=5.7A [Agm96].
Right: The radial distribution function of liquid water42C going back to the work darten
and Levy [Nar71]. The distances foettetahedral are indicatga\gm96].

The radial distribution function of liquid watdrasedon the work from Narten and Lgv
[Nar71], is pictuiized in ig. 2.23 Iceusually reveals similgpeaks in the radial distribution
functionexcept forthe peak in liqud water around 3.7 Avhichis notoccurringthere

[Daud7]. In ice |h, which is the normabexagonaform based on the tetrahedral structtine,
distances at I¥K are a little bit shorteX-ray studieson ice derived for the hydrogen atom
distancea rang froml.72 A to 1.75 A and for the oxygen to oxygen distamualue ofabout
2.76 A, whose averaglr the nexineighbordistances hence0.09 A shorter than for liquid
water at 4°C [Isaacs1998gm96|. But this has to be taken with caution since theeat
leastnine different types of ice that can be formed regarding mainly on presslithe way

of cooling An overviewover the different formsf iceis given in [Book Vinogradov]There
thegeneralifferences of ice and liquid wataredescribed \a thefive to six orders of
magnitude lesser reorientational and translational motions in ice, which are for liquid water at
0°C about 18 to 10" per secongreachingthe ps rangeThis is supported by Xay studies
which found at the ice to water trénen the onset of ps motiorfEds83] A correlation

length in liquid water was found tmearound 8 Abut neutron scattering, directly sensitive to
the hydrogen atoms, comes to the conclusicabolt5 A. The rotational relaxation time of

the motions metioned abovewasderived to be around J8s from dielectric and NMR
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measuremenfEds83. These timescales lead us to the spectroscopic propefrtkeger and

ice, which are important for the later discussion.

The farinfrared spectrum of liquid wateah been measured by several grqijya66,

Afs77, Afs78 Zel95, Ber96bBru0g. Two far-infrared absorption peaks of liquid water have
been observedround685 cn and in the range from 1#n™ to 195 cm™ depending on the
publication The temperature gendencgexcept for théwo most recent orswhich are
discussed lateBru05 Agm96], shows an increase in absorption with increasing tempeyature
which changes to the other direction around 600 jtrst shorly before the upper absorption
peak. In genml the temperature dependence was found to be most prominent between the
two absorption peaks as seenig 2.24 In this study a third liquid water absorption peak
was necessary at 395 ¢ro fit theabsorption spectrum. This peak was widely discuaseld

is notacceptedy everyone since also tvasymmetricabsorption peaks are possible to fit the
spectrum properly. Also another absorption peakumed to be in the range of 50’am 60

cm?, has not been confirmed by all groups.

Hindered translatioal motions and liberational motions of water are agslim the

frequency rangef 50 cni' to 700 cn from molecular dynamics simulations [Bop98, Sut98].
The upper absorption peak is widely understood to arise from thentettten. Here

hydrogen bondare broken and restor@tconnectiorwith rotational and translational

motions of water molecules. This liberational band of liquid warteund685 cmi* is hence
fivery sensitive to the deasastedydtheirilyedceafgen bo
micelles on water moleculesvealed Weaker hydrogen bonding, caused by the hindrance of
the optimal configuration within micellesas been found to cauaenuch lower liberational
band frequency.

The origin of the lower absorption peak is still underakston [Zas07, ShaQ¥ij 04,

Nan0Q. The question is whethéii-stretch of) hydrogen bonds caughis peak alonegr

rotational motion®f water moleculeften connected to IR inactive translationaltions

within the water network;ontribute, too. If O---O (antisymmetric) stretch vibrations fiefa

are assumed toe the originthe mae recent temperature dependent measurernantbe
explained Thelower band red shifts, widens and decreases in intensity with increasing
temperatur¢ Agm96, Bru05, very similar to the generalehaviorof our temperature
dependenprotein resultsAlso oxygen vibrations appear in the low frequency range3(ED
cm™) often namedntermoleculafir e st r i ¢t ed t r. Buntisebeadtidnomiglt! 6 mot
be just normal modes of an oxygen tetrahedron when hydrogen atoms are igmored
zoomed out modellhis would fitalsoto the occuringntensities of theebands in bothIR
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and Ramaymeasurementd.he importancef the temperature dependémirared absorption

of the lower liquid water peak for this theaissesfrom several pubtiations indicahg an
involvement of dipole induced dipole interactianderivedmainly from simulations that
demandan inclusion of this property to reproduce qualitatively such a ipeidtks frequency
range[Nar92, Gui9l, Mad86, Bur98, Nie9Ran0(q.

Connectiors between the twprominentabsorptiorpeaksn waterandadditionallyto the

lower relaxaion process in the GHz range amdicated from molecular dynamics simulation
results. Two types of fluctuations haveehdound insimulatiors. A fast compnent in the

range of 10 fs to 100 fs, related to the liberational motions of water molecules attributed to the
685 cmi® absorption, and a slower one in the range of 1 ps to 10 ps related to structural
changes within the water network. It is assumed feldtter thatin a correlated manner

water molecules undergo transitions from a stable to an unstable configuration together with
the surrounding water molecules, leadingtigepotential energy changes on a picosecond
time scale. The large fluctuationsthe fast component cause small geometrical changes
which could trigger the slower proce3sis underlinesgainthe connection of the dynamics
of water molecules to protein dynamiggich could be the substitute for the lower frequency
part in a couled proteinwater systenfiTan87, Ohma88].

The refractive index was found to be rather flat in therfcared with a steeper increase
towardslower frequencies than 2@dn™. At the lower frequency range down to the GHz
range Vij et al. Yijo4] performed émperature dependent measuremshtsving an

increasing absorption with increasing temperaaisranother group found, tpeon97. Here

the measurements in theighboringfrequency rangedicate a contrary temperature
dependence to the more recent rissul the fasinfrared as discussed above.
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Fig. 2.24: Liquid waterabsorption spectra derived from a fitting procechfrthe experimentadata The
temperature dependenaversesaround the upper absorption peak whiglc@mpared to the
lower ong much more influence by this paramefgel95.

Temperature dependent Raman scattering experiments even including pressure variations
have been performed by Walrafen et al. [Wal86, Wal8998]avhich are shown ind. 2.25
Here clearly a peaik the rangef 50 cni' to 60 cm' is found. The temperature dependence
changeslreadyat 128 crit and above the intensity sinks with increasing temperature in
contradiction to the infrared absorptigkt. 180 cmi* hydrogen bond stretching was assumed
by the authorsrad hence thantensitydecrease was explained by the breakage of hydrogen

bonds with increasing temperature.
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Fig. 2.25: Temperature dependent low frequency Raman spectra of liquid water going back on the work
from Walrafen et al. [Wal89]. The tempersulependence changesdirectionat 128 crit.

Abovethis pointthe intensitydecreasewith increasing temperatur&lie93.

Because we willillbewbiosof the bialogicafiwaterearound proteins it is
important to look on the spectroscopiroperties of different states of wateirst of all water
vaporin the THz exhibits a minimum afinesharp and strong absorption lines in the range
from 0.2THz to 1.45THz [Ext89]. This is significantly different from the broad liquid
absorption whib shows an almost linear increasing absorption in the same (fandge24). It

is assumed that translational motions and rotational motions of the water molecules are
responsible for the change from the sharp gaseous vegderlines to the broad liquidiater
spectrum [Kin96] The absence of such sharp lines in our later presented spectra proofs the
well withdrawn watewvaporabsorption by our background measurements. Eeat
comparison the complex dielectric constants of liquid water and ice @n shfig. 2.26and
fig. 2.27respectively.First indications to their underlying molecular mechanisms have been
made bythe group of GaidukGai06, Zas07. Other studies on the famfrared absorption of

ice can be found in [Ber68er67, War84]
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to the absorption coefficientnderadditionalconsideration oh, as seen fnm formula2.3, at

least a much larger absarpt of liquid water is expected compared to ice.
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q=2w Wi 2.3
C nc

The refractive index of liquid water was found to be rather flat in thimfeared with a

steeper increase at loweeduencies than 200 chiBer964 as it can be also theoretically
assumed, since sharp absorption peaks are missing here, which would be the origin of large
changes in the refractive index. Due to the complete lack of absorption peaks in ice in this
frequerty range, here a flat refractive indakightly increasing with frequencgan be safely
assumed. Another stromggumentor a small contribution of the refractive indextisat the
refractive index changes in maximum by a factor of two or three batsnoiuch as two
orders of magnitude as hdldpeesentedrge decreasefnfae quency
infrared absorption for ice compared to liquid water is the basthddirst spectroscopic hint

on fiikeodo propert i ewhichwe found imdurchgdratoa dependartt e r
measurementsresented in chapter 4.5

2.2.33. Protein Bound or Biological Water

The first hints on water molecules with different properties were derived from experiments
with polymers which seem iaterruptlocaly the natural structure formation in the liquid

water phase [Ro80]. This wasreferredt o ffreesingwateds wh i ¢ h prbvadby b e e n
several different experimental techniqaesl samplefRow80]. Also around proteins such a

type of water was foundrystallizationof protein bound water can be suppressed far below
the freezing poinas for instance caliometry and IR spectroscopy experiments as well as
molecular dynamics simulations reveal&hp4, Dos86, Pac98]. Several other publications
stated thahydration water in the vicinity of the protein surfd@esamorphous character

similar to supercooled watpropertiedGred5, Do90, Gre94, Gal96 Biz00, Biz02]. But also

not directly bound water molecules have different properties compared to butk wate

molecules a$ig. 2.28indicates.
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Bulk Water Hydration La
o
Q@
Fig. 2.28: lllustration of a protein anis hydration shell. There are tvemltypes of biological water.

Protein boundf waeerwéatle¢r fguaand bul k water
potentialdeterminirg an exchange from bound to bulk wateillisstratedon the righfPal02].

One certainly different property is the diffusion constant of biological water compared to bulk
water. Some results aa first glancen contradiction to each other biftpresented in a
comprehensivevay like herehis is not the cas&Ve will present here a microscopical picture
of the biological water in the vicinity of the protein surface and derive soguenentgor the
following discussion of our hydration and temperatdependent measurements.
Experimental results usingeutron scattering on-ghycocyanin as well as dielectric
permittivity and NMR measurements on hemoglobin gsmitogical temperatures fourad
leastathree times lower translational diffusion coeffiti®f water molecules at the protein
surface tharor bulk water and alsan additionrotational hindering$te93aBel96]. A
combined method of quasi elastic neutron scattenmmolecular dynamics simulations on a
prototype amino acid founfdirthertwo subtypes of biological wateR[is04. At the

innermost layer wateanoleculeswith suppressed rotationaéhaviorandwith atranslation
diffusion behavior like supercooled water at0°C. The second typwithin the second or

third hydration layerrevealsnormal bulk like rotationabehaviorbut still lesser translational
diffusion values than bulk watdsut much faster thawater molecules the first hydration
layer. Very early an outspread afiprotein effeab beyond the first hydration shell was
suggested from Xay and early molecular dynamics simulations on lysozyme [Hag78]. The
authors claim that effects up tdd6or 7 A distance from the protein surface can be assumed
as supported by other groups which found effects up to, 8l Buggestingnore than one

single hydration shell around proteigr$89 Kom93. Lower in energythe biological water
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moleculesare capable tmediate interactiawith the proteirto a larger extend thgastthe

first hydration shell.

Detailed simulations concernéte interactiorbehaviorof water molecules with special
surface groupslThe simulations on lysozynderivedan increasing diffusion constant for
water moleculesf an orderingrom attached to apolar, charged and polar sidegrtouipslk
water. For wate in the vicinity of apolar groups a disruption of the tetrahedral structure of
water was suggested for the cause which seéeiinder the usual translational diffusion and
hence decreases the mobility. For water around charged groups the strongsphatain
interaction seesto form a rigd cage restricting the motion. Henbe tsolvation shell water
exchange with the bulk seems to be slowed down. Water around polar grespsilza
behaviorlike bulk water but wittabouthalf of the diffusion constd. Maybe the extend of
nearneighborinteractions is therefore the important differen8eoB9. But two other
simulations found no correlation of the solvent diffusion coefficient to the type of atdhes
surface which they hydratedm93 SmiO4. Sanecommon sense seems to be now that the
size of the first hydration layer depends on the types of surface groups. The first hydration
shell was found in the radial distribution function at 2.8 A around polar and charged groups,
stabilized by protekwaterhydrogen bonds. Around nguolar groups the first water
molecules are found further away around 3.4 A stabilized by wattsr hydrogen bonds. So
microscopically a differertbehaviordue to the type of bonding can be assuméttreas the
whale hydratiorshell will not differ significantly on the ratio of surface group typst

morea dependencen the surface topology expecteds we will see in a later chapter where
this informationbecomeselevant.

Thegenerakpacial distribution of diffusion cotents was in focus of another molecular
dynamics simulationNlak9§. The diffusion rate parallel to the surface is even higher than in
bulk whereas perpendicular to the surface a much slower one is observed. The latter can be
explained by restriction of éhspace by the protein in this direction. The increase in the
parallel component would be then just due to energy conservation leading to a faster
diffusion. This picture is not completely line with an assumption ofraugh protein surface
that shouldéad to an decreased diffusion in the parallel direction, too. But the distance
dependence of this effect in parallel direction would be again in line with a rough protein
surface leading to an effect observed as far as 15 A apart from the surface. Niffteneyece
between myoglobin and two types of DNAshmeen found suggesting basic physical
principles being responsible for this diffusibehavioralsosupporting our resultderived
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from the hydration dependent measurementsgch do not differ a lot vih the type of

protein.

This on the first sight contradictory resalbove of an even faster diffusioconstanfor

stronger bound water molecules, we will explaimistchingit with some findings on liquid
waterbehavior There a distribution of wateratecules is found regarding the number of
hydrogen bondsvhich can rangesuallyfrom none up to five to get the averagkso called
coordinatiommumber of 45 hydrogen bonds per water moleculenantioned in the section

before [Sc®2]. Comparingdiredly the two largest groups with four and five hydrogen bonds
ontime averagerevealed a faster diffusion of the latter group in a molecular dynamics study
on liquid wateyeven if these water moleculesght be interpreted to tstronger bound. The
extraneighboringwater molecule is assumed to offer more possible network arrangements
and so decreasing the energy barrier for a breaking of a hydrogefSm@d. On this way,
using some kind of #fAfrictiono \wapdab#tabreaktahe sys
hydrogen bond even k&T is smaller than theolehydrogen bond energgself, which is an
interesting resukivhich we will also uséor ourlater introducechew MERCEP model

throughout chapter 4.6.4h the endhiscan leado anincreased d ef ect 0 propagat. i
expressed in an enhanced diffusion constant for stronger bound mqledutdsis

understood here in a way afiincreasen numer ofhydrogen bond formatigrbut as we will
elucidate later by our molecular dynamics simulations m#ybéfetime of every hydrogen

bond is decreased and this quantity has hence to be consider&lidio@ dynamical

behavioi s al so someti mes called a fAicooperative
very quick among theeighboringmolecules by wadering of local defects in the hydrogen
networkof liquid waterfOhm88 Tan87 Sci93. The same mechanism could be possible

close to proteinfor instance fohydrogen bondat the proteirwater interfaceBut the long
residence times of these water males do not support thiadicating the above mentioned
consideration of additional information for a comprehensive description of the dynamics
Residence times, defined as the average time before translation of one molecular diameter is
observedarewith 7 ps shorter in bullvaterthan the surface water residence times of 10 ps to
50 ps [Den96]. We conclude frothis discussionthat bulk water seems to be more irregular
formed than biological watewhich would support ouater discussefl i -c e Ipietwe.
Nevertheless the friction of the protein can lead to local disturbances enhamnicidgcinga

fidefect propagatian which may lead to sonregionsor directions of increased diffusidor

biological watemoleculedn the vicinity of proteins
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2.3. Analysis of Protein Spectraand Corresponding
Models

Protein spectra are very complex well as their originating sample ara least for their
underlying motions causing the absorption. Broadeofrapsorption peakgslays a crucial

role since the ptein-water system with its energy seascape provides a locally different
environmenfor every motiorandmany thousandsf different states are probed and averaged
in an absorption spectrum like ours.

The analysis of the fanfrared spectra can be apprbad fromeither methodgrovedto be
valid in the midinfraredrange mainly a direct treatment of protein motigns from methods
oftenusedin the GHz rangewhere on this timescale the here presented model of relaxation
governs the proteibehavior The relaxation model will be closely connected todlaessor
dynamical transition debate, which will be summarized here. The typicaéssfuinid-
infrared method is normal mode analysis which will be elucidated in the second s&ction.
normal mode basd histogramf far-infrared protein spectra will bgresentedater. Due to
theless complicategllied force field and the smaller calculation effort compared to other
methodsthey provide thenajority ofindications for a peak assignmemtproteinsso far. But
we will emphasize theestriction of the classic version to harmonic potentm@isventing a
completedescription of fainfraredproteinspectra. Because ourfrequency range at least
the onset of anharmonicity observedassociatedftenwith theunderlyingcollective protein
motions. Therefore wwill afterwardgpresent, from our point of view, the method of choice,
which is molecular dymaics simulations together with a discussion of other simulation
techniquesncluding anharmoniprotdan dynamics in the same sectidile will presentater
molecular dynamicsimulation resulten particular for an analysis of hydrogen bond
dynamicswhich we made in cooperation especiallydocompanying our MERCEP model
Since all methods discussed ophat pointwill justgainthe density of states but not the
infrared absorptiorseveralpossibilitiesfor a calculatiorare derived from th#tuctuation
dissipation theorenbut also some approximationseful for a direct applicatioare

presented. Tkipartis included here because the theoretical framework for the infrared
spectra calculations are barely knoasdiscussiongnrecent conferences revealed. This
section should encourage simulatiair®ctly corresponding to thie chapter 4$resented

measurementand summarizethe theoretical workn calculating fainfrared protein
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absorptiorthat ha been done during this projdmsides the experimen&thievementand

results

2.3.1. Relaxation M echanisms in Proteins

There is a widely discussedmparison of proteins @glassformers based on both theoretical
models and experimental results. The over all questjaintiee similarities are caused by the
same underlying physical properties in bgbes ofmaterials. This would be important far
properdescription of proteins and for a further insight into protein dynamics and hence the
mechanism of protein functionalitiRelaxation indicates anharmonic dynamisahaviorand

is a strongargumentor the treatment of protein dynamics by simwas including
anharmonicityas an introduction to the following sections. Therefoeemant to present here
the theoretical description of glasses and their correspofehigres like the boson peak,
since we are touching with the lower frequency paduinmeasurements the region, where

glassfeatures might be observed.

23.1.1. The Dynamical Transition in Proteins

By se\eral experimental techniques emhanced increase jmotein dynamics is found around
200 Kas infig. 2.18already anticipatedepresenting aexample for neutron scatteriag

well asMdssbauer experiments

A transition around 180 K was found in inelastic neutron scattering experiments on hydrated
myoglobin Dos89. Below that temperature myoglobin exhibits the propertiestmmonic
solid which means thathe mean square displacement is proportional to the temperature.
Above, such a description is not valid anymore for the very much enhanced mibhiornthe
systemthat is observedAccessto new degrees of freedasproposedo be the origin. The
dynamical transition temperature correlates withglasslike transition observed in the
hydration shell of the same protein some years before by the same Qos&g | On the

other hand no structural change of tgstalstructue of myoglobin was found down to 80 K
and this can be excluded as the origirom these findings a coupling between fast local and
slower collective motions was propos®dhich would bealso a property found in glatike

systems.
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In X-ray experiments siica transition was found, to®i[92]. The anisotropic increase of the
DebyeWaller factorwith increasing temperature suggests the origin of intramolecular motion
[Pet84 rather than static atomic or lattice disorder, since the lateshould bein first
approximationtemperature independeMgossbauer experiments found the same transiion
aslightly highertemperaturat 210 K Par8]. The mean square displacement contributions
from Mossbauer results on myoglobin have been calculagtDp)]. Theauthors found that
about 25% of the total sum are caused by motions below 8 girmeV), 40% from modes
between 8 cihand 24 crit (1 meV and 3 meV), and 3% from modes between 24 ¢rand

80 cm* (3 meV and 10 meV), since modes with energies aboven80do not contribute a

lot to the total mean square displacement. This is in line with other publications which found
that few low frequency modes are responsible for the majority of the total mean square
displacement as stated alreabliyd-infrared studes [Dos86 Ibe89 and several molecular
dynamics simulationgJar90 Smi9Q Ste93h Ste9§ support these findings.

Claims that this transition can bésoobserved in théor us relevantTHz range Mar07] are
debatableAs fig. 2.29shows the imaginarypat of U shows a slightly
behaviorat all measured THz frequencies from én7* to 66.7 cnit (0.2 THz to 2 THY with

a slighty largerincrease setting in around 200 Khe largest increase is seen between 240 K
and 250 Kwell abovethetransition temperature found by other methimdihe range from

180 K to 210 K But this increaseulminatesalreadyl0 K higherat 250 K and sinks down for
the measurement at 260 K for unknown andfadherdiscussed reasonAlso the room
temperature ata is completely differerstgain as the insehows and this inconsistengy

starting just 10 K above thenusuatkransition around 240 Knakes tleseresults

guestionable
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Fig. 229
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The real and imaginary part of cytochrome C solutions measuredesedttemperatures. A

slight increase in the imaginary part is found around 200 K and a strong increasenti#t@ee

K and 250 K. Afterwards decrease is observed wiltomplete different slope at room

temperature as the insets shows. The rearpeaetis three jumps and decreases also at 260 K.

The room temperature data is again completely diffeddat(7].

In addition to the transition found in dynamical properties, a transition in caliometric and

thermal expansion properties characteyaglasstransition. Fig2.30 visualizes the typical

behaviorof the enthalpy and the volumé&/ of a liquid either forming glassupon a fast

cooling rate or a crystaln glasses the thermal expansion coefficient

a _aulnv
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and thasobaric heat capacity

72

(2.4)

(25)



Far-Infrared Spectroscopy on Proteins: Bringing together Experiments, Simulations, and Theory Christian U. Stehle

change abruptly but continuously at tilasstransition temperatur,. Calorimetric studies
of hydrated lysozyme, hemoglobin and myoglobin revealed the absence ofgladsar
transition n proteing Sar94. But the other indicator seems to be present in proteins. A
transition in the unit cell parameters in the region of RQ0 230K was found ira
temperature dependentrdy studyon crystallysozyme Kur95]. A determination of the

Younggs modul us and the | inear thermal expansi

myoglobin indicate both a glass transition around 240K and 160K respeca@igd).

Volume, Enthalpy

/

I
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Fig. 2.30: Enthalpy and volume changes during the formationgidasor acrystalfrom a liquid.

Depending on the cooling rate two differgtasstransition temperatures {Jand Ty,) can be

found and T, indicates the melting temperati2eb0].

There are also many indications, for instance on CO escape functions in myoDa&®d [
tha the onset of protein functionality is situated right in the same temperature range
underlining a correlation of this dynamical transition to functional relevant (anharmonic,
collective) motions. Also the hydration of the protein is important for thesitran. An absent
or much less prominent transition in protelmysirated with less than OtPhas been found by
neutron scattering and NMR experimeffter93 Roh05 Zan99, which supports again a

relation of this transition to functione¢levant anharmaa motions associated with the far

infrared and THz frequency range
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23.1.2. Description of the Relaxation Process

Relaxationbehaviorof a system due to one underlying mecharisdescribed by the Debye
relaxation. The Debye equatipBica63 describe an exponential response of the complex
dielectric constant to an external field by

&= ie)w (8 w % ° (2.6)

1+iwt

whereUis the relaxation timd is the static permittivity, which is the low frequency limit of
the permittivity and3 the highfrequency limit respectively.

The ColeCole plot compares the real and imaginary part of polarizabilities or dielectric
constantswhich is used to visualize the underlying relaxatehaviorweather one (Debyg
or several relaxation times are presem isystemCole and Cole eliminated the frequency

dependence anderived a semicircle equation:
(ei- & {se-)e i 9 & e . e el (2.7)
with

Radius: %(es- £ and Center:g—;( ser.)e . (2.8)

If the system has more than one relaxation titme general formulfor the complex

dielectric constant becomes

&- £

L=, 0 <I (2.9
@+iwd

& h=ie)w (is w

which has the form of a skewed arc. Therefore a-Caole representation givesiane
glimpsevisualizationif a single Debye relaxation time or a distribution of ratéon times is
describing a system properlysually protein relaxation cannot be described by a simple
Debye relaxatiomfter a perturbatioand the ColeCole plotbecomes skewed aras it was

foundfor instancerom Knab et al[Kna0g. To modelsuch arelaxationprocess in proteing
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so called stretched exponential has to be used with an additionalfacimewhere between

zero and unitywhich is alscapplied for moddelinglasy systems
The corresponding relaxation functior@(t, T) [Ang95, Bay03, whichdependon the time

and the temperatuieare in the Debye case

Q

Ct,T)= expge; (2.10)
¢

and in the case of several relaxation times

C(t,T):'ar']_ expgeTt . (2.11)
¢t

i=1 i

The latter formulacan beapproximated byhe KohlrauschVilliam-Watts relaxation function
convenientlydepending again on one single relaxation twite the above introduced

stretched exponential paramefer

o

! (2.12)

|o:of

a
C@tT)= exXpeg;
¢

8

A comparison of thérequencybehaviorof thesewo relaxation typess seen irfig. 2.31.

dielectric loss

Fig. 23L Comparison of the Deby&ohlrauschWilliam-Wattsand ColeDavies relaxationEspecially
the higter frequency component is alterfgdin0(Q.

The inverse relaxation timeccurring in all formulas aboveés the so called rate coefficient

a(T). In simple relaxation systems this coefficient cardbscribed by an Arrhenius law
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k(T) = Aexp( E/kT) (2.13)

which describes the probability to escape a potential well with depén unit time Sneé5).

Ais a temperature independent paraméteglasses often two empirical relations are used to
geta more realisticlescription of the rate coetfent.Both are recently used to descrthe

rate coefficient derived from mean square displacements of Mossbauer and neutron scattering

in myoglobin Fen02 Fen04 Fra0g. One is theFerry relaton

k(M) = A expl {T. 1)) (2.14)
and the othethe VogelFulcherTammann relationqra9]

k(M) = A exp| BIT T) (2.15)

using an additional temperature independent pararBeldre Vogel temperaturg at which

the rate coefficient divergekas the physical meaning of an extrapolated teatpes where
infinite viscosity is reached during the cooling process. But this is usually not observed since
theglasstransition sets in before at a higher temperatBeg/0J. T, falls almost together

with the Kauzmann temperatufe. The Kauzmantempeaturearises from an extrapolation

of the entropy of supercooled liqujdshich could then reach values lower than the crystalline
state known asthe Kauzmann paradoxohnherefore a transitioat the Kauzmann

temperature has to be proposed to avoiduhghysicabehaviofAng95, Sti0]]. Interesting
about that coincidence is thit is athermodynamical property afid has its origin in a
dynamical treatment of the glass transition. So thermodynamics and kinetics are connected
glassformersdescribedsia the Adam and Gibbs theorBdy0d. All these descriptions

originally used for glassew spin glassearealsoable to model the dynamical transition in

proteins andhence a relation isftenassumed.
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Fig. 232 The typical dielectric loss aflassformers over a broad frequency rangéte U-relaxation
(yel l ow), a-refaxatios dbtwé the exckss wingfigreen), a broad minimum with
thesometime® ¢ ¢ u r r i-pnogess (@ande), the boson peak (blue) and the infrared bands
(violet). Everything below the temperature independenbbgeeak is shifted towards lower

frequencies upon cooling, usually several orders of magnjtud@®Q.

Over the whole frequency range several relaxation regimes occur in glasses as well as in
proteins. Adig. 2.32showst her e e x i-®laxatiman thie love feeguenty range

shifting orders of magnitudewards lower frequencies upon cooling. In mghassformers a

s | o-melaxation is observed above the high frequency side excess wing. Both processes are
strongly temperature dependent as wellpigaching the for us more relevant region, the

almost temperature independent boson peak is situated in THz anfitdeed range. This

peak will bethereforediscussedeparatelyn the next chapter.

Il n bet ween s eefaaatidnisecsurriagod. 8hss fast process is often

connected to the relaxation at much lower frequencies. Such a connection has been found for
water molecules in the protein hydration shell which could triggin their motions in the
far-infrared the slower protein refationbehavior For that reason temperature dependent
measurementsf proteinsmaybe able to probe properties lower in frequency. This

connection is for instance described by the maoolgpling theoryalsoused for proteins

which iscontroversiallydiscussed for two decades no®ds89 Ibe89 Dos9Q Goe92

Dos98 Goe99Lun0d . Thi s theory also proposes the ca
motionas already mentioned in the timescale of protein motions s&2dh3 Motion is

just possible if th@extneighbormoves, too. fierefore te neighborsare seen as a cage and
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based on several experimental resthlisgives a microscopic insight into the liquid to glass
transition. This theory is able to explain the strong increase in the observed @@ sq
displacement properly around the dynamical transition tempef@os9g. Even without the
guestionable theoretical description of the experimental findaudgitionally a sound
understanding of the biological waggopertiesseems to bessentiato answer this open
guestion

Hence thiswill be here our example for glassy relaxati@havior startingalready the

biological water discussigto which we willcontribute with our hydration dependent
measurementd.hat proteins need a glassy surroumgdio function, experienda protein

storage simply prosf There is a long known preserving effect of sugar molecules protecting
proteins against denaturing effects from elevated temperatures or dehydration. This is used in
food and pharmaceutical indogdespite a lack afomprehensivenderstanding. Three
explanations are possible. Most likelygars may provide a glassy environment and hence
conserve the pr ot ei nOmeargunentiothiime affecticeneasloftifel e x i b
preservationlesusuallywith the glass transition temperaturesldferenttypes of sugars.

The other approach is that hydrogen bonds betvpeotein and sugars stabilithee protein
structure, when water molecules and their hydrogen bonds are removed by tigm oera
dehydration effects. fApping of important water molecules within the bpibteinsugar
complexesnight bealso another possibilitipr an explanation of protein conservation effect
[Lop0Q.

Molecular dynamics simulations investigated the relaxdigmaviorof proteinwater

systems. The closer water is to the protein surface, theitaalgnamics diffefrom a single
exponential relaxation in trsairvival time correlationfunction Roc9§. At 14 A the exponent
become$=0.9indicatinghencea closeto asingle exponential relaxatidsehavior But at 6

A and 4 Athe exponent becom@s6 and 0.5 respectively. The latgpewith 4 A isclose to

the first hydration shebf a proteinandindicates alearly differentoehavior from liquid
water[Gar93 Abs96 Roc98 Biz02]. For a validation, blk waterin these studies t® be
foundaroundb=1, hencebiological watelin the vicinity of proteins deviates significintn

its properties from bulk watendrevealsa gléssl i lbehavior
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2.3.1.3. The Boson Peak in Proteins

Usuallydisordered materials behave similar to exteexaitationregardlesso their chemical
composition. This is related to a pileup of vibrational modes in the low frequency range
around 30 cit known as the boson peakdr0§. There are several publications using many
different techniques which foundihoson peakike featur@in proteins under certain
parametersvhich we want to discudtere In supercooled liquids and glas$ies bosorpeak

is almost temperature independaatalready mentioned above proteinghis seems to be
differentand hydration was fountd influence the boson peak in this two component protein
water system, too.

Cusack and DosteCus9Q Dos9Qq derivedboth a low temperature peakneutron scattering
experiments on myoglobin at about 25 trfthis peakin myoglobin was reproduced by
temperature dependent molecular dynamics simulations by Smith and SteinbacBeti@0 |
Ste9] but slightly lower in frequencybetween 10 cihand 20 crit, than experimentally
observed. This was attributed to deviations in treating the interactions oflraarthree
molecules or in general to deviations within the force field compared to the experimental
arrangemeniTar0(. But in general these low frequency modas bestill attributed to
intramolecular motiondn several other neutron scatterisugd Missbauer experimengsich a
low frequency peak has been confirmBieP7, Ley99 Fit99, Ach0Z. The temperature and
hydration dependence of the boson pealuizzlingof whichthe influence ofemperature is
discussed first. In general many boson peak$oared @ove the so called glagsnsition in
proteins In glasses they just occur beldy Even up to physiological relevant temperatures a
boson peak (or at last a distinguishable shoulder) in proteins was found with neutron
scattering on myoglobiandpig liver esterasfl.ey99, Kur05]. Such a peak was gained@

by optical heterodyne detected Raman induced Kerr effect spectradicpply10 on several
peptides and proteins in solutio@if03], by very early Raman experimentsgsturizedin

fig. 4.9 [Bro72 and, for us most importartty synchrotron faiinfrared transmission
measurementdig. 2.33) revealinga low frequency peak ilow hydratedysozyme at 19 cm

! even up t@ temperature which is also probed in our experinjéht®93.
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Fig. 233 Far-infraredtransmissiorspectra of low and high hydrated lysozyme at different temperatures.
Two features can be found around 40'and at 19 ci and 25 crit respectively. Just the one
at 19 cnit in dry lysozyme is assumed to be the boson fiaie9].

Corresponding molecular dynamics simulations and neutron scattering experiments have
found a boson peak arising from the hydration shell around pretbick stoke up the
controversyabout the origin of the boson peak in proteigain[Pac98 Pa®9, Biz00,

Biz02]. Raman and neutron scattering experiments found a broad peak aramd dfd 30
cm* respectively either with decreasing temperature or hydratieyo. That the boson

peak gets more pronounced at lower hydration was also foundhetmhet al. Die97] and in
the experimenpresentedn fig. 2.33[Moe9d. By neutron scattering on pig liver esterase
Kurkal et al. Kur05] confirmed the same dependenthke boson peak with a broad
maximum aroun@5 cmi* is clearly seen at 1 in the sructure factor and was found to be
hydration dependent. The intensity decreased and the peak shi#tdsdigher frequencies
uponincreasing hydratiarHayward and Smith supported these findings because they found
in experiments and in corresponding ewllar dynamics simulations that a dynamical
transition takes place even in a dry protéiay02.

So the origin of théboso® or b et t e rpeakio prvoteins rengainseunctdmt in

the following discussion we wilemonstrate that there are sfgant differences in the

nature of both peak&o lesides theaboveexplanations involving the hydration shell water
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molecules, collective protein motions have batleassuggested as causdor the low

frequencypeakin dry or low hydrated proteif{®ie97, Kur0g.

2.3.1.4. Protein-GlassComparison

Our conclusion from th aboveadiscussion is that we will name the transition in proteins
around 200 Kbettera dynamical transition and nogéasstransition. Fact is that there exist
some properties wch are gnilar to glasses. The lack ofdafined energy mimmum and
somekind of frustration occuing within the system upon coolifgads to relaxation
behaviorof the dynamics.Thefibosor peak seems to be unspecific concerning protein
structure anddiding as it is assumed for such a general property of disordered materials
[Ley99. Glassmodels are well suitable to describe the relaxation peaks and the rate
coefficients asnentionedabove but we see cleaargumentdor a completely different
physicsunderneath these observations. If all results are summarigeein®entirety, our
conclusion is that the nanggasstransition used in the majority of all (even recent)
publications makes no sens&his theoretical resultill besummarize by a synoissof all
arguments

One major characteristics glassforming systems is a defined glass transition temperature
which is observed by a sharp decrease in the heat capacity on coolingv@nrihe systems
is frozen in anonequilibrium state. On warmingp this becomes an even sharper increase as
soon as an equilibrium stateresachedagain. The origin of thibehavioris believed to be a
crossing of the experimental aglhsstime scales, when the cooling/heating rate becomes
faster than the relaxatidime, which reaches typical values of some minutes at the crossing.
Proteins lack this kind of sharp transitioompletely in the above described fordue to the
lack of heat capacity indicators there se¢onbe more an increase of motional freedom in
hydrated proteins in the range of 160 K to 230 K than a real glass tran€ite®d. This is
supported by the regarded publication of Lee and Whkeeld] which stated that thermal
excitationwould beenough to explain the increase in motion that is oleskavound 20§
even without alasstransition model.

Anyway strange about this increase is the timescale of relevant motions in the pasange
shown in figure2.34. Relaxation of glasses occurs typically in the order of seconds leaving
many orders ofmagnitude difference between these kind of motionglisdtheoretical

descriptionof proteins This could be either explained again by mode coupling theory or that
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the fast motions trigger the much slower relaxation process ughticarefore observed on

such a different time scal®lolecular dynamics simulation resulgc03 indicate that side

chains of the protein surfagar at least close to the surfaeege moshffectedat the transition
temperature, nameljyrotein atoms interacting strongly wittie solvent. This underlines the
importance of the solvent witholtn o wl edge of the exact rol e. B
solvent anca wd@rmen protein, the dynamics of the protegcaged proofinglsothe

important role of the solvent for protein dynias. This close connection to the surrounding

water molecules)os98 Set92 would be in contradiction tglassformers which showglassy

behavioras an intrinsic property.
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Fig. 234 Timescales of nopolar hydrogen atoms in myoglobin derived fronutnen scattering and
(rescaled) Mdssbauer spectroscopy on the iron dtamreasing rotionsin theps and ns range
for the hydrogen atom and iron atom displacements respectizlg been foundn
contradiction to motions, many orders of magnitude avwathetime scaleof secondsn

glassesPos9g.

We completely disagree with publications using the occurrence of a boson peak in proteins as
anargumenfor aglasscomparisorfGre94 and not for arargumenbf an indication of gust
disorderedstate Here a lack of knowledge about the above discussed temperature
independence of boson peaks in glasses per defihisislikely to beassumed. To our best
knowledge thimsrgumenhas never been discussed regarding to pro&aidence we would

like to emplasizeit here First of all,a large hydration and temperature dependence of the

peak position as well as on the intensity was obsemeadear catradiction to glasses.

Secondy, the boson peak waswsualljo b s er ved i n many eglasperi ment s
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transition which we summarize to the final result that this low frequency peak in proteins is
by far not the boson peak as observeglassformers, but just a broadepk in the same
frequency range maylaisingfrom collective motions which show amtiinsic anharmonic

or relaxationabehaviorof awide energy distribution after an excitation.

Combined with the lack of a sharp transition in the heat capatgonclude that just the
terminology of a dynamical transition can be used for proteimeh we strongly recommend
Glassrelated tools t@nalyzeprotein properties might fit the experimental datat we

believe ina completely different physics behind this similabsed on the above

argumentation

2.3.2. Normal Mode Analysisand other quastharmonic
Methods

For a harmonior quasiharmonicanalysis of the motions within proteins, thbeeseto be

two approaches treatseéparatelyvhich are closely relateh each otherfirst of allnormal
mode analysis @sin the classial form a purey harmonic approximationfehe energy
potential. Secorly, the principal component analysis which uses data derived from
simulations or calculatiawhich could include anharmonicity. Then these results are splitted
up againinto harmonic motions approxating the real dynamicélehaviorto gain the main
(principal) underlying motions with their corresponding frequencibs 3tep is similar to the
overall methodology for a normal mode analysis and is hence presented together in this
section.

A molecule onsisting ofN atoms ha8N-6 internal degrees of freedom which becomes
already for small proteins a very large number. fid@son for aplitting of motionsinto

normal modes is to derive completely decoumeds Therefore the molecule is seen as an
asembly of harmonic oscillators under the influence of small displacements around their
equilibrium position. Every atom is described in its own coordisgtstem whoserigin is at
the minimum of the harmonic potential well. For the kinetic ener@artesan coordnates

the following relation hold

N O e
E=Zam(x +y %) (2.16)
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Expansion into aeriestruncated after the quadratic term leads to

N TV d 0 a_ 2o
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and a subsequenbardinate transformation to normalardinatesQ; simplifiesthis equation
significantly. Eo can bechoseras zero and the first derivative at the origin vanishes
completely, since this isxactlythe energy minimum of a harmonic potential. The cross
variable tems get entangled and vanish, tboCartesiarcoordinates one complex motion is
described by multiple contributions from upatib3N-6 different motions via the latter part,
whereas now the dynamics is describeddwyeruncoupled motions. The Hamiltonian gets
the simple form of

L _3N 63- # ﬁ 1 )
vib — g ?EIJQIZ -'E/|Q| (218)

in whicha-is the wavelength of modeThe wavelength is again related to the force constant

a and the effective magsby

ak
)

I O @

(2.19)

Solving the Schrddinger equation with the above Htamanderivesthe ughtfor
eigenvalues representing the frequency distribution of the mealéesd alsa histogram The
first normal mode analysis of a proteuasperformedon glucagon irl982[Tas83. The first
complete mass weighted normal modkwaiation was done obovine pancreatic trypsin
inhibitor by Brooks and Karplusne year latefBro83.

Important results lik¢he contribution of collective protein motions to theifdrared
frequency rangbave beemleducedrom normal mode analyseBut the question about the
damping of this motions and the role of the solvent have t@®inoversiallydiscussed and

were not completely answered by this purely harmonic mettexBp, Bro85 Kit91]. In
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normal mode studies focused lbovine pancreatic tpsin inhibitorthe results indicated that
collective motions have a global character even in this small protein and are found in the low
frequency regime below 120 €émModes above 200 chare mordocalizedand n between
motions involving some atomsedo befound [Go83 Nis87]. Even up talay measurements
are compared tnormal mode analysislespite the lack of anharmonicity inclusjaiue to the
very quick and convenient calculatiadgr02, Whi03]. One example igivenin fig. 4.8,
where the THz sIpe of protein absorptias presentedn combination of a corresponding
histogram

Principal component analysis entanglesdabmplex protein dynamidga a similarway as
described abové&uch a quasi harmonic analysis is derif@dnstancgrom molecuér
dynamics simulations which include anharmoniciaethebasisof the calculation. The
eigenvectors of the atomic fluctuation matfgven informula2.20) are the quasiharmonic

modes which can be treatedthe same way as normal modes.

Ay =Jmm (70 ) (0 ) (2.20)

This mass weightedhatrix is used for diagonaktionandincludes the mean positiof of

the atom and the actual position. The average is taken over different trajectorial time

frames Fmi04. Anharmonic motions witm a single minimum will lead to the same results

as normal mode analysis but if multiple minima are presdrith can be assumed for

proteins the result will differ Bro95. For models not including a hydration shéketer and
CaseTee9Qprodedonc ambi n t hat the Acumul ativeo freq
both normal mode analysis and from principal component anay=snparable. This points

out the importance of hydration shell including experiments and simulations, because the
anharmonidly seems to arise from the water molecules which trigger or damp the protein
motions giving them a more anharmonic character. But treated not in a cumulative way, there
is still a considerable difference in the derived fluctuations gained by these tivadsnieBut

they agree qualitatively about the low frequency modes and the large contribution to the over
all fluctuations Hay95.

To encourage the next section about anharmonicity including methedsill emphasize the
difference between normal mode aysa$ and principal component analysidichtake place

in aharmonic approximation from the beginniogat the end respectively. Fig.35 shows

the calculated mean square displacement of myogk#paratedto the components which

are gained by normahode analysis and principal component analysis.
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Fig. 2.35: Mean square displacement of myoglobin sqiititeo different principal component
contributions. Dakt grey are the harmonic modes whosgived value at 300 K fits well with
the result from nonal mode analysigsing the same model system gradential function. The
hatched area indicat¢he cortribution from quasi harmonicahodes and the open artbe

contribution from multiminina modes$mio4.

It becomes obvious from fi@.35 that atphysiologicaltemperatures, as applied in our
measurements, a large contribution from (few) anharcaoilective modes to the oadir

motion is expected. Normal mode analysis will fail to describe the dynamics properly in our
temperature rangélence the nthods on which the discussatre suitablgrincipal

component analysisan be applied tavill be presented in the following chapter.

2.43. Molecular Dynamics Simulations andRelated Methods

As we have seen in the pegting sectioniegular normal moelanalysis is insufficient to
model thereallow frequency spectrum of large biomolecules due to the highly anharmonic
contribution that is expected in this rang®[97]. Different types of simulations can be used
insteadregarding to the size of the spl@ (including maybe krgehydration shell), the

relevanttimescale and theantedpropertiesAn overview is given in fig2.36.
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Fig. 2.36: Methods used to model processes in biomolecules under consideration of sample size and
timescalesCol0g].

For very short timescales and smaller systegnantum mechanical based methods like Car
Parrinello quantum mechanical molecular dynamics simulations or quantum mechhnical
initio calculations can be used. Simulations using molecular mechaniypiaedy

molecular dynamicVD) and Monte Carlasimulations to model larger systems as proteins
together withtheir hydration shell. The latter method has the advantage of just using the
energy potential without an evaluation of a force compared to MD sirmsatian the other
hand withits randomized stepsis much more inefficient in exploring thmany

conformational substates and thegeenergy landscape. Before explaining the methodology
of MD simulations we would like to mention an approximation, witiah be used in every
method especially fogaining information abouhe farinfrared relevantollectiveprotein
motions.Proteins can be sees partially rigid molecules. lafirst approximation rigid
secondary structure elements are connected by lmoandom coils where motions relative
to each other become possible. This concept of coarse graining or subspace approximation
reduces the calculation effort aodn bedirectly focusedon these types of motiomhich are
seeledfor.

The process for gypical MD simulation ispresentedh fig. 2.37.
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Fig. 237:
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Calculate desired physical quantities,
write data to trajectory file

Write to the disc final atomic configuration & finish

Outline of typical molecular dynamicsmulationsteps

The initial atomic positions are usually known from protein structure analysis. The

corresponding velocities are derived by a Boltamdistribution of energies at that particular

temperature. The forces which apply on every atom are calcliptesingthe underlying

force field. Thenfrom this starting setn, the equations of motion are solved and the

simulation runs under the inface of the derived forces for the wanted time step. The end

positions and velocities are saved and usexhastial state for the next step. Usually a

certain equilibration time at the beginning of the simulation is not used latémanalysisto

prevent unphysicaton-equilibrium fluctuations caused by the initial set of positions and

velocities.

Important forclose to reality simulations are thppliedforce fields for proteins. A typical

force field has the following form.
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The first sum describes the contribution for every covalent bond, the second for the
correspondingleformation angles and the third sum refers to the deformation energy due to
rotation all describing the contribution from covalentlydmal atom pairs. Nofboundpairs
areaccounedthrough the Lennardones potentialvith the first term for the core repulsive
contribution and the secomermfor theattractivedispersion force. Electrostatic interactions

are described by the last term uspagtial charges for instan¢die96, Bro93.
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Fig. 2.38: Velocity autocorrelation functiaof watersplitted p into hydrogen and oxygen atom

contributions derivethy two different methods. The Fourier transform gives the density of
states. Comparisao the absorption spectrum of water indicates especially deviations for the
lower absorption peak, for which a promeodelingof induced dipoles seem to play a crucial
role[Rog03.

For a further analysis of the MD simulation results usually (eaardation functons are
used. As seen in figu238the Fourier transform of the velocity autocorrelation function
derivesthe power spectruror bettercalledfrequency dependent density of staes model
the lower absorption pealk water a full treatmenof induced dipolegsee chapter 2.6)
seems to be necessary and explains the deviations from the expairta¢asein this

particularsimulation.
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2.3.4. The Fluctuation-Dissipation Theorem

As a bais for the following chaptefocusingon the calalation of infrared intensitieshe
FluctuationDissipation Theorem will be presentemingoriginally back on the worlof
Callen, Welton and Green€&l5], Gre5] Cal52,Gre53. Written in ashort andnore

modern formSca89 the FluctuationDissipationTheorem is given by

C. w) =2k, T2 (2.22)

w

It relates the spectral density of multipdlactuationsC with the imaginary part of the
multipolar polarizabilityl. The latter was deriveasingthe KranersKronig relations [Kro26
Kra27] originally connecting the real and imaginary paftcomplex dipole polarizabilities.

This formula applies also for higher multipole approaches as it is used here. Prerequisites f
this short version of the theorem is a linear system, which gives the possibility to get rid of the
integrals presentin the original formulaby comparing the integrands on both sidsstis
presentedhere. The importance of this theorem becomedesniwhen it is pointed out that

the left side of the equation is determined by statistically distributed equilifitiataations

and the right side by nestatistical dissipative dielectric propertigghich were connected for
the first time here.

Kubod snportantcontribution was the formulatioof thefluctuationdissipationtheorem via
correlation functions anthat hegave a more general forwhich holdsalso for quantum
mechanical systems and not only for clasissgstemsWe will use this generaloerelation
function formalism to calculate the infrared intensities and line shapesflltveing

section This theorem describémw the admittance for an external disturbance is related to
the square of a Fourieomponent of a physical quantitshich fluctuates in time in a thermal
equilibrium. If linear response is assum#tk admittance for the disturbance is reduced to the
calculation of the timdluctuations of theequilibrium[Kub57]. The best explanation of the
meaning and possible applicatiarfghis formula was given by Kubo himself which we want
to cite herd Kub64g:

AThis theorem st atbetweenahe gesponse ofa given systenttdo o n s h
an external disturbance and the intefhadtuation of the system in the absence of the

disturbance. Such a responseharacterized by a response function or equivalently by
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an admittance, or ampedance. The internal fluctuation is characterized by a
correlation function ofelevant physical quantities of the system fluctuating in thermal
equilibrium, orequivalently by their fluctuation spectra. The fluctuatthssipation
theorem carhus be used in two ways: it can predict the characteristics of the
fluctuation or thenoise intrinsic to the system from the known characteristics of the
admittance othe impedance, or it can be used as the basic formula to derive the
admittance fronthe analysis of thermal fluctuations of the system. The Nyquist
theorem is &lassicalexample of the first categoriNfg28, whereas, perhaps,

On s a gpmwafd the symmetry of kinetic coefficients the oldest example of the
secondOns31a0Ons31h. i

We have to embed the Kubo formulas in a moresggicontext to emphasize the
prerequisitegnd restrictions of this formul@he Langevin equation describ@sownian
motions under the influence of a fAwhiteo
means that the next distortion does not depend on the former state. This can be hence
described byaMarkop r oces s whi c h.Alsssomekiadomemory functeomr o
must be introduced, since the response of the systemsiimstaottaneouslyBased on the

work of Kubo and Moria generalized Langevin equatiaas introducedBva9q or the
Liouville equation can be usgddbth leaihg to amemory effectontaining norMarkovian
processes. The latter approaas an alternative possibilifgr derivingthe Kubo formulation

of thefluctuationdissipation theoreptan be found for instance iMEi64, Eved0] but this

way will be not presented here, sincesittompletely equivalend the lessaboriousapproach
by usng the generalized Langevin equation. Along within this framewibdan be derived
that the breakdown of Debyeds relaxation
absence of a memoryfect. The imaginary part of the complex polarizabilitythis theoryis

given by

ai(iy=

wt i)
1+wf P (2.23)

with the maximum at the positian G:1. A distribution of relaxation times gives a broader
absorption peak with a larger higlequency contribution as discussed in the relaxation
section. Butatthe high frequency limjindicated by very short relaxation timgghe
absorption goe®wardszerq unable tadescribeabsorption peaks from the fanfrared

upwards [EvAQ]. This isthe reason for the proper description ofifdrared absorption on
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the basis of th8uctuationdissipation theorerand not by extending relaxation models
applied in the frequency range below

There are several possibilities to express the Kuoaster eqations Che63 Zwa65. We will
give here the most general one emphasizing the role of the correlation function, Before
connection to the much earlier derived WieKéintchine Theorem will be shown, too
[Wie30, Khi34, Wax54. Wiener and Kintchine found for astochastic (e.g. Browniaagain
Markovian memory free) process thla¢ correlation functio and the spectra densi®y
form a Fourier transform pair [S88, McQ7€q.

1ﬂ
C(t)=-L As( e d 2.24
()zp_r]S(wéW (2.24)
S(w) = %;6qoémd (2.25)

This propertythat the Burier transform of a correlain function can be interpreted as
spectradensityor the corresponding Fourier transform quantgyhe origin of thdater used
relation of the dipole moment correlation function to the inftaesorptiorspectrum
Thefluctuationdissipation theorem can be given in a general form via correlation functions
of two physicalquantitiesA andB describing the complex admittance or response of the

system.

+ o

Cial W= i{ A©0)B(1)}) €™ dt (2.26)

2E (W)

Cinl W=

2E, (W) n<{A(O)B(t) ) e dt (2.27)

Translated to the response of the above introduced multipolar polarizategain for the
dipole correlation functio(t) of the dipole momenh [ScaB9, Eved()

¢ () =(mO) () (2.28)

whoselimestowardsinfinity is zero. The result for the complex multipolar polarization is

given by
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a( Vy:ﬁgcm(O) i . (0e™ dt (2.29)
B' € o

which is a generalization of thdrkwood-Frohlich relationlhereas anexample for a sphere
with radiusa, since the formla is shape dependent), which is given for the frequency

independent polarizabilitd and its reltion to the static permittivity by

a,=
3K, T

Mo poea(séei'z)l). (2.30)

Formula2.27 is the general basis for the derivation of the infrared absorption calculation
concerning the intensity and the line shape presented in the folloggtigrs

Concluding remarks for this section concern the underlying linear response theory and direct
applications. The theorem is just an approximation because it assumes linearity which just
holds for small applied fields. It is assumed that the systeveakly driven out of

equilibrium and the equilibrium fluctuations are caused by the internal density of the system
[AlI95]. Our introduction about underlying processes can be used for direct applications. For
instance molecular dynamics simulations omapfied protein model concluded that at
picosecond time scales some kind of memory function is fauttih the protein dynamics,

since the description by a Langevin model failed. At time séaigger tharsome hundred
picoseconds a Markovian model wotlt a memory function was able to model the dynamics
properly[Gru94. This indicates a qualitatively change of the dynamics within proteins
around the ps time scalewhich we measureAnd it is another example for the breakdown

of the Debye theory in th frequency rangas described above

A nicevisualizationof the FluctuationDissipation theorem (even in the Langevin form) is

seen irfig. 2.39.
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v=dx/dt \ Velocity becomes

A \ ‘ o
. B damped due to viscosity
\\
N ‘ R 2 \\ \ Time
A A A A A
Random force kicks
Fig. 239 Random forces and viscosity connected by Newtonian equations can visualize the Fluctuation

Dissipation theorem. To make sure that the average velocity of the total system is equal to the
energykgT distributed over all degrees of freedom, a relation between the random force kicks

and the damping due to viscosity must exist e

Even in sub asimplified form, it follows thatfor singleparticlediffusionthe ratio of mass

times diffusion constarid and the energksT gives the timescalUof dissipation.

(2.30)

This can be seen as a memory timescaés #iat a molecule has forgotteésformer
excitation.On longer timescalethe molecule properties can be then derived by simple first
order Langevin dynamics towards which the dissipatiectuationtheorem degenerates into
under these conditions. ldg this equationdr a singlealbuminprotein molecule (assumed
di ffusi on of idwateganypiqaldimesle is derivdd)of about 1.79se05)
confirmingthe relevant ps timescal®undalsoin the above example using more complex

moleculardynamics simulations

2.3.5. The Calculation of Infrared Spectra and Intensities

Due to the lack of angublishedcalculated fainfrared protein gectrum including a dipole
moment treatmentve want to present here in a comprehensive wagliffexent possibilities

to deriveinfrared irtensitiesfrom any calculation or simulation of protein dynami€kree
reasons can be assumed for the complete absence of calculaédfad spectra of

proteins. First of all the theoretical approach is not straight forward and a publication for a
standard approacha A ma o doahlis-ds missing. Secony, there are many experimental
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obstaclego overcomeEven the calculations for the fafrared absorption of simple water
arejust recently close to the experimentalapem. A more complex mtein moleculevith

more than a singhg/pe ofeachcovalent and hydrogen bomseems to be too chatiging.

Also simplifications based on the symmetry of the water molemdeconcerning just two

sorts of atomsvith their charge disproption cannot be sedfor proteins. Thirdy, the lack of
reproducibleneasurements of proteins in this frequency range under defined conditions made
an optimization procedure of the eventually gained simulation results impossible, which is a
prerequisite for progress in thield of simulation. Theséormer missingneasurements will
benow presented in chaptdr Regarding the firsteasonwe will pave theway for such
calculationsas much as itg possible to include this in a theRisusedon experimental

physics, teenmuragea calculation oproteinspectracorresponding to our measurements.

So far usually an easy approximation has been done by relatirgpéutral density of modes

to theabsorption spectr@f caurse it can be assumed that the absorption at someefrey is
larger if more possible motions contribute there. But neither a statement about the dipole
moment change, essential for an infrared acticidgyy bederivedon this waynor the real
contributionitself. Some motions with a large fluctuation dipalement will lead to a strong
absorption, whereas others will contribute less. Fapodelingand comparison to an
experimental spectrurthe intensity as well as the absorption band shape has to be included
as presented belqgwtherwise just the peak ptens can be safely assigned.

The first approach for an IR intensity formula goes back to Wilson, Wells and Thorndike
using dipole moment derivative®/jl46, Tho47, Wil55]. Several versions of this formula
existof which we will give here the one for dikigasesmost suitable for applications

[Wat61, Ary66].

iR r-\-ﬁN

2.32)

>
I
E%’|b

aeu_
aQ

with A as the infrared band intensity,as the Avogadro number,as the dipole moment and
Qi as the normal coordinateSome authors suggest arddinal prefactor Pav63 Tai97]. In

a solid or liquid phase this becomes

_ g Np & oudn “AB()n
An) = &zn(n)gel;l G () (2.33)
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of which E; is the internal effective electrical field caused by the external Egdglis the
degree of degeneracy of the vibration amdlation to the refractive indexis now
necessarily included. The first bracket is the above mentioned prefactor, using the ratio of the
absorption frequency to the harmonic angular frequeReyd2 DelL92. For a direct
application the last formula isually unsuitable because the internal field is no property
which can be measured or simulated propefgr instancenfrared intensities of the protein
model system MNnethylacetamidausingab initio calculations of the dipole moment
derivative have bemr gained byapplyingthereforethe gaseous state form@a2. A good
agreement with the amide | and amide Il bantheexperimental speathas been foundy
this method Che85 Ban93.

A more exact formula for the calculation of infrared and Ramamsities is based on the
extensive work of GordorJor63 Gor64a Gor64h Gor65 Gor68a Gor68h Gor71]. The
formula can be used either for a quantum mechanicallaatruor in the classical limit,
depending on thenderlyingcorrelation functionsDifferent versions andormalizationsof
this formulaexist We will present hereurfavoriteoneas acombined versioof several
publicationswhich can be seen as an extension of the version from Souaille andi&hith
led to good experimental resufts water[Kra80, Mad86 Nie93 Sou96 Dut09.

A= gt W e b ))e( ) (2.3
C(W):}”;%exp( § (M (0 ML) 2.%)

HereU ( s the absorption coefficierfs, = T cthé speed of lighty the sample volume,

n ( the refractive index anD ( waf nternal field correctionThe term in front of the time
correlation functiorC ( ¥s)a population factor. It was stated that above 406 ttva

exponential term can be neglectedrdmasurements ahysiological or colder temperatures

which becomes evident the explanation of the balance conditthscussedbelow[Nie93.

The lengthy complete derivation of this formula, based on the dissigateinationtheorem

and (directly for the infrared absor plei on)
found in the Gordon and McQuarrie publications cited above. We will focus more on the
explanations necessary for an application of this forautkerive (faf)infrared spectra
Formula2.34 is just valid under two prerequisitésrst of all he scaering and the incident

infrared wave vectorsave to benegligiblesmall. Secondlythe frequency dependent
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difference between the external and internal Maxwell electric $tetaild beso smallsothat
D ( xan be assumed to be unityerthe complete fquency range. But this is a restriction
especially for calculating polar liquids like wat&r&§8(. Otherwise somadditional
experiments or calculations deriveD ( @adenecessaryThe refractive index is alsmaften
unknown quantity and hence setunity. But for the broad protein absorption peaks just
minor frequency dependent changés are expecteddence aescaling of thebsolute
absorption to any known experimental vasiuld be a proper way to model ttemplete
experimental fainfrared spectra of proteins.

C ( an be interpreted dlse quantum mechanical line shape function. But if the dipole
moment icalculatedclassically as it is usually done in MD simulatiortben the Fourier
transformation is the classical approximation of the band shape. Jgstahtummechanical
calculation for the dipole moment motion is used the true spectrum is obiZiaede
detailed balance correction the formula can be symmetrized (which is important for
mathematical reasons dsmonstratetelow) and then quantum effsare minimized for
calculations in the classical limiBfa8(.

The quantum mechanical correlation functi®f fu)fills the baknce conditiorKra8(

Cl-w) =xp( # (). (2.3)

The meaning of this condition is that the absorption of a phdastribed byC ( ¥and the
emission, corresponding €@(-¥ ) are connected by the Boltznmgorobabilities of these
stateqfor furtherdetails se®er81a Ber81h Ber833. The classical limiCg( ¥(Yvhich is
kY0 and infingesimadsmall distances between energy levhihencethe different

symmetry of

Ccl (' W) :Ccl( V)' . (237)

To regainthe original relationthe classical time correlation function is identified with the real

part of the quantum mechanical counterdagding to the following transformatio®¢u9§:

2

qu (. (2.39)

Ccl (M/) -
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For the abasrption calculatedby the classic dipole moment correlation functias it is

usuallyderivedfrom molecular dynamics simulationse finally getfor our extended version

_ 4t w a b
a( W——ghc\/n(W)D( WtanhgeT 6 (1 (2.39

in which two parameter@,D) might beset to unityover the whole frequency ranfe a
practical handling as described abovkis is the so called harmonic approximation, which is
derived by replacing the Kubwansformed quantum correlation function by a classical one
[Che08. As suitablefor infrared spectroscopybsorption caused by rotational and
vibrational motions isnodeled(which is mostelevant for our frequency range) btd (
mentionit just for completenessjo absorptiorarisingfrom translational motionslue to the
invarianceof the total dipole momem under translatiofKra8Q.

Now we carfocusour attentioronthe calculation of thdeterminingdipole moment
correlation function by MD simulations. The total dipole momdrtas two contributions

arising from the permaneptand inducedl dipoles.

M=p (2.40)
The total dipole correlation functig®ou96

(M () (1)) (2.41)

for calculatingCq( ¥above,s a sum othree terms. The permanent dipole correlation

function is given by

C,()=a(nwo) H ) (2.42)

with the permanent dipole momentelated to the charge disprofion at distance via

(2.43)

gol
1

v
=

The induced dipole correlation function
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C.()=&(d© &) (2.44)

is calculated from the sum of the induced dipole momeita

d=8 m . (2.45)

Thethird interference term of the correlation fuion is given by
Cu®=aERO 81 (40 pO) - (2.46)
]

This leads us to the chatiging calculation of the induced dipole moment in large systdms.

general formula is given for instance gn0qg

a. o=
(o4 IR

IR
Uis the polarizability of the atormwhich is here assumed to be isotropic. The first term
describes the electric field caused by permanent charges or polar groups at the position of

atomi. One possible derivation is

£ -4 Har-3f)ay (2.48)

3 is here a parameter which avoidgysical induced dipole momergasmall distances
[Sou96] The second term is the electric fi@dsingfrom induced dipoles. The tensbcan
bechosernin different waysand is usually gained by an iterative procéssortiterative
methodis foundin [Gui9]] for instanceAlso anEwald Sum approximation can be used to
cut down the calculation time. Therefore on the outside of a @gb#re an infinite dielectric
medium is assumed withcarrespondinglielectric coistant. In general all tensofshave to
be calculated in every step of the simulation by calculatimgthen™ step and using it a3

in the(n+1)* step. This isisuallydone untile; shows a convergence. Such an induced dipole
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moment inclusion requires a large additional calculation efforteBpécially in the far

infrared region this is necesgand is emphasized by many authdrsg87 Pal9g, in

particular for wateor water containing systems like proteassdiscussed in section 2.2.3.2

with the referencegiven there The lower absorption peak of water arifesn the induced

dipole momentand is completely absent in the spectrum calculated just from the permanent
dipoles.The contribution from the induced dipoles, as derived from MD simulations, was
even larger than the one from the permanent ones in the low frequency range around the peak
at 200 crit [Sou9§. This is also an importamesultfor proteins since the hydration shell has

to be included for aompletely functional protein aneébause our later presented new
theoretical model of the temperature dependent protein absorptieosmaéd on induced

dipole momenta

Another application of the absorption calculation via dipole moment correlation functions,
derived from the dissipatieftuctuationtheorem, can be useddoalyzethe absorption band
shape. Even the coupling betwemsiu-infraredstretching modes of hydrogen bonded

molecules in inert solvents can &ealyzedas done from Roberts¢Bra8(. This would be a
niceapplication for the secondary structure analgsid for joiningmid- and farinfrared
measurementd he weak lowfrequency hydrogen bond stretching mode ofl-XY

substancevill be under the influence dést stochastiBrownianmotions of the surrounding
solvent. This leads to a strongly fluctuating amplitude of the hydrogen bond stretching mode,
which the assaated covalent bond will follow adiabatically. From gas phase experiments it

is known that the hydrogen bond stretching mode and the covalent stretching mode are
strongly coupled. Aaproof for thatwe only need to mentioanyof theabove cited

publicatons which stated an observation of secondary structure influences on covalent bonds
in the midinfrared. Theandomness thefluctuationsof the hydrogen bond will lead to
broadening of the covalent absorption band shape. The reason for this is tiglesse
coherence of the covalent stretching mode ungentenancef the amplitde. The excited

state afteanabsorption will hence relax much slower to the ground state than the phase
relaxation which governs the band shape. This phase relaxatidownasthe take place on a
subpicosecond time scale and hence in our relevant frequency range. Information about the
coupling between these modes, the hydrogen bond stretching frequencies and the relaxation
process can be gainading the above derived meth Thehere presented modeilfilled

also the tests on validity on absorption band shape changes upon deuteration, solvent
exchange and terpature variationfBra8(Q which is an encouraging result for further
calculations hopefully also on larger systelike proteins.
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2.3.6. Advanced MD Simulations: Polarizable ForceFields

and the Inclusion oflnduced Dipoles

We haveemphasizedhe impatance of induced dipole momentethe precedingsection. An
inclusion of polarizabilities in the underlying modeigherefore inevitable. But even in 2007
it was stated from Palm®Hpl07 that current standard force fields jpsbvide afixed charge
disproportion and do nancludepolarizabilities. At least atomic polarizabilities have been
implemented in moderrofce fields but it is obvious that polarization is more a group
property than an atomic on®incepolarizationincludingsimulations are in general not
widely used and still have to overcome savhstacleswe want toreferhere to some
introductory publcations in order of our recommendatiwithout givingall details[YuO05,
Adc06 Ma0(Q.

In polarizability including simulations on-lhethylacetamide and other small amides the
induced dipole moment is responsible for up to the half of the total dipole m{Ded5].

The induced dipole momenigere found not to scale simply with the polarizability of the
molecule In solvation free energy calculatio@scoupling between theepmanent and
induced dipoles haseen found to contribute significantly result vinich could have been
also theoretically derived from the permanent and induced dipoles connectinrtponogs

our above presented calculatidrhis interaction was largest in the protein model system N
methyacetamide compared to the other amides. Tinggeraf contribution is supported by
simulations of several protein model systems and proitsel§[Dan97 Kam01, CieOlh
KamO02 Har03. The origin of the induced dipole moment nimydue to shape anisotropies
Large polarization arises from tide inhomogeneousurface of proteins due to side chain
reorientation. Th@roteininterior is assumed to otributelittle [WeiO7]. This is supported by
joint experimental and simulation studfesusingon the total dipole moment in
biomolecules and their origi[Tak96 Erm98 Tak99 Tak0d.

Older estimations of the dipole moment and the different contributions are mainly based on
the KirkwoodShumaker effect. The main statement is that dipole moment fluctuations or
contributions from sidgroupassociated witlpartially charged or polar atonould be the
origin of aconsiderabléargetotal dipole moment reaching even the main contribution
[Kir52]. Due to the large number of charged and highly polar groups in biomolecules a
Acounteri on at mwhiclpréveatsevery high pokartzabititya This eshduld
lead to a significant induced dipole moment in biomoleclitety exceeding the static
contribution Prt68 Ort70, Ant89]. This effect isdiscussed even dedes later because dipole
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momentaand polarzabilities are frequency dependent and are hence an origin of errors which
must beassumed in some publicatiorofr96 Por97. But in generala large permanent and
induced dipole moment can bethexpectedn proteins The O=CN-H peptide groughas a

large dipole moment of 4 D t D in the condensed protein medium, whereas liquid water in
the bulk phase has about 3Dpporting the significance dipole momenta in proteline

protein core is dengepacked with a fraction of 0.74hich is comparable tthe face
centerectubic lattice of hard sphergand h e -helix has its peptide dipoles almost perfectly
aligned[Sim03. This is allleading to an enhaement oinduced dipole momeain

proteins. Our bestrgumenfor a large contribution to the totdipole moment in proteins
arisingfrom induceddipole momentavhich we will use later in ounewtheory, comes from

well known andorovenwater propertiesThe dipole moment of gas phase water is D85
whereas in liquid it is about 2#90.6 D. This ircrease igustdue topolarizationeffects

caused by a denspacking ofthe same kind aiholeculeshavinga permanent dipole moment
and a largeolarizability. Thispolarizationand packing effect is assumiee sizable in

proteins too[YuO05).

So n summay it can be stated that grenselypacked proteins the corirition of induced

dipole momentas too large to be ignored ahds to becertainlytaken into account for
analyzingproteinfar-infraredabsorption spectraVe will introducein chapted a newmodel
regardingsuch a inclusionand relate thenduced dipole momentiirectly to temperature

effeds observed in our measurements which has never been done in such a form for proteins

before.

24. Quantitive Analysis of Protein Hydration:

The Sorption Isotherm Equation

The Sorption Isotherm Equation alloaseto derive the mass water content of a molecule
from the external relative humidity which is identified with the so called water activity.
Together with some properties of our measurementgevalde to quantify our hydration
dependence giving us also thessibilityfor extensive comparison possibilities to results
derived with other techniques.

We will use here the extended model of the B.BBfugauer, Emmett, Teller) approach using

three aiantities to describe the sorption isotherm of a substgonagg back to the work of
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Bone et al. Bon77, Gas77 Ede8(. The needed quantities are known from theoretical
calculations and several experimental methddsvp5 Car8(Q for three of our measured
proteinsbovine serum albumjihysozyme andb-lactoglobulin. This theory has beewen
recentlyproven again to be valid and was several times revie®ed2 Gre95,Bon96
Sha98zha04. In food industry this is a well established theoretical and experimental method
mainly usingthereafive paranet er based t heor yArciQ Igidh Igl8gt t and
which areunfortunatelynot known for our measured proteins. Since the sorption isotherm
shape is originally an experimentabult a more parametencludingsystem justeads tca

better thecetical description. But the graph from our here used approach from Bone et al. is
alreadyalmost perfectly describing the experimental data sets as it can be fige.40 on

the leftfor ourmeasuregbrotein BSA [Gas7T and more recently ifig. 241 onalso
measured-lactoglobulin It fits also very well to the results from Kuntz and Kauzmann

which were pioneers in the field of proteipdnation [Kurv4]. The sigmoid shape of the

sorption isotherm is typical for glassy polymeév¢drOQ, which can beseen as an additional

similarity for the discussion in the last sectioinour proteinglasscomparison.
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Fig. 2.40: Left: Comparison of the theoretical derived sorption isotherm of BSA to measurements

providedfrom two different groupgopen and filledspots) {zas77.
Right: The sorption isotherm for BSA. Here the filling of the first three hydration shells is
included for avisualizationof the mathematical derivation of the Sorption Isotherm

Equation Bon77.
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We will give aquickly summarizedanathematal derivation of the Sorption Isotherm
Equation[Gas77Bon77 for two reasons. Firgf all, the original publicationtack ofa
detailed descriptioandthereforea short derivation is presented here by uswigrs quickly
indicating the important sps without the need of further extensive explanatidnd we will
also derive some additional formulas on the way foroour version of calculatign
concerningnainly different hydration shells. Secongiye found a typo in the final Sorption
Isotherm Kjuation from 1977, which seemsdause confusioap today. Upon derivation of
the Sorption Isotherm we will prove terrectformula.

Starting under the assumption that water is adsorbédkoticalsurfaceadsorption sitesf a
molecule in the followng way. There is a first hydration layer which has its own adsorption
behaviorexpressed in the factab. The factor is written in this forranly for mathematical
reasonsSubsequerttydrationlayers exist of different adsorptigmopertiedo the first me

but still different to the bulk phaseélere an infinite number of hydration shells is assumed
which contribute to the adsorption less and less upon distance to the siefssaling on the
precedinghydration shelby the factoib.

35

0] — fiteddata
® experimental data /'
25 ,
20 /
8 P4
o
g 154 .,O'
10 4 ’.'.’
5
v.= 63%
0 b = 098
ab = 15.66
¥ T T T Ll
0 20 40 60 80 100

plp, %

Fig. 241 TheSorptionl s ot h elactoglabdlin. Bomparison of the theoretical prediction

experimental resultgsing the herpresentedormula[Lop0d.

This leads us to a simplified Grand Patrtition function for one sorptiobesitg expressed in

a form close to an infite geometrical series, which we exdehere in an identity approach to
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f(x)=a 4abx &)’ adx® ..+Hl-a. (249

The parametex is the activity of the sorbed gas which is identifietthout loss of
generality with the relative partial pressure and beithe relative humidityritten down in

this form now, the first part is an infinite geometrical series

F(x) = ag (bX* 4- a (2.50)

k=0

which can be expressed in a much shiddem, like it is found intextbools, leading tothe

following resut for the whole expression

1+ (ab -b)x

f0o= 1- bx

(2.51)

It was derived that the totatlsorption3, which isgiven in quantities ofhe mass water

contenth, is connected to the monolayer sorption capacity of the firstshieit

= Bty = 2909 2.2
™ ’rZXan (X) nﬁW ( )

The denominator is already derived in form2l&1 and the nominator is given then as

_ abx
Xdl(x)m, (25)3)
finally |l eading to the fAerror freeodo Sorption
nabx (2.54)

Mo = - b Hab )

For a calculation of thevater contens, of then™ hydration shellwhich we will need later,
we will providethe not published ansatz and a short indirect proof of the forfludaansatz
starts with a splitting of the total absorption and contindbeswith anexpansiorto infinite

seriesfor the amount of waterontainedn all hydration shells above tiseeked fon™
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hydration shell as seen in formula 2.8Ve want toemphasizé¢hat here a transformation of
the variables fronm to n-1 was made befor¢o start the summation with O forhveh the

limes are known.

n-1 ni S © n

Nne=A 0+ B A YA W (2.5)

k=0 k=n 1 k ® Ckc k 0=

Backtransformation oh-1 to n gives the resulwhich can be indirectly proven by
substituting theesultingformula 2.5 below and the Sorption Isotherm equation forniutt

in equatior?2.55 above.
n, =@ bx)(bY™* g (2.56)

The water content of the first three hydration shsl{sresenteth fig. 2.40 on the rightn
comparison to the total adsorption of the Sorption Isoth&hmy all rise towards their limes
3n.maxWhich can be easilgalculatedoy setting the relative humidityto 100%. Then the

filling ratio for each shell can b#erivedas we willcalculate itin the discussion section of the
hydration dependent measurements.

What isreferredto be a hydration shalb an open question since experimental proofs lack due
to the abovargumentatiorf theunknownoutspread of biological water around proteins.

But this brings us back to one of the first assumptfonshe derivatiorof identical

adsorption sites. This definitely not the caséor a protein and the needed parameters can be
seen as averaged values of different sites to model the experimental isotherm shape.
modern interpretationf the several hydration shellstie hydratiorprocesof different sies

like charged, polar and apolar groups on the protein surface as well as their influence on the
following water layersn the vicinity of these sites.

The sigmoidal shape of the isotherms indisate transition points in the hydration of

proteins. Oneery likely interpretatioramongothers [Gr85, Row8Q Tow95 Smi07 is that

up to the first transition mainly charged and highly polar groups are hydrated and the increase
in water content is steep. Afterwards backbone and less polar groups are hyairétied b
increase of water content is smaller than befatehe last transition point weak polar and

even apolar sites are hydrafedshing the complete surface coveralyeaddition nultilayers

are assumed to form and explain the rapid increase in e@iggnt again. Another

interpretati-onked mhe @Pmetatiesaut he formati on
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and repudiated by Rupleyt al. for instanceRow80]. We also see that this might explain the
slower water sorptioap to that poinbut an explanation of the steep increase at higher
hydrations lacks in this modedo that we prefer the first definition of a hydration shell to be
surface group dependeiitis makes sense to us since we assume a parallel formation of
multilayers around arged and polar surface groups toftbrenation of the firshiydration

shell aroundapolar ones. So the theoretical model including several hydration shells in the
sorption isotherm agrees not only with the experimdniahlso with the microscoppcture

of protein hydration.

Different phases in protein hydration are supported also by several other techniques.
Caliometric heat capacity measurements of lysozyme supgp@dditional transition point
around 0.2°h[Yan79, between the two transitions foumdthe sorption isotherms
corresponding t6.05h and0.38h. A comparisorof heat capaticity, enzymatic activityid-
infraredspectroscopy and diamagnetiesceptibilityin a paper alséocusedon lysozyme
confirmedchanges at 0.05/0.0¥ 0.20.27h and 0.38h [Car8(. The questionable one in the
middle, which will play an important role in the later discussion, is just obsesvixz first
method. Enzymatic activity and diamagnestitsceptibilityagree on a transition low#ran
0.2h. Three differehoptical measurements are mainly flat without a céégmof a transition.
We summarize that there are more indications for no transition in the hydration of lysozyme
at 0.27h.

A hysteresis is discussed fawrptionand desorption without a clear tendgras some groups
observed and some groups did not observed this in their experilBap&3[Row8Q Bry87h,
Sha98. If there is ongthe deviation has been in ni@sises rather smailithin the pecent
range Bol89, Gre95]. The temperature dependencela sorption isotherm has also been
tested many times with the result of aksing water content of some pgent with an
temperature increase of 20 Krjo61, Mor85, Igl84, 1gI86, Sha98 Wor0(. But snce we
observe justasmallhydration dependende our measurements this influence on the

temperature dependent measurements can be safely neglected.
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3. EXxperimental Section

In this chapter we want to present the technical details of our measurements and developed
setups; starting with the description of theed spectrometer with the attached infrared
microscope and the employed-fafrared detector. Five different setups have been developed
for protein measurements of which especially the atmosphere cell setup and the corresponding
free standing proteinlfn sample preparation are described in detail. For the three liquid cell
setups interesting results and their discussion are just quickly summarized already within this
experi mental section, reserving thechmain cha
more relevant atmosphere cell measurements.

We have seen in the preceding chapter that temperature and the surrounding water molecules
are the most important influencing parameters for protein dynamics and hence the spectra that
we measure. For a relati to the functionality it is important to investigate proteins in a state

as close as possible to the natural one. For the relevant proteins such a state is usually formed
in an aqueous surrounding within the physiological temperature range. But tliefatron

infrared liquid water absorption complicates these measurements, in addition to low intensity
sources and the large temperature caused background in this frequency range. To develope a
liquid cell for protein measurements using FTIR or THz time dorspectrometer is

unsuccessfully attempted for more than three decades now and we also did just partially
succeed in constructing such a liquid cell.

In the THz range Xu, Plaxco and Allex06a Xu06b, Xu06d managed to measure proteins

in solution by aplying a free electron laser as a strong source to overcome the dominant

liquid water absorptior\Vithin a very small frequency range (81 tto 96 cnm) this can be

also achieved by using a special developedfaared laserBer0y. This advance is jus

related to the usage of stronger sources but not to an advanced development of a liquid cell
which allows measurements without the need for large facilities or (to small frequency ranges
restricted) laser systems.

Three liquid cell setups and an atmoseheell with exchangable windows have been

constructed during this thesis covering the whole frequency range from the THz tothe mid

infrared as shown in fig. 3.1.
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Fig. 3.1: Overview over the developed setups and their corresponding frequeneg.rdmgsmall lines
indicate prototype setups or possibktemsions of developed setuphich have been
constructed for an application of different window materials.

For the THz and fainfrared range it was achieved to penetrate the very thin solution layer
completely but the differences between water and protein solutions were too small to be
resolved using these liquid cell setups. The-mfcared liquid cell was a development to
support our cooperation partners in Palestine. Here it was possible tgudsstibetween

water and protein solution mainly due to the available high intensity sources. For the above
reasons the three setups are presented just in a very short manner.

Another idea to probe proteins in a close to the natural state emerged to g dreywiuch
better approach. The fourth developed setup measures proteins under external hydration. This
leads to an only two type containing system of protein and biological water since just water
adsorbed to the protein surface is measured and no (lgulk) water is present. In the liquid
cell setups there is a three type system probed consisting of protein, biological water and
liquid (bulk) water. In absorption measurements just an indirect conclusion on the
contribution of each of these three compadsliis possible. Whereas in the atmosphere cell just
two contributions are found and, most important, the biological water amount can be varied

and hence the contribution can be directly identified. For the atmosphere cell development we
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focussed on the fanfrared region due to the importance of collective motions as discussed in
the preceding chapter and due the lack of measurements in this frequency range.

To handle temperature changes is challenging in both setup types. For liquid cells a proper
sealirg under temperature variation has to be guarantied and in the atmosphere cell the
occurrence of cracks within the protein film has to be prevented. The technical solutions will

be presented in the following sections, too.

3.1. The Fourier-Transform Spectrometer

For all measurements presented here a Bruker IFS66 v/s FTIR spectrometer has been used
(Fig. 3.2).

Fig. 3.2: Bruker IFS66 v/s FTIR spectrometer with the attaddgderion infrared microscopend the
helium cooled fatinfrared bolometer.

The far-infrared liquid cell measurements were performed in the front compartment of the
spectrometer whereas all atmosphere cell measurements used the infrared microscope. The
spectrometer is based on a Michelson interferometer with one fixed and one mavarg mi

that combine the beams again behind the interferometer regarding to the path difference of the
two beams. The measured interferogram, which is intensity versus mirror position, is then
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Fourier transformed to the transmission spectrum. A schematicngdrafvthe internal

construction is given in fig. 3.3.

Control
Electronics

sources
o

Y \

E
L microscope

Sample compartment

Detector 3

Fig. 3.3: Schematic drawing of the internal path of light andithgortant components. For farfrared
investigations a Mylar beamsplitter is used and a helium codledeter isattached at
detector position 3 for measurements on theifiéirared liquid cell situated in the sample
compartment. The atmosphearell measurements have bgmrformed under the infrared

microscope.

By applying different light sources, beamsplitters and detectorspterometer covers the

whole range down from 30000 &no about 10 ci with highest possible resolution of 0.25

cm*. Forourfasi nfrared measurements a mercury arc
bolometer have been used leading to a frequearayer of about 40 cito 690 cni. No

sharp features have been found in proteins and the actual resolution in our measurements is 2
cmi* which was necessary to cut down scanning time. On the other hand we decided to
average over many scans to reach onvitaig a high stability during each of the many hours

enduring measurements. The absorpfioh wgs calculated via

A(n) = Ing?l% (3.1)
C's
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from the ratio of the sample and background intendiglesafdlg( 3 Bach intensity was
averaged over 250 scans each. For preventing water vapor absorption the spectrometer can be
eitherevacuated or dry nitrogen purged.

For the atmosphere cell measurements the infrared Hyperion microscope was used (Fig. 3.4).

A switch between
viewing binocular and
camera port

i
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1. IR fneasurement
2. viewing (no mirror)
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|
polarizer ' |
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Fig. 3.4: Schematic drawing of the Bruker Hyperion migcope. The beam from the FTdRectrometer

is used as a light sourdeor transmisgin measurements the sampl@iga confocal
arrangement which means that the sanipin the focus of both trendenser below and of
the objective above. The light focused and collected vi&Cassegrain mirror arrangement

due to the laclkof suitable infrared lenses.

The beam from the FTIR spectrometer is used as a light source. Due to the lack of suitable
lenses in the infrared the focusing is achieved by a Cassegrain mirror arrangement as known
from telescopes. The whole microscopeusged with dry nitrogen to prevent the water vapor

absorption for the same reason as mentioned above. But in addition we covered the complete
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arrangement, including the microscope and the atmosphere cell, by another large nitrogen

purged cover to avoid emeslight fluctuations caused by water vapor, therefore further

increasing the accuracy which was in particular important to enable the undoubtedly

observation of the small hydration effect on theifdirared protein spectra. By a self made
polypropylene wndow at the spectrometer output we extended the frequency range of the
microscope down to about 40 ¢nThe weak intensity at the lower edge gives then a reliable
frequency range of 60 chto 690 cni by using the microscope, but the monotonic decrease

of protein absorption with decreasing frequency can be easily followed down t6*40 cm

The spot size can be varied by several apert
possible spot size of 250 em. Thefocahlangthi f i cat
is 24 mm. We attached a video camera on top of the microscope to get to exactly the same
measuring spot again after a background measurement. This significantly increased the

precision of our measurements concerning the relative changasidayithe two external

parameters temperature and hydration.

Fig. 3.5: The helium cooled bolometer which is used forifdrared measurements

We used a helium cooled bolometer as arfaared detector (fig. 3.5). The temperature

dependence dhe silicon based semiconductor resistance of the sensitive element is capable
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to detect very small changes of theifd#frared radiation with a large dynamical range. Two
filters for the frequency range of 30 érto 700 cn and for 10 crit to 100 cni* can be
chosen. But the microscope restricts the lower edge anyway to the above mention&d 40 cm

for our measurements.

3.2. Developed Setups and Techniques

To measure proteins, the experimental conditions as well as the sample preparation have to be
taken into account. This is the reason for special setups that we developed for different
frequency regions. For liquid cell measurements the sample preparation is a simple protein
solution but therefore the sealing of the cell, especially under temperatiaton, becomes

a difficult task. Also the solution thickness is crucial due to the high absorption. To work
around the large liquid water absorption an atmosphere cell using external hydration was
constructed leading in addition to the advantage o$tnduishable two compound system as
described above. But to gain a quick and complete external hydration a development of a new
sample preparation technique was necessary. Thin protein films are also used in the adjacent
THz frequency range but to our b&sowledge a film without a supporting substrate

underneath was never achieved so far. The free standing pressed pellet technique, which is
also widely used in the THz, is not able to be hydrated externally and often polymers are
added as a matrix in whidhe proteins are embedded in. The occurrence of cracks during the
film preparation and during temperature dependent measurements have been the major
obstacles to overcome in achieving free standing protein samples. In section 3.2.2 we will

give a compreénsive description of the developed sample preparation process. The important
results have been gained by the atmosphere cell setup and hence a detailed description of this
setup is given in the last section. Prior to this section the liquid cell setupseaented. The

results and the discussion of the-ifdirared liquid cell measurements are already included in

this chapter as mentioned above.
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3.2.1. The Liquid Cell Setups and Important Results

Three liquid cell setups have been developed covemmfréquency ranges of the THz,-far

infrared and midnfrared frequency region. The latter was a development for our Palestinian
partners which uses carved calcium fluoride windows opaque in thmfraded. A variation

of the temperature becomes posstblea special sealing we want to describe here.

For an exact layer thickness the inner part of the cell consists of a flat and a carved window
which has to be polished down to just some microns accuracy to gain a penetrable, very thin
solution layer. Theamplete setup of the midfrared and the first fainfrared liquid cell are
similar to the developed THz setup which 1is

approach for realization.

Fig. 3.6: The THz liquid cell setup with an inclusion @mperatte control and variation. Theaany

different screwable compartments are necedsargpplying uniform pressuren the very
breakable windows.
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A screwable arrangement of several compartments is necessary to apply a uniform pressure to
the very bbeakable windows. The ditch around the inner part of the carved window (fig. 3.7) is
very i mportant for two different reasons. Fi
of the thin layer, a larger amount of solution has to be filled into as@werflow has to be

collected somewhere. Otherwise the overflow would prevent a direct contact of the two

windows for a complete sealing. The second reason is that experience showed that capillary
forces lead to a steady drying of the internal layer.véEteium or dry nitrogen purged

spectrometer surrounding extracts water molecules at the edge of the liquid cell, which are
replenished from the inside leading at worst to a complete drying. By this ditch the capillary
forces are interrupted and a bettaalsgy of the cell is achieved compared to windows

without this additional ditch around the actual solution vessel.

Fig. 3.7: Carved window for the inner part of the THz or Amdraredliquid cell. Either glass or
calcium fluoride are polished down tire inner part seeral microns to gain a fixedyer
thickness. The ditch collects the protein solution overflow as well as it interrupts the capillary
forces which otherwise lead to an unwanted steady drying proctssesfclosed inner

volume.

Even byusing glass windows in the THz liquid cell setup, a complete closure of the cell is not
possible just by pressing two windows together. Several oils with different viscosity have
been tested to reach a well sealing. That the oil layer becomes not tocanthidisturbs the
defined layer thickness, a mixture of alcohol and oil proofed to be most suitable with a final
recipe of 50 % polyethylene glycol 400 and 50 % propanol. The alcohol evaporates very

quick and leads afterwards to an almost monolayer typé séaling for the cell, even
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capable to store the liquid part during small temperature variations in the physiological
relevant range as successful tests with theinfrdred liquid cell demonstrated.

The THz liquid cell measurements, using backwarden@scillators as light sources, were not

able to detect a significant difference between pure water and protein solution in the first
version of the setup. A planned further improvement became unnecessary due to the
meanwhile published free electron lagamed measurements in exactly the same year of the
developmentXu06g Xu06lh. Our setup was not able to compete with the high intensity and

the reproducibility of the absolute values reached in these experiments for the same frequency

range.

Fig. 38: a) Cut through the fanfrared liquid cell No. 2: The ls& plate for fitting into thepectrometer
holder (1), the outer ring with four screws fmiform pressure (2), vitorings to prevent
breaking of the windows including a gagje for the liquid3), flathigh density polyethylene
window (4), drilled high desity polyethylene window witldrillings for a solution pathway
(5), self made diapnd shape teflon spacer (6pvering plate with syringe adapters for filling
(7).

b) The diamond shape teflepacer and the drilling forsolution pathway through theper
compounds are indicated with the red arrow. Hfisws instantaneous solutiexchange

without an opening of the cell.
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The first approach for the famfrared liquid cell setup was to usareed windows again for

the inner part. Possible window materials for this frequency range are diamond, silicon and
several polymers. The first one is too expensive and the second one has a very large refractive
index leading to a large loss of intensityedo reflection. In the fainfrared region, where

high intensity light sources lack, this made the use of silicon as window material impractical.
The polishing of the third option to use polymer windows emerged to be a difficult task. The
softness evenfdigh density polyethylene lead to more smearing than polishing of the

material. Also some stress was induced into the material which relaxed after some days

|l eading to a disappearance of the about 10 ¢
polymer mateal improved but not completely overcame this situation. So a secend far

infrared liquid cell was constructed using spacers between two flat polished high density
polyethylene windows (fig.3.8). The difficulties related to this approach could be finally

better handled. Starting out from a mwiifrared liquid cell, an adoption for the fanrfrared

region with self made windows, spacers and additional parts was developed.
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Fig. 3.9: Comparison of the measured pure water specttawih. 15 & m an dthedlues m space

published in Pal9g. There is a good agreemewith the overall shape arlde low frequency
absorption peak position. Ihe upper frequency range timereasing absorption causes a
larger deviation from the pubhed data.
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Even with defined teflon spacers the control of the water layer thickness was difficult as well
as the sealing of the cell with an oil film, both leading to deviations of the absolute absorption
value. Also pure water had to be degassed in vadoprevent additional scattering from
microscopic gas inclusions. As a test measurement, the absorption of pure water was
compared to the standard values from Pa&i&l9g which reproduced the shape and peak

position in the lower frequency range veryliwin the upper frequency range the increasing
absorption leads to larger error bars and explains the deviation to the standard values. With an
inclusion of the water layer thickness even the absolute values become close but have not

been reproduced follaneasurements that well as seen in fig. 3.9.
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Fig. 3.10: Pure water spectrum compared to BSA and trypsin itdrilpirotein solutions usinga0 € m
spacer. The absolute absorption value has taksn with care but the shapelicates no
difference between water and protein solutin line with measuremenfsom the THz

frequency range.

The measurements on protein solutions revealed noismmtiidifferences to pure water as
indicated in fig. 3.10. The measurements have been made with protein solutions as dense as
possible. This means that the solution was optimized to a solution which did not show any
precipitation which would then cause #atthal and unwanted scattering. A comparison to
results in the THz, demonstrated in fig 3.11, which were gained up to I24onid be
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reproduced in that manner that there was no difference to be found in the absorption shape
between water and proteialstion [Xu06a Xu06h. The observed small absorption decrease
around 5% of the protein solution compared to pure water could not be confirmed from our

measurements since the absolute value deviations made this conclusion impossible.
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Fig. 3.11: THz spetra of BSA and lysozyme protein solutioc@mpared to buffer. The lowgraph is
gained by calculation of the liquid water absaptarising from the replacesmlume. No
assumption about a hydration shell or biological water was madand$teimportanfinding
is that protein solution absorbs léban pure water. This is tiiest protein measurement in
aqueous solution for theHE frequency range proofingdifference n the absolute absorption
value[Xu06a Xu06H.

Besides the experimental breakthgbwf measuring protein solutions by using a free electron
laser as a high intensity THz light source there have been some conclusions derived for the
protein absorption. The protein solution absorbs less than pure water (or buffer) which means
that the potein and biological water system absorbs less than the water volume which is
displaced. The sole protein spectrum was calculated by withdrawing the amount of pure
buffer solution spectrum that is assumed to be displaced by the protein. Theraon

difference is then attributed to the protein and hydration shell absorption as seen in fig. 3.12
which isa more precise terminology than originally stated in the publication just refer to
protein absorption. The contribution from the biological water is note@fdue to the

indirect calculation method. But the results are in line with the completely featureless THz
spectra of externally hydrated proteins underlining the appropriateness of an external
hydration technique to gain spectra of proteins in a skase ¢o the natural one. Another
advantage is the direct probe of biological water which is the motivation for the following two

sections describing the new sample preparation technique and the developed atmosphere cell.
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Fig. 3.12: Calculated BSA and/sozyme THz absorption spectrarmalized to the absorptigrer residue
to account for the different molar weightdamolume of the two proteinghe spectra were
indirectly gained by withdrawing the absorption of the buffolutionwhose volume was
replaced by the protein. More precise, than stated in the publication, this is the absorption of
the protein plus th biological water shell. Theuthors claim that the differences in absomptio
are statistically significarfiXu06l].

3.2.2. Free Standing Proein Film Sample Preparation

External hydration of proteins and the variation of this parameter lead to the above discussed
advantage of a direct relation to the absorption of biological water. The crucial point for the
development of such a setup is thenple preparation that demands a quick and complete
hydration of the final protein sample. Due to low intensity sources and the hydrated protein
absorption, thin layers are employed from groups in the THz region where the absorption is
even significantlyéss than in the fanfrared. Those films are usually prepared on a THz
opaque substrate which completely hinders the hydration from below. This substrate causes
often cracks in the protein layer on top due to a different thermal expansion coefficlent of t
two materials. Surface interactions and possible condensation at the substrate at high relative
humidity are also problematic. The latter demands a precise temperature controlled substrate
and in general slow temperature changes due to the largeapeattg of the substrate.

Occurring temperature differences would lead instantaneous to condensation effects at high
relative humidity. Without a supporting substrate, to our best knowledge just pressed pellets,
unsuitably for this application, have beesed for protein measurements so far. Therefore we

present here the details of our developed sample preparation technique for free standing
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protein films which is the basis of the construction of the atmosphere cell described in the
following section.

Besickes the condensation and worse external hydration, a substrate underneath the protein
film causes usually cracks during the sample preparation and during temperature dependent
measurements. The first consequence might be the main reason for the lackiofsaraples

of appropriate size which can be used as free standing protein films. We identified two
reasons which are the major obstacles to overcome on the way to free standing protein films.
Firstly, the different thermal expansion of the two materidigkvare connected to each other

at the surface. And secondly, exactly this connection of the protein film and the substrate
which has to be prevented as much as possible. Or examined from another point of view, one
obstacle is that the film is preparededitly on the opaque material and not on a suitable

sample preparation substrate, where the sample is then afterwards transferred to the
transparent substrate if necessary. The latter was our approach and a supporting substrate
turned out to be unnecessaifer further optimization of the process, finally leading to free
standing protein films.

As a preparation substrate we tested several polymers whose thermal expansion coefficient is
similar to typical protein ones. A preventation of the connection leetwree final protein film

and the substrate was best achieved by large hydrophobicity directly at the first sample
preparation step starting with a protein solution. From several experiments polypropylene
finally turned out to fulfil best these requiremeand was used throughout the sample

preparation of the here presented measurements.
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Fig. 3.13: The free standing protein film sample preparation:
A: Protein solution on polypropylene substrate
B: Cooling down to abouB80°C depending on thgge of protein
C: Lyophilization leads to a cotton wool like protein film
D: Transfer to the actual sample holder for experiments
The black color indicates polypropylene, the white color simplified plastiaabberolders

and hatched parts the adtuaetallic sample holders used for experiments.

The whole procedure for gaining free standing protein films is seen in fig. 3.13. Protein
solution optimized to the later required optical density is filled into the sample preparation
holders. These are madf two screwable plastic parts in which two rubber rings press down
a disc of polypropylene foil. This arrangement was chosen to ensure water tight sample
holders even under large temperature changes as they occur during the process. An entire
cleaning 6 all parts after every preparation process is hence possible and the substrate is
always cut out of new foil to avoid any contamination which is especially important for
biological matter. For the protein solution purchased lyophilized powder from Sigsa w
used without any further purification and dissolved in deionised and micro filtered water. The
freezing process has to be quick enough to prevent crystallization but also slow enough to
avoid cracks upon cooling. By lowering the pressure (~1 mbar) timelériple point,

sublimation sets in and leads to a drying process leaving a cotton wool like protein film
behind. Therefore the concentration and the protein solution thickness are important
parameters influencing the final result. Careful transfeherattual sample holders with

apertures lead to samples which are large enough for hundreds of possible measuring spots
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under the microscope. Since a temperature variation is also taken place during the extensive
measurements, the protein film is not dilgéxed on the metal sample holders which

provide well thermal coupling to the Peltier element. The protein film is attached again to a
polypropylene foil in which apertures of up to 8 mm diameter have been embossed in. Then
this set is finally fixed othe metal holders buffering the different thermal expansion of the
employed materials. This construction successfully prevented cracks within the protein films

even under extensive temperature and hydration dependent measurements.
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Fig. 3.14: Lysozyme cystals as grown from protein solution.& har on the lower left hadength of
0.02 mm[Fin9§.

Regarding to the protein, the lyophilization process parameters have to be optimized for each
type. This concerns mainly the freezing temperature andniesdale of both cooling and

drying. Sometimes crystallization can be induced into the system leading to larger

polycrystalline parts interfering with the wavelength of ousifdirared radiation. Here either

a much larger crystal or a much smaller poly@ayme sample than the famfrared

wavelength in the order of 10 em has to be p

reach the latter since just lysozyme is an easy to crystallize protein as seen in fig. 3.14.
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Fig. 3.15: Spectroscopic analysid the optimization of the saple preparation process. Tégots

measured of the upper sample (a) have Ipeeduced by liquid nitrogecooling and the self

constructed lyophilizator. The lowspectra of a sample produdey slower refrigerator

cooling () reveal for one spot auditional low frequency peadound 150 ci which is not

due to absorption but caed from scattering of alargey s 0 z y me

crystal

size. The fluctutons in the lower part arideom a lack of hydration control which was not

appliedin this quick sample qualitgheck.

To visualize this optimization we want to present the spectra of lysozyme thiflgwhose

of

pres

sample preparation was most difficult. We were able to estimate from the additional scattering

peak that some large lysozyme crystals are present in sample (b). This explains the

dependence of the spectra to the measured spot which is noteabisethe uniform sample

without such large crystals due to precisely controlled parameters and a faster cooling during

the preparation process. This was our motivation for cooling the samples with liquid nitrogen

and developing our own lyophilizator.

The cooling process is crucial for the size of crystals. Our protein concentrations are high and

provide a basis for crystallization which means that an as short as possible delay up to the
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complete freezing of the sample is important to prevent crystadlizaklso slow cooling

supports a crystallization process and fast freezing can stop the process immediately. But on
the other hand too fast cooling leads to cracks in the frozen solution and later in the protein
film finally destroying the sample. Optinaon and experience showed that the best way is a
manual procedure by a precooled copper block for a quick freezing at the beginning, followed
by a slower cooling rate to abo@0°C. At temperatures below, the risk of cracks increases
again significantly Therefore we controlled the sample temperature during the complete
cooling process instead of cooling the sample in a freezer as it was used in earlier attempts.
For the cooling process we made the experience that a copper holder with tips placed close t
the middle of each holder leads to the best results (fig. 3.16). Otherwise some volcano shape
protein films were produced because freezing started mainly from the outside, after the
holders got cold enough, causing a pile up of frozen solution arouedrter. For achieving

a more uniform and flat sample, the cooling has to be balanced which we reached by much
smaller tips than the diameter of the sample finally resulting into an almost sudden freezing of
the entire protein solution.

Fig. 3.16: Thewhite sample preparation holders on top of thel fiueasion of the copper bloakith
insulating cork discs and small tips. A vacuughtithermometer attached tda-100
temperature sensor is seen on the left iatgmortant for the temperatuoentrol inthe

following lyophilzation process. The coafjrate was manually varied Higuid nitrogen.
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The usage of a standard lyophilizator in the following step lead to unsatisfactory results
because neither the temperature nor the applied low pressure ccoltttodied or varied.
Therefore a self made lyophilizator (fig.3.17) was constructed on basis of a large desiccator.
The temperature was controlled by using another precooled copper block and a self made
vacuum tight thermometer with its own power suppWth the individual control of the
parameters this step of the sample preparation procedure was finally cut down to several
hours from almost one day before.

Fig. 3.17: The self made lyophilizator based on a large desicc@he built up vacuum tight

thermometer was used to control the wiaugrup procedure of the samples.

After being removed from the sample preparation holders and being transferred to the actual
sample holders used for the measurements, the protein films could be stored for agsgeral d

in the refrigerator without changing their fafrared spectra as test measurements reveal.
These free standing protein film preparation was the basis for the development of the

atmosphere cell setup described in the upcoming section.
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3.2.3. The Atmosphere Cell

There are several indications based on experiments investigating different proteins that even
low external hydration (0.1 h to 0.4 h) leads to protein functionality and can be used to study
proteins in a close to natural staRop83aP0083hPo084 Sch85 Zak88a Zak88h Rows().

For us this opened a path to work around the strong liquid water absorption and to get direct

access to the absorption of biological water as already discussed throughout this chapter.

_window _
AN copper frame
eltier:-.::-: <
10 mm
saturated salt solution free-st.anding —
protein film scale

Fig. 3.18: Schematic, simpiied overview over the atmosphere caihstruction restricted to thmost
relevant parts.

The prerequisites for an atmosphere cell construction are the free standing protein film as
described in section 3.2.2, a temperature and humidity control assveetkeatriction to very
tiny proportions to fit under the microscope in the confocal setting. A schematic, simplified
overview picturing the main relevant parts is given in fig. 3.18 and a detailed technical

drawing of the inner parts of the atmospheréisadictured in fig. 3.19.
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Fig. 3.19: The inner parts of the atmosphere cell. The Peltier détjcehe cell itself made afopper,
copper parts for thermal coupling (3,4,6) timbedded RT00 temperatursensor, insulation
for thermal decoupling7), the compartment for the salt solution (8).

The temperature is controlled via a Peltier device and-a0®@Ttemperature sensor connected
to a developed temperature controller calibrated to this particular cell. A water cooling in the
base plate incresas the efficiency of the Peltier device covering the physiological relevant
temperature range of 4°C to 55°C. In addition it stabilizes the temperature control to better
than 0.1 K. For external hydration a standard calibration technique for humiditysens
applied Ber80, Web95, Ben98In a closed volume the air above saturated salt solutions lead
to a very precise and stable relative humidity. By changing the saturated salt solutions
different relative humidity values can be reached as presentaiolén3.1.
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Temperature (°C)

5 10 15 20 25 30 35 40 45 50

Salt Relative Humidity (%)
MgCl, 34 34 34 33 33 33 32 32 31 30
Mg(NO:)> 58 57 56 85 a3 a2 50 49 46 -
NaCl 76 76 76 76 75 75 75 75 75 75
KCI 88 88 87 86 85 85 84 82 81 80
K>SO, 98 98 97 97 97 96 96 96 96 96

Table 3.1:  Relative humidity over saturated salt solutions #air temperature dependenBased on the
wor k of Bo8Brien |

A humidity sensor proofed for this setup that after about one hour the humidity fluctuations
became less thahe sensor sensitivity of about 1 % relative humidity. But anyway a sensor is
always less reliable than its calibration technique and in the later versions the humidity sensor
was removed to gain some additional space within the cell for some refinerhthas
arrangement. The protein sample and a gap to perform the background measurement are

situated in part (6) of fig. 3.19, so that the cell does not have to be opened in between.
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Fig. 3.20:  The atmosphere cell with the free standing proti&im placed in the center. Theaturated salt
solution is filled to the vessel on the lgfte connections are for themperature controller and
the water cooling. The siz# the cell is about 30/85/2%m (I/w/h) to fit under the infrared
microscope. The sewing arrangement is built ifor a better cleaning and maintenance
including a posible exchange of the sensarsd devices.

As it can be seen from fig. 3.20 the cell
for our frequency range. To gairetbest accuracy and stability of the measurements we
found out that humidity fluctuations have to be prevented as much as possible even in the
very short open (nervacuated and not dry nitrogen purged) path of the beam. The part
above the cell is still ptally purged with dry nitrogen from the microscope but the part
below the cell of about 1 cm caused unnecessary noise during the nine to sixteen hours
enduring measurement procedure for every single parameter dependence. Therefore we
packed the whole mioscope under another completely nitrogen purged cover which lead to
the accuracy of the measurements as presented in the first part of the next chapter.
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4. Far-Infrared Measurements onProteins
and AccompanyingMolecular Dynamics

Simulations

At the begnning of the main results and discussion chapter we summarize all discoveries up
to day in the relevant fanfrared frequency range and the important ones from the

neighboring mieinfrared and THz region in an own review about spectroscopy on proteins,
regarding also findings from other techniques before presenting our own results. Extensive
measurements on Bovine Serum Albumin, Hen Egg White Lysozyme, Trypsin Inhibitor and
b-Lactoglobulin have been performed. The protein samples are introduced alrdatheiwit
corresponding spectra. Some of them are the firshfeared measurements of these proteins,
but all measurements are the first under the control of both temperature and hydration
including an improved resolution, high accuracy and a provendeeitality, which is most
important for measurements on biological matter. Therefore a separate part on the
reproducibility is included prior the discussion of further results. The basic frequency
components of the fanfrared protein spectra have beemlgned and will be discussed
afterwards. Little is known about the origin of the-ifafrared absorption but the desired
experimental improvement has been made yet and a description for the calculation of infrared
absorption protein spectra has been ginethe theory chapter of this thesis. So the here
presented results can be seen as an encouragement to restart again the theoretical
interpretation by molecular dynamics simulations of the broad protein absorption bands in the
far-infrared. The hidden infmation in this part of the electromagnetic spectrum is very
promising and revelation would be a large step ahead on the way of understanding proteins,
which would lead to important applications in many fields.

In addition the so far unknown influence béttwo important parameters temperature and
hydration on the fainfrared protein spectra has been extensively investigated and constitute
the main part of this result and discussion chapter.

From the hydration dependence it was possible to derive thefifared properties of

bi ol ogical water. Our spectroscopic results
based on a dynamical picture of this type of water molecules indicating a relation to
macroscopic detectable properties.
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Three temperature gendent effects were identified from our measurements. Two frequency
dependent and one large frequency independent effect is discussed. The explanation of the
latter led to our new developed MERCEP model. Corresponding molecular dynamics
simulations suppothis new model in some aspects and initiated some refinements of the
MERCEP model. The model relates spectroscopic properties with a microscopic insight into
the protein. Since all these results just exhibit their conclusion if presented in a compeshensi
way, theory, simulations and the measurements concerning this effect are presented together

in the last section of this chapter.

4.1. Review of Spectroscopy on Proteins

The aim of this section is the comprehensive presentation of the prior reshéan

infrared and the neighboring frequency ranges to identify the basis of experimental
information this thesis started from. This should emphasize to what extend the different
aspects have been pushed forward with the outcome of this thesis. Tibis sétbe split up

into the standard mithfrared, the rarely studied famfrared and the recently fashionable THz
range for studying biological matter. At the end some important results from other techniques
are presented.

4.1.1. Mid -Infrared Spectroscopy on Proteins

The first measurements on proteins revealed some strong absorption bands initifieradi
(700 cm' to about 4000 cit), which were not differing between various proteins within the
accuracy of that time. Since in this frequency eanginly local vibrations of atom pairs are
detected, a difference between the same elements containing proteins was anyway not
expected. Elliott and Ambrosg&l|50] proposed from that a correlation of the, later named
amide | and Il bands, to the pept&teucture and later found indications for the shift of the
peak positions by the influence of the secondary structure arranggrhe/9]. Normal mode
studies from Miyazawa et al. proofed that the amide I, 1l and Ill are modes located within a
peptide grop [Miy58]. Since they occurred in all proteins, nine prominent absorption bands,
mainly in the midinfrared, were then named amide A and B and amide | to VII, starting from
the highest frequency down to the-fafrared. Few authors use a different numhgiof
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amide | to IX which we want to mention. This does not make any sense due to historical

reasons, which became later the official labeling. Another argument for the historical naming

is that the amide | band is the strongest absorption band of prateifgence it makes sense

to give this one the first number and not the third. We will use here the original labeling
throughout the thesis.

The identification of absorption bands in proteins have been mainly derived from the model
compound Nmethylacetande for the peptide bond/iy58]. The hints on the influence of the
secondary structure came from normal mode analysis and spectroscopy on polygBidine (
CO-NH-), which is one of the simplest synthetic polyamino acMig$1, Gup64.

Polyglycinelhash ear zi gz ag c h a ishestfornminwhioh neighttoringar al | e
chains are hydrogen bonded viaHN--O=C. N-H---O hydrogen bonds seems to play a role in

both types of chains running in the same or opposite direction whettdas@is very weak

in chains of antiparallel direction, like in polyglycine I, and is used for the distinction of
direction. Polygl yci ne -htlital proginsibut theahydrogdnibancdh | f o
formation is different. Hydrogen bonds of the forrHG-O are foud at just one third of all

possible positions but these model systems proofed to be very useful for a protein band
assignment in the miohfrared. An overview over the underlying vibrations of all amide

bands, except amide IV, including an infrared aatiygwle moment change, is given in fig.

4.1. Here also the peak positions in different secondary structures based on the two types of

polyglycine are presented, too.
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A 111
~3280 cm’ B:1297cm’”’
. «:1309cm”
B \Y
~3090 cm”' B:70cm’”
a: 740 cm’
I Vi
B : 1685, 1630 cm™ B:628,6%cm™
«: 1641 cm”’ @:701,573cm™
Il VII
B: 152 cm’’ g:27cm’”
o 1558cm «:365cm’
Fig. 4.1: The underlying vibrations of the amide absorption Isasherived from polyglgine intwo

different conformations as labeled. Arrowsitate the atom displacemerntsring the
vibration. The signs + aridindicate moverants of atoms above and beltve plane
respectivel)y{ Twa94.

Krimm and Bandekar [K&6] and BandekaiBan97 descibed the conformational sensitivity

of amide bands in a modern way by hydrogen bonding and dipole coupling. This coupling
leads to a band splitting depending on the orientation and distance of the interacting dipoles
and hence on the secondary arrangeroktite polypeptide chain. The amide | band is mainly
used for infrared secondary structure analysis. The amide Il band is not so sensitive to the
secondary elements, but the amide Ill band is again. The latter is very weak inthe mid
infrared but, due tdifferent selection rules, this is the band of choice for Raman studies and
for a comparison of both methodaur88 Sur93. Integrated intensities over the amide sub
bands (fig. 4.2) lead to secondary structure element content estimations as it isnesal/a0

in software packages for the chemical and pharmaceutical industry. Exact amide | peak

positions for all possible secondary structure elements can be found for instake@3h |
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Absorption

1680 1640 1600

Wavenumber (cm™)

Fig. 4.2: Mid-infrared spectrum of the amide | region of rinoclease S. The deconvolutigrto
several sudbands underneath the amide absorption peak indicatesdghe t r i but i on fr om

h el i sheeats andfrandom ceikcondary structure elemefitsl98].

The possible applications for midfrared spectroscopy on proteins are diverse. This
frequency region is well studied by many groups and by industry, sinemfraced
spectroscopy became a standard method. Some important examples of what can be observed,
by using sophisticated methods and an application of the extensive knowledge about mid
infrared spectroscopy on proteins, are quickly presented here to cksedtion. For

instance rebinding dynamics of CO after photolysis in myoglobin can be observed through
mid-infrared bands in the so called temperature derivative spectrod®er®dl Temperature
and hydration dependent shifts can be sensitively deteatedosmnected to conformational
changesPre93 Don95 Grd05a Grd05l, often reaching an outstanding accuracy of about
10° which enables to detect very small absorption char@es)f. Due to experimental
difficulties such accuracy cannot be reachedougety in the fainfrared frequency range

which is in focus of the next section.

4.1.2. Far-Infrared Spectroscopy on Proteins

Low light source intensities and an energy scale around or even kdionake the far
infrared region an experimental challemgfrequency range. The large absorption of the

often water containing proteins and sample sizes in the order of the magnitude of the
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wavelength causing etalon effects, are in addition experimental difficulties. Hence little work
on biological samples hd®en done in the fanfrared region, despite the theoretical
expectations and simulation results to find here functional relevant collective motions and
direct information about the hydrogen bond network as described before. On the first glance
our measted region from 40 cthto 690 cni seems to be just a small part of the
electromagnetic spectrum. But in terms of octaves, which means a doubling of the frequency,
this region spans almost five octaves. This is about the same range as everything above the
far-infrared up to the visible going through all over the widely used amd neaiinfrared

regions. If we use the term farfrared we mean in particular frequencies from 100 am to

700 cmi’. The lower edge is the typical very upper limit for mdshe standard THz setups

which is rarely reached. So our measurements have a well overlap with the THz range which
we will use for comparison of our measurements to some publications of this region.

We give here a historical review on all4afrared meaurements on proteins and most
biomolecules to our best knowledge, since they are anyway of little number. To emphasize
the novelty of our measurements we will always outline the controlled experimental
parameters, focused on temperature and hydratiortpdheir importance for detecting the
natural protein dynamics as it has been discussed already. Also different sample preparations
are proven to influence the resulBr¢72 and can cause etalon effects as narrow peaks,

which unfortunately overlay mosf the measurements from the group of GenlgirDd, the

main contributors to fainfrared spectroscopy on biomolecules for decades.

)
20
1.5
1.0
o5 -
0 100 200 300 400 500 y oo’
Fig. 4.3: The absorption spectrum of hen egg whit@hsne without any control démperature and

hydration in a polgthylene pellefBuo71l.

Starting in 1971 Buontempo et al. investigated several globular proteins prepared as films or
pellets at ambient condition without special caution taken as far as the temperature and
hydration is concernedplio7]. All globular poteins exhibit a broad absorption band
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between 100 cthand 200 crit. In a detailed study of lysozyme (fig. 4.3) which represents
maybe the best protein measurement for decades, an indication of several peaks above has
been found, too. After that myoglobivas measured in a Vaseline paste at not further

controlled room temperature and after heat denaturation; a detailed analysis of the absorption
peaks was includedhi73. Shotts and Sievers measured pressed pellets of proteins at liquid

helium temperaturgSho74.
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Fig. 4.4: Absorption spectra of crystalline layers of lysozyiike narrow peaks found on thight

typical in several publications up to the 1990és/e not been reproducedneasurements on
large biomolecules and are likely to thee toetalon effects causda) the sample preparation

[Ata79.

The measurements of Ataka and Tanaka on crystalline lysozyme layers at room and liquid
nitrogen temperature were performed in a very dry state due to the vacuum of the grating
spectrometerAta79. The group of Genzel conducted rodemperature measurements of
protein films in a similar condition of an evacuated or with dried air flusheaud [The7P

Other infrared and Raman experiments on biomolecules have been perform&knaé [

Ban83 Wit86, Pow87 Pow9]. Several narrow infrared absorption peaks have been found
(similar to figure 4.4) and even compared to normal mode calculations which are later stated
to be all due to etalon effectslfr0(. Except for the low frequency measurements afkat

and Tanaka as seen on the left in fig. 4.4 in the decade before and in the last decade, no small
peaks in this frequency range on proteins or larger biomolecules have been found again. But
encouraged by the renewed interest in this field, the oldtsesale republishedtogether
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with additional unpublished data from that tin&hg07. Amazingly, more than a third of a

century elapsed since the first experiments

and leaving a bigroom forfurthe i nvesti gati onso. The best spe

group, without a lot of etalon effects, are seen in fig. 4.5.
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Fig. 4.5: Farinfrared spectra of lysozyme, myoglobin and albumin from cast films of &6ut € m

thickness at room temperature without a terafure or hydration contr&he0T.

A spectrum of a film of bacteriorhodopsin was published without further discussion, probably
because the paper is focused on lifetime of vibrational excitatae83]. The film was

stored in 90 % relative humidity atmosphere and measured at room temperature. i the far
infrared amino acids and blood serum have been meaddedd3]. A broadband absorption
spectrum of cytochrome c in solution reaching down into thenfeared has been published

by Berthomieu et alHer0g. We are not aware of any published measurements on proteins in
the frequency range of 150 ¢rto 500 cnitt under controlled temperature and humidity so far,
although these conditions strongly irdhce the protein dynamics and the spectra.

To explain the fainfrared absorption peaks of proteins several approaches indicate functional
relevant collective type of motions causing the absorption in this r&ad®} Bah9g

reaching down to the THz raa@s the results for bovine pancreatic trypsin inhibitor and
human lysozyme reveal [Roi9Hay99. Of the several protein absorption features in our
measurements, so far the existence and the origin has been just discussed for the three amide
bands discussl below.

In the relevant frequency range the best peak assignment uses an (hypothetical) isolated
planar C=0---NH group, which represents the peptide bond and refers to motions mainly
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derived from the normal mode analysis ofri¢thylacetamide, which ie@ind in Arr93].

Many of these amide bond assignments go back to the studies of Krimm and Bandekar
[Kri86], Miyazawa and others as summarized in @for slightly different peak positions
depending on the used model system. Here the amide IV foun8 afrBds caused by C=0
bend (40 %), €&C (methy}) stretch (30 %) and-Bl-C deformation. The amide VI around 600
cmi’ arises from C=0 out of plane bend andN@orsion. Amide VII, found at about 200 &m
originates from NH out of plane bend, -Gl torsionand C=0 out of plane bend. Also ron
amide modes at 436 chihave been found due to@©N deformation (60 %), C=0 in plane
bend (10 %) and ®! stretch (~8 %) and at 289 &mue to GN-C deformation (70 %), C=0
in-plane bend (20%) and-C-N deformation (10%). All frequencies are rounded oA N
methylacetamide values and the percentage is approximated for a potential energy distribution
but which depends strongly on the selected force field. Our measurements will be later
compared to these model compounds giigm in the peak assignment section. This
overview underlines the lack of reliable measurements on protein in {iméréaed in general
and especially under defined conditions concerning sample preparation, temperature and

hydration.

4.1.3. THz Spectoscopy on Proteins

The mainly used technique of THz tirdemain spectroscopy covers typically the range from

5 cmit up to 70 crit. Just with free electron lasers or sometimes synchrotron radiation the
intensity can be increased and the frequency rangbeaxtended up to 120 ¢rfiMiat0o34.
Therefore we refer here to the THz range covering the frequency region frotht8 ¢60

cm*, which is roughly 0.1 THz to 3 THz. Simulations and theoretical approaches agree upon
the delocalized, collective type ofotions that are expected hendereas the fainfrared

region seems to be some intermediate range and indications are hence amlguags |
Jaa98Tam0Q TamO1]. Due to this collective character the THz frequency range is assumed
to be sensitive to cdormation, structure and the environment of the biomoled&ifia(2].

But the following review about experimental THz results does not indicate such a straight
forward connection which should result in (not observed) large absorption deviations between
different proteins.

One of the first measurements bridging the THz gap for biomoleddle=s9dg used

synchrotron radiation in the frequency range from 15 tm5 cni' to investigate lysozyme
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at different hydrations (0.1 h and 0.3 h) and in water, in themeghere the lowest

underdamped vibrations are expect€d488. The hydration dependence was performed
because at low hydrations of lysozyme, the tertiary structure and some activity remains but
the picosecond dynamics was found to be redugddd3. In summary a hydration

dependent and almost temperature independent absorption was found. Myoglobin and the
protein components biotin and retinal were measured as pressed pellets at room temperature
as well as cryogenic temperatur®u03 Wal0J. The different retinal isomers led to

different THz spectra which were interpreted to be due to the different isomeric structures.
Such a statement, that THz measurements are able to detect tertiary structure changes, has
been also made by the group of Markelz wlaineed to be the first ones proving this, based

on their mutant to wild type comparing measurements as seen in fig. 4.6 on the left hand side
[Whi03, Mar02, Mabf3, HeD8]. The mutant is assumed to have a reduced conformational
flexibility and shows also mmuch lower THz absorption supporting this assumption. Later a
different THz absorption was also found for the oxidized and reduced state of cytochrome C.
Both interpretations just use differences in the erratic quantity of absolute absorption since no

(reproducible) absorption peaks have ever been found in the THz range for a distinction.

1.5
—— DNA#3 70 %th. P
—r | - DNA#3 43 % rh. Ty
— WT hydrated 10} ---- DNA#3<5%rh. / i
0.8 > WT dehydrated
--- D96N hydrated o5k
gm_ + DY6N dehydrated s |n
Ra} < Y o
= 1 orn 2 2.5 |de T I 1 1 1
2049 | 2 —— BSA#477%rh.
< 3 < 20F - BSA#4<5%rh.
7 ---- Denatured BSA
0.2t ¢ sk
1O
0.0 \
0 10 20 30 40 50 60 0.5 A
-1 -
Frequency (cm ) - A, ; i
' 10 20 30 40 50 60 70
Frequency(cm")
Fig. 4.6: Wild type and D96N mutant bacteriorhodopsin thin fafssorption spectra. From the

difference in the absolute absorption value the authors clapresent hee the firstTHz
measurement which is able to detect tertiarycstme changes. Two spectra green for each
mutant in a dehydrated state below 5 ®teenal relative humidity anth a hydrated state at 80
% relative humidity. The 30 % laive humidityspectra aréeft out due to no significant
difference indicating nor just a very weak hydraticshependenceW}hi03]. A weak hydration
depen@nce is also supported by thieasurements on the right side showing hydration

dependent absption spectra oDNA and BSA as well as denaturized BSA4r0J.
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Cytochrome C was investigated together with polypeptides as lyophilized powder at room

temperature, showing featureless absorption behavan2 Yam09. Hydration dependent

roomtemperature data of BSA, caljen and cytochrome C were published by the group of

Markelz in which the contrary findings of a weak or a strong hydration effect (fig. 4.6 on the

right compared to fig. 4.37) seem to depend on the employed analyzing mdtrog, |

Mar02,Mar03,Che03. Also thin films of lysozyme were measured at controlled room

temperature and under variation of the surrounding humiditga@g KnaO7a, KnaO7 Fig.

4.7 shows hydrated and dehydrated myoglobin spectra and the corresponding hydration

dependence that has besnalyzed by another group. They found a strong hydration
dependence but used the same data treatment as the MarkelzZZyat4 Zha04g.

Fig. 4.7:

142

W
o

25 /S
- 3
i T8 / g
= | 3@ / 7
“E 40t g P /
E 31 g i s
g | & 5 a2.4w%"°
=: [ 510 L g "o "o >
g R f’yo T~
230t £l - P e
§ ﬁ/ )// 5
- /e -
AR o wa
§20 Water content(wi%) A P 2
o g 4|
A A~ .
3 s P i g ]
N 4+
510 L s ®” 3 6W%
E ,,/((So o e o
o s eTE® . s NN
z T T T e
e B X —
Ty o a2 X T
o- r:._- V_,_A-_-—rrf'* i
0 04 08 12 16
Frequency(THz)

Hydration dependent THz absorption of myoglobin. The line is a quafitatiooughthe data
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A real experimental breakthrough for thielz have been the publications from Xu, Plaxco
and Allen on measurements of pure liquid water and of BSA and lysozyme in aqueous
solution, already presented in figures 3.11 and 3X1®§a Xu06b, Xu06d. The strong
absorbing liquid water has been surmednby using a free electron laser as a THz radiation
source for the frequency range from 10°dm 124 cn. A distinction between liquid water
absorption and protein absorption was difficult and just derived by withdrawing liquid water
absorption valued he existence of unknown absorption due to biological water was treated
in a general approximate way. But this was the only possibility to derive the contribution of
the protein to the spectrum in such a three component system. To complete this rdview wit
measurements of other important biomolecules, the THz absorption of DNA and RNA
compounds has been measured from Fischer s Fis03.

When taking out a lot of narrow peaks above the linear increase, usually caused by etalon
effects Mar08 Bal08], in general all measurements on proteins agree in a featureless
increasing absorption with increasing frequency, making a distinction between different
proteins very unlikely in the THz range as it is supported by model calculaitiea8(. Here

the adhantage of fainfrared measurements on proteins becomes most evident. Even
measurements on completely different small inorganic substances like liquid benzene,
cyclohexane or tetrachloride show a similar absorption to proteins without recognizable
features in this frequency rang®g&doz.
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Fig. 4.8: Comparison of a normal mode density histogranh the THz absorption spectrushhen egg

white lysozyme. The linear increaseabsorption with frequency imodeled correctly but a
different frequency axis usedor both graphs which has e considered because this is not
obvious at the first sight. The decrease abtvem’ is certainly due to an experimental
uncertaintyin the upper frequency rangdarrow peaks are caused by etalon effectslayigg

the protein spectrufMar02.

Painter et al.Rai83 pointed out that bigger molecules should have a contribution lower in
frequency than small ones situated below 100 based on a very simple model. This has

not been confirmed, since a continuouslgreasing frequency spectrum and no single low
frequency dominating mode is found in the TIZhp84G. More sophisticated intends to

explain the THz absorption of proteins have been made by normal mode analysis results
which have been compared to measurdamas seen for instance in fig. 4.8. The normal mode
density calculation, unfortunately without any dipole inclusion, shows an almost linear
increase, t00. But this increase goes up to 66 lafiore reaching a plateau. The experimental
absorption spectrurstarts to decrease again from about 40 omto the upper frequency
cutoff at 50 crit; most likely due to an experimental uncertainty. Both hen egg white
lysozyme and myoglobin spectra are very similar and show the same behavior. The normal
mode distrilnition is assumed to cause a higher normal mode density for myoglobin than for

lysozyme but the actual calculated and experimental absorption spectra do not differ
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significantly between these two proteins underlining the unreliability of absolute absorption
values calculated on this way. Therefore the authors concluded that the gained featureless
THz spectra are not sufficient to distinct between different proteins. Etalon and scattering
effects have been confessed being present in these fine experimémsv@theless this
publication has been one of the first comparisons of experimental and (normal mode)

calculated spectra in this frequency rangetf02].

4.1.4. Results from other Techniques and Frequency Ranges

Many different experimental techniquae used to study biological matter. Here we will not
give a complete overview but present important findings which are necessary for the later
discussion of our measurements.

As a first approximation Raman scattering yields complementary informatiofraceih

absorption in small molecules. In large molecules without any symmetry like proteins usually
the same vibrational bands are seen. But the intensity of Raman scattering is related to
polarizability changes caused by nuclear motions and not to dipmieent changes as for
infrared spectroscopy and hence different band intensities can be expected. An advantage of
Raman compared to infrared is that water losses are weak and do not hinder the protein
absorption in that manner as water does it in mangned regions. Therefore early Raman
studies have been already able to analyze proteins in solution for which Edsall has been the
pioneer. Nevertheless Raman bands are usually weak and therefore hard to study. A nice
technique called resonance Raman saatieran overcome this problem. If the questionable
Raman band is coupled to an electronic transition, a signal enhancement is observed. This is
done for instance in investigations on chromophores and active sites in proteins, where an
additional electroni@bsorption is excited, too.

One of the first | ow frequency Raman measu
chymotrypsin which confirmed low frequency modes in protddte 2. Large differences

are seen by the used method of sample preparation wifech thie low frequency modes
significantly (fig. 4.9). This is an important finding we have already used and will use in our
argumentation and is one reason for our extensive reproducibility checks. A peak &t 29 cm
was observed at the same frequency wiilee boson peak of glasses is to be found. It remains

unclear if this peak is always present at room temperature as seen here. Low frequency
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Raman spectroscopy in the range from I*¢m250 cnitt on lysozyme crystals and DNA

confirmed such a peak at rodemperature in this rang&lfa9g.

Fig. 4.9: Low frequency Rhbymatrgpsisgregredtinrdiferemtfwaysand two
denaturized states. A band at 29'asiclearly seen whictsiat the samfsequency where the
boson peak in neutron saating forinstance occurs, but usually lower temperatures. Some
people claim this to be argument for a spectroscomibservable and at room temperature

occurring boson peak in proteirBrp72].

OHD-RIKEST optical heterodyne detected Raman induced Kffect spectroscopy (details

of this technique inot95]) -i s ¢l ai med by the authors that
superior to infrared and Raman spectroscopy at low frequencies (<4)Guchits high

signal to noise ratio allows a detailech a | y si s o Gir03]. Bid in soptradiction,a 0 |

the authors state in the same paper that their effective resolutioniS®wond t hat ft he
validity of the data above ~300&ms houl d be regarded with a cer
and large diffeences concerning the liberational peak of water around 68aathe far

infrared are seen to these and Raman results on liquid water spectra. Nevertheless we want to
present the spectmf - a W dlactbglobulin, pepsin and lysozyme in aqueous solution,

because they are clearly different from the liquid water spectrum as seen in fig. 4.10. This is

in contradiction to the fainfrared spectra of proteins in solutiody06a Xu06l where
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amost the same shape of absorption is gained as for the (slightly more absorbing) pure water.
Also the farinfrared measurements just reveal a linear increase up the highest measured
frequency of 124 cthand did not peak in the whole range from 10'@n. Selection rules

for Raman and infrared typically involve symmetry which should play no significant role in
complex systems like proteins. From a theoretical point of view these different findings for
proteins are puzzling and more or less the same p@ageotein absorption spectra are

expected to occur. If the controversial water absorption peak at 6&armaglected, the

Raman and fainfrared peak positions on pure water are the same with a slight shift of about

10 cni' of the Raman water peak mwer frequencies. For the pure protein spectra, all

proteins exhibit a significant broad peak in the ORIKES spectra around 80 &mwith

slight changes in the slope towacdkethogher f
subtraction of water. That thpeak at 80 cihis not seen in inelastic neutron scattering is

explained by the authors that (torsional) backbone motions and not hydrogen atoms involving
motions are the origin of this peak as it is suggested by Simonson and Permalig, [

because inefdic neutron scattering is proportional to the density of vibrational modes

involving hydrogen atoms. But Raman scattering is related to the density of states, including

all types of atoms, multiplied by the square of the polarizability tensor derivative.

The imaginary part ofthe OHB 1| KES spectrum R(Y) is related
depolarized Raman spectrumd( ¥) Vvi a t he Bose tGrédbyal occup

IMR(W) = Res( WEL -exp( 7 wik,T) . (4.1)

A comparison on this way to spontaneous Ramattesing measurements on lysozyme from
Genzel et al.Gen7§ found that the results have been reproduced with these measurements.
So despite the expected similarity, the peak positions in proteins seem to be different derived
from these methods comparedaoinfrared protein spectra which has to be regarded in our
discussion. The origin of this is very questionable and the answer might contain important

information for the understanding of protein dynamics in this frequency range.
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Fig. 4.10: Raw OHDRIK E S s p e <atnrdiactoglébulit, @psin and lysozyme in aquessution

compared to liquid water which is scaledhe proportion of the wateontenGir03].

X-ray crystallography is based on the scattering on the electron shell of protestscmysth

are not possible to be produced for all proteins and which is very complicated to gain large
size crystals. Sometimes crystallization is just reached by introducing stabilization atoms or
molecules which also alter the protein structure to amanwk amount. Static and dynamical
disorder cannot be distinguished properly and hydrogen atoms are hard to be resolved.
Averaging the experimental results over a long time causes an inability to discriminate
between real motions and static disorder. Jystrtalyzing the temperature dependence of the
DebyeWaller factor it is possible to distinguish between these two contributions; but just
under the assumption of a temperature independent static disorder. The assumed isotropic

DebyeWaller factor is therefre given by
B=80(x) 8 4((x), (x),) (4.2)

where the first term is the lattice or static disorder and the second term disorder due to
motions Kur95|.

Neutron scattering is in contrary tergy mainly hydrogen atom sensitive because scattering
off these nuclei is ten times larger than with other nuclei including deuteos®() Cha03
Dos03. Water and proteinternal motions are separated by proceeding the experiment once
with H,O and then with BD. Complementary to Xay experiments, the pe&ih dynamic

behavior is derived indirectly from the hydrogen atom motions. The experimentally gained
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quantity is the incoherent dynamic structure fa8r ¥ )q andik ¥are respectively the
momentum and the energy transfer between the system and the incident ri2eg&¢h [n
contrast to neutron scattering experimentsrifrared and THz measurements on proteins
contain additional information about thatare of protein motions and the hydration water
[Moe9d. Sample size and setup depending data collection times restrict inelastic scattering
experimentsDos0§.

Nuclear magnetic resonance uses the splitting of energy levels in an external magnetic field
due to the spin of the nuclei. Most important for biological samples are the i, and

>N, which split into two energy levels due to spin quantum number Y. Information about the
local environment comes from slight different resonances, calkdichl shift, which is a

very complex quantity in large molecules like proteiNepg. One of the first NMR studies
analyzed hydrated and temperature dependent BSA, in which also a very nice introduction to
NMR on biomolecules is given, to&Ul6§.

Onereason for the discrepancy in the small and large number of derived biological water
molecules between NMR and neutron diffraction experiments is explained by Gu and
Schoenborn, that the average residual time of bound water molecules are too short to be
detected by NMR experiment&{195. This complicates the discussion about the real
outspread and number of the biological water shell molecules around proteins in the later
presented discussion.

Mdossbauer spectroscopy is mainly used for iron containingipsolike hemoglobin due to

the fact that most oftetiFe is used. The emitted gamma quant is used for absorption
spectroscopy with an extremely small energy width. But since just the same types of nuclei
can absorb the radiation, the above named limitas@iven. Also dynamic information

about the motions around the absorbing atom can be gained from Mdssbauer experiments by
an analysis of the line width. Since just the dynamics of the (iron) atoms is observed, the
general information about protein dyniasis missing but the advantage is the direct probe of
conformational changes at the active center of this protein and hence likely the functional
important conformational changes. This is the origin of the knowledge about the described
functional relevancollective motions and their timescales reaching into thanfeared

frequency range.
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4.2. The Protein Samples

Four different proteins have been extensively studied for this thesis. They differ in their size
and their secondary structure content eawl be seen as some cross section of different kinds

of proteins. But due to the time consuming measurements the number is unfortunately yet too
small for a direct relation to different protein properties in a statistical manner. On the other
hand the olerved differences in the famfrared spectra led to a clear distinction between all
proteins which is very promising to reach such a relation between spectra and protein
structure one time. For instance the small differences inmfmared amide absorin bands,
analyzed for just twenty different proteins, led to an implementation for industrial applications
to derive the secondary content of unknown proteins. As an introduction to our measurements
we therefore present our four measured proteins togeittetheir properties and their

corresponding fanfrared spectra.

4.2.1. Bovine Serum Albumin

The largest measured protein is Bovine Serum Albumin which is the most abundant protein in
blood plasma of cattle. The functionality is related to the pamn®f substances and to the
regulation of osmotic blood pressure. It is widely studied due to the similarity to human serum
albumin whose primary sequence is about ¥ analog and the secondary/tertiary structure is

even more similar as fig. 4.11 shows.
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Fig. 4.11: Structure comparison of bovine serum albumireég) and human serum albuniriue)
[PDBOg].

S o | eHelices Bre found in this protein. 583 amino acids belong to the actual protein
without precursors summing up to a molecular weight of 6B& k

Purchased lyophilisized powder from Sigma (A2153), was used without further purification.
The measurements presented here were gained on free standing protein films derived from
120 em dr o p%molar solation7 Thé ®rkedpbnding fafrared spectrum is
presented in fig. 4.12 together with a five spot comparison at 24°C and 75 % relative
humidity.
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Fig. 4.12: Farinfrared spectra of bovine serum albumin measutédeadifferent spots of theame

protein film at 24°C and 75 % relative idity.

There is a controversial debate about a proposed change in the secondary structure content of
BSA based on circular dichroism measurements of BSA solutions at pak&9 Tak93.

Above 30°C a decreasetinh ehelithl content sets in, getting stronger above 40°C. A

comforting finding is that below 45°C this change was completely reversible and that other
authors found in solutions at pH 8 no structural change in BSA up to 42°C. The whole
discussion is sumarized in the above cited two publications. From our measurements we

have no indications for such a transition.
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4.2.2. Trypsin Inhibitor

Fig. 4.13: The structure of turkey egg white trypsin inhibitor [PGHB

Consisting of 186 amino acids andhva molecular weight of 28.0 kDa trypsin inhibitor is

significantly smaller than the prior discussed BSA. As the name indicates the function of this
protein is the inhibition of the hydrolytic (digesting into smaller compounds) activity of the

protein trypsin. Trypsin inhibitor is also called ovomucoid and is the main cause of allergic
reactions to egg white’pu02). Helical and sheet structures are both present. As a basis for

the sample preparati on we  roBndsblutioredirgpsih 20 e m d
inhibitor from hen egg white (Sigma; T9253) whereas fig. 4.13 pictures trypsin inhibitor from

turkey egg white. The fanfrared spectra of five different spots are presented in fig. 4.14.
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Fig. 4.14: Spot comparison for a trypsin inhibiteample measad at 24°C and 33 % relatiheimidity.

4.2.3. b-Lactoglobulin

b-lactoglobulin occurs quite numerous in (bovine) milk. The exact function seems to be still
unclear but some relation to the binding of ligands was confirmed. It easily forms gels by
aggregation and is therefore often used as a théske food industryfloe03. The 162

amino acids sum up to a molecular weight of 18.3 kDa.
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Fig. 4.15: Th e st r u-kattagiobulinf@®BO&.

There is a |l arge amount of -sheetfdrmationpermass and t
c a u s {lactaglobilin to stand out of the other proteins in the measured group (fig. 4.15).

This might be a possible explanation for the most differernfeared protein spectrum and

the contrary low frequency temperature dependence. A spot comparison ah88E %
relative humidity is presented in flig. 4.16.
mol / ml solution was t he -lastogouliniflmg The iaiiau e f or t
solution was made from lyophilisized powder from Sigma (LO130gwhi conrt ai ns D
lactoglobulin from bovine milk.
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Fig. 4.16: 5 di f f er e HAdctoglpulintseanple rheasad af24°C and 53 % relatiteimidity.

4.2.4. Hen Egg White Lysozyme

The smallest of the four measured proteins is hen egg white lysomigm129 residues and a
weight of 14. 3 kDa pr ehslieahcorgedt dammatds with41% . 1 7 .
o v e r -sheat eontént of about 10 %. Lysozyme proteins occur quite frequently and their
function is mainly the break down of bacteria @@lls involving a hinge bending motion as
already described in the theory chapter. The functionality was already derived along the
original discovery of the protein from Fleming in 19ZE1§83.

Human and (here studied) hen egg white lysozyme diffdéreim main crystal forms of
tetragonal and triclinic structure respectively, and in their internal water content as known
from X-ray experimentsNlou7§. These early findings are based on the easy crystallization
property of lysozyme as already mentionedhapter 3.2.2. By using lyophilisized powder
from Fluka (62970) the samples hamo¥mbeen

solution leading to the absorption spectra plotted in fig. 4.18.
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Fig. 4.17: The strieture of hen egg white lysozyniieDBO08].

X-ray structure analysis revealed different possible structures for lysozyme, sometimes
assumed to be temperature or hydration dependent which would then affect also our
temperature and hydration randge[83h Kod90, Bon9§. But under variation oboth

parameters we have no indication in ourifdrared spectra for such a structural transition.

Our results provide strong arguments against such transitions which we would like to discuss
right here in this part. From a theoretical point of view anchfcalculations on proteins,

collective motions should be highly affected by any (tertiary) structural change. Therefore we
should see for lysozyme and maybe for BSA an effect which should be absent in the other two
measured proteins. But there is nothindpe observed under the variation of both parameters

which are assumed to alter the structure leading to our above stated conclusion.
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Fig. 4.18: Spot comparison for hen egg white lysozym84fiC. The absence of definedmidity control
in this partizlar set of measuremertauses the small fluctuatiopsesent mainly in the lower

frequency range.

4.3. Reproducibility Tests

Biological samples have a natural variation which restricts reproducibility. Reasons are
impurities or functional disabilitiesombined with a large sensitivity to the sample

preparation. Therefore all presented hydration and temperature dependent spectra have been
measured at least two, but usually three times, for all possible 60 combinations of hydration
and temperature setga. Hence just a much smaller number of spectra can be presented here
in this thesis, focused on those which are necessary for a comprehensive discussion and to
emphasize the relevant property. Therefore fig. 4.19 compares different samples of which
samplelB and 2B have been made within the same process and 3B in a different process. For
a better comparability have been the spectra normalized at 35t amithdraw different

layer thicknesses.
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Fig. 4.19: Comparison of three samples of Trypsin IntohitIB and 2B made within the sarsample
preparation process; 3B in a different one. A normalization at 35G@sample 1B has been

applied to withdraw minor thickness or density differences.

All spectra show the same overall slope and reveal the absogption bands. Slight

deviations are present in particular concerning absolute values at the more absorbing high
frequency range. An important result is that the spectra of samples made within different
sample preparation processes do not exhibit tadgeiation than samples made within the

same process. So the sample preparation causes less deviation than the differences within the
samples itself. Since different spots on one sample exhibit also just little variation, as it will

be discussed later this section, the origin for that seem to be impurities and more likely

local differences in each sample holder during the freezing or following lyophilization

process. The difference of the absolute absorption values is around 1.5 % in the low frequency
range and around 2.5 % in the high frequency range. But even the small absorption features

present in the spectra are reproducible and can be referred to the protein spectrum.
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Fig. 4.20: Surface picture of the samples 1B(S2), 2B(S3) und 3B{6# fig. 4.9. The diameteof the

sample spot is 280m.

Fig. 4.20 shows the corresponding surface pictures of the sample spots from fig. 4.19 in
transmission. The cotton wool like consistence of the samples is displayed in the surface
structure. Protein filaments are the main features which are actuadlybysus to find again

the same spot in thisdmensional arrangement after the background measurement. A
crystallization was successfully hindered with our improved sample preparation at least for

the relevant size for ttho s150 egmewawyelramgteh )
reasons. Firstly, to a | arge extend crystals
investigations under the microscope in transmission and reflection mode. Secondly, the

spectra of highly scattering samples, causg crystallization, differ significantly as we

described it in the prior chapter during our sample preparation improvement procedure. Such

a slope was never seen again after the improvement of sample preparation which was used for

all presented results this thesis.
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Fig. 4.21: Comparison of seven different spots on one sampenjghasize the reached sample

homogeneity and reproducibility.

For our later presented temperature and hydration dependent measurements just the deviations
during the measureamt of one single spot are relevant, since relative changes under the
influence of these parameters are studied. They will be demonstrated to be much smaller than
the above presented absolute value differences. As fig. 4.21 shows one sample reveals slight
variations in thickness or density. This has been overcome later by using the same spot for a
complete measurement run allowing a further reduction of deviations and hence the accuracy

concerning relative changes under the variation of temperature aradibydr
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Fig. 4.22: Normalized comparison of seven different spaiooe sample to emphasize teached
sample homogeneity and reproducibilityyrmalized to the absorption esample spot No. 4 at
350 cm.

The seven different measurement spots shbth@lsame absorption bands as it can be better
seen in the normalized fig. 4.22. To ensure a sample homogeneity just samples which had at
least four sample spots in common, but no different spot spectra, were used for actual

measurements in which just osggot was used throughout the whole procedure.

162



Far-Infrared Spectroscopy on Proteins: Bringing together Experiments, Simulations, and Theory Christian U. Stehle

25 = T T T T T T T T T T T
| Trypsin B concentration, 24°C , no salts,
3 diff. Spots, 11-12 out of focus, normalized at 500 cm™
20 g
— TrypBS1
15k TrypBS11
fu. ' TrypBS12
c
kel
=
o 1.0 4
(2]
Qo
<
0.5 g
0.0 1

100 200 300 400 500 600

-1
Wavenumber cm

Fig.: 4.23:  Spectra with different focusing on the sample surfacemalized on the absorpti@h 500 crit

for graph S1. No control of hydrationaw applied which explains tipgesent additional noise.

That even a very bad focusing on the sample has little influence on the spectra can be derived
from fig. 4.23. In general the same slope and the same absorption bands are found. Since
focusing is difficult within a &imensional protein web, this test demoaies that minor

focus changes do not influence the spectrum. Here extreme out of focus spectra have been
taken which caused just little consequences to prove the independence from this experimental

setting.
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Fig.: 4.24:  Typical temperature dependentasarement (in this casm trypsin inhibitor) with dhree
times retest of the 24°C absorption speatirifhe 24°C spectra have bdaken at the
beginning, after coming down from 38Gand at the end after the 4Atkasurement. A good

reproducibility of al features is demonstrated.

The temperature dependent measurements have been tested directly on their reproducibility
and can be used to estimate the error bars. As fig. 4.24 shows the 24°C spectrum has been
taken at the beginning, in between and at titea# the roughly ten hours enduring
measurement. At the beginning the fluctuations within the cell seems to be larger than for the
following measurements, since the control and end control graphs match better. Maximum
care to get back to the exact samet $fas been taken. It can be clearly seen that the
temperature effect is much larger than the deviations of the three test measurements. All
features are as much pronounced but the start measurement has slight higher absolute
absorption values below 400 ¢niThe error bars for the temperature dependent
measurements can be hence estimated to a maximum of 2 %. Actually the error bars in the
presented measurements are smaller because of the installation of our additional covering
around the whole setup andesprometer, which was unfortunately applied after all these
reproducibility tests presented here. In summary, the observed absorption change caused by
temperature is around 10 % for all proteins based on the 24°C graphs and is therefore well

above our ernobars.
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Fig.: 4.25:  Typical hydration dependent measurement. Sincagbabrption spectra are verlpse together,
especially at the lower frequency side, bilt stdered in the right waythis proves our very

small error bars.

As it can be seen froffiig. 4.25 all hydration dependent spectra are very close together. Even

at the lower frequencies, where differences are small, the graphs are ordered along increasing
absorption with increasing hydration. The error bars are hence smaller than theadifferen
between two adjacent graphs because otherwise the order would have been altered at least for
some measurements. But all of them showed the same exact order with increasing hydration.
We therefore conclude that the error bars are smaller than 1 %e$erkinds of

measurements. This is very surprising because the spectrometer and the atmosphere cell have
to be held stable for a minimum of at least 14 hours. But for the hydration dependence the
atmosphere cell seems to be driven out of equilibrium megshthan upon temperature

variations. The error bars become significantly less even if the cell was opened completely to
exchange the salt solution which is not necessary during the temperature variation

measurements.
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4.4. Basic Frequency Assignment
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Fig. 4.26: The farinfrared spectra of all measured four proteat 24°C and 33 % relatibeimidity. In
contradiction to the THz range the spectra clearly different to eaatther and exhibit several

absorption bands.

We observed from our measuremeht the four proteins can be clearly distinguished in the
far-infrared region as demonstrated in fig. 4.26. There are several absorption peaks and
shoulders present which we want to analyze further in this sebtamal mode analyses

even based on malelar mechanics fail in the low frequency range as Joti el@D4

showed in their comparison to molecular dynamics simulation results. But unfortunately at the
moment mainly normal mode analysis results, usually not derived for proteins but for smalle
model compounds, are the only hint to date which motions might cause the measured protein
spectra. With our here given basic frequency assignment we would like to encourage
corresponding calculations of the infrared absorption spectra for which weetbeithasis

for a comparison with the here presented peak assignment.
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—— BSA, 24°C, 75% r.h.
—— Lorentz Fit
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Fig. 4.27: Basic frequency assignment on theifd#rared spetrum of BSA at 24°C and 75 %lative

humidity. The eight Lorentzian peaks and thenbned fitted graph are shovimredcolor.

We decided to fit the protein spectra with several Lorentzian peaks without the inclusion of
any physical model underneath for an assignment of the major contributors to the observed
absorption features.

2A w
=y £ N 4.3
Y=Y o o x) w (4.3)

A'is the areaw the width andk the center frequency of the peak. The offgevgs set to

zero. To get reliable conclusions the fitting was done by two different scientists starting from
the pure absorption spectra and the gained final results havefteemaals compared. The
number of peaks necessary for the fitting was chosen to be as small as possible. By
calculating the deviation of the fitted graph to the actual measured one, the actual number of

peaks was reached if an additional peak did nottleadarge improvement anymore. There

was always a direct consensus about the number of peaks from the two independent scientists.

The results from the separate fitting on the same graphs turned out to differ in the
contributions (e.g. the ardaundernedt every peak as seen in formula 4.3) but confirmed the

peak positions with better than +1 ¢nTherefore we restrict ourselves to the latter reliable
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guantity in this discussion and left out the interpretation of the area value given by the fitting

procedire, too.

T T T T T T T T T T T T
18 689.53 |

I —TI, 24°C, 33% r.h. 620.35
16 | —— Lorentz Fit 554.57 \

Absorption a. u.

0.0 . t
100 200 300 400 500 600

Wavenumber (cm™)

Fig. 4.28: Peak assignment of trypsin inhibitor measured 4C2ahd 33 % relative humidititted with

seven Lorentzian peaks.

We take the chance to present here a random sample for the many peak assignments derived
at different hydration vales for each protein. As we will see later just a small (almost

frequency independent) hydration dependence has been found for all proteins which is
confirmed by this peak assignment. For the below presented comparison we choose of course
the same (lowest)ydration for all proteins. The effect of temperature on the peak positions

will be discussed in the corresponding chapter 4.6.
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Fig. 4.29: Lorentz peak analysis ofthefarn f r ar e d dapteghulinatrd4°C dnd %8 Pélative

humidity. Here seen peaks were used to fit the spectrum properly.

The basic frequency analysis of the-ifdrared spectrum of BSA is seen in fig. 4.27. The
experimental parameters are 24°C and 75 % relative humidity. Eight Lorentz peaks fitted the
spectrum properlyandh e peak positions are given in the
lactoglobulin (fig. 4.29) we fitted the broad low frequency absorption band on purpose with

only one Lorentzian as we will see in chapter 4.6.2. discussing the temperature dependence of
this particular peak. Therefore the deviations of the fitted graph to the actual measured
spectrum is slightly |l arger in thts region t
lactoglobulin (fig. 4.29) has more a shoulder than a low frequency peak windsis

pronounced in the spectrum of lysozyme in fig. 4.30. Spectra of trypsin inhibitor (fig. 4.28)

a n dlactbglobulin have been able to fit properly by just seven Lorentz peaks but which are

very different to each other. The trypsin inhibitor spectrum general much closer to the

spectra of BSA and lysozyme but interestingly for the latter two additional peaks occur in the

upper frequency region.
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Fig. 4.30: Basic frequency assignment using nine Lorentz p&aks hen egg white lysozynspectrum

at24°C and 85 % relative humidity.

Fig. 4.31 shows the protein peak comparison at 24°C and for the lowest hydration of 33 %
relative humidity. The highest frequency peak above 675aan be attributed to a well

known amide absorption band but it remainslear if this is the amide IV or amide VI band,
because both are assumed to occur in a broad frequency range betweeit 88058rcn

which could even alter the ordering. It is more likely to see the amide VI since it is on average
lower in frequencyand no other broad peak below is present. This would mean that bending
motions are the main cause of this absorption feature if the normal mode analysis from N
methylacetamide motions of fig. 4.1 is applied. The broad low frequency absorption peak
below 2® cmi' is usually referred to be the amide VII band whose origin is widely debated.
The assumed motions have to be taken with caution since they are mainly based on normal
mode analysis as well as small model compounds. Both restrictions are not capahiesto
anharmonic collective motions assumed in this frequency range for many different reasons as

discussed in the theory chapter before.
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Lactoglobulin Trypsin BSA Lysozyme
136.82 170.40 160.47 157.64
207.94 >

= 305.97 328.28 332.19 323.09
5

% 427.29 404.92 410.40 378.91

= 422.67
g

% 503.80 475.64 468.53 463.80
oy

516.70 518.24

600.61 555.49 556.51 557.05

™~ 623.40 612.01 610.59

683.33 686.91 677.84 675.08

Fig. 4.31: Protein comparison of the peaks derived from the fittindpe farinfrared spectra &4°C and
33 %relative humidity. A possible splitting dfands is indicated as well e bands which
seem t o b e -lactoglobubnmtanasout offihe groupedioa much more different
absorption spectrum comparexdthe other three. Hence mdrands which argan common for
the others haveden found. The most promindreinds at the lowest and highest frequency are

not highlighted since they werm@bserved before as one of the labeled amide bands in proteins.

The comparison in fig. 4.31 indicates that some igdigm bands seem to be caused by

general motions in proteins. From the peak positions the two absorption features around 300
cm* and 400 crit (highlighted with colors in fig. 4.31) seem to be common in all proteins of
course with individual deviations &gs observed for all amide bands, too. Both peaks are

none of the former known two famfrared amide bands in proteins and are assigned here for

t he f i r dactogtolhulnes.left duf thethree more bands can be assumed to be caused
from similar motions. Four proteins are not enough for a statistical significant analysis but we
suggest -shéekconteattodetheforigin of the different spectra and hence the
different absorption bands. As the above presented structures reveal thissstrstriking
divergence, since the size of the proteins can be excluded as a cause and the tertiary structure
is anyway different for all proteins. A possible splitting of bands is indicated by arrows in fig.
4.31.
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For a direct comparison to our resulisleast low frequency peaks in lysozyme from QHD
RIKES (optical heterodyne detected Raman induced Kerr effect spectroscopy) have been
determined by multiple peak fits to 164 ¢ni06 cni and 73 crit [Gir02]. The first one is

very close to our fittedgmk at 158 ciin lysozyme. Here the expected conformity of

infrared and Raman results occurs due to the lack of symmetry in proteins.

One step ahead to derive finally the origin of especially these low frequency modes is the
connection to protein functnality. Experiments on heme proteins showed low frequency
modes which indicate a strong coupling to the reaction with ligddos2 Gro03. Photo

echo experiments found a relation of low frequency, 67806 cnT , modes to aigen

antibody couplingJim02. Also the internal coupling of modes has been studied in a
molecular dynamics simulation on myoglobin near a hypothetical temperature of 0 K, but was
split up into normal modes due to a valid harmonic assumption at this very low temperature.
One paticular mode was chosen for a detailed analysis occurring at 82 berause this is

the frequency of a functional relevant vibrational mode of the heme group excited by
photodissoziation. A strong coupling to three modes at 363armd 464 crit and 1638 cni*

was found Mor0Q]; the first two ones are interestingly close to our frequencies present in all
proteins. The other several thousand protein modes were almost unaffected. But this
underlines again the collective character and the (anharmonic)mpoplprotein motions in

the low frequency range. Besides direct calculations of modes this seem to be another
promising way to find the underlying motions of these peaks even if no exact assignment has
been derived yet. Measurements on cytochrome c anldroyne ¢ oxidase found peaks at

530 cm* and 550 cnit were an involvement of C=0 in plane vibrations was supposed

[DOr0g. These peaks are close to our gained BSA and lysozyme features, but since we do not
observe them for all measured proteins we casapport this assumption for a peak

assignment from our results.

At the end of this discussion concerning basic frequency assignment results, we would like to
speculate what could be the origin of the absorption features by using the up to today
available piblications based on model compounds and normal mode analysis. The latter
method will provide certainly important hints but an exact peak frequency comparison makes
no sense for the reasons already given before. In small model compounds motions involving
more than three atoms are usually not observed making in addition a comparison to collective
protein motions difficult. But most of the work has been done -ondthylacetamide as

described in chapter 4.1. More recent calculations on-amethylacetamidsuggest that

additional peaks arise from hydrogen bond motions whereas the prominent two amide bands
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are mainly caused by deformation of covalently bonded atom pairs or tMik9§]. A peak
around 450 cmwas found to be caused mainly froriGeN deformation and a peak around
300 cm' from C-N-C deformation motions both close to peak frequencies observed in our
protein spectra. Due to the small model compounds the intermolecular motions have been
calculated, leading then to additional contributions tedisebelow 200 cihinvolving

hydrogen bondsHer01, Her03. The results can be seen as a hint for such hydrogen bond
contributions in proteins but due to the completely different hydrogen bond structure we
hesitate to apply a direct comparison to theseutatied frequencies. This underlines the lack
of exact protein calculations (not based on much smaller model systems) which we hope to

promote with the here presented analysis of our experiments.
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4.5. Hydration Dependence

With our developed atmospherell setup we are able to change the amount of water
molecules situated at the protein surface by external hydration. Due to a precise background
measurement the absorption from water molecules in the gas phase is almost completely
withdrawn. As measuremenwith the first prototype of the cell demonstrated, water vapor

anyway just causes small absorption peaks in thimfiaared that can be clearly distinguished

from the broad protein absorption as visualized in fig. 4.32.

100

| | BSA, 75 % r.h. 38.5°C
‘ —24°C
I , m—

80

il
60 L

40+

Transmission (%)

20 -

100 200 300 400 500 600 700
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Fig. 4.32: Temperature deperdce measurement of BSA at 75 % wiith the first prototype athe
atmosphere cell to visualize the very sharp weagior absorption peaks. Thgseaks are later
completely removed by the backgral measurement due to a mimgher stability of the

sysem reached with the most ingued version of the cell useldroughout the presented
results in this thesis.

Optimization of the complete experimental setup made it finally possible to derive spectra
where these small absorption peaks are completely adsesgives us the advantage to

present here spectra without any additional data treatment, which we want to emphasize prior
to the comparison of our results to THz time domain spectroscopy publications in chapter
4.5.2.

The small i n o i cdedn Speatranis mamly theorédmainderef small hydration

fluctuations during the about fourteen hours enduring measurement to get one single
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hydration dependence. But all discussed temperature and hydration dependent effects are
much larger than our errbars as described in the reproducibility chapter 4.3. Since the water
vapor absorption is withdrawn by the background measurement at exactly the same hydration,
the differences in the hydration dependent absorption are solely due to the influence of
biological water molecules attached to the protein sample.

For all measured proteins just a small effect of hydration on theffared absorption

spectra has been observed. This result seems to be quite uninteresting on a first glance but
yields important inbrmation about the fanfrared properties of biological water. The

absorption caused by this kind of water is much less than for liquid bulk water which is the
main outcome of our hydration dependent measurements. By a comparison to ice we can even
connet these results to microscopic dynamical behavior and support therefore the proposed
Ai cebergd model of biological water which wi
present first our experimental findings and the results using the sorption isédineraism,

including the application of our derived formulas in chapter 2.4. Then the following

discussion is split into a general part about the hydration dependence and into a part

concerning biological water which is probed with our experiments.
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4.51. Spectroscopic ad Calculated Results of theHydration

Dependence
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Fig. 4.33: Hydration dependent measurements on trypsin inhibite4&E. The insets shows thesll
ordered graphs with increasing hydration eiretihe lower frequency rangethere the

differences in absorption are smaller than for the higher frequencies.

Fig. 4.33 shows the hydration dependent measurements of trypsin inhibitor. Regarding the
absolute values the increase in total absorption with increasing hydration gets largerrat highe
frequencies. Detailed analysis reveals that the percentage increase is similar over the complete
far-infrared range. No frequency dependence nor a shift of bands could be observed leading to
a small but general absorption shift under the influence aftipa. As all hydration
dependent graphs show, the same small -gener
lactoglobulin as demonstrated in fig. 4.34. So despite the different absorption bands discussed
in the prior section and despite some indlill protein temperature dependent effects

discussed later, no hints concerning size, secondary or tertiary structure can be gained from

the hydration dependent measurements. Hence the influence of additional water molecules

seems to be connected to ageah protein property.
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Fig. 4.34:

For three of our measured proteins the parameter values for applying the sorption isotherm are

0.9 1

0.6 1

0.3 1

0.0

0.4

200

250

A

300

350

24°C

—b LG, 97%r.h.
—b LG, 85%r.h.
—b LG, 75%r.h.

b LG, 53%r.h.
——b LG, 33%r.h.

100

200

known and listed in table 4.1.
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Fari nf r ar e d -lactpgiobutinrurader thé inflence of external hydration 24°C.

Protein Vm ab b
BSA 7.87 9.63 0.81
HEWL 8.15 10.5 0.82
b-LG 6.3 15.66 0.98
Table 4.1:  Sorption isotherm parameters for bovine serum albyhén egg white lysozyme and

b-lactoglobulinfGas77 Lop0(Q.
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Via the sorption isotherm formula 2.54 thgalue, which is gram water per gngrotein, can
be calculated from the relative humidity (r.h.). For BSA we get for instance from the different

saturated salt solutions:

0.0873h (33 % r.h., magnesium chloride Mg{l
0.1240h (53 % r.h., magnesium nitrate Mg(N)g)
0.1902h (75 % r.h., edium chloride NaCl)
0.2434h (85 % r.h., potassium chloride KCI)
0.3590h (97 % r.h., potassium sulphate30,)

= =2 4 A -

The filling of the hydration shells can be calculated, too. We will present here the calculation
of BSA to derive an important argument usedhie following section. By applying our

formulas derived in chapter 2.4, the filling of the first four hydration shells is given in table
4.2.

h rel. Hum. 1% shell 2" shell 3 shell 4™ shell
0.0873 [33% 82.95 % 27.35% 9.03 % 2.98 %
0.1240 |53 % 91.81 % 48.62 % 25.78 % 13.65 %
0.1902 [75% 96.81 % 72.55 % 54.44 % 40.80 %
0.2434 [85% 98.33 % 83.51 % 71.02 % 60.33 %
0.3590 |97 % 99.79 % 96.72 % 93.86 % 90.98 %

Table 4.2:  Hydration shell filling of BSA at the applied relative humidity and theespondindh value
as derived from the sorption isotherm formaligthe first hydration shell ialready well filled

at our lowest relative humidity.

For a comparison to the results gained by other techniques it is important to derive the number

of attacked water molecules, on each protein which is calculated via
.m
n,=h G2 (4.4)
m,

by using the protein molecule massand the water molecule masg. The results for BSA
can be found in table 4.3, for lysozyme in table 4.5 and-fdztoglobulin in table 4.6.
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Rel. Hum. 33 % 53 % 75 % 85 % 97 %
h 0.0873 0.1240 0.1902 0.2434 0.3590
Nw 322 457 701 897 1324

Table 4.3:  Calculated values for BSA derived from the quaritimtinalysis via the sorptidgaotherm and

the sample prepation parameters

The calculated number of attached water molecules per protein fits very well with other
published results. At 0.4 for BSA about 400 water molecules per protein have been reported
[She83. From X-Ray studies on crystals of human anddise egewhite lysozyme about 50

to 140 water molecules per protein have been found which is conform with our low hydration
values Bla83 Ful86, Hag78 Mou76¢]. Simulations and experimental data on myoglobin
indicate about 350 to 390 water molecules petgin at sufficient hydration values and

around 0.3% respectively $te93h Dos86. With 18 kDa Nie92 myoglobin is of

s i z dactogmbulinyheneezapoutehrea tmes smaller than the
above presented BSA results. Around (h3Bey have 310 and 379 water molecules attached

comparabl e

in our calculation, being very close to the given number for myoglobin. All these examples
further support the reliability of our above calculation besides the before mentioned direct

proofs of the sorption igberm formalism.

4.5.2. Discussion of the Hydration Dependence

To our best knowledge so far there exist no publications about hydration dependent far
infrared measurements on proteins and for the THz frequency region they are rare. Since we
have an ovéap to THz spectroscopy experiments we want to compare our results at least to
the few published data of this adjacent frequency range. In addition there seems to be a
general disagreement in the THdammunity about the hydration dependence of protein THz
absorption spectra for three reasons. Firstly, there are groups which unfortunately lack of
basic knowledge to perform these measurements properly. We would like to mention here the
work from the group of Globus which claimed for instance polarizatiowctsffie, per se

isotropic, liquid protein solutions. For such reasons these publications are not used in the
following discussion but are, of course, known to us. Secondly, the reached accuracy of the

measurements in the THz region leaves still enough foomterpretation. Therefore no
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convincing arguments for the intrinsic hydration dependence of protein THz absorption exist
so far. Thirdly, even within experimental results published from the one particular group, as
already presented in fig. 4.6, thene inconsistencies in the conclusions about the hydration
dependent measurements.

For the discussion we will focus on the large hydration dependence found from Zhang et al.
(fig. 4.7) and the more recentliglications from Markelz [CH#b, KnaO7a] which are on first

sight, in clear contradiction to our smalldafrared hydration dependence shown in fig. 4.35

for lysozyme.
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Fig. 4.35: Hydration dependent measurements on hen egg white lysozyme at 24°C.

If analyzed more in detail it becomes evident tha absorption spectra gained by these
different methods cannot be directly compared since different experimental conditions were
used and, most important, an additional data treatment was applied for all THz publications
showing a large hydration depa&mte. To embed our results in the framework of other
publications we have to discuss these differences and we will see that there are many
indications that actually our results are in line with the experiments of the THz frequency
range.

Since we are using free standing protein film, which is completely surrounded by the
external hydration, our sample hydration should be more complete than for the protein films
on substrates as it is used for the THz measurements to which we compare our results. The

substate blocks the protein hydration completely from one side in this case from below. Since
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we observe the smaller hydration effect with a two times more efficient hydration, this
difference in the setups cannot be the origin of the deviation. This isrande&ation that our

results reveal the actual, setup independent, hydration dependence. For a better comparability
to the THz publications we present our hydration dependent results for several frequencies

versus the hydratiohvalue (fig.4.36).
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Fig. 4.36: Hydration dependence at several frequencies versuswlee of BSA, hen egghite
| y s ozy mMactoglobulin. b

We want to focus on our lysozyme measurements in the range from 40 690 cnt
which is the extension of the THz time domain measurements in the frequency range of 7 cm
! to 63 cni by the group of MarkelzZ§na0§. The @rresponding hydration dependence to

fig. 4.36 is pictured in fig. 4.37 for a direct comparison.
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Fig. 4.37: Hydration dependence of the absorption and thact¥e index derived from THime
domain spectroscopy on lysozyme at severdtémjon valuess seen on theft. An enormous
increase in hydration of more tha@®% is observed just betwe@r23h and 0.3% as
visualized by plotting the abgation against the hydration@®sented on the right. The inset
shows the measuremt of another film Wich reveals also a strong hydration dependence but
clearly less than 200 %. Thiemonstrates the dependence on the used samplesin t
experiments and that ooeder of magnitude larger error bars (minimum of 10 %) thandor o

hydrationdependent measements must be assuméha0q.

The comparability is difficult since several differences in gaining the absorption of hydrated

lysozyme are present and an overlap of the data is just given for the fact that we can confirm

the more or less linear absogatiincrease without any absorption feature in the THz range of

lysozyme. But our hydration dependence gets clearly smaller in absolute absorption values

towards lower frequencies. We want to emphasize also the one order of magnitude better

precision of oumeasurements compared to this publication as explained in the subtitle of fig.

4.37.

First of all the absorption coefficient (formula 4.5) of the Markelz group is calculated, or
better to say divided, by a factor which uses the measured phasd the further derived
refractive indexh respectively. These two values are included in the f&ctord the
transmissiort from which the absorption coefficient is calculated. A geometry factor
correctionG depending on the used setup is occurring, Ttne used calculation procedure
[Kna0q is similar to the one used from the group of Zhang and Dudtia(4 Zha0q.

a(n, £G)= —jlngelz (4.5)
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In fact this is the more precise way to gain the real absorption coefficient than just measuring
the transmission but the exact phase measurement is then the crucial experimental challenge.
Unfortunately an error propagation is not given in all publications how deviations of the phase
measurements affect the final absorption after the extensiveulkatadn procedure. The

presented calculated refractive index shows by itself a clear transition &tdft27 being

almost constant below (fig. 4.37). The same transition occurs in the recalculated absorption
coefficient based on the former value. Se $pectra of both constants exhibit a slight

increase with increasing hydration at values smaller thanh) &30.087, and 0.15.

Afterwards both coefficients increase enormously. Since it is not possible with our method to
measure the phase and hencne published results could have been just compared with the
uncalculated or pure absorption coefficients. But the extensivéimear recalculation

procedure makes it impossible to derive the original value for a direct comparison. Since the
resultsup to 0.15h and interestingly all former publications of the same group without using

this recalculation§jlar00, Hei08 Che03 Whi03] agree very well with our results, this

indicates that the deviation to the absorption coefficient in these publicaivesyilikely

caused by the sudden increase of the refractive index. This leads then to a calculated increase
in the absorption coefficient not present in our pure experimental data.

In the presented graphs unfortunately important hydration dependentremeasts are left

out by the authors giving a misleading picture of a large hydration dependent THz absorption,
solely due to the selection of published measurements. Just in the text statements are found
concerning a small o r 80&adr.kh. and 80 Yrh.ddataaoverlay for e f f e C
all samples measur€80 % r.h. shown in the figuréd. 4.6 in this thesis, where just one of

two possible hydration measurements is pres¢ntetiereas when the cell was purged with

dry nitrogen gas, thenetabs bance decr eas eWhi03. msuammaryjust or m wa
complete drying of the proteins below 5 % r.h. lead to a significant hydration caused
absorption difference. Since we measure well above 30 % r.h. our findings are in line with the
results fronthe Markelz group up to this publication even if the for us important graphs were
unfortunately not included in the published figures.

Another possible explanation for the different published THz hydration dependence of the
absorption coefficient is thahe protein film was dissolved in a buffer solution prior drying.
Typically these buffers do not exhibit a THz absorption which is true, but the authors
unfortunately decided from this fact not to include these molecules in their background
measurement. Bulue to the ionic or polar character of the buffer moleculesO@he

additional water is adsorbed out of the relative humidity. The absorption (and also the
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refractive index) will increase much more than for the protein sorption itself, likely leading to
an enhanced water collection and hence increased absorption caused by supplementary liquid
(or buffer attached) water molecules. Therefore the missing buffer in the background could
play an additional crucial role by such an effect even with a sole tram$gaioperty in the

THz.

The last difficulty for a straight forward comparison of the results to the cited publications
comes from the large temperature fluctuations of +1°C of the used dew point generator. In a
later paperKna07a] the temperature flucttians are attributed as the primary source of
uncertainty during a complete hydration measurement. There will be an increasing uncertainty
in humidity with rising relative humidity right where the deviations to our results occur.

Highly saturated atmosples tend to condensate on every part within the sample cell which is
slightly colder. Fluctuations of £1°C can easily lead to dew or drops on windows (or
substrates, i f no free standing filmis used
additionalscattering, which is also then mistakenly attributed to an increased sample
absorption. In the early versions of our atmosphere cell we struggled with the same problems
when changing the temperature at high humidity. This was overcome in the latest,\&ssio
used for all here presented results, due to the at this point finally possible new arrangement
within the cell by using the developed free standing protein film technique. Of course our
absolute humidity may be less accurate in a range within +h.%even if the saturated salt
solution method has intrinsic calibration standard, but our humidity fluctuations within the

cell and the chance for an unwanted condensation will be much less due to our one order of
magnitude more accurate temperature @i#0.1 K). This reduction of humidity

fluctuations may be important especially in the upper hydration range where the deviations to
our neighboring frequency range measurements occur.

For instance 100 % relative humidity at 20°C corresponds to justr@lative humidity at

24°C Web93. The difference with temperature fluctuations increase significant with
increasing relative humidity. At 20°C a temperature fluctuation of + 1°C causes at 10 % r.h.
just about 0.6 % change, at 50 % r.h. already 3.2 % ehamdjat 90 % r.h. about 5.7 %

change in the absolute value of relative humidity. Therefore a precise temperature control is
essential even if condensation problems are ruled out which might occur in addition to these
deviations and which could trigger snch a case much larger differences to the actual relative
humidity.

But besides all these experimental setup issues, the observed transition in the hydration
dependent THz measurements around 0.27 in fig. 4.37 is supported by dielectric relaxation
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experinents on adsorbed lysozyme molecules from the 197Bar§ . In the GHz range a
transition was found in the imaginary part of the dielectric constant arouhdrOlgsozyme

at 25°C. Bulk water has typically a dielectric relaxation peak at 19 GlHgd]. Harvey and
Hoekstra did not found a relaxation for O8ydrated lysozyme there and concluded that
protein bound water is different from bulk water. At B.8e authors suggested a

completation of a single monolayer around lysozyme which causestisgion in the

dielectric constants. One likely origin of the dielectric relaxation in this case is the rotational
relaxation behavior of permanent or induced dipoles as they can be found for polar side chains
of proteins or for protein bound water moltxs1 Very recent dielectric measurements on 14
different proteins under different hydration levels, also including lysozyme, in the frequency
range of 1 MHz to 20 GHz did not confirm a special hydration transition and are therefore an
additional argumentgainst the above claimed transition in the THz regigonDg.

Also a histogram of corresponding normal mode calculations of the same gra{y§ to

model the THz lysozyme measurements did not reproduce such a large increase of more than
200 % just betwen 0.23 and 0.3% as seen in fig. 4.38 versus fig. 4.37, too. This might be

due to the fact that this method is not sufficient to model the THz absorption properly as the
authors themselves state. But interestingly the calculations fit much moreresolts of a

smaller, almost linear absorption increase and an absent transition lat 0.27
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Fig. 4.38: Normal mode based histogram of the hydratdependence for hen egg whiygsozyme. If
identified with the absorption, the numbemobdes at certaifrequencieslo not double
between 0.28 and 0.3%. Also thecorresponding experimentalbbserved transition at 0.2/
(shown in fig. 4.27) is@mpletely absent. The resu#tee much more in line with our results of

a smalland almost linear hydratiadtependence ceerning the protein absorptipkina07a].
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As in table 4.2 presented, the filling of the first shell is already larger than 80 % at our lowest
hydration and there is also no indication of a transition from these values. The protein can be
seenas to be in a well hydrated and functional state throughout the measurements where just
the amount of biological water around the protein is increased. Also other THz measurements
on myoglobin do not support any transition in this rartifeap4. At the erd of the theory

chapter we summarized already that there are also more indications frespeatroscopic
experiments for an absent transition at ha7 the hydration dependence of lysozyme, which
the authors of the above cited publications claim t@ndesin the THz range. So we conclude
that our experimental results clearly support a small and continuous absorption increase
without any transition. This is in line with the majority of results derived by other techniques
and in common with the theoreticexpectations for completely functional proteins at this
hydration level (fig. 2.22). Summarizing the above discussion we finally claim that our
findings are valid for both, the famfrared and the THz region, and that for these frequency

ranges our mesairements revealed the intrinsic hydration dependence of protein absorption.

4.5.3. Discussion of Biological Water Properties

The sorption isotherm provides even the possibility for a further quantitative analysis of our
hydration dependent results. d@erive biological water properties, it is important to know the
number of proteins and water molecules measured within the sample spot. Since we are not
able to measure exactly the thickness and the density of our fluffy free standing film, we
bypassed tlsi obstacle through calculating the number of proteins in the spot without using
these unknown parameters but using ratio functions.

Theoretically the density of our sample can be calculated via

_ r-nsample
r = e (4.6)
'%ampleO

with msampie@s the known total mass of protein that we dissolved in water at the beginning of
the preparatiorsampieis the area of the sample calculated from the known dearo€9 mm

andt is the unknown thickness of the sample.

The mass of protein in our sample spot is then given by
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My, =7 OAQ (4.7)

AspotCan be calcul ated by using the microscope
By bringing together (4.6nd (4.7), the mass of protein in the spot can be calculated without

the unknown thicknegsand density of the sample with

rnspot = rT]sample é&p_m (48)

Agample

For the sample prlepatradgli omuloifn BBAO astioh &f a 5
(for our here presentdglconcentrations) have been taken which leads to a total of 0.6 mg
protein in each sample. For lysozyme half of the concentration namely 2.5 mg/ml was used.
The number and hence the mass of proteins can be easily assumedristaet in the

measured spot. Even if the protein film soaks more water, thatading film gets heavier

and lowers a little bit, but the light is still shined through the same amount of protein. Thermal
expansion will be not present in these hydratiependent measurements at a defined
temperature. Also a thickness increase and density changes would not alter the number of
proteins within the spot. What will change significantly is the number (and therefore the

mass) of water molecules.

Theh value @lculated for BSA increases from 8.73 % (33 % relative humidity) to 35.90 %

(97 % r. h.) during the hydration measurement which is, with a protein mass of 462.9593 ng, a
water mass of 40.41 ng and 166.20 ng respectively. The increase in water moldwnes is

larger than a factor of four during the experiment. Since this increase arises just from a part of
the total mass, the ratio of water mass based on the total mass increases from 8.03 % to 26.41
% which is still a factor of more than three.

To verify our conclusion that protein bound water absorbs much less and behaves different to
liquid water in the fainfrared, we will derive several arguments for that in the following two
subsections which also contain important conclusions about the generalodtige protein

spectra.
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4.5.3.1. Refutation of the Hypothesis of Water Dominated-ar-Infrared

Protein Spectra

Due to the large absorption coefficient of liquid water in therfared it is often assumed

that the protein spectra are governed byatheorption of water molecules around a protein.

This would lead to almost similar farfrared spectra for all proteins which is not the case as
already presented in chapter 4.4. But we want to test this hypothesis because we will gain a
nice comparison tbquid water absorption which we will use for a distinction to biological

water below.

Since we know the mass of water within the measured spot, we are able to calculate the sole
absorption from water without protein absorption. We assume, on basishypibtbesis,

liquid water behavior and theoretically concentrate the water in a layer of the llefigén

volume of the water layer is given By= m,/wjth mas the water mass and the dengity

which is 997.048 g/l at 25°C. For the lowest hydration of BSA we have a water mass of 40.41
ng and this calculates to a volume of 40.4298-t0. For the highest hydration with 166.20

ng water this becomd$6.6692-18 ml. This volume is theoretically concentrated in a layer
I=V/IAof a 250 em measuring spot. The hypothet:i
and 3395.3837 nm for the lowest and highest hydration respectively.

With the farinfrared absation coefficient taken fromHal9g the following calculated water
absorption spectra (fig. 4.39) are gained for all five measured hydrations. From the given far
infrared water absorption coefficiedt( FPal9g the molar absorption coefficiett ( ree@ckd

here is calculated by

o p=211 (4.9)

C

‘molar

with cmolar @S the molar concentration, which is 55.5084 mol/l based on a mol mass of
18.01528 g for water.
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Fig. 4.39: Hypothetical pure liquid water absorption of the water molesatached to BSA ate
measured five different relative humidity values. Foakulation the liquid water
absorption coefficient fronHal9g has been used. Thésorption increases more thariactor

of four during the hydration.

It is obvious from fig4.39 that the protein spectrum cannot be governed by water absorption
which is at least comparable to the absorption coefficient of liquid water in thdrémed.

We will give two arguments an absolute one (highlighted with a grey arrow in fig. 4040

fig. 4.42) and a striking relative one (highlighted with a black arrow in fig. 4.39, fig. 4.40 and
fig. 4.42)1 with an argumentation first from the high and then from the low hydration point of
view.

The absorption of the thin cumulated water layeghathighest hydration will be already

stronger than that of the measured total spectrum in the lower half of the measured frequency
range and hence the absorption of the protein bound water molecules must be less than liquid
water (fig.4.40). The observeatbsorption change during the hydration from low to high water
content should be in that case dramatically. Hence the water molecules cannot be responsible
for a large absorption percentage of the total spectrum if similar absorption behavior is

assumed a®r liquid water.
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