A NMR-based Study on the Characteristics of
Nonnative Hen and Human Lysozyme and

their Disease-Related Mutants

Dissertation

zur Erlangung des Doktorgrades

der Naturwissenschaften

Vorgelegt beim Fachbereich Biochemie, Chemie uratiabzie
der Goethe Universitat

Frankfurt am Main

von
Friederike Sziegat

(geb. Heinicke)
geboren in Heidelberg

Frankfurt am Main
2011

GOETHE @
UNIVERSITAT

FRANKFURT AM MAIN




Vom Fachbereich Biochemie, Chemie und PharmazieGadethe Universitat Frankfurt am

Main als Dissertation angenommen.

Dekan: Prof. Dr. Thomas Prisner

Gutachter: Prof. Dr. Harald Schwalbe

Prof. Dr. Joachim Engels

Datum der Disputation: 2012



,S0 eine Arbeit wird eigentlich nie fertig, man rsuse fir fertig erklaren, wenn man nach

Zeit und Umstanden das Mdglichste getan hat”

(Johann Wolfgang von Goethe, Italienische Reiséyiafz 1787)



Table of contents i

Table of Contents

(R [ 011 o To [U L1 1T ] o HO PP PPPPPPPPPN 11
1.1 Protein misfolding, aggregation and non-native 8at.............cccoeeveeeeeieiieeeeiiiinns 1.1
1.2 Hen and HUMaN LYSOZYME.......cccooiiiieeees cemmmmmm e e e e eeeeeeeaeeeeeeessenannnnnnn s e e s eeeennnenas 15

1.2.1 Hen Egg White LYSOZYME ....ccooviiiiiiieemmmmee oottt 15
1.2.2  HUMAN LYSOZYME ....coeiiiiiiiiiiiiiiimmmmmme e 16
1.2.3 Human Lysozyme versus Hen LYySOZYMEe.....ccccuvuiiiiiiiniiiiiiniieieeeeeeeeeeenn 18
1.3 NMR SPECIIOSCOPY ....eiieeinnieeeeeettn s mmmmmm s e e e eeetti s e e e e eeean s e e eeeesannaaaaaeeneessnnnnns 20
1.3.1 NMR spectroscopy under conformational avei@gi................evvviiiiieieeeeeeennnn. 20
1.3.2  ChemiCal SNIft........oooiiiiiiiii i 25
1.3.3 Protein Dynamics and Relaxation...............cooooiiiiiiiiiiiiiiieeeee e 26
1.3.3.1 Heteronuclear relaxation ...........cccceeeeeeiiiiiiiiiiiiieeeeee e 27.
1.3.3.2  SPECLral AENSILY .....ceevveeerreeet o ese s e e e e e e eeeeeeeeeeeeeennnnnn e eneans 29
1.3.3.3  Relaxation diSPerSiON..............omessessnnnnssaseeeeeeeeeeremeemmmmmmmm.. 31
1.3.4  DIffUSION ... e e e e 31
1.3.5 Residual Dipolar Couplings (RDCS) .....cccccmriiimiiiieiiiiiieece e 32
IR BN G TN o010 o1 1T 1 35

2 Materials and MEtNOUS...........oooiiiiiiiii e 40

2.1 Unfolded states of hen and human lysozyme and mSutan..............cccoeeeeeeeeeeeeeene. 40
2.1.1 Cloning, expression, purification and NMR géapreparation .............cccceeee.... 40

2.2 NMR SPECITOSCOPY ...eevrineeiiiiiii e e e e mmmmmm et eetta e e e e e eeetan e e eeeeesan e e eaeeeennmnsnn e aaaenes 42
2.2.1 Assignment of Hen Egg White Lysozyme mutants.............ccceevvvvvvvennnnnnnnn. 42
2.2.2 Assignment of Human Lysozyme and MUtanIS............ceeevvveeeeeenneninnnnninninnns 42
2.2.3 Chemical shift deviations from random COil.............cccooiiiiiiiiiiiincc e, 43
2.2.4 Relaxation eXPeriMeNtS............uuuceemmmmruuiiiiieeeeeerreeereererrrnrr 43
2.2.5 Spectral density MapPINg .........uuureeeeereeeeeiriiiiiiraa e e e e eeeeeeeeeeeeeereennneeeeranne. 44
2.2.6 RDC MEASUIEIMENLS ......cceiiiierrrres ettt s s e e e e e e e e e e e e eeeessresenneeeennnne 45
2.2.7 DiffuSion MEASUIEMENLS .........uuiiiieeae e e e e e e e eeeeeeneeeeees 45

2.2.8 Measurements of J-coupling CONStANS....ccccoeeiiiieeeeiiiiiieeeeeee e 46



Table of contents i

2.2.9 External methods: Asteroids and SAXS .ot a7
3 RESUItS @Nd DISCUSSION......cciiiiiiiiiiiitieeeeme ettt e e e e e e e e e e e e eeeee e e e e e e e s aaas 49
3.1 Protein expression and NMR sample preparation . .......cccceeeeeenneeeeeeeeeeeeeeeeiinnns 49
3.1.1  ISOtopiC 1abelliNg.....cccce e ——————— 49
3.1.2  NMR SAMPIES... .ttt e e e e e e e e e e e e e eetbrnenneeeseaeennnna 50
3.2 Analysis of unfolded states of Hen Lysozyme andntaut................ciiiiiinennnneenn. 51
3.2.1 Assignment and determination of coupling Gams .................cceeieiiiiiinneeeeennn. 51
3.2.2 Backbone conformational preferenCes. .o 59
3.2.3 Side chain conformational prefereNCeS . v, 60
3.2.4 Protein dynamics by heteronuclear relaxadiwhresidual dipolar couplings..... 66
3.2.5 Modulation of the conformational ensemblesimgle point mutations............... 71
3.3 Unfolded state dynamics of Human vs. Hen LySOzyme............cccoovvvevvivvinnnnnnnnnn 83
3.3.1 Protein resonance asSSIGNMENT ....... oo seerernnnnaaseeeeeeeeeeeeememmmmmmmmnne. 83
3.3.2 Protein sequence comparison between henwandrhlysozyme........................ 88
3.3.3 Structural and dynamical protein characCi€BSst............cccoevveieieiiiiiiiiiiiiiiiieand 89
3.3.4 Concentration dependency of chemical shidtratexation ...................cccevuunnee 95
3.3.5 Influence of single point mutations on thgragation behaviour of hLys ......... 97
3.3.6 Degree of compaction by translational difbasi.......................cooiiiiiennnn. 103
3.3.7 Conformational dynNamiCsS............oiiceeeemiiiiiee e 104
3.4  Conclusion Of the thESIS ..........uuuiiiiii e 107
N o] o = g o | SRR 110
4.1 Media and DUTEIS ......oooeeiiiiiiei e s 110
4.2 Primer sequences, DNA and protein SEQUENCES..........uuuurrurriiiiireeeeeeeaaeeeeeeeeennns 1n1
4.3 Chemical shifts, J-couplings, relaxation data ardd® of WT...............c.......... 114
4.4 >N-'H RDCs and Rrates of all-ala MULANES...................ommmereeeeeesseeeeenesenenns 117
4.5 Chemical shifts and relaxation data of unfolded$Ly...........cooovviiiiiiiiiiiiiiinnnnnnn. 121
4.6 Chemical shifts and relaxation data of all-ala mit&lI56T and D67H ................. 124

SR 2 G (=] (=] A 1T TR 128



Abbreviations iil

Abbreviations

APS ammonium persulfate

CM carboxymethyl

CSA hemical shift anisotropy

d delay between NMR experiments

DO deuterium oxide

ddHO deionized destilled water

DEAE diethylaminoethyl-

DNA desoxyribonucleic acid

DTT dithiothreitol

dMTSL 1-acetyl-2,2,5,5-tetramethyf-pyrroline-3-methylmethane-
thiosulfonate

DOSY diffusion ordered spectroscopy

E.coli Escherichia coli

EDTA ethylene diamine tetracetic acid

Fig. figure

FPLC fast protein liquid chromatography

GdnHCI guanidinium hydrochloride

n h/2r, h= Planckconstant

hewl hen egg white lysoyzme

hLys all-ala-variant of human lysozyme

D67H D67H mutant of hLys-all-ala

I56T I56T mutant of hLys-all-ala

HSQC heteronuclear single quantum coherence

Hz Hertz

IPTG isopropyB-D-thiogalactopyranoside

kDa kilo dalton

LB Luria Broth

M. marker

M9 Minimal media for isotopic labelling

MD molecular dynamics

MTSSL 1-oxyl-2,2,5,5-tetramethyf>-pyrrolin-3-methyl methane thiosulfonate

MWCO molecular weight cutoff



Abbreviations

ns

NMR

oD
PALES
PCR

Pfu

ppm

PRE
RDC
RNA

rpm

S

SAXS
SDS-PAGE
Tab.

TCA
TEMED
TFA

Tris
Triton X-100
w28G*"
wW62G*2
WwW108G"®
wi111G"
wi123G"
WTAIa

wi/v

number of scans

nuclear magnetic resonance

optical density

Prediction of Alignment from structure
Polymerase Chain Reaction
Pyrococcus furiosus

parts per million

paramagnetic relaxation enhancement
residual dipolar coupling

ribonucleic acid

rounds per minute

seconds

small angle x-ray scattering

sodium dodecylsulfat polyacrylamide get&bphoresis
table

trichloroacetic acid
N,N,N’,N’-tetramethylenediamine
trifluoroacetic acid
tris-(hydroxymethyl-)aminoethane
Octylphenoxypolyethoxyethanol
W28G mutant of hewl

W62G mutant of hewl

W108G mutant of hewl

W111G mutant of hewl

W123G mutant of hewl

all-ala wild type of hewl

weight per volume



List of Fiqures v

List of Figures

FIQUIE 1: Protein STAES......uuui it e ettt e e e e e e e e e 12
Figure 2: Hen egg White [YSOZYME ...........oommmmmeerernnnniiieaeeeeeeeeeeseeeeeessnsnnnnnnnnassnnnnnns 15
Figure 3: HUMAN [YSOZYME ......uii e e e e e e e e e e e e 16
Figure 4: Alignment of the pdb StIUCTUIES ...cccueee i 18
Figure 5:1H-""N HSQEC SPECIIA .......c.cueeeeeieeeeeeeessememeemes s ee e en e seen s e en et eeseneaees 24
Figure 6: NMR tIMESCAIES ......cevviiiiiiiiiiiiie et e e e e e e aeeeae e e e e e e e eeeeeennnne 26
T T8I A =T = = U1 o o 28
Figure 8: SPectral deNSILY .........ooo oo eeeaaeeee 30
Figure 9: MOoleCUlar fram@ .........o.ouuiiiiin ettt e e e as 33
Figure 10: Main chain tOrsion @ngIES........ o «seeeeeiiiieeeeeeeeeeereeeeeeeerennnn e 35
Figure 11:233(N,C%) and?IJ(N,C*™) COUPIINGS .....cviveveeeeieeeeeeee et cemeees e 37
Figure 12: Side chain torsion @anglesS.......ccoooeeiiiiiiiiieeecrr e e e e e ee e 39
FIQUIE 13: SDS-PAGE ...ttt as 49
Figure 14:*H-""N-HSQC spectra of WY and five Mutants ..............ccocoeeeueeeeeeeeeeeeenns 52
Figure 15: HNHA Spectrum of WP ..ot 53
Figure 16:3(Hy,H*) coupling constants of W .............coooovioieiieeeeeeeeee e 54
Figure 17::3(N,C), 23(N, ) coupling constants of WH............coeeeieieeeeeeeeen. 55
Figure 18: HN(COCA)HAHB spectrum of W ...........ocoovieieecceeeeeeeeeeee e 56
Figure 19:33(H*,HP) coupling constants of W ..o 57
Figure 20: HN(CO)HB SPeCtrum Of VT .........ooieee oo eeeeee e 58
Figure 2133(CO,H) coupling constants of W ............cccooiiioiieeeeeeeeeee e 58
Figure 22: Residual secondary structure iNNRIT..........oooeeeeeeeeeeeeeeeeeeeeeeen 59
Figure 23: Side chain coupling constants of AR/ T..........ccooioeoieeeeeeeeeeeeeeeeees 61
Figure 24: Chemical shift and coupling correlatifnosn ASTEROIDS selection............... 64
Figure 25: Selected populations of WTfrom ASTEROIDS calculations ..................... 65
Figure 26: Relaxation and RDC data of WT.........ccooiioe oo, 66
Figure 27: Relaxation and RDC data of WT..........ccooiiee oo, 67
Figure 28: Relaxation and RDC data of WT..........cccoooiiiiiieeeeeeceee e, 68
Figure 29: Spectral density data of WPT..........cocoovivieeceee e, 69
Figure 30: Relaxation dispersion measurements oMW ..........ccoeeeoieeeeeceeeeeeeenn 70

Figure 31: Chemical shift analysis of MULANTS. e ...vvveeiiiieii e 71



List of Fiqures Vi

Figure 32: RDC and RENSOrs Of W™ ...t 73
Figure 33: RDC and ReNS0rs Of MULANTS...........coiiiiiii e e e e e eatiie e e e eeais e e eaenns 74
Figure 34: Sequence specific RDCs anddRes of WT'and mutants............cccccoeveveeeen.... 75
Figure 35: Flexible meccano predictions for RDCS\GF'@ and mutants................c.o......... 77
Figure 36: Degree of structure in unfolded henZy e ... 79
Figure 37: SAXS data of W and MULANS .........c.ceiieeeeeeeee e eeeeemeee e 81
Figure 38: HNN Spectrum Of NLYS ......ccooiii e e e e 84
Figure 39: HNCACB sSpectrum Of NLYS .........vcemmmmeeeee e eeeee e 85
Figure 40 H-""N-HSQC SPeCtra Of NLYS .......cccoviveieeeeieeeeeeeeeeeeses e en s 86
Figure 41:"H-""N-HSQC spectra of I56T and DB7H.............ccoeerreeeeieeneeeeeeeesesenseis 87
Figure 42: Sequence alignNMmEeNt.............occcceeeeeruiiiiieeee e ee e e e e e e e s 88
Figure 43: Secondary structure propensities Of NLYS..........cccceeiiiiiiiiiieeecceeeeeveeeeeeee 89
Figure 44: Chemical shift differené®Hy of hLys and W ..........ocooooioiiiieeeeeeeees 90
Figure 45: Comparison of hLys and WWPT...........c.coovoioiieieceeeee et 91
Figure 46: Comparison of hLys and YWPT............cooooeiiieecee et 91
Figure 47: Relaxation dispersion measurements @6 hbl...........cccovvvviiiiiiiiiiiie s, 93
Figure 48: R, relaxation data of NLYS............ccooiiimeeiii i, 94
Figure 49:3"Hy andd™N of hLys at different concentrations ........cce.eeoveeeveeeeeseceeeennn. 95
Figure 50: Concentration dependent relaxation dBkaLysS .............ccccceeiiiiiiiiieiiiiiiiieenes 96
Figure 51: Chemical shif&'Hy andd N of I56T and DE7H .........ccocevveeeveeeeeeeeeeneens 97
Figure 52: R relaxation rates of hLys and mutants I56T and DG7ZH...................ccoeenne 99
Figure 53: Comparison of ,Relaxation rates of I56T and D67H..........cccccevvvevvvrrirnnnnnns 100
Figure 54: HEtNOE Of IS6T and DB7TH .......ccoooiiieeee e 101
Figure 55: Spectral densities of I56T and D67H............cccooooiiiiiiiiiiiiiiiii s 102
Figure 56: Dynamical characteristics of hLys, 5810 D67H ..............oeeeeiviiviieviiiiiiime 104
Figure 57: Energy landscape of unfolded human WS@z..............ccccceeeiiiieiiii e 105
Abb. S1: Sekundare Reststruktur in YT..........ooooioiie it 139
Abb. S2: RDC und RTensoren der MULANTEN ..........oovvniiiiiieieee e 140
Abb. S3: Relaxation und sekundéare Reststrukturhtoms und WT ..o, 142

Abb. S4: Dynamische Eigenschaften von hLys, I56T DB7H ..............ccoovvvvviiiiiiincennnnn. 143



List of Tables Vil

List of Tables

Table 1: NIMR PAramMELEIS.......uuuuuui e s e s s e e e e e e e e e e aaaaeeeaesesaasssn s e e e e eaeaanaaees 21
Table 2: Torsion angles of secondary StrUCtUrES.........ceiiieiieeeeeieeiieeeeeeveei s 36
Table 3: Population of side chain torsion angles.............oooiiiiiiiiii e 62
Table 4: Hydrodynamic radii of unfolded hen lySOZ&ym...........ccccoeeiiiiiiiiiii 78

Table 5: Comparison of RDOSY) and B (SAXS) .....cooviiiiiiiiiiiie e 80

Table 6: Hydrodynamic radiifof hLys, I56T and D67H ............ccooovvivicceeeeieeee e 103



1 Introduction 11

1 Introduction

1.1 Protein misfolding, aggregation and non-native stas

Proteins play one of the crucial roles in mediatinglogical and biochemical regulating
processes in living cells and organisms. Despieathple knowledge of ribosomal synthesis
and analysis of interaction mechanisms fundameeltiatidation of protein folding and
misfolding is still challenging. The complexity éblding and misfolding reactions arises
from the fact that one amino acid sequence codes feingle compact three-dimensional
structure. Secondary and tertiary interactions farmed in less than a few milliseconds.
Levinthal pointed out fundamentally that these tisoales of folding imply that protein
folding does not follow a random search of allowedformations during synthesik)(

In vivo correct folding is regulated by a multitude oflgkr quality-control mechanisms
(2,3). Intrinsic and extrinsic factor influence proteiolding, target proteins to different
locations and play a crucial role in stabilizingspible unfolded or misfolded states.
Dysregulation of these quality-control mechanismsone of the key factors for protein
folding diseases.

Unfolded states of proteins have been in the fatusophysical investigations due to their
importance for understanding protein folding digsas in particular human
neurodegenerative diseas&s6f. Most of these diseases are summarized undegldival
term “amyloidosis”. The term was coined due toabservation that accumulated aggregates
can be stained with Congo red in a similar manisearaylose in starch. Later, the terms
“amyloid” and “amyloid fibrils” have been deducdgébormation of amyloid fibrils is a wide
spread phenomenon being uncovered as a cruciablpgital product during protein
misfolding (7, 8. Amyloidosis like Alzheimer’s disease, spongiform encephalopathies,
systemic amyloidosis, lysozyme amyloidosis and typealiabetes for example are all
associated with extracellular abnormal depositibriilwillar aggregates in various organs
like liver, kidney, heart and braid (5, 9-1). Other protein folding diseases like Parkinson’s
and Huntington’s diseasd@, 12 are intracellular and therefore do not fulfilletrstrict

definition of amyloidosis which is reduced to exghlular aggregate£).
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After protein synthesis at the ribosome there axeal different states of structures that can
be formed by the polypeptide chain depending oereat and internal influences (Figure 1).
There is only one path ending up with the corretlged state but there are many other
paths leading to aggregates. One form of aggragasiche formation of amyloid fibrils,
highly organized structures with very similar prdps and appearance in amyloid diseases
mentioned abovel(l). The conversion of a soluble form of the proteinhe aggregated state

typically involves transient formation of unfolded partially folded states.

B

aggregate I l aggregate

I 3 oligomer
§
unfolded/ folding native fiber

l’lOll native lntermedlate state

I °
*%*f;z? 3

ribosoma
synthesis

aggregate fragments pre-fibrilla

\ l states
.

amyloid fibrils

Figure 1: Protein statesafter synthesis at the ribosome. There is only s
ending up with a well-folded structure, but there anany other paths which
lead to aggregates, fragments, pre-fibrillar statesmyloid fibrils. Modified
after Dobsoret al, 2003.

The biological function of proteins has evolvedidgrfolding processes. Proteins in their
native state have overall formed tertiary intex@atsi whereas intrinsically unfolded proteins
(IUPs) can often be described in conformationaintelas premolten globule states. These
states characteristically have by residual seconditcture including partially disordered

regions but no truly random coil conformatidB). Some disease-associated proteins adopt
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well-folded structures in their native states, whothers belong to the class of intrinsically
unstructured proteins, so the pathological originnot only coded in unfolded regions
(14, 15.

As described before in many protein folding diseasengle point mutations, often familial
inherited, are linked to specific disease forms thet structural code for the onset of the
disease is still unclead, 17. In the literature, single point mutations do s@nificantly
change the structure of the native stdi®-21) Their impact on the structural and dynamic
characteristics of the unfolded or intrinsicallystmictured state ensemble remains a key

unsolved question in structural biolodg2J.

“In this communication | wish to draw a substanoespnt in the tissues and secretions of the
body, which is capable of rabidly dissolving centhacteria. As this substance has properties
akin to those of ferments, | have called it a Lysoe...”; in 1922 Alexander Flemming
invented the name and discovered the function eflysozyme protein by accident on a
patient suffering from acute coryza3. From there on, lysozyme was and still is counted
among one of the most studied proteins. It is foeeeused as model system for structural
and dynamical analysis of folding and unfolding gasses. In this thesis, studies on
lysozyme are extensively expanded including nevigihts in the analysis of single-point
mutations of hen and human lysozyme in their ur@dldtates. In the focus are single point
mutants which are chosen due to introducing sigguifi differences in their hydrophobic
behaviour. In hen egg white lysozyme hydrophobyptsphans were replaced by unpolar
glycines with small side chains showing an effettresidual secondary structure elements
due to the deletion of hydrophobic side chain ext@ons. For human lysozyme, two mutants
with high aggregation propensity and associatedc wiiseases form of the protein, as
reported in the literaturel8), were investigated.

In the broad variety of different biophysical matlspheteronuclear multidimensional NMR
spectroscopy in solution stands out as an importeathod to determine conformational and
dynamic properties within protein ensembles repriésg the unfolded state of a proteit)

at atomic resolution.

To identify possible nucleation sites both for proive folding as well as unproductive
misfolding, the random-coil behaviour of a polypdptchain has to be defined to provide a



1 Introduction 14

baseline for detection of non-random conformatioaall dynamical characteristics of
regions in unstructured polypeptide chains. Usingfarmational models to describe the
unfolded state, spectroscopic fingerprints canredipted for random-coil conformation and
dynamics and regions of polypeptide chains candbieahted that deviate from random-coil
behaviour. Following this approach, random-coil extption values for NMR parameters
including homonuclear NOEs, relaxation rates, saaapling constants and residual dipolar
couplings have been defined and applied with canalle success for the characterization of
unfolded polypeptide chains. In developing such edor the prediction of random-coil
behaviour, it is particularly interesting to nobat differences in the time-scales of averaging
are reflected in the prediction of NMR parametersd adirectly observable in the

experimental data.



1 Introduction 15

1.2 Hen and Human Lysozyme

1.2.1 Hen Egg White Lysozyme

In its native state, hen lysozyme consadtsvo domains, the-domain (residue 1-35 and 85-
129) and thg3-domain (residue 36-84). It contains four disulfioiedges formed by eight
cysteines (C6-C127, C30-C115, C64-C80 and C76-CRdA)unusual high number of six
tryptophans (W28, W62/63, W108, W11l and W123) banfound in hen lysozyme as

shown in figure 2.

Figure 2: Hen egg white lysozymén the native state (pdb 1E&5)); light grey:
B-domain (residue 36-84); dark grey:domain (residue 1-35 and 85-129);
red: tryptophans W28, W62/63, W108, W111 and W18e: positions of

cysteine residues.

Folding of hen egg white lysozyme is rather comgiehlowing multiple, parallel folding
pathways 26). In its disulfide-reduced state, the protein igalded even in the absence of
denaturants A7-29. Residual secondary structure as well as theepoes of long-range
interactions persisting on the subnanosecond ticaée svere previously identified by an
analysis of chemical shifts and Relaxation rates in combination with single pomitations
(28, 29. Native as well as non-native long-range inteoast are present in the unfolded state
of hen egg white lysozyme. Previous studies haen lextended in this thesis where an all

cysteine-to-alanine mutant of hen lysozyme M)Twas prepared. Chemical shift deviations
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as well as coupling constants for both, backboree satle chain angles are presented. Also
relaxation studies and spectral density functiomvehbeen analyzed and allow the
identification of residual structure persisting different timescales. This is supported by
extensive diffusion measurements for the wildtype all mutants and small angle x-ray
scattering (SAXS). All data lead to conformatiortdlaracteristics of unfolded states of
proteins and will be discussed in detail in chapter

1.2.2 Human Lysozyme

The structure of human lysozyme possesses alsadnwains: ara-domain (residues 1-38
and 86-130) with foun-helices and #-domain (residues 39-85) with a triple-strandid
sheet and a;g helix (figure 3). The protein contains four disdé bridges at C6-C128, C30-
C116, C65-C81 and C77-C95. Also a high number dfdyyhobic amino acids can be found,
in particular W28, W34, Y63, W64, W112 and Y124 eTprotein is highly homologous to

hen lysozyme and is also used as model systerolftinf) and unfolding processes.

Figure 3: Human lysozymein the native state (pdb 2Z1J, Shoyaetal, 2009).
light grey: B-domain (residue 39-85); dark gray:domain (residue 1-38 and
86-130); red: tryptophans W28, W34, W64, W109, Wildr2en: Y63, Y124;

blue: positions of cysteine residues.
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One of the approximately 20 amyloid diseases kndwndate is associated with the
deposition of amyloid plagues from single-point emis (156T, F571, 159T, W64R or D67H)
of human lysozyme3Q) in various organs. Given the remarkable highibtalof this protein
family, the discovery of protein folding diseasesa@ciated with hLys came as a surprise.
Initial studies revealed that the native statecstmes of wildtype and amyloidogenic mutants
of human lysozyme are highly similat8). Characterization of the thermal unfolding at pH
1.2 using CD, DSC and NMR spectroscopy showed tinéblding proceeds via loss of
tertiary structure, resulting in a pre-molten gllgbstate, which unfolds further, as the
temperature increase3lj The 3-domain and the adjacent helix 3 (residues 90-10@)Id
first. The same region is destabilized in the mistas shown by hydrogen exchangg, (33
leading to a lower thermal stabilit§&) Also in the unfolded mutants a decreased stgbdit
visible, as it is described in the results andulison section (3.1). Such decrease in stability
suggests that the relative stabilities of unfoldtades are important in the process of amyloid
formation. In fact, amyloids are formed fasteghi protein is incubated at very low pH (1.2)
at temperatures near the midpoint of thermal umgld31), thus at a temperature where
folded as well as molten globule and pre-molterbgle states, summarized here as unfolded
states, are populated. In contrast to the foldate sif hLys, little is known about residual
structure and dynamics in its non-native unfoldeates For a better understanding of the
mechanism leading to the formation of amyloid dé&saunfolded states are therefore
extensively characterized here.
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1.2.3 Human Lysozyme versus Hen Lysozyme

Human lysozyme and hen lysozyme share high sequeoemlogy (~70%) and identity

(~60%). They differ in 51 amino acids and humarmiysne has one insertion at position 48
in the sequence. The native state structures ofahuysozyme and hewl are very similar
with a backbone RMSD of 0.74 /4. An alignment of the two pdb structures of both

proteins illustrates the similarity in a concretarmer (figure 4).

.............................. o~-domain

Figure 4: Alignment of the pdb structures of hen egg white
lysozyme 1E8L 25) (blue) and human lysozyme 2ZI35 (red).
Both proteins share ~70% sequence homology and -&€8fity.

Despite the high homology, main differences indh@no acid sequence are predominantly
found between residues 70-80, 85-92 and 98-11@tddcat the interface between theand
the B-domain. As mentioned before both proteins haveemarkable high number of
hydrophobic amino acids, in particular six tryptapk in hen lysozyme, Trp28, Trp62/63,
Trpl08, Trplll and Trpl23 and five in the humanavdy Trp28, Trp34,, Trp64, Trpl09,
Trpll2. There are also two tyrosines in human lysw replacing two tryptophans in

significant regions in hewl, Tyr63 and Tyr124.
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In their native state both proteins have diffeftding kinetics as it was shown by Radford
et al, 1992 for hen lysozyme and by Hoadteal, 1994 for human lysozyme. The latter folds
four times faster than hen lysozyme and the refglds not fully cooperative, hence the
domain is formed before th@-domain in both proteins36). It could be shown partial
previously and is shown here extensively that hed lauman lysozyme have also main
differences in their unfolded states concerningdred structure and dynamic37).

In order to highlight the remarkable influence bé& tmutants on structure and dynamics in
unfolded states, here nonnative variants of hevelgsie and human lysozyme are compared.
Surprisingly in the all-ala variants of the humarotpin an intrinsic higher aggregation
propensity could be highlighted compared to henodyme. This suggests that
amyloidogenic mutants modulate structure and dyosrof the pre-molten globule state of
human lysozyme much more than mutants in hen edig Wsozyme. A detailed structural
and dynamical analysis of both proteins is desdrilmethe results and discussion section
(chapter 3.1)
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1.3 NMR spectroscopy

Several spectroscopical methods have been estadlsber the years to analyse structural
and dynamical features of nonnative protein statesmention a few: FRET (Fluorescence
Resonance Energy Transfer), CD spectroscopy (CDreuldr dichroism), SAXS (small
angle x-ray scattering) and UV spectroscopy (UV #rdviolet). Furthermore Raman
spectroscopy and IR sepectroscopy (IR = Infrarat)generally used techniques for protein
analysis. But with these methods it is still chadlmg to observe biological systems at
atomic resolution. This is one of the key advansagfenuclear magnetic resonance and why
it is commonly used and developed for the charaetgon of different protein states.

1.3.1 NMR spectroscopy under conformational averaging

Since a protein adopts a variety of different comiations during folding or misfolding,
nonnative states consist of a broad ensemble efcomverting conformers. Those states
interconvert on different rates and therefore NM#Radepresent the persistence of dynamics
on different timescales. A general procedure tdyaeaunfolded states is the use of the so
called random coil model. It assumes a polypeptidain with no nonlocal interactions;
different amino acids adopt different conformaticarsd angle distributions in their local
environment. Experimental NMR parameters of nomweasitates compared to random coil
values result in regions where residoahelical orp-sheet structure is present and therefore
a degree of structuredness derives. With this madsdems easy to uncover the structural
and dynamical features of nonnative states butlatth have to be analyzed under the large
influence of conformational averaging of the untadensemble.

NMR of proteins in their folded state is more @da@inambiguous showing features from one
individual structure. As mentioned before one araling aspect of the characterization of
nonnative states is still the existence of an ebhéemf interconverting structures averaging
NMR parameters over time and conformational sp&c#.there are several NMR-based
strategies for data interpretation to overcome ghablem. It includes real-time NMR for

kinetic information and experiments with multidinsgznal resolution. Suitable parameters
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for the analysis aréH,"N chemical shifts, heteronuclear relaxation rates R, Ri),
relaxation dispersion, H/D exchange, Photo-CIDN#Husion measurements, J-couplings,

residual dipolar couplings and paramagnetic relaranhancement (see table 1).

NMR parameter conformational influence
chemical shid  [ppm] torsion angles, ¢, ®, x1
"J coupling [HZz] torsion angles from Karplus carv

distance, dependence on correlation time,
heteronuclear NOE [a. U.] ) )
motional properties

heteronuclear relaxation [Hz] motional propestidependance ag, S, te
residual dipolar coupling [HZ] surface, dynamiegdrogen bond persistence
H/D exchange Mexchange

diffusion radius of hydration R

Photo-CIDNP accessibilty (Trp, Tyr, His)

paramagnetic relaxation enhancement long-rangerdist

Table 1: NMR parametersfor the analysis of nonnative states of protemedified from @4)).

In chemical shifts&), relaxation rates, spectral density functiongudar distributions from
scalar coupling constants (J), residual dipolamptings (RDCs) and diffusion measurements
it is still challenging to incorporate this avenagi To give a more detailed explanation, in
folded states, the dynamics of a given N-H or Céthd can be deduced from analysis of
relaxation data using the Lipari-Szabo mo@8),(such approach is not feasible for unfolded
proteins where overall and internal motions areiamilar timescales and can therefore not be
separated. However, it was previously shown thatlwen-coil behaviour can be described
using a simple segmental motion model. The modairass that the relaxation properties of
a given amide are governed by segmental motionpaofs of the polypeptide chain,
independent from the overall tumbling and, impaitam this context, independent from
amino acid specific featureq-29, 39. With this model, the baseline of the relaxatiates

is well described, however, the interpretationelfxation rates deviating significantly from

this baseline is still difficult and such inter@agon is an important part of this thesis.
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While N relaxation rates are sensitive to motions fastan the overall tumblingrd) time
(subnanoseconds), structure persisting on suptimaescales can be monitored inter alia by
chemical shifts, scalar coupling constants, andlues$ dipolar couplings. Thus, it has been
shown in the past that in contrast to the predistiof the relaxation rates, predictions for
chemical shifts, J couplings as well as RDCs haveke into account amino-acid specific
sampling of the protein torsion space includinghbpteferences in the backbone and side
chain torsional distributions.

Typically, reference chemical shift values expedtada random-coil are derived from data
for small unstructured peptidedQ, 41. J-coupling constants expected for an unfolded
protein can be calculated using the random-codlokede which predicts angular preferences
using a library of known torsions in coil regiong mroteins 42), although random-coill
values for unstructured peptides are also avail@ie As mentioned before, deviations
from these predicted chemical shifts or couplingstants are interpreted in terms of residual
a-helical or[(-sheet structure, for which reference data are lsmwn. RDCs arise from
dipolar interactions of two nuclei e.g. N and Hidotropic solution, RDCs are averaged out,
but can be measured in aligning media. The absohitees of the experimental RDCs thus
depend on the structure of the protein as well raghe alignment of the protein in the
anisotropic medium.

Different approaches exist for the prediction of GDin unfolded protein states. The
random-flight chain algorithm4@) treats the polypeptide chain as a homopolymettigtiag
negative values which have a smaller absolute \atldiee termini of the polymer than in the
middle, describing the shape of the overall base Well @3). The algorithm fails, however,
to describe the modulation along the polypeptid@rcbbserved experimentallg4). Similar

to approaches for J coupling predictiof2), the flexible-meccano program constructs
statistical ensembles of coil conformations andraye sequence specific values are
calculated over these ensembles resulting in @uesspecific modulation of the predicted
RDCs @5), while the overall shape is similar to the onedicted by the random flight chain
algorithm. The detailed interpretation of the déwias is still difficult, but deviating, mainly
positive RDC values are interpreted in terms ofdwes structure and correlations with

conformational ensembles by molecular dynamics lsitimns can be obtainedg, 47).
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All these models explain the limited ability of @npreting NMR data on different timescales
under the aspect of conformational averaging. d#e above mentioned models, residual
structure and dynamics have been identified in mber of chemically or biochemically
denatured proteins including SH3 of drkM8( 49, ACBP &0), lysozyme 29, 37, a-
lactalboumin $1) and also IUPs such as-synuclein 45, 52, 53 and tau %4, 535.
Comparison of the results for different proteingeas that non-native states of proteins can
vary widely in terms of the sampled conformationsl @ynamics. Only few systems exist
where both relaxation rates and RDC data have besmsured (ACBP5Q, 56, Snase &7,
58), Apomyoglobin §9, 60, ubiquitin 61, 6J). An extensive study of dynamics on different
timescales and mutational effects on structure @yrhmics of unfolded hen and human

lysozyme is presented in the results and discusdiapter (3.1).
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One typical application on unfolded states is a divoensional NMR experiment, thil-'>N
HSQC. As it is resolved in th#! and™N dimension a direct analysis of the backbone N-H
resonances is possible. Also the degree of unfgldiecomes visible through narrow
chemical shift dispersion. Figure 5 shows hen egteMysozyme in the native (a) and
nonnative state (b). While the dispersion in tHedimension ranges between 6 ppm and 11

ppm, in the unfolded state thd dispersion is limited from 7.5 ppm to 8.5 ppm.
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(a) . . . o (b) - 1108
" . =z - =z
. 2 ., 1104 = £
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Figure 5: *H-*N HSQC spectraof native (a) and nonnative hen egg white lysozym)espectra were measured
at a protein concentration of 300uM, 293K, pH 20MBiz (spectrum of native hewl kindly provided by R.

Silvers, Goethe University, Frankfurt/Main, Germyny

To circumvent the problem of small chemical shifipgrsion in commonly used 2D-spectra,
three and four dimensional NMR experiments haveravgd the resolution of backbone
Hy, *H, THP, N, 3¢ andCP nuclei. A differentiation between backbone and sibiain
proton and carbon resonances leads to a complEgnagent of the protein even in unfolded
states. In the past a large number of backbonesaiedchain experiments through scalar
couplings have appeared. To mention a fewhlabelled proteins HNN experiment2}
correlate Ni.; and **Ni;; with *Hy and °N; nuclei and therefore enables sequential
assignment of the backbone amides. In the casé&Cof*°N labelled proteins HNCO6Q),
HNCACB (63), HN(CA)CO ©4), HN(CO)HB ©5) and CBCA(CO)NH §6) experiments are
valuable tools for the assignment because theyemrall >N backbone resonances with the
13C resonances of their own and the preceding amiitb Beside the amide resonances also
c D P A cq and CQ, can be sequentially assigned. A new HN(COCA)HAHB

experiment used in this thesis for stereospecsiignment of side chain®Hprotons was
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recently developed by Hahnle al, 2009. It enables the determination of teH",HP)
coupling, one of the best parameterized couplingstamts for small unstructured peptides
defining the side chain torsion angle(67).

1.3.2 Chemical shift

A series of parameters exists for unfolded proteutnsch can be investigated by NMR
spectroscopy (see tab.l); amongst others therbeischemical shift parameter, typically
analyzed forH, **C and™N nuclei. Chemical shifts depend on the chemicalrenment of
the observed nuclei containing information abowoseary structure elements and tertiary
contacts §8, 69, mainly influenced by noncovalent interactioneelihydrogen bonding or
aromatic stacking. In general nonnative states stimaller chemical shift dispersion than
proteins in their native state. This is due to comfational averaging of the polypeptide
chain with random coil like resonance behavioucdBeary chemical shiftad result from
the difference of experimental values to randonh\caues from the literatures®) and give
information about the content of residual struct(see equ. 1.0dex=eXxperimental &=

random coil chemical shift).

NO=0, -0 (1.0)

exp Yrc
It could be shown that a random coil polypeptidaichand a mixture of the corresponding
amino acids have similar NMR specti@). This confirms the idea that there are no global
but local interactions influencing random coil cheahshifts{1).

Chemical shift indexing (CSI) is a common method\iIMR for characterizing secondary
structure elements/{-74 and there have been a lot of research in det@rgirandom coill
chemical shifts under various conditios{78. Differences to random coil are normalized
by CSl to 1, 0 and -1 depending on the degree eft#viation 71). A sequence dependent
plot of the CSI shows regions where secondary strecelements are present. Wheraas
helices have downfield shifts 6iC, and™*C" nuclei and upfield shifts dfC; and*H nuclei,
[3-sheets show just contrary behaviour.

Another way of using chemical shifts is the SSP hoét 63). Secondary structure
propensities (SSP) were obtained frAMC, andA'Cy chemical shifts and predicted. This
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method weights and combines individual chemicaftshihereby calculating secondary
structure propensities rather than absolute secprstiaicture. Values vary between -1 and 1
and display the mean percentageddrelix or[3-sheet.

Finally chemical shifts of nonnative proteins aree @f a few fundamental parameters for

determining the content of residual secondary &iraec

1.3.3 Protein Dynamics and Relaxation

Proteins are involved in many biological procedges folding reactions or ligand binding

for example. For these processes conformationahgd® in structure are often required
which can only be performed by flexible regionghe protein. Solution NMR is a valuable
tool for the analysis of dynamical motions in stures on different timescales, ranging from

picoseconds up to seconds (figure 6).

time-resolved NMR

CPMG H/D exchange

R, R, Ry, ZZ exchange
hetNOE

residual dipolar couplings

10" '10° "10° '10° "10° 10 [s]
|PS Ins |MS |ms 1S 1ks
vibration domain motions diffusion
side-chain . .
rotation folding/unfolding

Figure 6: NMR timescales Schematic representation of the NMR timescalgroftein
dynamics. Figure modified after [Boediral, 2006]

Spherical molecules like proteins, DNA or RNA hdaster conformational motions than the
corresponding rotational correlation tinlg enabling spin relaxation experiments. The
rotational correlation tima. shows proportionality between the molecular weightthe

protein and viscosity of the medium.
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1.3.3.1 Heteronuclear relaxation

In particular longitudinal relaxationiRtransversal relaxation,Rspin-lattice relaxation

and the heteronuclear NOEs (hetNOE) are definadnlampeters depending mainly on dipolar
interactions and chemical shift anisotro@®)( These relaxation parameters are described by
the spectral density functions (equ. 1.1-18%).(

R, =030y - 0 )+ 330, )+ 630, 40, + (o)

(1.1)
R, :£[4J(O)+ Jwy —wy ) +3Iy ) +6J@, ) +6J@, + v, )|
+o [40)+300,)] +R, 12)
d2
hetNOE= 1+(€j@:—|’jj[6\](a),4 +oy ), —oy, )] (1.3)

with cy, and a,, as the Lamor frequencies ¥, **N nuclei, y,, and y,, as the gyromagnetic

ratio of the corresponding nucleuso)epresents the spectral density function at du@dr
frequency, Rcdenotes conformational exchange. Dipolar interastiand the chemical shift

anisotropy are described dyndc (equ. 1.4)

2202 (1) 2
d? =01 = and c®==yHZ2(o, -0,) (1.4)
Az 13

with the Planck constanth, the magnetic field strengH, and the parallel and orthogonal
component of the chemical shift tensgy - o .

As nonnative states of proteins consist of ensesntlestructure$®N R, relaxation rates are

one of the most promising data (figure 7, left).eTR, rates are defined by the dipolar
component Tpp and the chemical shift anisotropy dsa (equ. 1.5)
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R, = 1 + 1
Toop

T2,CSA

+ R,

(1.5)

Relaxation rates of folded proteins can be analybgdthe Lipari-Szabomodel-free

formalism @8). This method is used to fit the spectral dendiymction J¢) to

experimentally obtained data and presumes thatotla¢éion of the overall protein. and the

internal motions of the protein backbonerange on different timescales. With known

internal motions can be analyzed independently.idviat limitations of these fluctuations

are described by the order paramete83). S results in values between 1 and 0, whereby

the first value specifies a perfectly rigid stateddhe second value implicates a dynamic

state. The dependency df & andt.on relaxation rates is illustrated in figure 7 fiig the

rigidity of side chains increases with increasing&es.
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Figure 7: Relaxatior; Correlation between jRR,, hetNOE and the rotational correlation timegleft) and

the dependency dfN R, relaxation rates from?St, andt, (right). Figure modified after [Wirmeet al.,

2005]

The interpretation of relaxation data in unfoldedtpins remains still challenging. Here the
Lipari-Szabomodel freeformalism is not appropriate since the approxioratf independent

internal and global motion fails. The overall amternal motions are on similar timescales
and cannot be separated but it could be shownrdimatomcoil behaviour can be described
using the segmental motion mod2lr{29, 39. There it is assumed that relaxation data of a

given amide are governed by segmental motions ohparts of the polypeptide sequence,



1 Introduction 29

independent from the overall tumbling and aminod agpecific features. Experimentally
obtained relaxation rates are dissected in indalideiaxation terms (equ. 1.6).

Rexp(i) = RRC(I) + RCIuster(i) + RDSB(i) + REX(I) (16)

RRC is the contribution of the random coil polypeptitein, R“"* of hydrophobic cluster,
RP%® of disulfide bridgesR® of chemical exchange anB®® the experimental relaxation
rate. In the literature residual structure and dyica have been identified in a number of
chemically or biochemically denatured proteil®¥,(45, 49-51, 53-55 Notably unfolded
lysozyme is one example of a nonnative protein wetjions of positive deviations from the
baseline indicating residual structu/( 37, 5). In general the baseline is described by a
totally unstructured polymer with all over internalotion. Positive deviations suggest
regions with less motion, as it is the case for lgjg@rophobic regions in hen and human

lysozyme.

1.3.3.2 Spectral density

Besides themodel-freeanalysis 88, 82 which is still challenging for unfolded protein
ensembles, reduced spectral density map@B8¢80 is a convenient tool. The combination
of N Ry, R, and the heteronucleatH]-">N NOE restricts the number of independent
dynamical parameters and minimize false descriptmfmotions as it might be the case for
the model-freeformalism. Reduced spectral density functions,J{@n) and J(0.8%y) are
described in detail in the literatur86, 87. The graphical analysis of spectral densities
assumes that dynamics of the N-H vector hasndependent motional options at the

correlation timer. The result is a sum of Lorentzian lin&§)((see equ. 1.7, 1.8)

m-1

J(a)):EZa _h (1.7)

547 1+(wr, )’

m-1
and ) a, =1 (1.8)
=0
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g represents the relative contribution of the indiabimotional options. The assumption that

dynamics are limited to a single motion reducesaéqno (1.7) to

(1.9)

IC) Epm— ) -
(1+6.25(3(0))

with J(0)=4 and J(0), 1) as reduced spectral density functions at freques(85). Figure

8 shows a schematical representation of the Lagentine shape and the correlation of J(0)

and J).
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Figure 8: Spectral density Lorentzian line shape, dynamics
limited t a single motion, equ. (1.985). P: dominated by
overall tumbling; Q: dominated by fast internal ioat R:

motions between P and Q; S: with conformationaliomst

Motions dominated by the overall tumbling are iraded by P, Q represents motions
dominated by a fast internal motion. Motions betwégese two points which result from
measured spectral densities in the pico- to nawoosktime regime are assigned by R.

Adding conformational motions, J(0) can be incredsga parallel shift to S.
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1.3.3.3 Relaxation dispersion

Information of structural data and slow exchangecgsses can be obtained by NMR even at
low populated states. Relaxation dispersion, intigpdar Carr-Purcell-Meiboom-Gill
experiments (CPMG)88, 89 report on slow dynamics of backbone and siderchesidues

at the micro- to millisecond time regime. For loapplated, so called “invisible” states with
a population of around 0.5% and exchange in the slme regime, relaxation dispersion is
sensitive 90).

Residues undergoing conformational exchange dusmmnative hydrophobic interactions
contribute to thé®N line width and can be analyzed by CPMG-based rimeats. Equation
(1.8) shows the dependence of the effective trassvielaxation rate constant on the cross
peak intensities withvCPMG)and withoutl, the constant time CPMG interv&ll).

- I(xcPME)

lo

Ry (VCPMG)= —;11 (1.8)

By deconvolution of the contribution to the appareelaxation rate,*>N relaxation
dispersion data ant’N longitudinal relaxation can be combined wherelmwsexchange
becomes visible9QR). Therefore relaxation dispersion is a useful taohnalyzing unfolded

protein states.

1.3.4 Diffusion

Besides J-couplings and torsion angles, considepiagicular amino acids, the overall
extension of unfolded proteins is another intengstand helpful feature. The diffusion
coefficient of a spherical molecule follows tBokes-Einsteirquation:

6an

This equation is valid at a given temperature Tainontinuous fluid; k is the Boltzmann
constant,n the viscosity of the medium and the radius of thelecule. To show the
expansion of nonnative states diffusion measuresnerhibit the degree of compaction.

Therefore theStokes-Einsteirquation is transformed into equ. (1.9) by replga with the
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effective hydrodynamic radius ;R The measured diffusion constant D is than inverse
proportional to the hydrodynamic radius of the noale (see equ. 1.10).

Ddioxane Rf(];iioxane (1 10)

protein =
R D

protein
R, s the radius of dioxane (2.12 A) as internal refee, Rioxaneand Dyorein are the
decay rates, f£°"is the hydrodynamic radius of the protein.

Diffusion measurements are usually performed byseuield gradient NMR where the
strength of the bipolar gradient for diffusion iared percental93). Thereby the signal
intensity decreases with increasing gradient strertbe smaller the molecule the faster the
decay of signals. Hydrodynamic radii of unfoldedtss are averaged over all radii in the
conformational ensemble and therefore suggestxpansion of the overall ensemble. Due
to loss of secondary and tertiary interactions nestended structures compared to the native

states are expected.

1.3.5 Residual Dipolar Couplings (RDCs)

Residual dipolar couplings play a crucial role trustural analysis of biomacromolecules
(94). As the literature reflects RDCs become more amate promising for structure
prediction of wunfolded proteins5@, 58, 60, 9 RDCs are parameters for dipolar
interactions through space between spin %2 nuclersvthe alignment of single bond vectors
relative to the magnetic field is measurable. Throalignment molecular motions loose
their isotropic behaviour whereby the averagingabfdipolar couplings is deleted. The
aligment of the molecules can be generated by pewedia like bicells $6), phagesq7) or
polyacrylamide gels98) for example.

In unfolded proteins backbone and side chain dyosmgsult mainly fromH-"N or *H-**C
bond vectors. The dipolar couplim of two involved nuclei andj depend on the effective
distancerj and the angl®; between the internuclear vector and the externgnetic field
(equ. 1.11)99, 10Q.
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Y.y . ioh 3cos 6. (1)-1
D =-271 I 1.11
! 8 < 2rij3(t) > ( )

Mo is the magnetic permeabilith, the Planck constang, andy; the gyromagnetic ration of
the two nuclei and;.

The orientation of the bond vectors in the molecfreme in solution is averaged to zero and
the magnetic field is aligned along the z-axis. Télative orientation of the molecule to the
molecular frame can be converted into a princip@ aystem. Here the relative orientation
between the principal axis system and the moledtdane is described by the anglgsé,,

&, whereas the angles, ¢, {; represent the orientation of the bond vector nedatd the
principal axis system (figure 9). The relation betw the anglé; andé&,, &, & and{, &y, &

is described by equation (1.12).

Cosfy
costy |=cogy cosfy +Ccogy cosfy +Co7 COS, (1.12)

Cost5

Figure 9: Molecular frame; Orientation of the bond vector relative to the metic field B (., &, &), and

orientation of the principal axis system relativette molecular frame( &, £,)(101).

Applying equ. (1.12) on equ. (1.11) and substimti@, =cos{, and C, =cos(; with the

assumption of a constant orientation of the spafative to the principal axis system results
in equ. (1.13).

<3co§ 6, t)-1 (1.13)

27 > = g[<c§>cf +(c2)c +(c2)c? +2(ce,)C,C, +2(ce,)ICC, + 2<c¢:z>cycz]—%

Only terms aligned to the molecular frame are ayedaconsidering the orientation of the
spins as fixed concerning the principal axis syst@me alignment tensor represents the



1 Introduction 34

preferential orientation of the molecule in tBaupé matriX1.14) containing elementsgA
and theKronecker delta.

A, = g<cos£k cosé,) —%Jkl (1.14)

Diagonalization of the Matrix results in the diagbelements 4, Ay, Az Through a three-
dimensionalEuler rotationR(a, B, y) the diagonalized tensor of the principal axisteysis
described by &, Ayy, Az, and the position of the vector by the polar anglesde. From
these values the axial and rhombic components efreedl as A= Aw/2 and A = 1/3(A«-
Ayy). Applying all parameters, the residual dipolaupgings are expressed by equ. (1.15)
(99, 100

_ ViVikeh
167°r. °

ij,eq

D, (6.¢)= (Aa(300§ 9—1)+g A sin? 9c052¢j (1.15)

The alignment tensor is described by five pararsefgy A;, a, B und y which can be
analyzed by at least five RDCs or by singular vatigeomposition ¥02. However the
measured couplings are not clearly defined, evetyevis combined of endless possible
combinations of the polar angles. Only values agotlve maxima and minima have smaller
errors due to the degenerated orientation which lwarconstrained by consideration of
multiple bond vectors with known orientation. Fbree vectors with minimal, maximal and
medium range values and well known relative alignhamly four orientations are possible.
RDCs can also be measured by couplings in diffeaighment media. Five independent
orientations lead to the experimental dipolar cogd.

Determination, prediction and interpretation ofidaal dipolar couplings in folded proteins
are well-established but for unfolded states istil challenging; every segment has an
independent alignment tensor and has to be trespdrately. Conformational dynamics in

unfolded ensembles further complicate the analgiwe implemented alignment medium is
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polyacryl amide gel which is described in detaithe materials and methods sectidf, (98,
103.

1.3.6 J-couplings

Since the early fifties the measurement of scapan-spin couplings by NMR has been
established as a powerful method for the determainaif protein structureslQ4, 105. The
information out of these experiments is extremedgful since the size of the coupling
depends directly on the molecular conformationheydinedral angles 06, 107.

Over the years nonnative proteins have come todbhemical and biochemical research
(2, 108, 10%. Partially close packing in unfolded states cdesable create fluctuations of
the angles but there are still conformational pesfees lost in the residual structud®)(
Defining backbone and side chain coupling constantsnfolded proteins is essential for
determination of the torsion angleg, i, ®; for main chain andy for side chain
conformations. Out of these data preferencesifbelical orf3-sheet structural elements will
derive. This information is crucial for the undarsting of structure and stability of non-
native states. As shown in figure 10, local confations depend on three different backbone

torsion angles, yi andw;.

N’
HBZ (}2(1)‘ _HB3
CcY N,
R K
H(l Cf C| i

Figure 10: Main chain torsion angles Schematical
representation of a peptide backbone, torsion angle;

andw; are highlighted in red.

However the partially double bonded character efdmide limits rotations around. The

trans rotamer is more stable than tkes rotamer and dominates the peptide backbone
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conformation {10, 11). Hence y; and @ are the essential parameters defining the
conformations in the polypeptide backbone.

In particular vicinal®J coupling constants of proteins or peptide backbgorovide useful
data for structure determinatio@8, 10§ where the angle dependence is reflected by the
Karplus relationship1(12). Karplus parameters have been determined®Farouplings as
well as'J- and®J-couplings 113). Six vicinal®J couplingS®Jun e JHN.cpr “JHN.COr “JHa,CO
3Jc0.co and3Jco,q; depend on the backbone torsion anglén general these couplings can be
described by equation (1.16)12, 114.

*J = AcoSp+ Becosp+C with ¢ =¢+ phase (1.16)

Applying the parameterization A =6.4, B = -1.4, C19 from Vuisteret al(115 equation
(1.16) is transformed into equation (1.17).

%) =6.4cos (p—-60°)—1.4cos(@-60°)+1.9 (1.17)

It has to be pointed out that from the vicifiikouplings théJ(H", H,) coupling is one of the
precious coupling for structural investigation aickbone conformations because of the high
gyromagnetic ratio of the nuclei. Farhelices, 3¢-helices andg3-strands mean values for
(HY, H,) couplings are 4.8 Hz, 5.6 Hz and 8.5 Hz, respelti

secondary structure Mean angle [°]
¢ Vi
a-helices -64.7 -39.8
3.0-helices -62.8 -16.5
B-strands -112.6 123

Table 2: Torsion angles of secondary structures Mean
values for most populated torsion anglgsand @ in
regions of secondary structures; values fdsheets

include parallel and antiparallel sheetg)(
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A data base prediction including 85 protein strugsuresults in mean values fgrandq in
regions of secondary structures (table42).(Table 2 shows a significant range of dihedral
angles fora-helix, 3o-helix and-sheet. Even though the global structure has vamnsit
through unfolding there are still conformationatf@rences in the polypeptide chain.
IndeedJ couplings are mainly used for structural charazton due to the dependence on
torsion angles butJ(N,C*) and 2J(N*?1) also show conformational dependence and
therefore are a further indicator for secondaryctire elements1(3). *J(N,C") coupling
constants depend weakly o, while 2J(N,C") coupling constants depend on they and
the secondary structure determining angge). This dependence d8(N,) and?J(N,&)
allows differentiation between positive and negativvalues. With a series of J-modulated
HSQCs the dependence of the experimental peak wotumthe mixing time can be analyzed

=T

(figure 11). The equatiohf® = Acos(rdr)cos(rIr) @™ can be dissolved by tHa(N,C")

and?J(N1) couplings (see materials and methods section).

de+7

3e+7 A

2e+7 ~

1e+7 -

signal intensity [a.u.]

-le+7

0.0 0.1 0.2 0.3

mixing time [s]
Figure 11: 2J(N,C%) and 2J(N,C*") couplings the signal intensity
of one exemplary residue of unfolded hen egg wiggezyme

is plotted versus the mixing time. A intensity dit the curve
results in values forJ(N,C") and®J(N,CY).
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In peptides couplings dfJ(N,C*) ~ 11Hz and?J(N ") ~ 7Hz have been reported in the
literature (16) which can be confirmed with data from denaturbdjuitin (113 and the
here presented data for unfolded hewl (see se8tign Beside main chain torsion angles also
side chain couplings are useful parameters focttra determination of unfolded proteins.
These couplings are challenging due to the limiisgersion of side chain proton resonances
which were caused by conformational averaging efstinucture ensembles. An improvement
of this method is the distinction betweefftdnd H* for stereospecific assignmentl() and
the analysis of thg; angles. There are in principle six J-couplingschhdefine the; angle

in the side chains of proteinSis e, > Hp, SJeHp: JHa.cyp “Iv.cy and®Je: cy. With a Pachler-
type analysis the three probabilities for the papahs psoe, Pso, Pisoc (S€€ equ. 1.18) can be
verified by at least two J-couplings.

Pgot Peot Prgo =1 (1.18)
In general a pachler-type analysis is based tor $he trans position of two hydrogens agd J

for the gauche position being constant and the gimibies a, b and c. Therefore in a

classical staggered conformation the vicinal cowypfor two systems is given b$18

Ji, =bJ, +(a+c)d, (1.19)

Jis=al, +(b+c)d, (1.20)

with a + b + ¢ =1 the equations above are transformed into

J,=b(, -3,)+, (1.21)

Jp=a(d,-d,)+J, (1.22)

The distribution of the side chain anglein unfolded proteins gives information about the
compactness of the structure. The angle is defiyettie relative orientation of;Nand C. If

the two nuclei encloseja angle of+180° the conformation of the moleculegauche, if y;
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is -60° the segment hagauché conformation. In figure 12 the two possible stagger

rotamers irgaucheconformationsy” (+60°) andg ™ (-60°) are shown.

N’ N’
a /@5;{ c

: /
}+a é:;\\\‘(:l ria ;;;§>\(:I

Figure 12: Side chain torsion angles Fragments of two
staggered rotamers with g+ (60°) and g- (-60°) conétion.
The chi 1 angle varies with the angle of the gauche
conformation: g+ = 60° witly; = -60° and g- = -60° witl; =

+180°.

With these findings a stereospecific assignmenh@fside chain protons of unfolded hen egg

white lysozyme out oty ra and3JCOHB has been performed (see chapter 3.1).
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2 Materials and Methods

2.1 Unfolded states of hen and human lysozyme and muten

Since hen and human lysozyme share high sequemoeldgy and identity, both proteins
could be treated in a similar manner regarding heoaical synthesis and biophysical
analysis. Therefore the methods used in this tfesiexplained in general for both proteins

in the following sections.

2.1.1 Cloning, expression, purification and NMR sample peparation

Site-directed mutagenesis

The genes encoding mutants W28GW62G", W108G", W111G" and W1233"? were
synthesized by mutagenesis of the ARPlasmid-DNA (19 using the QuickChange Site-
Directed Mutagenesis Kit(Stratagene, CA; sequential analysis, Scientifesdarch and
Development GmbH, Oberursel).

The plasmid-DNA encoding the all-alanine variant loiman lysozyme (hLys) was
purchased from Entelechon (Regensburg, Germany).géhes encoding the mutants hLys-
I56T and hLys-D67H were synthesized by mutagenafstee hLys template plasmid-DNA
using the QuickChange Site-Directed Mutagenesig®iitatagene, CA; sequential analysis,
Scientific Research and Development GmbH, Oberurséle appropriate DNA sequences
for forward and backward primers for unfolded hed duman lysozyme can be found in the
appendix (see 4.2). The RNA was sequenced by HmeResearch and Development
GmbH, Oberursel.

Transformation and expression of isotope-enrichedgin

15N and™C/**N labelled protein was expressedgncoli strains BL21(DE3) with pET11a as
expression vector. 1pL plasmid DNA was added tolL5€gll solution thawn on ice. The mix
was incubated for 40 minutes on ice, a heat shock% sec at 42°C was applied and than
cooled for 2 minutes on ice. 250uL SOC medium (hogen, Karlsruhe, Germany) was
added and the cell mixture was allowed to incul@@eminutes at 37°C on a shaker.
Thereafter grown cells were plated on agar LB platégth an ampicillin resistance and
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incubated over night. Cells were grown in M9 mininaedium with **N-labelled
ammonium chloride'NH,CI, Martek) and"3Cs Glucose (Cambridge Isotope Laboratories,
Andover; USA) as sole nitrogen and carbon souesnectively. At Olgy= 0.8, induction of
protein expression was initiated by addition of 1 G. The protein is thereby expressed
in inclusion bodies. After 3 hours of inductiongetbells were harvested by centrifugation at
6.500g for 20min (centrifuge: Beckmann Coulter Avar20XP) and stored in buffer 1 (see
appendix 4.1.2) at -80°C.

Protein purification and biochemical analysis

The cells were resuspended in 50 mM Tris/HCI, 2%#r@ese and 1mM EDTA at pH 7.5
and cells were lysed by sonification. After centgi&tion (10.000g, 30min), the supernatant
was discarded and the pellet was resuspended mN2QOTris/HCI, 1% Triton X-100 and
1mM EDTA at pH 7.5. After second centrifugation (A@g, 30min), the supernatant was
again discarded and the pellet — which containsnitiasion bodies, was dissolved in 20 mM
Tris/HCI, 50 mM NaCl, 5 mM EDTA and 8 M urea, pH57.A last centrifugation step
(10.000g, 30min) results in a pellet, which wascdided and the supernatant containing
protein was loaded onto a CM-sepharose (Sigma-&iJlion-exchange column, which was
equilibrated with 50 mM Tris/HCI, 50 mM NaCl, 1 mEDTA and 4 M urea, pH 7.5. The
protein was eluted with a linear gradient betweseifieb A (50 mM Tris/HCI, 50 mM NacCl, 1
mM EDTA and 4 M urea, pH 7.5) and buffer B (50 mMsIHCI, 300 mM NaCl, 1 mM
EDTA and 4 M urea, pH 7.5). Fractions with matchimends on a SDS-PAGE gel were
pooled and dialyzed against water (pH 2) for sdwags (tubular membrane 3500 MWCO,
ZelluTrans, Roth). After purification via HPLC with reversed phase Vydac Grace column,
TFA buffer and a linear water/acetonitrile gradjehe protein was freeze-dried and stored at

-20°C until further usage.

NMR sample preparation

For NMR measurements, the protein was dissolvesternle HO with 10% (v/v) DO at pH
2. RDC measurements were performed in 7% polyasnytle in sterile KO with 10% (v/v)
D,O at pH 2. All sample concentrations for standaMRNexperiments were at 300 puM,
determined by UV light absorption at 280 nm usimg éxtinction coefficient calculated from
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the amino acid sequence;= 37.470 Mcm™ for WTA® and e = 36,440 M'cm™ hLys
(calculated via ExPASy, Swiss Institute of Bioinfatics). Protein concentrations for
diffusion measurements range between 100-300uM fanchLys and mutants between
300uM and 800uM.

2.2 NMR spectroscopy

2.2.1 Assignment of Hen Egg White Lysozyme mutants

The backbone assignment of all mutants was fdaatitdy the existing chemical shifts for
wild-type WT*2. Therefore, measurements bN-HSQCs (20 together with 3D®N-
NOESY-HSQCs 121, 122 were sufficient. The 3D-NOESY-HSQC was recordeith\2048
points in the®N dimension 128 points in thBd dimension and eight scans. Side chain
assignment was done with the performance of a 3EMA)HAHB (117) and a 3D-
15N, 23C-HN(CO)HB (123 experiment. The former was recorded with 256 tsoite H
dimension and 300 points in tf&€ dimension, the latter was performed by the impglerad
Bruker pulse sequence. Diagonal peaks representither 1°C’-peak and the cross peak the
coupled H. With these data an assignment'#%0 and*HP?'H™ resonances is possible.
External referencing was done by 2,2-dimethyl-aghtane-5-sulfonic acid (DSSYH

direct and3C, *N indirect.

2.2.2 Assignment of Human Lysozyme and mutants

The backbone assignment of wt hLys was derived famalysis of 3D*N-NOESY-
HSQC (24, HNHA- (115, HNCACB- (125, HNCO- ©3) and HNN-experiments6p).
The assignment of the mutants was done by comp#regxisting chemical shifts for wild-
type hLys from the'H-"N HSQC with those of the mutant HSQCs. Therefore,
measurements of’N-HSQCs together with 3BN-NOESY-HSQCs were sufficient to
obtain complete proton and nitrogen chemical slafisignment for hLys-I56T and
hLysD67H. The 3D-NOESY-HSQC was recorded with 2@#ts in the'H dimension,
128 points in botH®N dimension and 8 scans (600 MHz), the HNHA-experitrwith 2048
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points in N, 108 points in theH dimension and 8 scans (600 MHz). The HNCACB-
experiment was measured with 2048 points in'thedimension, 88 points if°C and 16
scans (900 MHz), the HNCO with 2048 points in tfe dimension, 70 points i°C and
four scans (700 MHz). For the HNN-experiment 2048s in the™N dimension, 88 points
in the**C dimension and 16 scans were recorded at 900 Mkt backbone assignment was
done by Sparky (SPARKY 3, University of Californi@an Francisco) and CARAZ6
(www.nmr.ch). The directH chemical shifts were referenced external withdfethyl-2-

silapentane-5-sulfonic acid (DSS), from whicN and**C references derive indirectly.

2.2.3 Chemical shift deviations from random coil

Chemical shift deviations from random coil valué8)(of hLys and hewl were calculated by
AS=3"*-8° . The cut-offs for chemical shift indexing were ptirl from Wishart and Sykes,
1994 {71). Secondary structure propensities were calculiited C* and & chemical shifts
following Marshet al, 2006. Due to a pH dependency of aspartate aridngaie, chemical
shifts at pH 2 have to be omitted in the comparisgh random coil values.

2.2.4 Relaxation experiments

All NMR relaxation experiments were measured ungmtical conditions: 600 MHz
(Bruker, DRX 600, probe head: 5mm TXI| HCN xyz-get), 293K,'°N-labelledsample
concentration of 300 pM, @&/ 10% BO, pH 2) for WT*® and mutants. Concentrations of
300uM and 800uM were chosen for hLys and mutaniddRNlata were processed using
TopSpin 2.1 (Bruker Biospin) and analyzed by Spd8&ARKY 3, University of California,
San Francisco). For the determination efr&es, thé°N-CPMG-HSQC was recorded as a
pseudo three-dimensional spectrum with nine increameanging from 17ms to 306 ms
including three repeats. The SPARKY routine wasluseextract relaxation rates from peak
heights. For R, rates ten increments were measured ranging from2® 250 ms with two
repeats. For the Rates eight different relaxation times have bessduanging from 0.01s to
2s and two repeats. The SPARKY routine was useextmact relaxation rates from peak

heights. CPMG relaxation dispersion experimerit®7 were recorded as pseudo-three
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dimensional spectra with the pulse sequence prdvige Bruker and analyzed with the
TOPSPIN 2.0 software. A dataset of 16 experimerds performed with different CPMG
field strengths ranging from 25 to 750 Hz, incluglihree repeats. All spectra were recorded
at 293K with 128 real points and a sweep width@ppm in the™N dimension at a protein
concentration of 300uM. For data analysis the tesukffective relaxtion rates (&) were
plotted against the CPMG field strengths with

n J(LCPMG)

lo

Ry (VCPMG)= —;1 (1.23)

Relaxation rates were fitted using the segmentalamaenodel as described in Wirmet al,
2004 using the following formulae:

n oLzl
R =R, >.e"” (1.24)

i=1
with Ry, as intrinsic relaxation rate, which depends alsdemnperature and viscosity, and
Ao is the persistence length of the polypeptide cliaiterms of numbers and residues) and N
is the total chain length.

N ‘i _J‘ [“Xc\usterjz

. L _\ Zcluster
Rzexp(l) = Rntze & + z Rclustere

j=1 cluster

(1.25)

The proposed model for lysozyme includes additigrelGaussian term where the clusters

are characterized by the positiofie; the widthA¢sierand the rate Rister

2.2.5 Spectral density mapping
Spectral densities of W and mutants, hLys and D67H and I56T were detemiirem R,
R, and hetNOE as described in Farretal, 1997. The Lorentzian line is described as) J(

= J(0)/(1+6.25(J(0)Y at frequencyw (85).
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2.2.6 RDC measurements

Anisotropic sample preparation

The proteins were aligned in stretched 7% polyaonydle gels 103, 12§ (ratio acryl amide
to bisacryl-amide 37,5:1) at a concentration of 00 (in H,O/ 10% DO, pH 2) to compare
them to the isotropic samples in solution at equa@icentration. The equipment for the

preparation of the anisotropic samples was purchiieen Newera Enterprises Inc., USA.

RDC experiments

The HDO quadrupolar splitting was measured fromgbtadrupolar splitting observable in
the®H 1D spectrum. RDCs were measured on a 600 MHzrspeeter (Bruker, DRX 600,

probe head: 5mm TXI HCN xyz-gradient) via the stddBruker implementation of a 2D-
N-IPAP-HSQC 129, 130 extracting the sum ofJ(Hy,N) and'D(Hy, N). *J(H,N) were

measured using the same experiments for unaliggreglss.

2.2.7 Diffusion measurements

Translational diffusion measuremen®@3) were recorded in D at pH 2 with protein
concentrations ranging from 300uM to 100puM. A fif@d molar excess in dioxane
concentration was used as internal standard. BEmelatd Bruker pulse sequence for DOSY
measurements was used where the length of allguleee held constant while the strength
of the diffusion gradient was varied between 5 @8%. The spectra were recorded with 256
scans for 300uM protein up to 512 scans for 100uMen and 32 experiments. The 1D
spectra were optimized to give a signal decay e9@% , thus a stimulated echo of 150ms, a
diffusion gradient pulse of 6.0ms was used. Datalysrs was done using topspin 2.0.
Hydrodynamic radii were calculated by

Ddioxane Rf(];iioxane (1 26)

protein =
R D

protein
with a known dioxane radius,#*" of 2.12 A. Dioxane@nd Dyoeein are the decay rates,

R,"""®"is the hydrodynamic radius of the protein.
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2.2.8 Measurements of J-coupling constants

All NMR experiments were measured on a 600 MHz spateter (Bruker, Avance Il). The
spectra were recorded at 293 K at a concentrafi@®®@ uM (in HO/ 10% DO, pH 2) of
15N/3C labelled protein.

Backbone coupling constants
For the determination df(N;,C,) andzJ(N,Ca(i-l)) coupling constants a series of J-modulated
'H,">N-HSQCs were measured with 15 increments=(1ms - 300ms). To extract peak

intensities the SPARKY routine was used. The intms were fitted with

| = Acos@rdr)cos(rlT) ™ were P are the experimental peak heights, A is a fitting
factor,'J and®J are the couplings from;kb G, and to G.1y, respectively 112, 113. T, is
the apparent transverse relaxation rate artie mixing time. For the determination of
33(Hy,H% constants a 3B™N-HNHA was recorded with the implemented Bruker sgul
sequence. The magnitude from relative peak infessit was calculated
- : " .
with —<oss. = — tgr? (23 ,,7) (1195 where kiag and koss are the intensities of diagonal and
diag
cross peaks, respectively. Peak intensities weterrdned via the SPARKY routine for

fitting the peak heights.

Sidechain coupling constants

Side chain coupling constants, in particuidH*,H") and33(CO,H), were recorded with a
3D-HN(COCA)HAHB and a 30°N,**C-HN(CO)HB experiment 123 with the
implemented Bruker pulse sequence. Diagonal peskesent théH® or **C’-peak and the
cross peak the coupled PH The coupling constants result from intensitiesthwi

I
lc“’ss = —tan*(2/d,,,7) for *J(H H) and = =—tan?(/d. 1) for 2J(CO,H). The

diag diag

measured coupling constants report on angularlulisions of the three rotamers of the side
chain angley; which can be calculated using a Pachler-type aal§18) (for a detailed

description see 1.3.6 J-couplings).
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2.2.9 External methods: Asteroids and SAXS

Results from ASTEROIDS calculations were used ia thesis for prediction of secondary
structure elements in unfolded WAL Calculations were performed by Malene Ringkjgbing
Jensen (group of Prof. Dr. Martin Blackledge, stide Biologie Structurale Jean-Pierre
Ebel, Grenoble 38027, France) by the following:cuakdtions were done as described
previously (31 with additionally two iteration steps whepé distributions of individual
residues are obtained followed by a selection tifestructures. On the basis of,C; and

C’ chemical shifts as well as tHa(H'H,), *J(NCy;) and2J(NCy(.1y) scalar couplings with
Karplus parameterizations taken from Patal. (132 and Wirmeret al. (113) 5x200 ¢/
angles were selected for each residue in the iberateps. Due to low pH in the unfolded
ensembles and the influence on chemical shiftsdues Asp, Glu and His were left out in
the ASTEROIDS calculations. Out of a pool of 15.08fuctures from flexible meccano
obtained by combining conformers from both itenatsteps RDCs were calculated for each
structure in the pool using PALE333 employing the local alignment window (LAW)
approach with a window size of 15 amino acitl84, 13). The resulting final selection of
entire structures was done on the basis of chersftfis, scalar couplings as well 44N
RDCs. As mathematic feature RDC calculations foredidues were only performable by
introducing seven dummy residues (Ala) at eachadnithe protein sequence. As described
previously by Salmoet al. (136), a baseline was inserted in the RDCs. The outauiitteese
calculations was a selection of 200 structuregjipted on the basis of chemical shifts, scalar
couplings and RDCs showing secondary structure gusifies of the unfolded W'
ensemble.

All practical aspects from SAXS measurements weréopmed by Frank Gabel and Jie-rong
Huang (group of Prof. Dr. Martin Blackledge, Ingtide Biologie Structurale Jean-Pierre
Ebel, Grenoble 38027, France). Measurements wearerded on the ID14-3 BioSAXS
beamline at the European Synchrotron Radiationliga(ESRF Grenoble, France). Sample-
detector distance was 2.6 m, the X-ray wavelengéu0.931 A (13.32 keV). An amount of
50 uL of protein sample and buffer (using diluted pmoteoncentrations from 300uM to
100uM in water, pH 2, T = 293K) were loaded in @avithrough quartz capillary cell. As
total exposure time 100s per protein sample weesl.u¥he 2D diffraction patterns were
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normalized to an absolute scale and azimuthallya@esl to obtain the intensity profilgsg)),
within BSXCuBE (ESRF beamline data collection wafte). Solvent contributions (buffer
backgrounds collected before and after every pragample) were averaged and subtracted
from the associated protein sample using the prod@RIMUS (L37). For data analysis two
fitting routines were used, EOM (ensemble optimaratnethod) 138 and the Porod-Debye
relation (39, 140. EOM is based on averaging the individual scetterfrom every
conformer in the conformational ensemble. Therebgoal with random conformers is
generated and only those were selected fittingeiperimental data. The intensity of a set of

conformationd(s) with N conformers is given by
1 N
I(S):Nz'”(s) (1.27)
n=1

For native proteins a Guinier approximation is #ppropriate analysis but for unfolded
ensembles the Porod-Debye law is used where aorelaétween the scattering angjend
the intensityl(q) is described.

T

2
S (1.28)

(@) = 4p°.

Plotting 1(g) of versus g results in curves giving a degree ofifiéty in the structures as

seen in Rambet al. (141).
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3 Results and Discussion

3.1 Protein expression and NMR sample preparation

Isotopic labelling of the proteins enables fastestigation by NMR spectroscopy since
natural abundance significantly reduces measuretiraet The protein expression of hen
and human lysozyme mutants, in particular AT W28G", W62G", W108G",
W111G", W123G", hLys,I56T and D67H, is performed H.coli cells in good vyields

between 10-20 mg per liter M9 minimal medium afterification, N or **C/*°N labelled.

3.1.1 Isotopic labelling

The results of unfolded human lysozyme are showresentative for all expressed proteins
(unfolded hen lysozyme and mutants of both projeisier transformation of plasmid DNA
into competent BL21(DE3.coli cells protein expression was induced by IPTG. [ahgest
amount of protein is expressed within the first hotiinduction. The overall expression is
finished after three hours. Figure 13A shows a $B&E analysis of human lysozyme

before and after IPTG induction.

42,7 kDa A — B
34,6 kDa .
- —

27,0 kDa

20,0 kDa

14,3 kDa - — ——
M be af M F1 F2

Figure 13: SDS-PAGE gel of all-ala-human lysozyme
(representative also for W'f); Both Gels have the same Marker
(Broad Range, 2-212 kDa, New England BiolLabs); BSSPAGE
before (be) and after (af) IPTG induction, the badl4,3 kDa
indicates positive expression; B: specific sectiéra SDS-PAGE
gel of the FPLC purification of hLys, after elutiai impurities
(DNA and other cell components) protein fractionghvidentical

molecular weight (eg. F1, F2) were pooled together.
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The protein is expressed in inclusion bodies amtfipd after inclusion body solubilisation
by fast protein liquid chromatography (FPLC) (figut3B). At this step, the protein is only
partially free of impurities, a subsequent HPLCifization yields in pure protein; thereby
the loss through HPLC is about 30-40% of the tat@mlount of raw protein from FPLC
purification. The total purified protein yield isbaut 10-20mg per liter M9 medium;
lyophilized protein is used for NMR sample prep@aratvith a concentration of 300uM.

3.1.2 NMR samples

Samples were prepared with a final protein conegintn of 300uM in water at pH 2, 10%
D,0O, without any denaturant. Low concentrations aeduto prevent unfolded states from
aggregation (see concentration dependent studidsLyg and mutants in the following

chapters). While the liquid NMR samples are stalvier a few months, anisotropic polyacryl
amide samples for RDC measurements last 2-3 dayisymidity causes irreversible damage

and results in dehydration of the polyacryl amidergaterial.
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3.2 Analysis of unfolded states of Hen Lysozyme and maihts

Since unfolded states play a crucial role in neegeterative diseases (see 1.1) they are in
the focus of biochemical and biophysical resealrcihe following chapters nonnative states
of hen lysozyme and several mutants have been zathlgere by NMR with respect to
structural and dynamical characteristics to elueidae role of the unfolded ensemble in

folding and misfolding processes.

3.2.1 Assignment and determination of coupling constants

The determination of chemical shift deviations, Kimme and side chain coupling constants
is the basis of further structural and dynamicahrabterization of the protein. These
parameters are only accessible for a well assigmetein. As mentioned before unfolded
proteins show narrow chemical shift dispersion ey in the'H-">N HSQC which is one

of the key common experiments for backbdHg and*>N assignment. Side chain coupling
experiments forHP?, HP, *c® 3cP and CO are even more complex because of the
multitude of overlapping side chain proton and oarllesonances. Therefore assignment
strategies by NMR are based on isotopic labellind expansion from two dimensional to
three or four dimensional space. In the followihg basic assignment via HSQCs and the
measurement and analysis ¥{Hy, H") backbone andJ(H*,H®), 3J(CO,H) side chain

coupling constants of unfolded states of hen lystzis described.

Backbone assignment from HSQC and NOESY-HSQC apectr

In figure 16 a compact overview of tfE-">N HSQC spectra of the wildtype and all five
mutants W28&?2, W62G", W108G", W111G" and W123G? is shown.

The backbone proton and nitrogen resonantiés and °N for W28G", wW62G",
W108G", W111G" and W1233" have been assigned previously2, 143 by comparing
chemical shifts of theitH-1°N-HSQC spectra with th#H-*N HSQC spectrum of W, In
figure 14 a compact overview of tHel-®>N HSQC spectra of the wildtype and all five
mutants is shown to point out the narrow chemihdt dispersion and the similarity between

the spectra.
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Figure 14: 'H-N-HSQC spectra of WT"® and five mutants W28G"?, W62G"?, W108G"?, W111G" and
W123G*. All spectra were recorded at 600MHz, 293K, 300prdtein concentration in water (pH2), 10%
D,0.

On the basis of the W *H->N HSQC the assignment of the five W to G mutants wa
obtained by 1) comparing chemical shifts of tH#ir'°N-HSQC spectra with théH->N
HSQC spectrum of WY and 2) by NOESY-HSQC spectra. Main changes in atam
shifts between wildtype and mutant were observedemions around the mutation side

(142, 143. Increasing influences of the mutants only onnclcal shifts compared to
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wildtype could be arranged in the following row: 28GY®, W28G"2, w1113, w108G"
and W62G",

Backbone coupling constants

Backbone coupling constants report on the confaonatf the protein. As mentioned before,
conformational averaging has to be taken into atcouunfolded states. For nonnative hen
egg white lysozyme here the HNHA experiment foedeination of théJ(Hy, H*) coupling
constants is shown in figure 15. Correspondingdie=s appear as cross peaks between the
'Hy and *H® dimension;®J(Hy, H*) coupling constants are calculated by the ratighef

intensities of the cross and diagonal peaks (s28)2.
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Figure 15: HNHA spectrum of WTA?; *Hy, N andH® dimension of WT?
(Q41, V99 as exemplary amino acids) left pafidl; diagonal peaks (red),
shown in the'Hy, N plane; right panels'H® resonances (greemty
resonances (redf(Hy,H%) coupling constants can be calculated by peak
intensities (see 2.2.8); spectrum was recordedd@mMéiz, 293K, 300uM
protein concentration in water (pH2), 10%®D
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Figure 16 shows the results of the experimetit@ty, H*) coupling constants of W as
function of amino acid side chain. Also random cadllues are included for a detailed
comparison. The overall couplings are smaller tivse of random coil which might be due

to proportion of residual secondary structure.

10

*J(HH")

A DEFGHI KLMNAQQRSTVWY
amino acid

Figure 16: 3J(Hy,H®) coupling constants of WT'@ ; Comparison of the experimental
®J(Hy, H") coupling constants of W and random coil; black: random coil data,
blue: data of W12, grey: difference between random coil and ¥/ Eoupling
constants>J(Hy,H®) coupling constants were extracted from peak sitis (also

see chapter 2.2.8) of the HNHA spectrum shownguargé 17.

Large deviations from random coil are observed fydrophobic amino acids like
phenylalanine (F), tryptophan (W) and tyrosine (&so methionine (M) and arginine (R)
deviate a lot. All these residues share steriagd#ijnanding side chains which might support
the formation of residual structure elements amdy leange interactions. This will be further
proofed by the analysis of other coupling constasftdackbone and side chain in the
following chapters. Medium changes are observableamino acids with aliphatic side
chains, isoleucine (1), leucines (L) and valine.(V)

The *J(N,C,) and 2J(N,Cm(i_l)) couplings also report on conformational prefeemnof the

protein backbon&l(N,C") coupling constants depend weaklyygp while 2J(N,C%) coupling
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constants depend on tipg-1) and the secondary structure determining anglg (see 1.2.6).
Their determination results from a series of J-nmtea *H,">N-HSQCs with an exponential
decay of the signal intensity. Figure 17 showsr#silts of théJ(N,C,) and®J(N,Cyg.1)) of
wTA?,
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Figure 17: 1J(N,C%), 2J(N,C%"D) coupling constants of W' ; Grey: 2J(N,C") couplings of
WTA2 black:2J(N,C*) couplings of WT*, insert: exemplary function of the decay of
signal intensity. Secondary structure elementsieffitlded state are schematically shown
as cylinders-helices) and arrowg{sheets). Coupling constants were extracted from of
J-modulated HSQCs (see chapter 2.2.8), measurgédoddHz, 293K, pH 2 at a protein

concentration of 300uM.

The (N, couplings for W@ range between 10-12Hz whereas thgN,C(Y)
couplings have values between 6Hz and 8Hz. In ucstred peptides values fa(N,C")
are around 11Hz arfd(N,C"Y) around 7Hz 116). Higher values indicat@-sheet structure,
lower values lead ta-helical structure. Unfolded hen egg white lysozyshews on average
coupling constants close to. This has been preljialserved for unfolded ubiquitil{3).
More details of side chian and backbone couplingstamts and their influence on the

unfolded ensemble are discussed in detail in ch&p2e2.
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Side chain coupling constants

Side chain couplings in unfolded hen egg white zysae light up a detailed structural and
dynamical characterization of the protein. Notabkperiments reporting on side chain
torsion angles are of great interest for structpratlictions through angle populations of the
conformational ensembles. An extended analysisdef chain couplings, in detaid(H*,H?)
and>J(CO,H), has been performed in this thesis and is destiitbthe following.

Figure 18 shows an exemplary strip plot of the HICA)HAHB (117) experiment of
WTA2 This NMR experiment reports on tié(H",HP) coupling constant and therefore
correlates théH® with the *HP proton of the particular amino acid. The protosorences

have different signs, Hpositive and Binegative, which facilitates the analysis.
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Figure 18: HN(COCA)HAHB spectrum of WT*2 ; *Hy and*H®P dimension of W with A100 and
D18 as exemplary amino acids; red pedkt* (indicated by HA) resonances, green peaki?,
1P (indicated by HB2, HB3) and foldetHy (indicated by HNf) resonances; spectrum was
recorded at 700MHz, 293K, 300uM protein concerdgraih water (pH2), 10% .

Despite small dispersion of somé igrotons, especially those of serine, glutamine and
glutamate the overall dispersion was promising ghoto analyze about 70% of all side
chain coupling constants. Beta-branched amino abel® valine and isoleucine show large
dispersions in the Hplane. The Fi resonances have been already assigned with theAHNH
experiment described above. The coupling constaets determined by their intensity ratios

(for equations see chapter 2.2.8).
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Figure 19: 3J(H% HP®) coupling constants of WT%; amino acid specific plot of the availabl&H",H?) coupling
constants from the HN(COCA)HAHB experiment; blackata of WT'?, grey: random coil (rc), dark grey:
difference between W and rc; A: couplings betweelH® and *H®*% B: couplings betweerH® and *HP?;

asteriskf3-branched amino acids isoleucine and valine.

Analysis of the coupling constants (figure 19) sholower values for hen egg white
lysozyme compared to those of random coil. Thisiceigs no clear side chain angle
preference but an averagegafucheandtrans conformation in W2, The large deviation of
charged amino acids can be explained by pH depegpdé&or stereospecific assignment of
the H protons at least one additional side chain cogplias to be measured. A detailed
analysis of degree of deviation from random copésformed in chapter 3.2.2 by a Pachler-
type analysis where the angle populations are lzdbnli For this analysis two different
couplings sharing one resonance are needed. Therdie HN(CO)HB experiment for
33(co,H) coupling constants has been measured. Figurb@@ssan exemplary strip plot of
the spectrum in théHy and 1H*® dimension. Here the amino acids 188 and R112 were
depicted for a detailed view on the spectrum. Resblpeaks represent tH&CO carbon
resonances and the correspondifgptdtons. The overall dispersion of the resonarités

and**CO was well resolved so that nearly 70% of all dimgpconstants could be analyzed.
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R112HA N113HA R112HBx R112HBY
R112CO
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Figure 20: HN(CO)HB spectrum of WT*? :*Hy and *H"Pof WT? (exemplary R112 and 188); red peakd”
(indicated by HA) andH", *HP? (indicated by HBx, HBY) resonances; green pe&i@O cross peaks withHy

backbone resonances; spectrum was recorded at 900R83K, 300pM protein concentration in water (pH2)
10% D.O.

Coupling constants were calculated as describ#teimaterials and methods section (1.2.6).
In figure 21 results of the analysis of WP compared to random data are shown. The
33(co,H) couplings are smaller than random coil values tdueonformational averaging of

the unfolded ensemble and to residual structure.
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Figure 21: 3J(CO,HP) coupling constants of WT'; amino acid specific plot of the availabl&CO,H) coupling
constants from the HN(CO)HB experiment; black: dzt&/T"?, grey: random coil (rc), dark grey: difference
between W1 and rc; A: couplings betweeii® and'HP% B: couplings betweefH® and *HP? asteriskf-

branched amino acids isoleucine and valine witly onke H proton.



3 Results and Discussion 59

3.2.2 Backbone conformational preferences

On the basis of the assignment from HSQCs and ta dérom coupling constant
measurements, in the following section chemicditsimave been extracted and interpreted
with respect to structural characteristics of TFor the confirmation of residual structure
in unfolded states of hen egg white lysozyme seagndtructure propensities have been
predicted with the free available software at Wound.med.utoronto.ca/software.htraBY.

In figure 22, resulting secondary structure projtess (SSP) obtained from°Cand ¢
chemical shifts are shown together with, and*H® chemical shift differences from random
coil (76) and®J(Hy,H"), 2J(N,C) and*J(N,C") backbone coupling constants for T
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Figure 22: Residual secondary structure in WT?; Secondary structure propensities (SSP),
ASHy, AH®, A%J(H,H), A%I(N,C") and AYJ(N,C) are indicated by black bars, black
lines represent the hydrophobic clusters of A/ TThe values foAdH® and ASH" were
normalized by using value 0 ranging from 0.0 t049,00.1 from 0.05 to 0.149, value 0.2
from 0.15 to 0.249, etcAdwas calculated by\d=0e,y0. All experiments have been
carried out at 600MHz with 300uM protein at pH23K9
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WTA2 mostly exhibits positive SSP values, indicatinglight propensity fon-helices in the
unfolded protein, negative SSPs indicBtsheet propensity. Positive values with structure
propensities larger than 0.2, are observed foreélgeons ranging from residue 5-12 (region
1), 24-36 (region 2), 53-67 (region 3), 79-96 (oceg#), 103-113 (region 5) and around 120
(region 6). In the'Hy and *H® chemical shifts compared to random coil significan
perturbations are also observed in the regionsiored above®J(Hy,H") coupling constants
are slightly lower than the predicted random-caglues throughout the protein. These
deviations from random-coil indicate small deviasoof the@ angle values from the angles
observed in the random-coil database; an observatibich was already seen in other
unfolded proteing(44). The dependence d8(N,C%) on the angley and 2J(N,C) on the
anglesqi-1) andy .1y allows differentiation between positive and negatiwalues. Here the
propensity to forma-helical structure elements in the regions 1-61$® abserved by the
2J(N,C) coupling constants particularly in regions (&), ((5) and (6). All data shown in
figure 22 consistently show that six regions adoph-random conformation towards

helical structure, four of these regions contaileast one of the 6 tryptophan residues.

3.2.3 Side chain conformational preferences

NMR experiments reporting on side chain torsionlesm@re of great interest for structural
predictions through angle populations of the camfational ensembles. With the
experiments described under 3.223(H",H") and 3J(CO,H) couplings were analyzed. A
Pachler-type analysis of the coupling constantalt®sn a stereospecific assignment of the
HP protons. Figure 23 shows a comparison of e, H*) and 33(CO,H) coupling

constants with random coil predictions and the nEacentage populations of both.
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Figure 23: Side chain coupling constants of WA®; Comparison ofJ(CO,H) and®J(H",H®) coupling constants of
WT"? with random-coil predictions; black circl&l(H*,HP?), grey triangle2J(H*,H*), black cross®J(CO,H?),
grey circle:*3(CO,H?). Right: Mean percentage populations of #¥s. random-coil (cross: -60°, circle: 60°,
triangle: 180°). All experiments have been carried at field strength corresponding to't frequency of
600MHz, using 300uM protein at pH2, T=293K.

The comparison of the coupling constants of AR/#&ind random-coil shows small deviations
from the predicted valuedJ(H",H?) couplings and even more tA&CO,H) couplings of
WTA? are on average slightly lower compared to predicgsdom coil coupling constants
(figure 23). For aspartate (D), deviations in batbupling constants are observable,
presumably due to changes in the backbone siden dh&@ractions caused by low pH.
Phenylalanines (F), histidines (H) and argininesgfow deviations mainly in th&(H",H")
couplings, whereas serines (S) and threonineseipte larger irfJ(CO,H) couplings.

The angular distributions of the three rotamerghef side chain anglg, were calculated
using a Pachler-type analysis. Table 3 shows ghulations of the rotamers for selcted
amino acids. Here populations could be obtained2foresidues were bofld(H*,HP) and
33(co,H) are available. The random-coil model predictsedgrence for thg=-60° rotamer

for all amino acids but for valine, serine and tmiae (45).



3 Results and Discussion

62

wWT™ random -coil
-60° 60° 180° -60° 60° 180°
E (1) 45 12 42 56 17 26 al
1(3) | 47@9) 20(8) 24(+2) |64 25 11 al
Q) 48 17 36 65 13 22 al
R(4) |45(7) 35(l1) 20 (£16) | 62 15 23 al
D(2) |41(x12) 6615 -8(x5) |41 27 32 Asx
N(4) |33(5) 42 (14) 25(*10) | 48 22 30 Asx
S (1) 18 43 38 31 46 23 OH
T(1) |29 70 1 30 60 10 OH
V(4) |27(#3) 20@2) 54(5) |26 9 64 val
H (1) 41 41 18 57 20 23 ar
Fa) |39 30 32 62 13 25 ar
W) |28@3) 38@#*3) 335 |52 17 31 ar
Y (1) 31 24 42 60 14 27 ar

Table 3: Population of side chain torsion anglesPopulation of different; angles in W2 (left) and random coil

(right). Counts in brackets indicate the numberarafno acids for which the populations have bedcutated;

al: aliphatic residues, Asx: asparagine, aspar@ite,threonine residue, Val: valine, ar: aromagisidues.

For long aliphatic amino acids (here E, R, Q, De tpredicted preference is not as

pronounced as predicted: While the random coil rpdedicts populations of 56-65% fer

=-60°, here the averaggg =-60° populations are 45-48%. Aspartate (D) arnmhesyine (N)

residues show large deviations from random-coililevkhe model predicts a very slight

preference for the -60° conformer, here the +6@matr is the most populated one. As

predicted in the model, the 180° rotamer is prefin our experimental data for valines (V),

allowing the positioning of the methyl groups fuash away from the backbone carbonyl

group. This preference is not as pronounced asigbeeld which differs from previous

measurements on ubiquitin, protein G and oxidizsdayme {45, 146 all unfolded in 7.4-

8M urea at acidic pH. Interestingly, the differemoaild hint at an effect of urea on sidechain

sampling in unfolded proteins.
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For the OH containing amino acids serine (S) andathine (T), the random-coil model
predicts a preference fon =+60° of 46% for serine and 60% for threonine, tmosely
caused by polar interactions between the side drainthe backbone. In the data measured
here, the preference is similar for the +60° avgkl 43% for S and 70% for T, however,
with the populations of the 180° and the -60° comier varying significantly. On average
significant deviations for serine and threoninadess were also observed in previous data
(145, 146 and thus might be a general feature at acidic pH.

Aromatic residues deviate significantly: ratherrtlexhibiting a clear preference for the -60°
rotamer as predicted in the random-coil model, arpentally determined populations differ
around 20% for almost each rotamer. For histididg (he -60° and the +60° rotamer are
equally populated, in the case of phenylalanineai] tyrosin (Y), the populations of all
three rotamers are similar. Most drastically, yptophan (W108, W63), the 180° rotamer is
clearly preferenced over the other two rotamemtest While it was only possible to obtain
both coupling constants for W108 and W63 allowind®?achler-type analysis, coupling
constants measured for the other tryptophans ateeisame range, and it is thus very likely
that the rotameric distribution for these residalss deviate from the random-coil. Similarly,
deviations from the random-coil model were alsoeobsd for the tryptophan residues in
urea denatured oxidized hev4E), but not for urea denatured protein G and ubiig(it46).
The latter two have little residual structure ie tthenatured forms while the contrary is the
case in lysozymel@4, 147. Thus, the here observed deviations emphasizenbertance of
aromatic residues and particular of tryptophandwe=s for the formation of non-random

residual structure, also observed in the proteakibane.
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Conformational preferences from ASTEROIDS

Conclusions from backbone and side chin conformatipreferences are further maintained
by the results obtained from ASTEROIDS3{) predictions. Calculations were performed
incorporating H (used as cross-validation),,,CCO and G chemical shifts,23(H",Hy),
LI(N,Gi), 2I(N,Gii) coupling constants antH-'*N RDCs (see materials and methods,

chapter 2.2.9). Figure 24 shows the correlationwbeh experimental and predicted

parameters.
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Figure 24: Chemical shift and coupling correlationsfrom ASTEROIDS selectior; Correlation of experimental and
predicted (Asteroids) chemical shiftg,CO and @ and coupling constants @3(H",Hy), *J(N,Gi), 2J(N,Cyi1)

and*H-""N RDCs of WT"2. R? values indicate the accuracy of the data seldnyeiSTEROIDS calculations.

With a mean Rvalue between 0.83 and 1.0 for the backcalculaifahe predicted chemical
shifts and coupling constants the selected ensefriole ASTEROIDS matches very well
with experimental data. Unfolded ensembles of ¥V Eelected by this algorithm show a
more detailed view on secondary structure elemaatghting populations of PPllgg- and

o_-helix andB-sheet (figure 25).
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pop. B-sheet

Figure 25: Selected populations of WA? from ASTEROIDS calculations, Selected
ASTEROIDS populations of secondary structure elaméh 3-sheet, B: polyproline Il, C:
ag-helix, D: a,-helix) of WT"? (excluding pH dependent amino acids D, E and HJ; re
flexible meccano ensemble (15.000 structures); :bA®TEROIDS selection for W
(200 selected structures); grey bars: differencisvéeen selected structures and flexible

meccano ensembldp;s: mean difference values (calculatedfy = DiffseiecteaDiff fiecmed-
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Deviations compared to the flexible meccano ensemgive information about the quality of

selected structures. While polyproline Il (figurgB) is continuously over-represented in the

ASTEROIDS selection with a positive mean differenaie ofApix = 0.1,3-sheet structure

(figure 25A) is in an analogous manner under-represi with a negative value of

Apirr = -0.14. Even though the mean difference valuesdielix (Apir = -0.01) (figure 25C)
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and a-helix (Apir = 0.05) (figure 25D) are in the same range, theyate significantly in the
population pattern. In thegr-helix deviations from flexible meccano show clusteregions

at residues 5-13, 55-63, 107-113 and 120-124 wiehiragood agreement to hydrohobic
regions in W' while these clusters are not visible in thehelix. Positive deviations from
the flexible meccano ensemble are also visiblenenRPIl population, these deviations are
largest mainly around residues 14, 31, 44, 74,1@b145.

3.2.4 Protein dynamics by heteronuclear relaxation and rsidual dipolar couplings

Backbone as well as side chain conformational peefees indicate residual helical structure
in unfolded hen egg white lysozyme. To confirm théisdings, dynamics of WA® have
been analyzed in this thesis by comprehensive agtax studies. NMR parameters used here
are R, R, relaxationrates, hetNOE data (figure 26) and residual dipotarplings (figure
27). Although all these parameters report on dffértimescales, data show the same
sequence dependence: Low values can be found aeértinéni of the protein while in the
central part a plateau value is reached from witiehiations towards higher values are
observed. As a general tendency in all relaxateta,dstrongly deviating residues are mainly

located around hydrophobic tryptophan residuesi{@@6A, B, C).
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Figure 26: Relaxation and RDC data of WT®; A: R, relaxation rates; B: Relaxation rates (regions with high
values are numbered with 1-6); C: hetNOE; greeninanacids with low rates at the N- and C-terminus
(flexible regions) (600MHz, using 300uM proteinpat2, T=293K)

Most pronounced deviations are found in region @uad W62 and W63 with a shoulder

towards 156. Very high deviations are also obseiweggion 5 around W108 and W111. In
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both of these regions also elevateg lelaxation rates and positive hetNOE values are
observed, while hetNOE values are predominantlyatieg for the rest of the protein as
expected for an unfolded polypeptide chain. Highiateons of R relaxation rates are also
found in region 2 from 24 to 36 around W28. In tt@gion, however, neither;Rates nor the
hetNOE are significantly increased compared tobidmsal level. Regions with medium sized
deviations are observed around A10, G22 and W1@Bsfuctural and dynamical details
also residual dipolar couplings have been analjzeat. Thereby experimental residual
dipolar couplings as a function of the protein sewe (figure 27A) are compared with

predictions made from flexible meccano (figure 27B)
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Figure 27: Relaxation and RDC data of W@ A: experimental N-H RDCs and B: predicted NH-RD@y
flexible meccano), red: amino acids with high rgidgid regions), green: amino acids with low raseghe N-
and C-terminus, flexible regions (600MHz, using @®Dprotein at pH2, T=293K)

The overall shape of predicted data is bell-likeagreement with the smooth distributions
expected for random flight chains. In contrastite homopolymeric random flight chain, a
rough landscape is predicted from flexible meccdne to residue-specific conformational
preferences. Local or long-range interactions legdid residual structure are not included in
the predictions. This is one explanation for sigaifit deviation of experimental RDCs from
predicted data. In general negative RDC valueseapected for W12, but a number of
positive values are found in the regions where dyldobic interactions have been observed

by relaxation analysis.
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In particular these are the regions 1, 2, 3, 5@nidterestingly, while RDC data are positive
in the right part of region 3, RDCs in the left fpare negative. These findings indicate that
residual structure and dynamic restrictions atplaig have different time scales. While in the
right part around W62/W63 residual structure setmzersist on the millisecond time scale,
dynamic restrictions persist on much smaller tim&es in the left part around 156. A more

detailed view into dynamics enables a reduced sgded#nsity analysis (figure 28, 29).

On the one hand there are very flexible residug¢keatermini of the protein where motions

are only governed by internal motions (green), lo& other hand residues with motions
dominated by internal motions can be found in thet@l part of the protein and at least
there are residues in which motions are determinethternal and overall motions (red),

being thus more rigid than expected for a perfaatifplded polypeptide chain.
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Figure 28: Relaxation and RDC data of WT® spectral density mapping; Black line: spectralsitgnfunction
(dynamics limited to a single motion withu(= J(0)/(1+6,25@J(0)¥ (85); grey circles: data of native hen egg
white lysozyme (data taken from R. Silvers, 20IrEeg: amino acids with low rates at the N- and i@Gieus
(flexible regions) (600MHz, using 300uM proteinpat2, T=293K)

For comparison, in folded hen lysozyme (figure 2§ht panels) motions are dominated by
the overall tumbling for all residues but for G2hexe chemical exchange is observed,

shown by the significant shift towards a higher) J{@ure 29, right panel, bottom). Results
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of the detailed comparison of unfolded and foldemh Hysozyme reflect the relaxation

behaviour of the protein states.
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Figure 29: Spectral density data of WT*%; reduced spectral densities J(0.87Hy\J(
and J(0) of W1 (left, black) and native lysozyme (right, greytaitaken from R.
Silvers, 2011). Data derive from ;R R, relaxation rates and hetNOE
measurements, green: flexible regions, red: rigigians (600MHz, 293K, pH 2
(WT"?), pH 3.8 (native hewl) 300uM protein concentraion

Regions with limited motional properties are cami&d. The presence of exchange for the
unfolded polypeptide can be excluded by graphicalysis of the spectral density data for
WTA2 where no parallel shift towards higher valueg () is observable. This is also shown

by the analysis of relaxation dispersion measurésn@gure 30) {42).
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Figure 30: Relaxation dispersion measurements of WH; BN
single-quantum relaxation rates,&f[s’] as a function of
CPMG frequency for selected residues of A¥/Tdata taken
and figure adapted froni42)).

A short summary of all relaxation data of WeTclearly reveals residual structure to be
present in at least 5 regions of the protein. Bygarison of heteronuclear relaxation rates
and residual dipolar couplings, it becomes cleat this residual structure persists from the
subnanosecond time regime up to the millisecond tiagime. These findings will be further
supported by the analysis of single point mutafit&/&" and their structural and dynamical

characteristics.
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3.2.5 Modulation of the conformational ensemble by singl@oint mutations

Further insight into long-range interactions witlire ensemble of unfolded conformations
was obtained here by characterization of non-coas®e single point mutations as
previously reported for other variants of lysozybyeWirmeret al, 2006. According to this,
here five tryptophan-to-glycine mutants, W2$G w62G", w108G", w111G"* and
W123G", within prominent regions 1-6 identified aboveiir™"? were analyzed in terms of

chemical shifts, relaxation, residual dipolar cangs and diffusion measurements.

Chemical shift analysis

Since chemical shifts contain information aboutoselary structure elements and tertiary
contacts §8, 69, mainly influenced by noncovalent interactionis,si used here for the
delineation of mutational effects in WH. In figure 31 the correlation of the“Hthemical
shifts from WT"® with the five mutants is shown. Chemical shiftsrevextracted frontH-

>N HSQCs by comparing them with the spectrum of wikltype. All mutants have
significant differences in the "Hchemical shifts around the mutation site. Thislie to
nearest neighbour effects. Larger effects are seéme mutants W62¢8 and W08G®. In
addition, the W108&* mutant shows deviations in“rthemical shifts in a region further
away from the mutation site, at Gly71 and Ser74s Tidicates long-range interactions of

this region with the region around W108.
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Figure 31: Chemical shift analysis of mutants: Hy chemical shift correlation of the mutants W28GW62G",
W108G" W111G" and W1233? versus wildtype WH?. The mutation site is highlighted (grey) deviating
residues are indicated. Experiments have beeredaoit at field strength corresponding tdHafrequency of
600MHz, 293K, using 300uM protein at pH2.
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Because chemical shifts only report on structunanges of the mutants W28& w62G"?,

W108G"™, W111G" and W1233° compared to W4 it is very interesting to analyze
changes on the dynamical level. This is done infélewing section where the dynamics of
the mutants were analyzed with NMR experiments meggp on different timescales, in

particular relaxation analysis and residual dipotauplings.

Relaxation and residual dipolar couplings

Relaxation data and RDCs report on the subnanodettmmillisecond time regime. To
compare both parameters, histograms paRd RDCs of all mutants and the wildtype were
generated. Before discussing the mutants, restiitkeoR. and RDC tensor plots for the
wildtype compared to random coil and native stgsoizyme are shown (figure 32). The
random-coil RDC distribution obtained from flexibieeccano contains only negative values
and is rather slim with a minor tail towards lowealues. This shape is even more
pronounced in the distribution of the Baseline with a significant tail towards lower wed.

In contrast, RDC and Rdistributions are very different for the nativeo@in. A broad
asymmetric distribution is observed for the RDClerting the angular distribution of NH
vectors relative to the external alignment tensdahiw the folded protein, while a slim
distribution at higher Rvalues is observed for the Ralues reflecting the uniform dynamics
and rigidity in folded proteins. Partially foldedates or unfolded states with residual
structure are characterized by broader distribstitvan observed for the random-coil states
tailoring towards higher value. This is here theecdor WT' which ranges in between

random coil and native state behaviour.
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Figure 32: RDC and R, tensors of WT"@: Histograms of the RDC and,R
tensors of W (middle) compared to random coil predictions Jleftd
data of native hewl (right1d4).

For a better analysis of the degree of unfoldingfograms of mutants were also compared to
random coil and native hen lysozyme data (figurg $&nce it was proposed by chemical
shifts, also dynamical data show significant changeough single point mutation. The
observed distributions for both, RDCs angMalues of the mutants are all asymmetric with a
tail towards higher values reflecting residual stinwe. The center of the RDC distribution for
all mutants falls within the range of the data oi#d for the random coil from flexible
meccano. In contrast,,Rlata are significantly higher than the values etguefor a random
coil. Here the center of the distribution rangessule the expected for a random coil. This
deviation might reflect a high degree of residualcture persisting on the subnanosecond
time scale while the degree of residual structartuither averaged on the millisecond time
scale and therefore scaled. One main finding isithRDC tensors the mutants W62%and
W108G" show larger deviations than the other three mstand a slightly modified profile
including two centres. This behaviour is also obsdrin the Rtensors for W62&2, but
additionally for W28G'" and not for W108&? as expected from RDC distribution.
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Figure 33: RDC and R, tensors of mutants Tensorhistograms of RDCs and,Rates of random-coil (rc) from
flexible-meccano simulations and, Raseline predictions, W and five mutants W28, wW62G",
W108G"™ W111G" W123G" and native hen lysozymb{4),; top: RDCs; bottom'*N R, relaxation rates.
Grey bars indicate the shape of random coil premfistfor RDCs (-4, 0) and forsRates (1-2, 4), respectively.

The distributions are rather narrow for W8¥G Broader distributions are observed for

WTA? and all other mutants for both, RDCs andd@ta. One can conclude that the degree of
residual structure is thus reduced in the W&2@utants. For a detailed analysis of single

point mutations and their effect on the individbgbrophobic clusters, RDCs and Rites

have been analyzed in a sequence-specific mangerg{34).
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Figure 34: Sequence specific RDCs and,Rates of WTA® and mutants: BN R, rates and
residual dipolar couplings (RDC3P(*H,"*N) for wildtype WT'®, wW28G", w62G"2,
W108G"™, W111G" W123G"™. Fit of experimental Rrates are shown in black, fit of
wildtype in grey; the baseline is coloured in bld®k R, rates and RDCs were measured

on 600MHz, 293K, using 300uM protein at pH2, viaulBer pulse sequences for

residue

relaxation experiments and IPAP-HSQCs, respectively

In the wildtype sequence, 5 clusters can be idedtifiround hydrophobic tryptophans.
Single point mutations lead to changes within teal, perturbed cluster and remote clusters

distant from the mutation site, indicating long-ganinteractions between these regions. In
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the W28G" mutant, the cluster around the mutation site lamsshed:; cluster 3 is attenuated
while the other 3 regions remain unchanged by thgation. Only minor changes are
observed in the W123% mutant: while the own cluster becomes less prooedimnd minor
changes are observed in the neighboring regionndrdM108 and W111, the remainder of
the protein remains unchanged. Interesting chaagesbserved in the W108&and the
W111G" mutant. In these mutants, the flexibility arouhé mutation site increases as do
residues located in cluster 3, the main clustethéeprotein as monitored by decreasing R
relaxation rates and decreasing RDCs. FurthermRECs change from positive values
indicating residual structure into negative valuedicative for random coil around W28
while the R relaxation rates remain the same at this posifitve. mutation in the"Scluster
therefore retains the rigidity in th8%2egion on the subnanosecond time scale, whilduaki
structure on the millisecond time scale is desiadil The largest changes are observed in
the W62G" mutant. The mutation disrupts its own cluster al as it diminishes the other
clusters in the protein. As observed for W108Gnd W111G"?, the subnanosecond
structure, as monitored by the, Relaxation rates, is more persistent than thectiral
preferences on the millisecond time regime.

Figure 35 show sequence specific experimental RRC®mparison with predictions made
from flexible meccano. As mentioned for \ﬂﬁ'(see chapter 3.2.4) the overall shape of
predicted data is bell-like in agreement with tineosth distributions expected for random
flight chains. In contrast to the homopolymericdam flight chain, a rough landscape is
predicted from flexible meccano due to residue-gigemonformational preferences. Local or
long-range interactions leading to residual stmectare not included in the predictions. Also
the predictions for the mutants largely deviaterfrexperimental data. Since negative RDC
values are expected for unfolded ensembles, a nuofbeositive values are found in the
mutants, in particular the regions where hydropbadbteractions have been observed by
relaxation analysis. As previously seen in thg rgtes, single point mutantions have
diminishing effects on hydrophobic clusters, esalgciat the mutation site but also at other
regions, confirming long range interactions. Theffects can be mainly found at W62%
and W108G",
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Figure 35: Flexible meccano predictions for RDCs ofWTA? and mutants:. Comparison of
experimental (black) and predicted (grey) residdiglolar couplings of W#* and the
mutants W288?, W62G*?, W108G", W111G", W123G",

The degree of residual structure in the W123@&utant is only slightly reduced compared to
WTA2, Residual secondary structure remains the sarime\&§”, the dynamics on both the
subnanosecond and millisecond timescales aroundntitation site and the neighbouring
cluster 5 increases slightly. In the W28Gmutant, deviations from the random coil

disappear completely around the mutation site amg minor changes are seen around
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cluster 3 of the protein. The residual structureuad W28 is thus not important for the
overall stabilization of the protein but is stabiil by the clusters around W1¥{Gand
W108G" as seen in the additional mutants investigatetioth mutants, dynamics increase
around the mutation site and the neighbouring etudturthermore, the dynamics on the
millisecond time scale around W28 are significandligered. In the W108% mutant
furthermore residual structure and dynamics inrdgeon of region 4 are affected as seen by
R, rates and analysis of chemical shift differendé® most flexible mutant is the W62¢&

mutant - both RDC and Rlata are closest to random caoil.

Degree of structure by diffusion measurements amallsangle x-ray scattering

In the previous chapters a detailed analysis ofmited shifts and scalar coupling constants,
R, and RDC data indicate areas of restricted motamsciding with 5 regions displaying
residual secondary structure. These areas intdfaclugh long-range interactions as
identified by the analysis of the mutants. So aificant extent of residual structure is thus
present in W1 stabilized by local as well as by non local intéiens. To further proof
these findings the degree of compaction ofAR@nd mutants was measured by translational
diffusion and small angle x-ray scattering (SAX®Bable 4 illustrate the hydrodynamic radii
determined by DOSY measurements of A &nd five mutants.

protein | wTtA® |w28c3A'a we62G** | wi10sGc™® | wi111G™® | w123G**®
31.8 30.9 35.7 35.4 32.5 31.0
Rn [A]
+0.5 +0.6 +0.9 +0.6 +1.0 +0.5

Table 4: Hydrodynamic radii of unfolded hen lysozyme Experimental hydrodynamic radii, Rf
WTAR W28G"™, W62G", W108G"™, W111G"™ and W123G® determined by diffusion

measurements (native = folded hen egg white lysezym

A hydrodynamic radius (i of 31.8 0.5 A was obtained for W from concentration
dependent measurements. The observed value idecaisly (14 %) smaller than observed
for reduced and methylated hen lysozyme in 8M (Raa34.6 A) which is in line with other
strongly denatured proteirgs). In analogy to data from chemical shifts, relexatand

residual dipolar couplings, the mutants show véaeialeviations in diffusing characteristics
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compared to wildtype. While W28 (R, = 30.9 +0.6 Ajand W123&"? (R, = 31.0 £0.5 A)
have similar hydrodynamic radii than WA, the other three mutants show larger deviations.
While medium range deviations are observable in Y¥&'F with an R, of 32.5 +1.0 A,
W108G"™ (R, = 35.4 +0.6 Aland W623"? (R, = 35.7 +0.9 Ashow more drastic effects. In
figure 36 the proposed degree of structure for*&nd mutants is shown. The most
extended structure, based on DOSY data, is propose/62G"® which is consistent with

relaxation data and RDCs.

A R,=31.8 W
R,=35.4
W108G*"
R=20.5 R,=30.9 R =325 W

native W28G* W111G™"
randomcoil
R,=31.0

w62G™

W123G*"

degree of structuredness [R,]

Figure 36: Degree of structure in unfolded hen lyssyme: Schematical representation of the degree of tstreidn
hen egg white lysozyme from the folded state toold®d states with residual structure. Structuresewe
calculated by MD-simulations. Experimental, Ralues from diffusion experiments were used toosko
structures with smiliar Rcalculated by HydroproNMR data. (tryptophans iroloed states are highlited in
red).

The decrease of residual structure in mutants of*#has also been seen in SAXS
measurements. As mentioned in materials and mettamisdata can be analyzed by two
different fitting routines, EOM (ensemble optimipet method) {38 and the Porod-Debye
relation (41 at which here EOM was chosen for discussion ef data. The results of
SAXS are shown in table 5 and figure 37.
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protein wTA® | w2sc™ | we2G** | w108G""? | w1116 | w1236
Rh[A] (DOSY) 31.8 30.9 35.7 35.4 32.5 31.0
Ry [A] (SAXS) 35.7 41.4 40.8 47.9 47.4 38.8

Table 5: Comparison of R (DOSY) and R, (SAXS), Experimental hydrodynamic radii,Rand
gyromagnetic radii R of WT"?, w28G", wW62G"?, wW108G"?, W111G"? and w1236

determined by diffusion measurements (DOSY) andlsaangle x-ray scattering (SAXS).

To get an idea of the range of &d R in unfolded ensembles, ten thousand structures,
predicted by flexible meccano, were additionallgdiso compare the results with general
nonnative characteristics. All measured proteinseha higher R than R, but with
remarkable differences. With an, & WT*® of 31.8A the Ris with a value of 35.67A in an
expected range. This is not the case for the W% 1@utant which has angpof 47.43A
with an extremely smaller radius of hydration of3® There is also a large deviation in the
fitting results. Similar behavior is observable W108G" with an R of 35.4 and an fof
47.97A (EOM). In general those effects are onlyblésduring aggregation, so that there is
no clear conclusion for these two mutants. As SAX&s performed at a maximum
concentration of 300uM aggregation should be exaudnd the W62§ mutant should
have the largest RHowever the same effect is observable in the D@&t, where both
mutants, W111&? and W108G?, also show higher [Rralues at higher concentration than
W62GY. At low concentrations this effect is deleted.the SAXS measurements protein

concentrations from 300-100puM have been incorpdraiéhe analysis of R
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Figure 37: SAXS data of W' and mutants The hydrodynamic radius,Rf WTA?

and five mutants (black circles) is plotted agathsir radius of gyration R Grey

data points: ensemble of 10.000 structures of"§vifom flexible meccano

simulations; black line: regression of these simiofadata. Rvalues result from

DOSY measurements gRalues derive from small angle x-ray scatteringXs);

data fit was done by EOM.B8). For W108G"™ and W111G? only R, data are

shown. Structures were calculated by MD-simulatidasperimental R values

from diffusion experiments were used to choosectires with smiliar R from

the simulations.

To shortly summarize the analysis of unfolded hgsozyme in chapter 3.2, a number of

novelties are presented here. In defdiN,C*) and 2J(N,C") coupling constants with

dependence on the anglp) (have been used to further identify residual sdaonstructure.

Scalar side chain couplingd(H",H?) and®J(CO,H) reveal information about the side chain

anglex, which is influenced by the overall compaction lué protein. Further insight into the

overall behaviour of unfolded proteins was obtair®d the analysis of Rand RDC

distributions. This analysis allows identificatiaf structured parts in the protein variants

while it does not rely on the assignment of thetgdaro Using a 10y)/J(0) correlation allows
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differentiation between residues whose motionsganeerned by internal or overall motions
or both. It could also be shown that both the aialpf R and RDC data in a conjoint
manner and the use of single point mutants carsee 1o identify regions within the proteins
with differential stabilities.
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3.3 Unfolded state dynamics of Human vs. Hen Lysozyme

Hen and human lysozyme share high structural agdesgial identity. Therefore human
lysozyme is as hen lysozyme a very useful moddieprdo study protein folding processes.
Here in this thesis unfolded states of both pratdiave been analyzed. These states have
been stabilized by introducing alanines insteadllotysteines for the inhibition of disulfide
formation. Both so called all-ala variants werebktaat pH2 in water without any denaturant.
In the following chapters nonnative hen and hunyanayme and disease related mutants of
human lysozyme are compared with respect to stralicand dynamical characteristics; in
particular aggregation propensities of both praeind the onset of pathological behaviour.

3.3.1 Protein resonance assignment

Since the all-ala variant of human lysozyme is astwict which is synthesized and analyzed
for the first time in this thesis, complete assigminof the protein was necessary. The
assignment of the backbone is the basis of fudheictural and dynamical characterization
of the protein and two unfolded mutants with amytgjenic potential in the native state,
I56T and D67H. Since the narrow chemical shift disppn in the'H-">N HSQC for
backbone'Hy and *°N assignment, strategies by NMR are based on iotapelling and
2D- and 3D-experiments. In this thesis backbonégasgent was performed by generally
used backbone NMR experiments; HNN, HNCACB &dd"°N HSQC (via the implemented
Bruker pulse sequences).

Backbone assignment

In the following the complete backbone assignmédntlys is described. Figure 38 shows
the HNN experiment of hLys where theN; amide resonances with thelyi.; and *Hyisn
proton resonances of the predecessor and sucadsseguenced amino acids are correlated.
In addition a HNCACB experiment was measured (Bgu9) which correlates the
¥ and™*c? resonances with the backboMey and N frequencies. By assigninfC®

resonances, the experiment also reports on thesponding*>C? resonances. Figure 41
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shows the complete assignment of the’N HSQC of hLys which is the basis for the
assignment of the two mutants I156T and D67H.
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Figure 38: HNN spectrum of hLys striplot of the HNN experiment of the amnio acids
G127, Q126, V125, Y124 and Q123 of hLys in thg, **N and'Hy dimension; red:

5N diagonal peaks; greeft\/°N cross peaks between predecessor and successor in
the amino acid sequence; black lines: sequentidk wlarough the sequence.
Spectrum was recorded at 900MHz, 293K, pH 2 at @epr concentration of
300pM.

As mentioned before the HNN experiment provid® amide resonances correlated with

the *Hyi.. and*Hyi:1 proton resonances. The black line in figure 38caids one sequential
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walk through the sequence of all-ala human lysozyByemeans of this spectrum about 85%
of all NH backbone peaks could be assigned. To termgnt these results the HNCACB was

analyzed. The results of this experiment is showfigure 39 where the black line guides

through theé"*C® resonances of an exemplary section of the amiitbsaguence of hLys.
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Figure 39: HNCACB spectrum of hLys striplot of the HNCACB
experiment of the amnio acids Y54, G55, 156, F5d @58 of hLys; red:
13 resonances at definddy *°N frequencies from the HNN experiment
described above; greefiC? resonances at corresponditig®, *Hy and
5N frequencies. Spectrum was recorded at 900MHzK29H 2 at a

protein concentration of 300uM.
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Bringing together the results from spectra analyabdve the assignment of thl-'°N

HSQC was completed (figur

e 40) to about 90%.
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Figure 40: *H-*N-HSQC spectra of hLys spectrum was recorded at 600MHz, 293K, 300 Megimot

concentration in water (pH2), 10%0.

In addition to hLys, two mutants have been analyzexd by NMR spectroscopy. Since the

pattern of theitH-'>N HSQCs deviate only in a few NH resonances, it p@ssible to assign

the all-ala mutants I56T and D67H by comparing rtisgiectra with the spectrum of the
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wildtype (figure 41). Both mutants were measuredoat protein concentration (300uM)

since they have aggregation potential in theirveadtates.
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Figure 41: 'H-"*N-HSQC spectra of I56T and D67H Both spectra were recorded at 600MHz, 293K, 300uM

protein concentration in water (pH2), 10%®

Both mutants mainly show deviations from the wifgyin the region around the mutation
site. While in I56T large shifts of the amino acl@87, Y54, G55, and W64 are observable,
D67H shows comparable chemical shift deviation§61, W64, A65, N66, G68 and T70.
From these data one can assume that there arestal&iural and dynamical differences

present between mutants and hLys. This will beusised in detail by means of relaxation

behavior in chapter 3.3.4.
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3.3.2 Protein sequence comparison between hen and humarsbzyme

The amino acid sequences of hen and human lysoayeneompared to show main analogies
and differences in these proteins and to furthealuate structural and dynamical
characteristics. Since unfolded states are in toeis, only the all-cysteine to all-alanine

variants of both proteins are shown here (figure 42

— (T 0——(C 2 O0— D
Ly Ly
hLys KVFERZELARTLKRLGMDGYRGISLANWM:LAKWESGYNTRATNYNAGDRSTDYGIFQINSRYW

HEWL KVFGRAELAAAMKRHGLDNYRGYSLGNWV2:AAKFESNFNTQATNRNT-DGSTDYGILQINSRWW
10 20 30 40 50 60

(h1]) 3
=y
hLys NDGKTPGAVNAXHLSASALLQDNIADAVA-AKRVVRDPQGIRAWVAWRNR.QNRDVRQYVQGAGV

HEWL NDGRTPGSRNLANIPASALLSSDITASVNAAKKIVSDGNGMNAWVAWRNR -.KGTDVQAWIRGARL
70 80 90 100 110 120 130

Figure 42: Sequence alignmenof human and hen lysozyni&8 with residue numbers of hLys. Red: differing
amino acids; grey: cysteine to alanine mutatiomsjelices in the native states are indicated byndgr 1, 2, 3

and 4; the g-helix by h1;B-sheets are indicated by arrows a, b and c.

As mentioned in the introduction human and hendyswe share high sequence homology
(~70%) and identity (~60%). The native state stitet of hLys and hewl are very similar
with a backbone RMSD of only 0.74 A49). The structure of human lysozyme possesses
two domains: amm-domain (residues 1-38 and 86-130) with foudhelices and $-domain
(residues 39-85) with a triple-strandgeheet and a;3 helix. Differences in the amino acid
sequence are predominantly found between residi@,785-92 and 98-110, located at the
interface between the- and the3-domain. Since human lysozyme shows higher aggmyat
potential than hen lysozyme in their native st#@t@ccounts for the elucidation of folding
processes to analyze the unfolded state behaviobotb proteins. By reason of apparent
structural resemblance of the native states, anela@yuctural and dynamical behaviour is
expected. In the following section the propertiethe all-ala variant of human lysozyme are
analyzed on the basis of the insights of unfolded lysozyme. Similarities and differences
will be discussed here in detall.
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3.3.3 Structural and dynamical protein characteristics

Since unfolded hen lysozyme has regions with regiddructure it seems obvious that
unfolded human lysozyme shows an analogous behaviau confirm this hypothesis,
secondary structure propensities of both (SSP,/ittund.med.utoronto.ca/software.html
(53) ) have been analyzed using carbdna@d ¢ chemical shifts compared to random coil
(figure 43).
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Figure 43: Secondary structure propensities of hLyssecondary structure propensities (SSP) of hLys
and WT' SSPs were obtained from®Cand ¢ chemical shifts and calculated by
http://pound.med.utoronto.ca/software.htBB)(

As the figure above shows, human lysozyme exhdgians with significant deviations from
random coil. Especially the regions where secongamycture is present in the native state
show high SSP values in the unfolded state. Hemgtip@ deviations indicate transient
formation ofa-helical structure and cluster around residues 528536, 53-65, 79-94 and
107-118. To further proof these findindsix chemical shifts of hen and human lysozyme
were compared to random coil data (figure 44). Begiwith negative deviations, indicating
a-helical structure, appear at similar areas iratheo acid sequence as already presumed by
SSPs. Interestingly, even regions which h@veheet structure in the folded protein seem

here to have more-helical character, mainly the region around ressd¢0-60.
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Figure 44: Chemical shift difference ASHy of hLys and WT*?; Chemical shift deviations from
random coil valuesd=03e.s0..) of hLys and w12 are compared; red lines: cut-offs for chemical
shift indexing fora-helices at -0.371), dHy were obtained from th#H-*N HSQC, measured at
600MHz, 293K, 10% BO, pH2 at a protein concentration of 300puM

The cut-offs for chemical shift indexing for a-teels are highlighted at -0.3 ppridlj.
Interestingly hLys has a higher cut-off than unéadhen lysozyme suggesting a larger a-
helical propensity. Indeed both proteins clusteruad regions within hydrophobic amino
acids, the overall average is still higher for hLiyer a more precise interpretation, figure 45
shows a detailed overview. In panel A to'8:N hetNOEs and®N longitudinal R and
transverse Rrelaxation rates of the two proteins are showre géneral tendency of hLys to
a higher degree of a-helicity is continued in ral@on data. For hLys, mainly positive
hetNOE values are observed particularly in theagifrom 11-24, 33-69, 81-91 and 108-
116, negative values are found at the termini agtevéen residues 72-80 and 97-107. The
hetNOE is mainly negative for hewl with few except. R and R relaxation rates of hLys

are compared to W, with higher relaxation rates observed for hLys.
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Figure 45: Comparison of hLys and WT'®; A-C: Comparison of heteronucledd-">N NOE, R and B
relaxation rates of hLys (red) and hewl (blackgygbars: difference in Rates of hLys vs. hewl. Small vertical
marks indicate differing amino acids in the seqesnaf hlys and hewl. All experiments have beeniedrout
at 600MHz with 300uM protein at pH2 (water, 10%L), 293K

This is in good agreement with the higleehelical propensity compared to unfolded hen
lysozyme. More stabilized residual structure seémbe present in hLys. Relaxation rates
show smooth profiles, variations along the sequdrae similar shape for;Rand R. Ry
data range up to ~1.8"'swhile R, rates range up to Bsor hLys and 5 %or hewl. It is
remarkable that variations along the sequenceharg more pronounced for,Rlata. Such
behaviour could be either due to increased rigiditythe presence of conformational
exchange processes. This will be discussed intthpter at a later point of time (see figures
47 and 48).
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Figure 46: Comparison of hLys and WT';; c.) spectral densities of hewl (black), hLysdjrand native hew!
(grey) @50. All experiments have been carried out at 600M¥th 300uM protein at pH2 (water, 10%40D),
293K
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In figure 46 the graphical analysis of spectralsiignvalues is shown. For a more precise
differentiation also spectral density values far thlded state are shown. In general, residues
with J(n)/J(0) correlation near the ascending part of theehtzian line are dominated by
fast internal motions, while motions in residueanthe descending part (with J(0)=0Q)are
rigid and dominated by the overall tumbling. Fasideies exhibiting chemical exchange, J(0)
would be increased by the exchange contributiounltiag in J(0) values shifted to the right
(for a detailed description see materials and ntthdne striking attribute found out here is
that the variation for individual residues is lar§er hLys than for hewl, ranging from very
flexible residues to residues which have contrimgi from both, fast and slow motions.
Particular high values for J(0) in hLys, indicatingher rigidity, are found for residues 33,
34, 56, 60-64, 89, 98, 111 and 112. This standmod agreement with the findings from R
relaxation data, where at least these regions sgg@hdue to residual structure.

The presence of exchange for the unfolded hen wgjteWysozyme could be excluded by
graphical analysis of the spectral density dataVi6i®, where no parallel shift towards
higher values of J(0) is observable (see 3.2.4)s T also shown by the analysis of
relaxation dispersion measurements (see 3.2.4). &hstence of chemical exchange
processes in hLys has also been analyzed in thsssthThe 1(y)/J(0) analysis, the shape of
the relaxation rates and the absence of signifisaatter let assume that no chemical
exchange is present in unfolded human lysozyme abrecentration of 300uM. This
hypothesis was further proofed by relaxation disijper and R, measurements to exclude
that the elevated level of relaxation rates stenms fchemical exchange processes. Figure 47
shows the results of relaxation dispersion measemésnof unfolded human lysozymeN
single-quantum relaxation rates as a function oMGPfrequency have been analyzed as
described in materials and methods, chapter 2l2déed selected residues A6, G16, G22,

N60 and A65 show small variations indR the overall variation of R¢ is almost zero.
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Figure 47: Relaxation dispersion measurements of hisy *°N single-quantum relaxation
rates Reff [s"] of hLys as a function of CPMG frequency for sééecresidues A6,
T11, R14, G16, Y20, R21, G22, S24, K33, W34, N380NA65, K69 and V74;
experiments were performed at 300uM protein comagoh in water pH2 (10%
D,0), 293K, 600MHz.

Further confirmation results from ;R measurements shown in figure 48. Differences
between Rand R, relaxation rates are negligible small and in thegeaof the error bars at a

protein concentration of 300uM. Together with ralkon dispersion data this leads to the

assumption of an absence of chemical exchangeyis. hL
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Figure 48: Ry, relaxation data of hLys Ry, (black) and R (red) relaxation
rates of hLys; grey bars: difference ofdtd R,. All data were measured
at 600MHz, 293K, pH2 (water, 10% ,0) and 300uM protein

concentration.

To shortly summarize the chapter of chemical shaftel relaxation behaviour of hLys
compared to W at protein concentrations of 300pM, similarly, slgsters are found in
hLys around (1) L12, (2) W28/W34, (3) Y63/W64, 93, (5) W109/W112, and (6) Y124.
As expected by the very similar sequence, the dvetester architecture remains the same.
But the relative sizes of the clusters differ enousfor the two proteins. The cluster with the
largest relaxation rates in hLys is cluster (2)hwWw28 and W34, while cluster 2 is not
dominant in W containing a phenylalanine on position 34 rathenta tryptophan.
Clusters 1, 3, 4 and 5 have approximately the samglitudes with Rrates ranging from
1.8s" to 3.28", while cluster 6 is very small in hLys. The mastking difference is found in
cluster 4 around residues 78-105. This clustenig marginally present in W, while it is
very prominent in hLys, despite the fact that iteslonot contain any aromatic residue.
Residues in this region of the polypeptide chaaairthe interface between the two domains
forming a 3 helix (residues 81-85) and anhelix (helix 3, residue 90-100) in the native
proteins. This is an important finding discoveradhe thesis and will be drawn through the

following sections.
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3.3.4 Concentration dependency of chemical shift and rakation

Since human lysozyme in its native state has aehiglygregation propensity than hen
lysozyme 18), the dependency of chemical shift and relaxatiomow and high (aggregation
competent) concentrations of unfolded hLys is aredy It was found out here that unfolded
human lysozyme is stable until 850uM, at higher cemtration values the protein

precipitates. At first, chemical shifts derivedrfrdH->N HSQCs have been compared.
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Figure 49: 8'Hy and &°N of hLys at different concentrations Comparison ofHy and**N chemical
shifts at 300uM and 850uM protein (hLys) frdht-'>N HSQCs, both measured at 600MHz, 293K,
water pH2, 10% ED.

Figure 49 shows the correlation tfy and*>N chemical shifts of hLys at 300pM (low) and
850uM (high) protein concentration. In principleté are only small deviations visible at the
two concentrations mentioned before, in fivg as well as in thé°N dimension. With
respect to the structure this could be interpreednly small overall structural changes in
the enfolded ensemble or one major conformatioresenposing other minor populated,
aggregated conformations, only visible in the-'>N HSQC by missing peaks due to
exchange (at 300uM there are 113 peaks visiblereslseat 850uM only 95 peaks appear).
For a more detailed view on the dynamics at diffei@dncentrations, relaxation behaviour
was analyzed. Figure 50 (A-D) shows, R, and R, relaxation rates and hetNOE data of
hLys at 300uM (red) and 850uM (black) protein conicaion.
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Figure 50: Concentration dependent relaxation dataf hLys; R;, R,, Ry, relaxation rates and hetNOE data of hLys
at 300uM (red) and 850uM (black) measured at 600MI9I3K, pH2 (water, 10% D)

While Ry and R, indicate no changes due to higher concentratigorg 50 A and C), theR
rates at 850uM deviate significantly from thosdoater concentration. Chemical exchange
appears at high concentrations, visible througddalifferences between,Rnd R,. Figure
50B shows that the higher the protein concentratienlarger the Rrates due to exchange.
This effect was also observable for unfolded hesozyme but not at that extend. The
maxima of R (850uM) ranges between 14.8[sor residue K33 and 15.6f$ for residue
F57, for example'H-">N hetNOE experiments (figure 50D) further confirimdings from
relaxation rate analysis. Since the native statdwwhan lysozyme shows aggregation it

seems likely that the unfolded state aggregathgyhtconcentrations.



3 Results and Discussion

97

3.3.5 Influence of single point mutations on the aggregain behaviour of hLys

In order to highlight the remarkable influence bé& tmutants on structure and dynamics in

unfolded human lysozyme, two all-ala mutants 15610 ®67H have been analyzed in this

thesis. Figure 51 showsly and™N chemical shifts of these mutants.
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Figure 51: Chemical shiftsd 'Hy and 8 °N of 156 T and D67H, Comparison of the
'Hy (A, B) and™N (C, D) chemical shifts of the all-ala mutants T56nd D67H
with those of hLys (600MHz, 293K, water pH 2, 10%6D 300uM protein).

As previously seen in théH->N HSQCs (see 3.3.1) of the mutants both show small
deviations in chemical shifts compared to wildtygeys. Only the isoleucine to threonine
mutation at residue 56 deviates large in thé chemical shift (figure 51C). One major

reason is the substitution of an aliphatic by aapaimino acid. This seems not the case for

the aspartate to histidine substitution where @ely small variations are observable.
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The influence on the dynamics of unfolded hLys mtgavas analyzed by,Relaxation
studies of I56T and D67H. The results are showfigure 52. While wildtype hLys clearly
indicates six clustered regions with highr&es, both mutants disrupt this cluster formation;
even though they were all measured at low protententration (300uM). Also the baseline
is elevated which results in higher intrinsic rategh R™ = 3.2 [§'] for 156T and
R,™ = 3.0 [§Y] for D67H; the value of the intrinsic ;Rate for hLys is 2.7 [§. Highest
relaxation rates are observed for the mutant D67tH W7 §* and 7.9 & for K33 and W34 in
cluster 2. In contrast to the wild type, signifitacatter is observed. The mutation at residue
56 cause a disruption of region 3 compared to ldngalso the other regions are affected by
this substitution. Similar behaviour is observed 67H where also the main cluster
formation is deleted by decreasing Rtes, except of region 3. Here the mutationaoff
seems little compared to wildtype hLys. Cluste’s4and 6 are clearly separated in the wt
sequence, the clustered structure in this areskasiand rather scattering with values up to
5.9 ' is observed.
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Figure 52: R, relaxation rates of hLys and mutants I156T and D67H R,
relaxation rates of hLys(black: 300uM, grey: 850NtLys-I56T
(middle) and hLysD67H (bottom) (600MHz using 300dvbtein at
pH2, 293K). Blue line: R°baseline; red line: fit for the wildtype; grey
bars: R difference of the mutants to the wildtype, resivety.
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To get a more detailed view on the mutants amoemgdelves, differences in, Relaxation
rates of I156T and D67H are compared (figure 53).0h& might expect from previous
results, these differences are restricted to tiggoms at the mutation site. But additional
effects can be observed around residue 100, wheresdattering part is located. Thereby
significant scattering is indicative for chemicalchange processes in the mutants. Two
tryptophans, W109 and W112, are localized in tegian and might interplay with cluster 3.
The scattering part is slightly more pronounced5@T. Both mutants thus show reduced

flexibility and exchange even at low concentration.
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Figure 53: Comparison of R relaxation rates of I56T and D67H R»
relaxation rates of I56T (grey) and D67H (blackgygbars: difference of
R, of 156T and D67H (all data have been collectednfrexperiments at
600MHz, 293K, pH 2, water 10%,D, 300pM protein concentration).

The hetNOE of I156T and D67H also provides informatabout the degree of structure.
Figure 54 shows hetNOE data of both mutants condp@arsvildtype hLys. The regions with
positive hetNOE values for hLys are observed padity from 11-24, 33-69, 81-91 and
108-116, whereas negative values are found atetimeirtii and between residues 72-80 and
97-107. Overall this tendency is reflected in I5&Td D67H but with a few exceptions. A

clear decrease in intensity is visible in the ragiaround the mutation site, in detail in region
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3. Interestingly in hLys residue 124 has a largsitp@ hetNOE while this residue is
negative in both mutants. This might be due tong Iange interaction of region 3, where the

mutations are located, and the hydrophobic clust@und tyrosine 124.
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Figure 54: HetNOE of 156T and D67H Comparison of the heteronuclear NOE of hLys (blaars in the
background), I156T (top; red bars) and D67H (bottdrue bars); all data have been collected from
experiments at 600MHz, 293K, pH 2, water 10%9D300uM protein concentration.

For a more extended analysis of exchange procassdise mutants, reduced spectral
densities of I56T and D67H are compared to hLygu(® 55). As explained in materials and
methods (chapter 1.2.3.2) spectral densities inpite- to nanosecond time regime are
located at the ascending part of the Lorentzia@ Vitnile rigid residues can be found at the
descending part. The latter are dominated by thexadlvtumbling. For residues exhibiting
chemical exchange, J(0) would be increased by allpbshift. While the motions in hLys
range from very flexible residues to residues whiele contributions from both, fast and
slow motions, both mutants show clear conformatiolyaamics indicated by parallel shifts
on the J(0) axis. In particular residues 123, K38 aN34 (figure 55, left) shift most.
Compared to hLys, both mutants show deviationbénaverall profile (figure 55, right) with

largest deviating values around region 2, whichl$® the region with highest,Relaxation
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rates. Somewhat smaller in intensity are the dewiatin region 4, where scattering was

observed in relaxation data.
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Figure 55: Spectral densities of I56T and D67HLeft: reduced spectral density functions of hi(gsey), I156T
(red) and D67H (blue) are compared; right: sequespeific difference plot of J(0) between hLys ahd
particular mutant (I56T: red, D67H: blue).

The results from spectral density mapping stargbimd agreement with the findings from R

relaxation data, where at least these regions seéonm oligomeric aggregates.
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3.3.6 Degree of compaction by translational diffusion

To test the hypothesis of aggregation of unfoldech&in lysozyme and mutants, translational
diffusion measurements were performed. Thereby higdrodynamic radii have been
determined. Since the aggregation tendency shautdease with higher concentration,

proteins were analyzed at 300uM and 850uM (table 6)

Ry, [A] 300 uM Ry, [A] 850 uM Ry, incr ease
hLys 26.7 £0.4 30.30.2 +13.5%
I56T 31904 33.50.3 +10.5%
D67H 30.3+0.5 35.2£0.5 +16.2%

Table 6: Hydrodynamic radii Ry, of hLys, 156T and D67H Comparison of the
hydrodynamic radii R of hLys, I56T and D67H at two different
concentrations, 300uM and 850uM. Data were obtafnech translational

diffusion measurements (600MHz, 293K, pH2, wate10,0).

The R, of hLys at low concentration is with a value of 28.4 A significantly smaller than
those of 156T, R=31.9+0.4A and D67H, R30.3+0.5A. Increasing radii by the introduction
of single point mutations at crucial positions Ire tprotein sequence were expected. Both
mutations increase the aggregation behaviour amdnrasured Rseems to trace back to a
mixture of aggregated and not aggregated proteiharsample, while this is not the case for
hLys. It is known that both mutants show amyloidniation in the native state which
implicates an increasingyRt higher protein concentrations. Also hLys aggteg at higher
concentration as shown by a 13.5% increase p&tRB5@QM. The mutants already show
higher hydrodynamic radii even at 300uM but inceedsrther as the concentration is
increased up to j®33.5+0.3A for 156T and R=35.2+0.5A for D67H. The data suggest that
the mutations move the onset for aggregation tosvdadver concentration while the

concentration dependent increase is in the sange @mnound 10%) for all three proteins.
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3.3.7 Conformational dynamics

Chemical shifts, relaxation data and diffusion nueashents indicate a higher compaction of
hLys compared to unfolded hen lysozyme. The muti#83 and D67H also show higher

aggregation propensities than mutants of W/ TThis leads to the assumption that human
lysozyme has a higher aggregation propensity thrangertion of single point mutations

than hen lysozyme. In the following changes in oamiational dynamics on the basis of the
native structure of hLys will be explained. TherefdR, relaxation rates are mapped by a
running average onto the native state structuteuafan lysozyme to provide insights about

structural features located in the core or at thterosphere of the protein (figure 56).

. flexible

B rigid

Figure 56: Dynamical characteristics of hLys, 156T ad D67H; lllustration of dynamical
characteristics of hLys, 156T and D67H; Rlaxation rates are mapped onto the native state
structure of human lysozyme (2zij.p88)); blue: low R rates, flexible regions; white:

medium R rates; red: high Rrelaxation rates, rigid regions.

With this form of mapping, flexible and rigid regi® in the protein can be highlighted. In the
wildtype residues that would be in the core of tiaive protein have lower flexibility

(coloured in white-red) than those on the outsiflehe protein (coloured in blue). One
exception is the region around W62/Y63 with onbyidiproperties. Similar behaviour but in

a more pronounced intensity show both amyloidogenigtants. There changes in the
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relaxation rates are induced towards higher rigidit increased exchange. Interestingly
D67H shows a smaller increase ip fiates in the region around the mutation site 1B&it.
This might be due to a larger unfolding throughstitbtion of an aliphatic isoleucine by a
polar threonine, whereas in D67H the change ofrjigls negligible. From this observation
one can conclude that I56T has a higher aggreggiopensity than D67H. The overall
changes of both mutants towards higher relaxatesrcannot be explained by interactions
present in the native structure, since relaxataias are influenced in regions of the protein
that have no interactions with the mutation sité fonint towards non-native interactions in
the pre-molten globule state of the protein. Neittan they be explained by using a random
coil model without any interactions between paftshe protein distant in sequence. This is
the reason why formation of transient oligomers rbaya suitable explanation, taking in
account the observed chemical exchange. The incipo of these findings is shown in a
free energy landscape linking native state, unfblden-native states and aggregates (figure
57).

AAG?

|

free energy

W%E W W
WT bl D6TH \‘ﬁ% I56T
native aggregates

flexible = rigid

Figure 57: Energy landscape of unfolded human lysorye; Proposed free energy landscape for the unfolding
and aggregation of hLys, I56T and D67H; dashedslitendscape of human lysozyme; solid line: langeca
of hen lysozyme; structures: see chapter 3.3.drdi®1 (2zij.pdb34)).
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As previously reportedl@), single point mutations do not change the stmecti the native
state but lead to a destabilization resultingigmiicantly reduced melting temperatures of
the mutants. This results in an elevated free gnkengel of native human lysozyme. In the
unfolded state ensemble single point mutants hapsaounced effect on the free energy
landscape. The relative populations are changedirwithe unfolded non-native state
ensemble towards transient population of states dha aggregation-competent, here the
mutants. These states than consequently have a lavtivation energyAAG” for the
transition from the unfolded pre-molten globuletstwards the aggregated state. From this
one can conclude that the ruggedness of the foldimdscape connecting different members
of the ensemble of pre-molten states is affectedibgle point mutations and a change in
energetics of the folding landscape leads to aggjicy

To shortly summarize the findings in this chapteow unfolded human lysozyme and two
amyloidogenic mutants, the overall compactnessfandation of long-range hydrophobic
clusters characteristic within the family of lysozgs is maintained, the dynamics of the
conformational ensemble is markedly different ie thsease-related single-point mutants;
even if initial studies revealed that the nativaeststructures of wildtype and amyloidogenic
mutants are highly similarl8). The model, analyzed in this thesis on the bakisen and
human lysozyme, therefore implies a very subtlefemgile balance between maintaining the
functional native state of the protein and avoidawé mutations that, by changing the

energetics of the folding landscape, would leadggregation.



3 Results and Discussion 107

3.4 Conclusion of the thesis

Recapitulating the introduction, lysozyme is onetloé most studied model protein for
folding and unfolding processes over several dexadewever, the question of misfolding
and aggregation linked with neurodegenerative diseas still not completely resolved and
leaves large space for further research. In thasfaxd the present thesis was an extensive
expansion of the studies on two proteins from yisezyme family, hen and human lysozyme
in their nonnative states by nuclear magnetic rasoe. New insights into the unfolded
ensembles of both proteins have been delivered wetly detailed and astonishing new
results.

At first, a nonnative all cysteine-to-alanine vatiaf hen lysozyme (W) was prepared
and analyzed here at low pH in the absent of amatdeant. Chemical shift deviations
revealing residual structure of the backbone a$ agetoupling constants revealing torsion
angle preferences for both, backbone and side chagles have been presented. The
backbone anglep was tested byJ(HyH®) coupling constants, the backbone anglby
1IN, and 2J(N,C") coupling constants. The side chain anglewas evaluated using
3)(H" HP) and3J(CO,H) coupling constants and compared to databasetsef@ynamical
characteristics of this unfolded system have bestuated by relaxation measurements, in
particular R, R, Ry, relaxation rates and the heteronuclear NOE. Furtbee relaxation
dispersion data have been analyzed which includenration about chemical exchange.
Besides the standard treatment of presenting rbexalata as function of the protein
sequence, the analysis of reduced spectral densitie a J¢)/J(0) correlation was used to
identify residues whose motions are governed bgrivdl motions only, residues that relax
predominantly due to global tumbling and residuest &re influenced by both, global and
internal motions. Besides thi§N relaxation rates and residual dipolar couplingstants,
both anisotropic parameters, have been analyzediter conjoint matter by analysis of their
distribution. The combined per residue analysiRpfind RDC data, which has been done
for the first time in this work, allows the identi&tion of residual structure persisting on
different timescales. In addition, the conformatibdandscape of hen lysozyme by
introducing single point mutations in the six m@sbminent clusters of the protein and
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delineating their influence on overall structurel @ynamics was probed. This was supported
by extensive diffusion measurements and small axgley scattering (SAXS) whereby the
hydrodynamic and gyration radii have been deterchir@ingle point mutations W28,
W62G"?, W108G", W111G" and W123G"? are shown to have substantial effects on local
and long-range structural dynamics in the unfoldtdes, further supporting the notion of
their impact on the rate of productive folding antproductive misfolding and aggregation
by modulating the conformational characteristicsifiolded states of proteins.

The second model protein analyzed in this thesis wannative human lysozyme. As
previously described for hen lysozyme, the unfoldede of human lysozyme was similarly
stabilized by an all cysteine-to-alanine mutatithys) in the absence of any chemical
denaturant. This nonnative system was investigbdedhe first time in the present thesis
evaluating structural and dynamical properties.e€egdly aggregation behaviour compared
to unfolded hen lysozyme was analyzed. Previoudiesuon human lysozyme revealed that
the native state structures of wildtype and amylga&hic mutants of hLys are highly similar
(18). Characterization of the thermal unfolding at g2 using CD, DSC and NMR
spectroscopy showed that unfolding proceeds via ddsertiary structure, resulting in a pre-
molten globule state, which unfolds further, as tédraperature increase3lj. Here the pre-
molten globule unfolded states of the reduced statenLys and two mutants have been
analyzed with respect to residual structure elemand aggregation behaviour. Therefore
>N relaxation rates and chemical shift deviationsvehzbeen determined and the
concentration dependency was tested. Even thougtovhrall structural characteristics of
human and hen lysozyme are remarkably similar, sithhydrophobic regions and residual
secondary structure, the wildtype sequence of meysals greater chemical shift deviations,
higher heteronuclear relaxation rates, a largeraspm these rates and through a reduction of
flexibility as evidenced by the analysis ofwd}/J(0). All results of the hLys wildtype
analysis indicate higheax-helical residual structure with high stability alustered regions
compared to W12, The effects of the disease-related mutations ligshare different
compared tohe W-to-G mutants in hen lysozyme. Partial disorpof the cluster structure,
larger relaxation rates and larger scatter of #tes; indicative for chemical exchange, are
observed in these mutants. These effects are alsernaed in the wt sequence but only at
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high concentration. Concentration dependent datdys show increased,Relaxation rates
and in particular scatter in the regions of cludte?, 4, 5 and 6 are observed at higher protein
concentration while R hetNOE and R, remain qualitatively the same as at low
concentration. Scatter, the height of the ratesthedig difference betweern, Rnd R, data

are indicative for exchange. Both, the increaseigdlity by the overall higher relaxation
rates and the presence of exchange indicate nkety the transient formation of oligomers
in the sample at higher concentration. Formatiomaraf/loid fibrils neither occurs from the
folded conformation nor from a completely unstruetl state but from some partially
structured, aggregation-competent state. From thsept thesis one can conclude that the
degree of residual structure and restriction ofashyits in hLys compared to the homologous
hen lysozyme variant correlates with the increasadency of nonnative human lysozyme to
form amyloids. One reason for this might be theaeg where the two proteins differ most
in their primary sequence of the polypeptide ché&ifile positively charged and neutral
residues are found in cluster 4 in hen lysozymacadic pH, the region is predominantly
neutral in hLys, explaining the observed differenbg the absence of charge repulsion and a
potential increase in hydrophobic interactions.itAs described in the literature starting with
the native state protein, it is indeed the regibthe 3-domain and the adjacent helix 33)

which is found to be the first region involved imgoid formation.
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4 Appendix

4.1 Media and buffers

M9 minimal medium

Before 42 mM NgHPGQ,
autoclaving 22 mM KH,PO,

8,5 mM NacCl

1 g/L ™™NH,CI or **C Glucose
After 1 mM CaC}
autoclaving 2 mM MgSQ

10 g/L Glucose (sterile)

1 mL/L trace elements (1 mM &y Zr?*, Mn®,
Co”, Ni**, MoO")

30uM FeCk

5 ng/L Thiamin

1 mL/L Ampicillin Stammldsung

Solubilisation and purification buffer
Buffer 1 (sonification)
50 mM Tris/HCI pH 7,5
25 % Saccharose (w/v)
1 mM EDTA

Buffer 2 (washing)
20 mM Tris/HCI pH 7,5
1 % Triton X-100
1 mM EDTA

Buffer 3a (denaturing) Buffer 3b (native conditions)

20 mM Tris /HCI pH 7,5

20 mM Tris /HCI pH 7,5

50 mM NaCl 50 mM NacCl
5 mM EDTA 5 mM EDTA
8 M Urea 15,5¢g/L DTT
Buffer A (loading) Buffer B (elution)

20 mM Tris /HCI pH 7,5
8 M Urea
5mM EDTA

20 mM Tris /HCI pH 7,5
8 M Urea

5 mM EDTA

300 mM NacCl
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4.2 Primer sequences, DNA and protein sequences

I56T forward
5-CTG AGC ACT GAC TAC GGC ACC TTC CAG ATC AAC TCG*
IS6T reverse
5-GGA GTT GAT CTG GAA GGT GCC GTA GTC AGT GCT ACG-

D67H forward
5-CGC TAT TGG GCC AAC CAC GGT AAA ACC CCG GGT GCB-
D67H reverse
5-CGC ACC CGG GGT TTT ACC GTG GTT GGC CCA ATA GC®&-

WTAIa

Ndel
DNA CATATGAAAGT TTTTGGCCGT GCTGAGT TAGCGGCGGCAATGAAACGTCAT  (1-51)
Protein M KV FGRAELAAAMKRMH (1-16)
DNA GGTTTGGACAACTATCGCGGECTATAGT CTGEEGAATTGEGT TGCTGCGECC  (52-102)

Protein G L D NY R GY S L GNWVAAA (17-33)

DNA AAATTTGAAAGCAAT TTCAATACCCAAGCGACCAACCGTAATACGGATGGEC  (103-153)
Protein K F E S NF NT QA TNRNT D G (34-50)

DNA TCGACGGACTACGGTATTCTGCAGATCAACSGCCGCTGGTGGGCGAACGAC  (154-204)
Protein S T DY Gl L QI N S R WWA N D (51-67)
DNA GGTCGTACGCCGGEGECAGCCGTAATCTGECAAATATCCCAGCCTCGECECTT (1 205- 255)
Protein G R T P G S R NL A NI P A S AL (68-84)
DNA CTCAGTTCGGATATTACCGCAAGT GTTAACGCGGCAAAAAAGATCGTGAGC  (256- 306)
Protein L S S DI T A S V N A A K K I V S (85-101)
DNA GATGGCAACGCCGAT GAACGCGT GGGT GGCCTGECGTAACCGCGCCAAAGGT (1 307-357)
Protein D G N G M N A WV A WRNIRA K G (102-118)
BanHl
DNA ACCGATGT GCAGGCCTGGAT TCGCGEEECTCGTCTGTAAGGATCC (358-401)

Protein T D V Q A WI R G C R L Stop (119-130)
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W28G""
10 20 30 40 50 60
MKVFGRAELA AAMKRHGLDN YRGYSLGNGVY AAAKFESNFN TQATNRNTDG STDYG LQ N
70 80 20 100 110 120
SRWMNDGRT PGSRNLANI P ASALLSSDI T ASVNAAKKI V' SDGNGWAW/ AVWRNRAKGTD
130
VQAW RGARL
wWe62GM?
10 20 30 40 50 60
MKVFGRAELA AAMKRHGLDN YRGYSLGNW AAAKFESNFN TQATNRNTDG STDYA LQ N
70 80 20 100 110 120
SRGANNDGRT PGSRNLANI P ASALLSSDI T ASVNAAKKI V' SDGNGVNAW AVWRNRAKGI D
130
VQAW RGARL
W108G""?
10 20 30 40 50 60
MKVFGRAELAA AVMKRHGLDNY RGYSLGNWA AAKFESNFNT QATNRNTDGS TDYQ LQ NS
70 80 20 100 110 120
RWMNDGRTP GSRNLANI PA SALLSSDI TA SVNAAKKI VS DGNGWAGVA V\RNRAKGTDV
130
QAW RGARL
W123G*@
10 20 30 40 50 60
MKVFGRAELA AAMKRHGLDN YRGYSLGNW AAAKFESNFN TQATNRNTDG STDYG LQ N
70 80 20 100 110 120
SRWMNDGRT PGSRNLANI P ASALLSSDI T ASVNAAKKI V' SDGNGWAW/ AVWRNRAKGTD
130

VQAGH RGARL



4 Appendix 113

w1116
10 20 30 40 50 60
MKVFGRAELA AAMKRHGLDN YRGYSLGNW AAAKFESNFN TQATNRNTDG STDYG LQ N
70 80 20 100 110 120
SRWMNDGRT PGSRNLANI P ASALLSSDI T ASVNAAKKI V' SDGNGWAW/ AGRNRAKGTD
130
VQAW RGARL

hLys-all-ala

Ndel
DNA CATATGAAAGT CTTTGAACGT GCTGAACT GGCGCGTACCCTGAAACGTCTG  ( 1-51)
Protein M KV FERAETLARTTLKRTL (1-16)

DNA GGTATGGACGGT TACCGTGECATCTCTCTGGCCAACTGGATGGCACTGECG  (52-102)
Protein G M D G Y R GI S L ANWMATL A (17-33)

DNA AAAT GGGAGT CTGGT TACAACACGCGT GCCACCAACTATAACGCGGGTGAC  (1103-153)
Protein K WE S G Y NTRATNYNA G D (34-50)

DNA CGTAGCACTGACTACGGCATCTTCCAGATCAACTCCCGCTATTGGEGCCAAC  (154-204)
Protein R S T DY GI F QI NS R Y WA N (51-67)
DNA GACGGTAAAACCCCGGEGET GCGGT TAACGCAGCTCACCTGICTGCGTCTCCT — ( 205- 255)

Protein D G K T P G AV N A A HL S A S A (68-84)

DNA CTGCTCCAGGACAACAT TGOGGATGCAGT AGCAGCTGCCAAACGCGTTGTT  ( 256- 306)

Protein L L Q D NI A DAV AAATKR RV V (85101)

DNA CGTGATCCGCAGGGTATCCGTGCATGGGT TGCTTGECGTAACCGTGOGCAG  ( 307- 357)

Protein R D P Q GI R A WV A WRNR R A Q (102-118)
BanH

DNA AACCGT GATGT GOGT CAGTACGT CCAGGGT GCTGGTGTGTAAGGATCC (358- 408)

Protein N R D VR Q Y V Q G A G V Stopp (119-131)
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hLysI56T
10 20 30 40 50 60
MKVFERAELA RTLKRLGVDG YRG SLANWM ALAKWESGYN TRATNYNAGD RSTDYGTFQ
70 80 90 100 110 120
NSRYWANDGK TPGAVNAAHL SASALLQDNI ADAVAAAKRV VRDPQG RAW VAVWRNRAQNR
130
DVRQYVQGAG V
hLysD67H
10 20 30 40 50 60
MKVFERAELA RTLKRLGVDG YRG SLANWM ALAKWESGYN TRATNYNAGD RSTDYG FQ
70 80 20 100 110 120
NSRYWANHGK TPGAVNAAHL SASALLQDNI ADAVAAAKRV VRDPQG RAW VAVWRNRAQNR
130
DVRQYVQGAG V

4.3 Chemical shifts, J-couplings, relaxation data and RCs of WT*?

Hy BN THT 'HP O THE Pce BcP B HagP HOp® cHFP CHP R; Ry, R, hetN. RDC
K1 |8.70 126.11 4.41 1.24 56.23 32.82 173.33 7.86 0.85 0.94 1.05 -0.75 -541
V2 |8.25 123.71 4.13 1.52 61.83 32.79 173.41 7.31 201 108 135 1.27 -0.37 -7.33
F3 |[850 126.24 4.70 254 268 575 39.8 173.95 7.40 5.13 359 279 119 148 175 -0.35 -2.86
G4 |835 111.82 3.99 45.02 171.91 122 167 162 -0.33 -1.29
R5 |8.30 12225 425 141 1.85 57.02 30.31 17481 7.66 5.36 3.72 1.38 215 218 -0.11 -0.06
A6 |8.49 125.48 4.29 0.96 53.22 18.52 176.44 8.68 7.03 148 2.47 250 -0.09
E7 |8.21 120.72 4.29 1.56 56.62 28.01 174.69 7.78 3.68 1.47 2.42 248 0.02 1.15
L8 |[8.17 124.22 55.85 41.92 175.66 155 2.60 266 -0.01 -2.31
A9 0.98 8.68
A10 |8.03 122.87 4.23 0.98 53.47 18.47 176.48 8.86 1.53 2.72 2.75 -0.07
A1l |8.10 123.13 4.25 0.99 53.39 18.41 176.47 8.67 6.93 158 2.86 2.88 -0.05 3.76
M12 |[8.09 119.51 4.21 1.63 56.02 32.46 176.49 7.74 158 2.66 2.75 -0.06 -0.55
K13 |8.06 122.81 4.29 56.69 32.51 174.74 158 2.75 2.80 -0.08
R14 |8.14 122.21 429 131 56.38 30.38 174.15 7.05 3.67 156 2.78 2.81 -0.02
H15 |8.46 120.17 4.73 285 2.74 55.38 28.7 172.65 6.48 5.26 336 295 152 251 264 -0.06 -4.34
G16 |8.42 111.09 4.00 4513 171.83 140 237 231 -011 -5.35
L17 |8.20 122.7 439 1.18 55.23 422 175.13 7.93 3.24 1.48 243 243 0.02 -3.16
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D18
N19
Y20
R21
G22
Y23
S24
L25
G26
N27

w28

V29
A30
A31
A32
K33
F34
E35
S36
N37
F38
N39
T40
Q41
A42
T43
N44
R45
N46
T47
D48
G49
S50
T51
D52
Y53
G54

155
L56
Q57

158
N59
S60
R61
w62

W63

8.53
8.29
8.07
8.24
7.77
7.94
8.27
8.22
8.23
8.19
8.08
7.74
8.03
8.09
8.11
8.07
8.10
8.15
8.27
8.35
8.15
8.34
8.12
8.33
8.28
8.10
8.38
8.33
8.50
8.18
8.51
8.38
8.17
8.21
8.38
8.13
8.27
7.84
8.22
8.27
8.09
8.35
8.20
8.23
7.82
7.39

120.36
120.16
121.73
12454
109.88
121.02
118.77
125.17
109.59
119.93
122.98
123.47
127.55
123.75
123.79
120.7
121.59
122.68
117.77
121.28
121.48
121.25
115.6
123.18
125.97
113.86
122.09
122.54
120.7
115.17
121.95
110.62
116.63
116.76
122.12
121.98
110.88
120.85
126.06
122.46
122.63
122.71
117.45
123.34
121.8
121.87

4.68
4.70
4.54
4.23
3.88
4.61
4.47
4.34
3.86
4.73
4.61
3.87
4.22
4.22
4.23
4.20
4.61
4.36
4.38
4.70
4.60
4.75
4.32
4.35
4.37
4.32
4.75
4.36
4.80
4.36
4.75
4.02
4.54
4.33
4.75
4.50
3.92
4.17
4.36
4.33
4.05
4.75
4.29
4.06
4.56
4.47

231
2.23
2.53
1.18

2.46
3.66
1.18

2.80

0.91
0.91
0.88
1.23
2.88
1.48
3.6
2.23
2.84
2.26
4.13
1.55
0.96
4.19
2.35
1.29
2.33

2.45

3.45

2.29
2.78

1.42
1.20

1.37
2.32
3.41
1.08
2.75
2.49

2.39
2.28
2.62
1.31

2.54
3.35

1.45

2.97
1.63
3.37

2.98
2.38

1.68

2.38

1.41

241

2.79

3.42

241

2.93

1.10

2.65
3.33

1.95

52.82
52.91
58.1
56.09

57.77
57.92
55.51

53.08
57.91
62.52
52.62
52.64
52.64
56.62
57.89
55.55
58.59
53.32
58.01
53.24
62.13
55.9
52.64
61.89
53.13
56.14
53.34
61.9
53.08

58.5
61.89
53.01
58.52

61.41
55.33
55.66
61.74
53.29
58.95
56.44
57.71
57.26

37.64
38.3
38.3

30.11

45.03

38.78
63.9

42.01

45.21

38.41

29.07

32.58

18.66
18.7

18.69

32.54

39.25

28.53

63.67

38.54

39.09

38.49
69.5

28.96

18.82
69.7

38.46

30.34

38.49

69.47

37.67

45.31

63.79

69.59

38.33

38.11

45.37
38.3

42.01

28.83

38.21

38.41

63.54
29.5

29.02

28.96

172.56
172.57
173.62
174.14
171.46
173.69
172.17
175.62
171.79
172.87
174.1
173.57
175.69
175.93
175.93
174.35
173.59
173.6
172.09
172.82
173.4
173.38
172.64
173.78
175.89
172.26
173.04
173.96
173.57
172.57
173.49
172.15
172.77
172
172.6
174.25
172.09
174.2
175.15
174.04
173.95
173.27
172.83
174.34
174.16
173.82

5.96
6.40
8.48
7.39

7.16
5.84
7.88

7.38

8.91
8.95
7.43

9.00

6.52
7.75
5.10

8.23
8.76

5.12
7.38
4.82

5.71

5.36

5.33
7.8

6.48
8.42

6.94
5.72
4.79
7.03
7.21
5.62

4.78
5.67
6.94
5.11

5.59

7.33

4.86
4.99

4.90

5.25

5.00
4.65
4.30

5.32

4.98

5.30

4.41

5.1

4.59
3.04

3.87

3.49

5.06

6.90
6.81
6.97

4.17

3.20

3.92

3.31

3.08

6.92

2.97

2.46
3.41

2.38
3.32

2.45

241
3.17
4.85
3.97

3.55
3.82

2.68

3.03
4.44

212

2.69
2.66

4.07
2.05
3.92
5.53
2.63

4.11

2.83

5.60
3.96

4.24

2.68
2.62

4.07
4.24

3.11

1.48
1.49
1.54
1.64
1.53
1.61
1.53
1.54
1.49
1.49
1.54
1.53
1.54
1.44
1.47
1.47
1.54
1.52
1.43
1.50
1.48
1.50
1.44
1.53
1.44
1.37
1.50
1.48
1.48
1.44
1.52
1.35
1.42
1.47
1.57
1.55
1.59
1.63
1.68
1.61
1.59
1.67
1.62
1.74
1.76
1.82

2.39
2.35
2.63

2.54
2.82
2.66
2.67
2.54
2.63
2.84
3.25
3.28
2.94
3.03
2.98
3.16
2.97
2.71
2.60
2.71
2.60
2.49
2.63
2.33
2.28
2.42
2.39
2.39
2.24
2.37
2.13
2.31
2.50
2.71
3.08
3.06
3.35
3.47
3.57
3.54
3.86
3.72
3.95
4.02
4.18

2.44
2.52
2.71
2.93
2.76
2.77
2.68
2.58
2.56
2.72
3.01
3.28

3.03
3.03
3.15
311
3.03
2.69
2.65
2.63
2.65
243
2.59
2.42
2.25
2.44
241
2.56
2.26
2.34
241
2.33
2.60
2.73
3.08
3.10
3.58
3.62
3.63
3.73
3.77
3.87
3.83
4.21
4.41

115
-0.02 -3.05
-0.04 -2.09
-0.07 0.82
0.05 -0.36
-0.06 -0.87
0.07 -0.11
0.03 -2.57
0.03
0.02 10.44
0.02 -3.09
-0.05 -0.99
-0.07 3.61
-0.05 3.98
-0.06 -2.93
-0.07 -0.97
-0.10 -0.59
-0.04 -2.43
-0.03 -1.42
0.01 -1.84
-0.08
-0.01 -1.62
-0.08
-0.08 -2.22
-0.08 -2.19
-0.02 -0.09
-0.13  -2.26
-0.15
-0.09 -3.07
-0.03 -2.31
-0.06 -3.84
-0.06 -2.17
-0.14 -0.01
0.01 -0.83
0.02 -2.30
-0.17
0.01
0.05 -0.23
0.10 0.05
0.09 -3.78
0.07 -3.81
0.02
0.07 -4.12
0.14 -0.37
0.17 -2.32
0.13 9.93
0.12 8.26
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A4
N65
D66
G67
R68
T69
P70
G71
S72
R73
N74
L75
A76
N77
178
P79
A80
S81
A82
L83
L84
S85
S86
D87
188
T89
A90
S91
V92
N93
A94
A95
K96
K97
198
V99
S100
D101
G102
N103
G104
M105
N106
A107
W108
V109

7.72
8.11
8.33
8.31
7.96
8.25

8.48
8.12
8.42
8.44
8.26
8.19
8.28
8.02

8.49
8.25
8.23
7.97
8.04
8.23
8.27
8.40
8.08
8.16
8.26
8.28
8.17
8.42
8.20
8.14
8.10
8.21
8.22
8.32
8.45
8.58
8.41
8.35
8.47
8.21
8.40
8.21
8.04
7.76

125.22
118.12
119.53
109.46
120.99
118.25

110.54
116.63
123.75
120.85
124.28
124.58
118.42
123.96

125.66
114.97
126.97
1215
123.18
117.14
118.36
121.99
122.49
119.2
127.34
116.55
123.21
122.59
125.74
123.6
121.23
123.85
124.42
126.35
120.92
122.59
110.46
119.71
110.41
120.99
120.43
124.94
120.93
122.35

4.17
4.65
4.66
3.88
4.45

4.00
4.47
4.36
4.72
4.34
4.31
4.70

4.26
4.36
4.37
4.33
4.42
4.44
4.48
4.79
4.23
4.29
4.37
4.47
4.11
4.71
4.28
4.29
4.29
4.34
4.20
4.20
4.53
4.83
4.01
4.76
3.99
4.46
4.64
4.24
4.58
3.78

0.7
2.23
2.66

1.30

3.43
1.58
2.26
1.19
0.93
2.24

0.98
3.46
0.9
121
1.23
3.48
3.47
2.42
1.47
4.13
0.98
3.93

2.60
0.97
0.96
1.31
1.30
1.39

3.70
2.77

1.56
2.27
0.88
2.86

2.39
2.76

1.38

1.69

2.40

2.35

3.40

3.42
3.43
2.49

3.74
1.66
2.68

3.39

2.38

2.82
1.44

52.57
53.16
53.09

55.75
59.82

58.53
56.08
53.09
55.21
52.4
52.73
58.66

53.16
58.68
52.62
55.38
55.3
58.69
58.68
53.01
61.77
62.07
52.7
58.65
62.93
53.44
52.74
52.6
56.25
56.18
60.94
62.09
58.03
52.68

53.19

55.73
53.73
53.46
58.35
63.42

18.66
38.41
37.56
45.44
30.63
69.51

45.13
63.83
30.42
38.39
41.98
18.87
38.54
38.43

18.53
63.41
18.78
41.97
42.04
63.57
63.59
37.58
38.16
69.54
18.84
63.57
32.24
38.48
18.74
18.7
32.73
32.69
38.3
32.53
63.75
37.7
45.44
38.62
45.36
32.19
38.29
18.51
28.9
32.34

175.3
173.11
173.35
171.94
174.13
170.91

172.15
172.58
173.72
173.02
174.92
175.17
172.44
172.23

176.36
172.69
175.75
175.42
175.59
172.7
172.3
173.12
17451
172.27
175.91
172.98
174.18
173.23
175.6
175.81
174.38
174.16
17417
173.9
172.19
173.47
171.91
173.86
172.46
174.23
173.35
175.81
174.63
174.21

8.31
6.43
5.60

6.55

5.24

6.28
8.67
8.66

8.71
4.60
8.62
8.71
8.77
5.21
4.75
3.72
7.07

8.7
6.21

7.21
8.51
8.4
7.77
7.33
7.86

6.07

7.41
7.67
8.92
6.46

5.66

3.99

5.87

4.24

4.97
4.69
3.68

6.54

5.56

6.37
7.61

6.88
3.24
2.95

2.84

2.49
2.98
3.01

3.19

7.02

6.79
3.55
3.26

2.27

7.00
2.25

2.72
6.94
6.97

3.48
211

3.70
3.33
6.87
3.97

3.69
3.53

2.59

4.34
2.02
3.64

3.36

4.63

4.31

5.20

4.50
2.18
3.26

4.40
4.49

3.08
1.95

1.75
1.58
1.62
1.61
1.63
1.48

1.48
1.45
1.45
1.46
1.45
1.38
1.40

1.48
1.40

1.44
1.44
1.37
1.39
1.45
1.43

1.39
1.30
1.37
1.40
1.37
1.35
1.35
1.42
1.42
1.42
1.45
1.34
1.32
1.37
1.37
1.49
1.54
1.57
1.65
1.75

3.67
3.25
3.07
2.82
2.82
2.62

2.49
2.46

2.49
2.44
2.40
2.66

2.72
2.89

2.79
2.68
2.51
2.57
2.50
2.58

2.61
2.40
2.59
2.66
2.53
2.55
2.71
2.64
2.68
2.62

2.17
1.96
2.07
2.25
2.52

2.85
3.38
3.78

3.85
3.31
3.22
3.20
2.81
2.79

2.49
2.47
2.51
2.57
2.61
2.54
2.72

2.68

2.69
2.63
2.64
2.54
2.60
2.62

2.46
2.62
2.73
2.63
2.57
2.72
2.76
2.78
2.83
2.50
2.24
2.03
2.14
2.10
2.55
2.73
2.93
3.53
3.84

116
0.08 8.86
0.06 -3.78
0.04 -2.46

1.39
0.07 1.90
0.04
-2.81
-0.04 -0.74
-0.13  -4.09
-0.16
-0.03 -1.34
-0.05 -1.20
-0.03
-0.11 -8.23
-0.09 -3.61
-0.32
0.65
-0.08 -3.50
-0.15 -2.24
-0.04 -2.07
-0.02 -0.31
-0.19 -1.56
-0.17  -0.72
-3.65
-0.03 -0.50
-0.09 0.09
-0.11  -0.73
-0.19 -1.98
-0.03  0.05
-0.10 0.98
-0.17 -2.10
-0.06 -5.62
-0.03
-0.16
-0.16
-0.04 -2.47
-0.18 0.83
-0.16 -2.49
-0.10 -1.47
0.04 0.78
-0.10 0.39
0.09 2.59
0.05 9.08
0.05 8.31
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A110
w111
R112
N113
R114
Al15
K116
G117
T118
D119
V120
Q121
A122
w123
1124
R125
G126
A127
R128
L129

8.03
7.90
7.97
8.09
7.90
8.18
8.22
8.37
8.06
8.57
8.10
8.36

7.99
7.87
8.19
8.32
8.06
8.29
8.38

125.82
120.32
122.18
119.17
122.14
125.59
121.58
110.91
114.32
122.63
122.04
124.49

120.96
124.16
125.59
111.2
124.83
121.51
125.83

4.13
4.48
3.95
4.62
4.23
4.27
4.28
4.04
4.38
4.79
4.01

4.67
4.04
4.14
3.96
4.32
4.32

0.91
2.85
1.09
2.23
1.44
0.88
1.31

3.77
2.38

0.89
3.08
1.28
1.27

0.89

1.21
2.39

1.39

2.50
1.58

2.78

1.35

53.44
58.37
57.05
53.47
56.44
52.56
56.56

61.82
52.68
62.77
55.97

57.2
61.11
56.5

52.26
55.72
53.98

18.33
28.75
29.92
38.36
30.17
18.72
32.65
45.15
69.75
37.71
32.19
28.67

29.08
38.43
30.07
45
19.13
30.36
41.69

176.46
175.03
174.34
173.26
173.99
175.67
175.07
172.13
172.23
172.94
174.12
173.69

174.09
173.73
174.63
171.53
175.24
173.98
176.97

8.54
7.79
7.10
8.05
6.91
8.38
7.26

4.04

4.29

8.65

8.21
6.85

8.83

5.52
5.52

4.69

4.13
6.64

6.44

531

6.92

3.46

6.81
3.50

3.35

6.76
4.74

6.90

3.02

4.92
3.81
2.07

1.78 3.96 4.12
1.79 3.62 3.81
1.82 3.68 3.69
174 3.44 354
1.66 3.06 3.16
158 2.47 255
1.50 2.75 2.60
143 224 217
1.44 225 222
148 221 2.20
152 2.24 2.30

1.55

2.54

156 2.38 2.53
158 2.49 254
1.58 2.57 2.66
1.37 2.04 1.99
131 1.66 1.68
114 154 145
0.99 115 1.26

0.85 0.94 1.05

117
0.07 5.86
0.18 -0.36
0.11
0.04 -2.31
0.11
0.02 -0.28
0.05 -3.03
012 -5.07
010 -2.26
-0.04 -2.64
011 -4.03
-0.14 -4.01
-0.03  1.90
-0.05 4.25
0.02
020 -5.96
-0.30 0.8
-0.37 -4.19
-0.67 -1.44
075 -5.41

Tab.S11: table of chemical shiftsly, >N, *H®, *HF?3, 3¢ B°cP *C’ [ppm],

Ryp, R: [s"], hetNOE [rad*§] and RDCs [Hz] of W1

4.4 “N-'H RDCs and R, rates of all-ala mutants

3J(H*,HP), 23(CcO,H) [Hz], Ry,

®N-'HRDC  [Hz] R, [s7]

W28G™  W62G™ W108G™ WI11G™ Wi123G™ | Ww28G™  W62G™ W108G™ WI111G™ W123G™
K1 -4.92 -5.54 -5.10 -4.38 -5.88 1.07 1.23 1.04 1.13 0.97
V2 -6.18 -6.24 -6.24 -6.00 -8.40 1.52 1.52 1.30 1.61 1.26
F3 -2.70 -3.47 -3.36 -2.82 -4.14 1.47 1.67 1.54 1.72 1.45
G4 -0.96 0.00 -0.18 -0.66 -0.84 1.54 2.45 1.67 1.73 1.68
R5 -0.54 0.69 -0.60 -0.48 -1.20 2.14 2.44 2.52 2.33 2.27
A6 -2.70 413 -1.20 3.00 -2.76 2.58 2.37 2.59 2.76 2.58
E7 0.06 0.70 1.68 2.70 -0.54 2.33 2.59 2.40 2.64 2.47
L8 -0.12 0.70 -0.18 0.12 -1.02 2.41 2.57 2.75 2.58
A9
A10 5.46 -0.36 3.72 2.75 3.10 2.66 3.10
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A1
M12
K13
R14
H15
G16
L17
D18
N19
Y20
R21
G22
Y23
S24
L25
G26
N27
G28
V29
A30
A31
A32
K33
F34
E35
S36
N37
F38
N39
T40
Q41
A42
T43
N44
R45
N46
T47
D48
G49
S50
T51
D52
Y53
G54
55
L56

2.40

0.30

3.24
-2.94
-4.08
-3.12
-2.88
-2.58
-3.06
-1.38
-4.86
-1.80

0.36
-2.46
-3.36
-1.98
-1.98
-7.14
-0.42
-4.38

3.60
-2.16
-3.42
-1.86
-1.14
-1.86
-4.20
-0.66
-0.66
-1.92
-3.06

0.60
-1.68
-3.72
-5.64
-1.20
-3.06
-1.56
-0.36
-1.20
-2.10
-1.44

1.74
-3.24
-0.30

3.24

1.39
-2.08

-5.15
-5.53
-2.08
-2.78

-2.77

0.00
-2.09
-3.47
-2.77
-2.08
-4.85
-1.38
-2.77

0.00
-0.69

-1.38

-1.39
-2.77
-2.08

-0.69

-2.08
-2.09
-0.01
-2.77

-2.77
-2.08
-3.47
-2.08
-0.01
-0.69
-3.48
-4.17

1.39

0.00

2.08
-3.46

2.10

0.12

1.26
-3.30
-2.52
-2.64
-2.70
-3.36
-2.88

0.06
-1.68
-3.48
-1.26
-2.40
-5.16
-1.38
-3.00
-0.60

2.16
-0.90
-0.96
-2.22
-2.28
-1.14
-2.04
-1.86
-2.34
-0.48
-1.32
-2.28
-2.82
-5.94
-2.52
-2.46
-2.40
-1.86
-3.24
-2.22
-0.78
-1.44
-3.42
-4.80

2.94

0.66

1.44
-2.40

-0.90
0.48
1.14

-17.22

-3.72
-3.06
-3.18
-1.02
-1.26

0.24
-3.84
-3.00
-0.24
-0.42
-3.78
-0.18
-1.50

1.44
-0.84

0.54
-2.52
-0.96

0.24

1.50
-1.92

0.00
-3.30

0.54
-2.10
-1.68
-1.86
2.22
-6.72
-1.20
-4.74

0.66
-3.00
-1.20

0.78
-1.80
-1.26
-0.60
-7.32
-1.08

0.72
-1.14

1.86
-0.96
3.00
-4.32
-5.64
-3.48
-2.46
-4.74
36.48
-0.18
-3.36
-4.08
-2.16
6.00
-2.82
-2.16
-3.78
2.10
2.16
-0.60
-2.46
-7.26
-4.86
-3.54
-2.70
-3.00
-1.92
-1.14
-2.94
-3.24
-3.30
0.96
-3.36
-5.16
-3.60
-2.58
-3.96
-2.22
-0.90
-1.50
-4.50
-2.88
-1.98
0.66
-0.72
-4.62

2.72
2.60
2.68
2.88
2.40
211
2.51
2.27
231
2.63
2.57
2.43
2.42
2.35
2.03
2.05
2.12
2.12
2.13

2.40
2.32
2.59
2.67
2.46
2.45
2.49
2.55
2.42
231
2.50
2.33
2.19
2.54
2.38
2.44
2.26
2.44
2.08
2.26
2.42
2.61
3.00
3.02
3.32
3.39

291
2.83
2.88
2.60
2.28
2.61
2.49
2.44
2.81
2.73
2.51
2.79
2.76
2.52

2.66
2.84
3.05

2.77
2.87

3.14
3.04
2.70
2.40
2.48

2.29
2.67
2.33
217
2.90

241
2.16
2.44
2.10
2.26
2.42
3.02
3.14
2.83
2.97
3.06
3.12

2.93
2.88
3.41
3.06
2.81
2.21
2.66
251
2.56
2.80
2.65
2.77
2.87
2.78
2.67
2.85
2.85
3.11
3.47

291
291
3.04
3.02
3.35
2.83
2.63
2.60
2.63
2.46
2.68
2.39
2.50
2.60
2.63
2.47
2.38
2.69
2.14
2.34
2.57
2.90
3.02
3.16
3.33
2.33

4.01
3.10
3.51
2.99
3.01
2.07
2.61
2.68
2.78
2.65
2.78
3.09
3.12
3.13
2.72
3.30
3.16
3.56
3.72

3.50
3.44
3.42
2.57
2.76
3.24
2.82
2.54
2.87
2.54
3.32
2.73
2.65
2.72
3.11
2.63
2.52
2.56
241
2.55
2.81
2.66
2.82
3.54
3.71
3.64

3.04
2.86
3.33
241
271
2.47
2.70
2.53
2.62
2.81
2.72
291
2.92
2.89
2.68
2.86
2.90
3.10
3.53

2.99
2.98
3.11
3.30
3.36
3.01
2.66
2.65
2.70
2.43
2.44
241
2.80
2.62
2.76
2.48
2.35
2.39
2.21
2.39
2.62
2.90
3.03
3.17
3.39
3.20
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Q57
158
N59
S60
R61
W62
w63
AG4
N65
D66
G67
R68
T69
P70
G71
S72
R73
N74
L75
A76
N77
178
P79
A80
s81
A82
L83
L84
S85
S86
D87
188
T89
A90
so1
V92
N93
A94
A95
K96
K97
198
V99
S100
D101
G102

-3.54
-1.44
-3.36
-0.78
2.22
5.64
14.52
5.04
-3.42
1.20
1.08
-0.78
-3.96

-9.60
-1.44
-2.16
-4.86
-5.34

5.94
-2.70
-8.34

-1.26
-0.90

1.32
-2.28
-0.48
-0.42
-2.94
-1.26

8.10
-3.00
-0.66
-0.30
-4.44
-1.98
-1.26

2.22
-1.02
-5.28
-1.14
-1.38
-3.18
-4.74

0.48

-2.77
-2.09
-2.77
-2.08
-0.69

0.00
-4.17
-0.70
-2.08
-3.32
-0.69

2.08

0.69

0.68
-2.77
-4.16

-4.16
-1.38
-3.47
-7.62

-5.83
-3.47
-0.01
-2.08
-2.77
-1.38
-2.77

-0.69
-7.63
-1.38
-0.70
-1.39
-2.78
-0.48
-1.39
-6.23
-4.84

-4.16
-4.16

-1.62
-1.08
-2.52
-1.32
-2.64
6.30
5.94
6.36
-2.58
-1.98
0.36
-2.10
-2.70

-1.80
-1.86
-4.14
-4.02
-3.18
-0.90
-1.92
-6.30

-2.82
-1.98
-0.30
-1.98
-10.14
-1.74
-0.48
-0.48
-0.36
-2.16
-2.10
-0.72
-2.28
-1.62
-0.48
1.14
-2.76
-6.72
-7.14
-6.66
-3.12
-4.68
-0.48

-2.22
-5.70
-1.38
-0.84
-2.82

6.84

8.04
-7.32
-2.52
-1.14

0.84
-0.18
-1.26

-0.78
-2.46
-2.94
-2.52
-4.92
-0.78
-1.20
-6.66

-1.32
-2.58
-0.06
2.22
-1.86
-1.62
-4.26
-0.84

0.06
-2.64
-1.38
-0.54
-1.80
-0.96
-0.84

1.44
-2.40
-5.64
-2.64
-5.10
-2.46
-6.24

2.04

-2.82
-3.06
-3.12
-0.54
-2.46
5.46
8.40
4.68
-3.00
-1.38
0.36
-2.28
0.96

-0.24
-2.52
-3.06
-5.82
-3.30
-0.06
-5.46
-8.52

-0.54
-3.42
-0.72
-2.70
-1.86
-3.18
-5.16
-1.56
-2.46
-3.54

0.72
-0.12
-1.74
-1.50
-0.72

2.88
-4.62
-7.62
-2.22
-2.28
-4.92
-5.76

0.36

3.52
3.35
3.64
3.57
3.91
3.98
4.18

3.19
3.08
3.26
2.97
2.58

2.50
2.54
2.39
2.31
2.52
2.61
2.54
2.67

2.58
2.76
291
2.71
2.67
2.56
2.56
2.80
291
2.89
3.20
241
2.74
2.82
2.57
2.64
2.70
2.67
2.64
2.67
2.47
2.55
2.07

3.06
3.18
2.74
3.30
2.59

2.58
2.53
2.26
2.90
2.41
2.48

1.94
2.27
2.17
2.27
2.38
2.30
2.66

2.73
2.83
2.43
2.63
2.44
2.52
2.89
2.72
2.83

2.40
2.85
3.03
2.40
2.52
2.55
2.60

2.57
2.32
2.56
2.11
2.63

3.94
4.00
4.03
3.80
3.63
4.19
4.52
3.85
3.34
3.18
3.29
2.87
2.62

2.00
2.55
2.54
2.32
2.34
2.55
2.50
2.56

2.59
2.88

2.62
2.66
2.52
2.52
2.42

2.74

2.33
2.42

2.27
2.40
2.32
2.29

2.29
2.27
2.09
1.75

3.97
3.02
4.02
4.27
4.56
4.41
5.01
4.23
3.74
3.46
4.00
2.99
2.85

2.34
2.82
2.78
2.53
2.53
2.78
2.75
291

2.79
2.89
3.65
2.79
3.33
2.85
2.82
2.40
2.60
2.97

2.45
2.87
2.68
2.49
2.73
2.60
2.63
2.77
2.36
2.51
1.83
1.98

3.91
3.96
4.15
4.11
4.15
4.39
4.73
3.88
3.43
3.60
3.25
2.92
2.65

2.34
2.56
2.59
2.47
2.53
2.73
2.65
2.76

2.55
2.93
3.27
1.95
2.69
2.62
2.57
2.56
2.88
2.97

2.37
2.48
2.93
2.43
2.69
2.57
2.60
2.70
1.80
2.50
2.17
2.03
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N103
G104
M105
N106
A107
W108
V109
A110
w111
R112
N113
R114
A115
K116
G117
T118
D119
V120
Q121
A122
w123
1124
R125
G126
A127
R128
L129

-3.54
2.22
-0.30
-0.30
0.54
3.78
7.14
3.48
2.16
-1.38
6.06
-3.60
-2.40
-2.16
-3.84
-2.40
-5.16
1.02
-4.98

0.12
6.96
0.60
-4.56
0.12
-1.92
-2.16

-2.20
0.00
0.00
0.69
1.39

-3.47
6.24
2.77

-0.68
0.69
8.31
0.70

-2.08

-1.38

-4.17

-2.09

-4.84

-2.78

-3.47

6.93
3.47

-5.53

0.69
-4.17
-6.24

-1.08
-3.18
-0.66
-2.22

0.60

0.06

4.14
-0.48

0.36
-2.82

0.48
-4.26
-3.12
-4.20
-4.32
-1.98
-3.30
-1.92

-2.82
1.80
1.08

-3.24

-4.56

-0.48

-2.58

-0.48

-0.66
-1.44
1.80
-0.66
0.54
-0.48
1.92
3.42
-4.14

-2.52

-3.00
-4.08
-2.04
-2.46
-2.16
-4.68
-3.84

3.66
-0.06
-6.78
-4.80

0.84
-5.22
-0.42

-1.74
-6.00
1.80
-0.48
-0.96
5.46
5.88
-1.44
0.42
-8.94
3.48
3.60
-0.06
-3.90
-6.42
-3.30
-4.26
-1.92

-5.46
-3.12
-6.48
-3.00
-4.50
-1.14

0.00

2.02
1.83
2.56
2.77
2.98
3.55
3.86
3.98
3.69
3.74
3.56
3.15
2.58
2.76
2.13
2.29
2.29
2.45
2.58

2.52
2.48
2.73
1.96
1.70
1.55
1.22

1.99
2.44

2.66
2.77
3.53
3.83
3.70
3.01
351
2.74
2.55
2.57
2.09
2.01
2.38
2.33
2.40

3.35
2.36

1.88
1.68
1.48
117
2.65

1.84
2.00
2.25
2.20
2.80

2.88

2.36
2.67
2.68
2.77
2.33
2.20
2.00
1.91
2.09
2.38
2.29

2.63
2.18
2.33
1.77
1.53
1.30
112

2.05
2.15
2.21
2.36
2.84
2.54
3.61

2.37

2.54
181
2.21
181
2.34
2.77
2.49

2.36
2.26
2,51
1.84
1.69
1.23
1.24

2.20
2.22
2.48
2.54
2.95
3.22
3.71
3.50
3.46
3.28
3.35
3.23
2.43
2.33
2.05
2.21
1.91
1.53
2.32

2.06
2.42
1.78
1.35
1.47
1.34
1.04

Tab.S12: table 0PN-'H RDCs [Hz] and R[s”] relaxation rates of W28, W62G"?, W108G", W111G",

W123G"e,
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4.5 Chemical shifts and relaxation data of unfolded hLg

"Hv  °N Bea BB W Ry R, hetN. Ry,
K1 855 12480 56.36  32.99 098 122 -049 114
V2 8.17 12267 6223 3295 121 195 058  2.02
F3 8.35 124.83 57.73 39.65 4.25 1.36 2.04 -0.45 1.83
E4 4.49
R5 8.25 122.87 56.84 30.47 1.50 2.87 -0.14 2.91
A6 8.28 124.67 53.04 4.19 1.38 3.94 -0.31 3.69
E7 814 11929 5619 28.63 371 1.85
L8 8.06 12327 5565 4214 415 2.52
A9 813 12401 5322 1873 3.82 2.36
R10 8.09 11959 5577 134 352 024 257
T11 7.98 115.80 62.64 69.64 1.56 4.19 0.12 4.30
L12 8.15 56.19 4.14
K13 8.20 56.60
R14 8.08 121.95 56.07 30.47 4.14 4.29 0.38 4.32
L15 5547 4232
G16 8.17 108.90 4534 151 379 014 404
M17 810 119.64 5672 3817 352 043
D18 841 11947 5352 156 384 017 411
G19 8.21 109.03 45.34 38.58 1.54 3.79 0.17 4.04
Y20 7.93 120.31 58.20 30.53 1.55 2.73 0.08 2.92
R21 8.12 123.17 56.13 1.56 2.29 0.29
G22 7.70 108.79 45.28 38.94 1.54 0.21 4.39
123 782 119.76 6116  63.98 1.64 039  4.30
S24 8.37 12007 57.95 41.90 159 326 032 496
L25 8.38 56.24  18.44 148 394 035  3.69
A26 7.98 53.46
N27
w28
M29
A30 8.24 55.53 18.67
L31 7.84 56.07  42.14
A32 7.96 53.64  18.26
K33 7.78 11854 5749  32.24 170 589 030 546
W34 7.80 120.63 5826  29.10 166 594 047 596
E35 56.30 28.63
S36 7.95 115.40 59.16 63.67 1.60 5.20 0.30 5.19
G37 8.05 109.97 45.31 1.60 4.56 0.30 4.33
Y38 7.83 120.26 58.62 38.64 1.61 4.43 0.42 4.22
N39 817 119.94 5325 3864 429 156 3.96 028 341
T40 7.88 114.04 6229 69.58 455 150 359 015  3.68
R41 8.06 12256 56.24 3047 412 157 352 017 272
A42 810 12477 5263 1915 418 158 317 021  3.13
T43 8.00 113.16 62.05 69.82 4.18 1.46 3.20 0.05 3.18
N44 8.22 120.43 52.93 38.58 4.18 1.54 3.34 0.10 3.10
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Y45
N46
A47
G48
D49
R50
S51
T52
D53
Y54
G55
156
F57
Q58
159
N60
S61
R62
Y63
W64
AB5
N66
D67
G68
K69
T70
P71
G72
A73
V74
N75
A76
A77
H78
L79
S80
AS1
S82
AS3
L84
L85
Q86
D87
N88
189
A90
D91
A92
Vo3

8.03
8.12
8.05
8.21
8.06
8.18
8.19
8.00
8.21
7.96
8.11
7.63
8.05
8.06

8.29
8.07
8.10
7.80
7.60
7.78
8.05
8.22
8.22
7.88
8.12

8.31
7.99
8.06
8.36
8.15
8.06
8.27
8.15
8.27
8.40
8.16
8.03
7.90
7.82
8.05
8.28
8.22
7.96
8.17
8.19
7.96
7.97

121.20
121.13
124.56
107.14
118.82
121.25
116.39
115.15
120.72
120.56
109.78
119.34
122.93
123.06

121.61
116.33
122.17
119.79
121.67
124.60
117.17
118.79
108.48
120.22
117.53

109.17
123.84
119.50
122.20
124.79
122.18
117.18
123.46
117.18
125.67
114.02
126.16
119.72
121.38
119.47
119.46
119.51
121.59
125.75
117.60
124.55
119.56

58.50
52.81
52.99
45.34
52.99
56.24
58.73
62.05
52.87
58.50
45.42
61.40
57.73
55.47

53.50
58.97
56.60
58.38
57.13
52.62
53.22
53.16
45.40
56.07
59.86

45.04
52.51
62.59
53.12
52.57
52.74
55.06
55.12
58.14
53.63
59.33
53.50
56.05
56.07
56.42
53.70
53.46
62.29
53.52
53.58
53.63
63.53

38.64
38.88
18.97
38.05
30.53
63.71
69.64
37.87
38.41
38.41
39.30
28.87

38.64
63.59
30.11
38.53
29.50
18.95
38.53
37.99

33.01
69.64

19.27
32.60
38.76
19.09
18.89
28.51
42.61
64.01
18.70
63.42
18.89
42.01
42.02
28.93
37.76
38.53
38.41
18.55
37.81
18.83
32.36
18.67

4.58
4.36
4.52
4.07
3.78
4.58
4.19
4.33
4.15
4.58

3.73
3.97
4.50
4.14

4.58

3.78
4.27

3.80
4.22
3.92
4.59

457
4.29
4.28
4.17
4.17
4.17
4.14
4.14
4.14
454
3.94
4.14
454
4.18
3.86

1.56
1.59
1.53
1.52
1.54
1.50
1.52
1.54
1.61

1.64
1.65
1.62
151

1.63
157

1.64
1.69
1.63
1.53
1.55
1.52
1.55
1.38

1.37
1.38
1.46
1.38
1.35
1.37
1.37
1.50
1.37
141
1.39
1.49
1.48
1.53
1.55
1.52
1.49
1.48
151
1.44
1.45
1.38

3.28
3.52
3.00
2.93
3.18
2.78
3.24
3.61
3.65
4.35
4.19
4.48

4.90
4.56
4.60
4.62
4.81
3.92
4.26
3.24
2.96
3.53
2.78

2.57
2.60

2.49
2.55
3.81
2.88

2.88
3.48
3.71
3.69
4.01
4.09
3.30
3.95
3.55
4.42

4.06
3.74
4.24

0.10
0.19
0.14
0.05
0.13
0.04
0.12
0.12
0.17
0.09
0.28
0.23
0.22
-0.14

0.22
0.33
0.55
0.32
0.26
0.37
0.18

0.14

-0.20
-0.12
-0.31
-0.22
-0.04
-0.04
-0.23
0.11
-0.23
0.07
0.05
0.05
-0.07
0.09
0.18
-0.04
-0.05
0.15
0.10
0.03
-0.06
-0.05

2.90
3.40
3.08
2.38
2.53
2.61
3.27
2.90
2.78

4.30

4.46
4.16
4.19
4.30
4.98
4.09
3.19
3.08
2.60
2.92
2.61

2.57

2.18
2.51
2.56
2.52
2.56
2.75
3.13
3.16
3.03
3.39

3.09

3.09
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A94
A95
A96
K97
R98
V99
V100
R101
D102
P103
Q104
G105
1106
R107
A108
W109
V110
Al11
w112
R113
N114
R115
A116
Q117
N118
R119
D120
vi21
R122
Q123
Y124
V125
Q126
G127
A128
G129
V130

8.05

7.92
7.92
7.98
8.03
8.21
8.36
8.47

8.34
8.16

8.24
8.10
7.98
7.72
7.91
7.83
7.88
8.00
7.89
8.14
8.15
8.22
8.19
8.38
7.91
8.24
8.19
8.18
7.91
8.35
8.36
8.11
8.30
7.85

125.86

122.09
119.42
121.78
122.39
125.60
125.54
121.06

119.32
109.54

124.39
124.57
120.71
121.87
125.49
119.76
121.45
118.36
121.19
124.38
118.84
119.59
121.22
119.91
120.50
124.39
121.35
122.01
123.06
124.83
111.21
123.66
108.29
118.79

53.16

52.87
56.42
56.24
62.35
62.23
55.83
51.28

56.24
45.40
62.35
56.30
52.81
58.20
62.91
53.16
58.20
56.72
53.40
56.48
52.75
56.07
53.58
56.30
53.00
61.52
56.30
55.89
57.82
62.05
56.24
45.16
52.51
45.16
61.28

18.73
32.78
30.64
32.66
32.66
30.82
38.07

29.18

30.41
18.97
29.34
32.67
18.67
29.16
30.29
38.64
30.41
18.85
29.22
38.58
30.47
38.01

30.41
29.46
38.77
32.95
29.22

4.11

4.11

4.11
4.15

4.20

4.22

3.98

4.14
4.44

4.44

1.39

1.40
1.36
1.48
1.38
151
1.44
1.46

1.49
1.47

1.59
1.61
1.69
1.70
1.67
1.59
1.67
1.74
1.66
1.54
1.49
1.50
1.54
1.48

1.50

1.36

1.17

1.18

0.72

4.07
4.25
4.42
3.81
4.43
3.98
3.37

3.23
2.99

3.60
3.50
3.72
3.93

4.62
3.28
3.74
3.28
2.84
2.93
3.55
2.78
3.26
2.73
3.60
2.78
2.94
2.03
2.04
1.46
2.29
0.92
0.88

-0.03

-0.26
0.12
-0.03
0.10
-0.16

-0.06

-0.42
0.21
0.11
0.24
0.14
0.30
0.13
0.08
0.17
0.20
0.11

-0.05
0.04

-0.07

-0.14

-0.23

-0.14
0.62

-0.49

-0.45

-0.67

-0.56

-0.87

-1.49

3.78

3.86

4.68

3.06
2.98

2.89
2.61
4.73
4.81
2.99
3.13
3.66
2.49
2.89
2.51
2.92
2.61

2.17

1.97
2.01
1.80
1.83
1.41
1.27
0.88
0.64

Tab.S13: table of chemical shiftsly, *°N, "H® [ppm], R, Ry,, R; [s7], hetN. (hetNOE)
[rad*s’] of hLys



4 Appendix

124

4.6 Chemical shifts and relaxation data of all-ala mutats 156T and D67H

156T D67H
v N Rt Rz Ry hetN. | 'Hy N Ri R Ry  hetN.
K1 8.59 12479 0.94 128 -1.27 8.59 124.79 0.95 2.00 1.44 -1.22
V2 8.17 12249 1.23 2.88 173 -049 | 8.17 122.49 1.23 1.83 217 -0.55
F3 8.35 12472 1.33 4.07 184 -0.44 | 835 124.70 1.34 1.78 -0.43
E4
RS | 824 12268 147 476 317 -0.18 | 824 12263 150 483 369  -0.12
A6 8.33 12456 1.32 4.85 255 -0.50 | 8.33 124.43 1.40 4.71 3.79 -0.08
E7
L8
A9 | 811 12361 1.03 135 057 | 811 12366  1.08 128 -0.62
RI0 |804 11932 143 381 298 -009 | 806 11945 129 267 251  -0.10
TI1 | 795 11587 154 526 452 004 | 7.94 11598 155 600 568 0.9
L12
K13
R14 8.08 121.86 1.59 4.55 3.83 0.21 8.08 121.75 161 7.27 0.25
L15
G16 |815 10875 154 568 387 015 | 814 10872 151 515 468  0.19
M17 | 8.06 11949 152 406 -0.24 | 806 11973 166 704 034
D18 8.39 119.22 1.56 4.42 4.24 0.13 8.38 119.10 1.53 4.97 4.84 0.13
G19 8.15 108.75 1.54 5.68 3.87 0.15 8.15 108.63 1.57 5.64 5.18 0.19
Y20 7.95 120.33 1.59 511 411 0.11
R21 | 811 12294 161 470 026 | 811 12281 162 602 597  0.29
G2 | 773 10867 155 634 393 017 | 7.76 10860 153 567 485  0.23
123 | 779 11968 167 511 469 033 | 778 11972 160 718 639  0.39
S24 8.37 119.98 1.57 6.18 5.48 0.29 8.37 120.05 1.55 6.68 0.26
L25 8.33 12456 1.32 255 -0.50 | 8.33 124.43 1.40 4.71 3.79 -0.08
A26
N27
w28
M29
A30
L31
A32
K33 | 777 11837 170 646 58 046 | 7.77 11833 169 767 682 048
W34 | 7.80 12057 168 762 627 041 | 7.81 12061 169 7.87 671 043
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E35
S36
G37
Y38
N39
T40
R41
Ad2
T43
N44
Y45
N46
A4T
G48
D49
R50
s51
T52
D53
Y54
G55
I/T56
F57
Q58
159
N60
s61
R62
Y63
W64
AB5
N66
D/H67
G68
K69
T70
P71
G72
A73
V74

7.94
8.02
7.81
8.15
7.88
8.05
8.10
7.99
8.21
8.02
8.12
8.04
8.21
8.07
8.18
8.19
8.00
8.21
7.97
8.13
7.81

8.04

8.28
8.08
8.10
7.79
7.59
7.77
8.05
8.22
8.22
7.88
8.10

8.31
7.98
8.04

115.20
109.82
120.19
119.83
113.92
122.43
124.65
113.04
120.34
12111
121.03
124.47
107.07
118.72
121.15
116.37
115.03
120.68
120.56
109.70
113.47

122.87

121.64
116.31
122.11
119.68
121.56
124.49
117.09
118.70
108.40
120.14
117.36

109.09
123.78
119.32

1.64
1.60
1.61
1.60
1.53
1.59
1.55
1.44
1.52
1.54
1.58
1.50
1.49
1.54
1.50
1.49
1.52
1.61
1.59
1.61
1.53

1.40

1.62
1.57
1.64
1.67
171
1.63
1.54
1.54
1.51
1.54
1.38

1.36
1.39
1.43

5.66
5.48
5.15
4.67
3.98
5.39
5.80
3.46
3.64
3.77
3.73
5.33

3.15
3.23
2.97
3.40
3.93
4.03
4.35
3.92

3.73

5.34
4.35
4.33
5.11
5.13
5.78
3.56
3.39

3.70

2.65

3.90
3.81

5.12
4.47
4.63
4.07
3.64
3.76
3.27
3.09
3.23
3.13
3.11
2.92
2.69
2.98
2.84
2.92
3.19
3.24
3.77
3.28
3.57

2.58

4.25
4.11
4.63
4.69
4.27
3.70
3.28
3.19
2.68
3.06
2.59

2.45
2.45
2.98

0.28
0.29
0.33
0.24
0.09
0.18
0.14
0.03
0.06
0.07
0.13
0.08
-0.02
0.06
0.00
0.00
0.02
0.09
0.11
0.15
0.19

-0.18

0.10
0.30
0.14
0.33
0.15
0.26
0.16
-0.03
-0.07
0.07
-0.02

-0.25
-0.20
-0.09

7.93
8.00
7.80
8.14
7.88
8.05
8.09
7.99
8.21
8.02
8.10
8.05
8.21
8.06
8.17
8.18
7.99
8.21
7.96
8.12
7.64
8.01
8.03

8.24
8.07
8.10
7.76
7.69
7.83
8.05
8.22
8.25
7.88
8.10

8.30
7.98
8.03

115.07
109.74
120.24
119.73
113.88
122.38
124.59
112.97
120.30
121.07
120.95
124.44
107.07
118.75
121.12
116.22
115.08
120.61
120.49
109.55
119.31
12251
122.80

121.34
116.19
121.97
119.83
121.00
123.89
117.04
118.70
109.06
120.11
117.37

109.01
123.71
119.28

1.58
1.64
1.66
1.59
151
1.54
1.53
1.46
1.53
1.52
1.59
1.52
151
1.52
151
1.50
1.55
1.62
1.61
1.65
1.63
1.63
1.48

1.66
1.59
1.72

171
1.67
1.56
1.51
1.44
1.63
1.34

1.32
1.32
1.45

6.25
5.81
5.81
5.10
4.06
4.00
3.99
3.58
3.79
3.91
3.81
3.66
3.03
3.36
3.54
3.44
3.89
413
4.35
4.77
4.97
5.76
4.48

6.03
5.05
5.41

5.17

4.95

4.31

3.61

291

2.81

2.52

4.75

6.06
5.18
5.20
4.66
4.01
4.08
3.54
3.43
3.41
3.43
3.54
3.24
2.94
3.36
3.02
3.43
3.91
3.93
4.11
4.38
4.89
5.29
4.19

5.34
4.99
4.93

5.28
4.54
4.01
3.60
2.83
5.85
2.76

2.45
2.47
4.47

0.29
0.30
0.37
0.30
0.14
0.15
0.17
0.04
0.09
0.11
0.17
0.12

0.11
0.05
0.08
0.08
0.15
0.11
0.28
0.23
0.26
-0.11

0.22
0.35
0.35
0.37
0.28
0.31
0.12
0.16
-0.13
0.20
-0.12

-0.30
-0.19
-0.01
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N75
A76
AT7
H78
L79
S80
A81
S82
A83
L84
L85
Q86
D87
N88
189
A90
D91
A92
Vo3
A94
A95
A96
K97
R98
V99
V100
R101
D102
P103
Q104
G105
1106
R107
A108
W109
V110
Al11
w112
R113
N114

8.35
8.14
8.06
8.26
8.13
8.26
8.40
8.15
8.02
7.90
7.81
8.03
8.27
8.21
7.96
8.16
8.18
7.96
7.98
8.03

7.92
7.92
7.96
8.02
8.16
8.34
8.45

8.33
8.15

8.23
8.08
7.97
7.74
7.90
7.83
7.86
7.99

122.06
124.66
122.06
117.08
123.32
117.08
125.53
113.84
126.04
119.52
121.21
119.08
119.31
119.42
121.50
125.54
117.44
124.47
119.38
125.62

121.96
119.23
121.50
122.16
125.54
125.30
120.78

119.11
109.42

124.12
124.32
120.56
121.63
125.22
119.64
121.03
118.21

1.32
1.32
1.45
1.35
1.38
1.35
141
1.37
1.48
1.50
1.53
1.50
1.48
1.48
1.45
1.52
1.46
1.42
1.39
1.42

1.41
1.40
1.45
1.40
1.52
1.44
141

1.49
1.45

1.56
1.57
1.59
1.66
1.68
1.68
1.59
1.67

3.11

4.33
3.07
4.23
3.07

4.13

4.21
4.78
4.78
4.21
3.68
5.42

4.25

4.78

5.55
4.80
5.42
5.47

4.18

3.59
4.02

5.91
5.74
4.03
4.95

5.11
3.83
4.12

2.47
2.54
2.89
2.93
2.82
2.93
3.35
3.80
3.86
3.94
4.09
4.48
3.96
3.26
4.51
5.09
4.11
3.84
4.49
5.38

4.21
4.67
4.51
4.37
5.09
4.25
3.48

3.24
3.07

4.43
3.96
3.77
4.36
5.00
3.86
3.43
3.83

-0.39
-0.07
0.14
-0.33
-0.06
-0.33
0.04
0.03
0.03
-0.10
0.04
0.14
-0.02
-0.07
-0.09
0.09
0.00
-0.05
-0.06
-0.03

0.01
-0.15
-0.09
-0.02

0.09
-0.12
-0.02

-0.07
0.01

-0.06
0.21
0.11
0.24
0.11
0.27
0.10
0.10

8.36
8.15
8.05
8.25
8.11
8.25
8.40
8.15
8.02
7.90
7.80
8.01
8.27
8.21
7.96
8.16
8.18
7.96
7.98
8.03

7.91
7.92
7.96
8.01
8.15
8.34
8.44

8.33
8.15

8.22
8.08
7.97
7.75
7.90
7.83
7.86
7.99

12211
124.72
122.06
117.07
123.23
117.07
125.55
113.84
126.05
119.55
121.12
118.93
119.29
119.41
121.44
125.50
117.44
124.46
119.39
125.59

121.96
119.19
121.46
122.12
125.44
125.24
120.74

119.09
109.39

124.17
124.26
120.55
121.56
125.12
119.63
121.02
118.16

1.24
1.27
1.30
1.33
1.42
1.33
1.39
1.35
1.48
1.48
1.54
1.57
1.47
1.48
1.49
1.50
1.46
1.44
1.39
1.42

1.39
1.38
1.53
1.40
1.50
1.49
1.43

151
1.47

1.58
1.60
1.61
1.66
1.69
1.67
1.64
1.70

3.34
3.07
3.11
3.06
4.99
3.06

4.06
4.34
4.16
5.37
5.54
4.60
3.40
5.35

4.27
4.51
5.41

4.77
5.40
5.36
4.84

4.67

3.83
3.47

3.37
4.81
4.38
4.77

5.14
3.59
4.23

2.27
2.66
2.71
3.02
5.21
3.02
3.47
3.95
3.95
4.01
4.21
5.10
4.12
3.53
4.95
5.73
4.06
3.87
4.67
5.91

4.38
531
4.95
4.49
5.73
5.19
3.76

3.56
3.12

2.37
4.27
4.11
4.62
5.68
4.03
3.57
4.08

-0.66
-0.11
-0.08
-0.32
-0.09
-0.32
0.04
0.02
0.03
-0.09
0.06
0.20
-0.03
-0.05
0.03
0.09
0.02
-0.06
-0.01
-0.03

0.02
-0.16
0.03
-0.03
0.09
-0.13
0.00

-0.05
0.04

-0.06
0.21
0.11
0.25
0.15
0.31
0.13
0.09
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R115
A116
Q117
N118
R119
D120
vizl
R122
Q123
Y124
V125
Q126
G127
A128
G129
V130

7.89
8.12
8.14
8.21
8.18
8.38
7.90
8.22
8.18
8.17
7.91
8.35
8.35
8.11
8.30
7.86

121.26
124.23
118.70
119.42
121.15
119.76
120.38
124.31
121.15
121.90
122.93
124.72
11111
123.61
108.21
118.63

1.76
1.61
1.52
1.48
1.50
1.57
1.45
1.56
1.50
1.50
1.43
1.33
1.15
1.03
0.79
0.67

4.27
4.88
3.41
3.68
3.23
2.68
2.92
4.31
3.23
3.20
3.38
4.07
2.11
2.30
1.77
0.81

3.92
3.06
3.07
3.26
2.84
2.50
2.76
2.40
2.84
2.30
2.07
1.84
1.45
1.35
0.90
0.77

0.15
0.21
0.13
-0.07
0.00
-0.05
-0.09
-0.23
0.00
-0.17
-0.42
-0.44
-0.69
-0.57
-1.59
-2.10

7.89
8.12
8.13
8.21
8.17
8.38
7.90
8.22
8.17
8.17
7.91
8.35
8.35
8.11
8.30
7.86

121.24
124.21
118.63
119.41
121.12
119.74
120.36
124.17
121.12
121.82
122.95
124.70
111.10
123.56
108.19
118.62

1.72
1.65
151
1.48
151
1.55
1.48
1.60
151
1.48
141
1.34
1.16
1.08
0.79
0.66

4.65
3.52
3.24
3.40
3.54
2.56
2.99

3.54

4.31

2.16

1.37

0.74

4.21
3.32
3.09
3.53
3.02
251
2.75
2.37
3.02
2.33
211
1.78
1.54
1.28
0.88
0.79

0.17
0.20
0.10
-0.05
0.05
-0.05
-0.13
-0.22
0.05
-0.13
-0.48
-0.43
-0.66
-0.62
-1.54
-2.12

Tab.S14: table of chemical shiftsly, *®N [ppm] and R [s7] of the all-ala mutants I156T and

D67H (300uM protein concentration, pH 2, water 109@, 293K, 600MHz).
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Zusammenfassung

Seit einigen Jahrzehnten ist Lysozym eines der asstem erforschten Proteine in der
Literatur und wird hauptsachlich als Modell Proteinor Aufklarung der Faltungs- und

Entfaltungsprozesse genutzt. Da die Frage nachfdfeing und deren Verknipfung mit

neurodegenerativen Krankheiten bis zum heutigennieg vollstandig geklart ist, besteht

hier ein groRer Spielraum fir weitere Forschungéiaes In der vorliegenden Arbeit wurden
daher zwei Modellsysteme verwendet, Hiuhereiweillskys und menschliches Lysozym,

jeweils in ihrem nicht-nativen ungefalteten ZustabBiese ungefalteten Ensembles wurden
mit Hilfe NMR spektroskopischer Methoden unterduehd ergaben sehr detaillierte, zum
Teil auch Uberraschende neue Einblicke in Struknd Dynamik der beiden Proteine und
liefern somit wichtige Erkenntnisse zu Faltungsd é\ggregationsprozessen.

Als erstes Modellprotein wurde eine Variante dedihdiieiweil3-Lysozyms analysiert, bei

welcher alle Cysteine durch Alanine ersetzt wurd(MdTA'a). Dies fuhrt zu einer

Eliminierung der Disulfidbricken und somit zu ein8tabilisierung des nicht-nativen
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Werte fiirASH® und ASHN wurden normalisiert mit dem Wert 0 fiir 0.0 bis ®pdem Wert 0.1 von 0.05 bis
0.149, 0.2 von 0.15 bis 0.249, uswd wurde mit Hilfe vonAd=03.,y8, berechnet. Alle Experimente wurden
aufgenommen bei 600MHz mit einer Proteinkonzerdration 300puM bei pH2, 293K.



140

Chemische Verschiebungsdifferenzen, welche auf sRaektur des Proteinrlickgrats
hinweisen, wurden ebenso untersucht, wie Kopplumgsianten des Ruckgrats und der
Seitenketten, welche Erkenntnisse Uber die Torsiohkel liefern (Abb. S1). Der
Rickgratwinkel @ wurde uber die*J(HyH®) Kopplung bestimmty tber *23(N,C*) und
2J(N,C") Kopplungskonstanten und der Seitenkettenwinkeiurde mittels*J(H*,H®) und
3J(CO,HS) bestimmt. Eine stereospezifische Analyse ndahhlerlieferte die Populationen
von y; fur ausgewdahlte Aminosauren. Zum Vergleich wurdesazlich Randomcoil Werte
fur Polypeptide herangezogen. Neben der allgemesnwendeten Auswertung von
Relaxationsdaten als Funktion der Aminosauresequanzden auch die reduzierten
spektralen Dichtefunktionen anhand detn(J(0) Korrelation analysiert. Diese Analyse
ermoglichte hier eine Aussage Uber interne undaolBewegungen des Ensembles und
solche, die sich aus beiden Bewegungen zusammensd®elaxationsraten und residuale

dipolare Kopplungen, beides anistrope Parametadevuebenfalls untersucht.
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Abb. S2: RDC und R, Tensoren der Mutantert Tensorhistogramm der RDCs ung Relaxationsraten von
random-coil (rc), W, w28G", W62G", w108G", W111G" W123G" und nativem Lysozymi@4),;
oben: RDC Tensoren; unten: Tensoren BdF R, Relaxationsraten; graue Balken: Profil der randuoii
Vorhersagen fur RDCs (-4, 0) und Raten (1-2, 4).

Erstmals wurde dies hier sowohl sequenzspezifighwch hinsichtlich ihrer Haufigkeit far
>N Relaxationsraten durchgefiihrt. Unter Miteinbemiy der RDCs lieferten diese
Ergebnisse schliellich Hinweise auf Regionen mKusdarer Reststruktur, welche auf

verschiedenen Zeitskalen bestehen bleibt. In eimmiteren Ansatz wurden Struktur und
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Dynamik von entfaltetem Huhnereiweil3-Lysozym duBinfiihrung von Punktmutationen
beeinflusst. Dies geschah durch einen Austausclopfidber Tryptophane gegen Glycine in
den sechs Regionen mit sekundarer ReststruktuddsePunktmutanten handelt es sich um
W28G", W62G"?, W108G"™, W111G"™ und W123G". Unterstiitzt wurde dieser Ansatz
durch die Durchfihrung von SAXS- (small angle x-sagttering) und Diffusionsmessungen,
welche die Bestimmung der hydrodynamischen Radmehder Gyrationsradien erméglichte.
Weitreichende Effekte auf lokaler und globaler Eb&raren beobachtbar und verdeutlichen
wiederum die Auswirkungen auf die Faltungs- und Ifadaingsraten bzw. auf das
Aggregationsverhalten von Huhnereiweil3-Lysozym Hutonformationelle Verdnderungen
und Beeinflussung der Faltungsenergielandschatft.

Als zweites Modellprotein diente in dieser Arbedasdmenschliche Lysozym. Ebenso wie
Huhnereiweil3-Lysozym wurde auch dieses in seineamtimativen Zustand untersucht,
welches durch die Substitution aller Cysteine duké@mine erfolgte (hLys). Dieses System
wurde hier zum ersten Mal synthetisiert und mitféliNMR spektroskopischer Methoden
analysiert, ebenso die zwei Punktmutanten I56T DB@H in ihrem entfalteten Zustand.
Vorhergehende Studien belegen, dass unter theremigthtfaltung bei pH 1,2 die tertiare
Struktur verschwindet und ein Premolten-GlobuletZog entsteht. Hier wurden nun die
Premolten-Globule Zustande von hLys und den beiBemktmutanten auf sekundare
Reststruktur und Aggregationsverhalten gepriiftsQjeschah mittelSN Relaxationsraten
und chemischen Verschiebungsdifferenzen. Ebensdevdre Konzentrationsabhangigkeit
der Aggregation getestet. Obwohl ungefaltetes Higwwei3- und humanes Lysozym
insgesamt sehr ahnliche strukturelle und dynami¢tigenschaften zeigten, welche sechs
hydrophobe Regionen mit Reststruktur und weitreidee Wechselwirkungen beeinhalten,
gibt es dennoch wichtige Unterschiede. So weistshkignifikant gréf3ere chemische
Verschiebungsdifferenzen, héhere heteronuklearex@@gbnsraten mit breiterer Verteilung
und hohere Rigiditat auf, was auch durch die Arelyen J(y)/J(0) gezeigt werden konnte
(Abb. S3).
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Abb. S3: Relaxation und sekundare Reststruktur vorhLys und WT*?: a.) Chemische Verschiebungsdiffrenzen zu
random coil Wertend=5""-8") von hLys und HEWL; rote Linien: chem. Verschieggimdex fiira-helices
bei -0.3; b.) Sekundare Reststruktur von hLys aB#\H; c.) Spektrale Dichtefunktionen fir HEWL (schwi
hLys (rot) und natives HEWL (grau) d.-f.) Vergleigbn *H-"N NOE, R und R Relaxationsraten von hLys
(rot) und HEWL (schwarz); graue Balken: Differenm R, Raten; schwarze vertikale Markierungen:
unterschiedliche Aminosauren in der Sequenz vorshind HEWL. Alle Experimente wurden aufgenommen
bei 600MHz mit einer Proteinkonzentration von 300ad&l pH2, 293K

Diese Ergebnisse deuten bei hLys auf einen weskttbbheren Anteil an-Helizitat hin als
bei WT*?. Im Vergleich zu den Mutanten von W zeigten die Mutanten 156T und D67H
deutliche Unterschiede vor allem in den Relaxataten (Abb. S4). Die teilweise sehr hohen
Raten deuten auf eine grol3e Aggregationstendenzwalthes auch schon bei niedriger
Konzentration auftritt. Dies konnte im Vorfeld austhon fur hLys gezeigt werden, jedoch
nur bei hoher Konzentration. Des Weiteren weisen Mutanten in den RRaten einen
Bereich starker Streuung auf, welcher auf Austaradgsse hindeutet. Alle diese Ergebnisse
lassen darauf schlissen, dass es sich hierbei uen tdinsiente Ausbildung von

Amyloidfibrillen handelt.
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Abb. S4: Dynamische Eigenschaften von hLys, I56T und@YH; R, Relaxationsraten von hLys, I56T und D67H
wurden auf die native Struktur des humanen Lysozgigebildet (2zij.pdl¥4)); blau: niedrige R Raten,
flexible Regionen; weil3: mittlere,ARaten; rot: hohe RRaten, strukturierte Regionen.

Amyloide Fibrillenbildung entsteht aus teilweisgugturierten, aggregationskompetenten
Proteinen. Dies ist sowohl in Huhnereiweil3-Lysozgs auch in humanem Lysozym der
Fall. Dennoch ist der Grad der sekundaren Restsiruk hLys signifikant héher als in
WTA2 was auch durch Diffusionsstudien und die reswltiden hydrodynamischen Radien
belegt werden konnte. Eine Erklarung hierfur belt@antglicherweise die Region, in der
sich die beiden Proteine hinsichtlich ihrer Aminarggequenz am meisten unterscheiden. So
befinden sich in Region 4 in Hiuhnereiweil3-Lysozyaupisachlich positive und neutrale
Aminosauren, wahrend diese Region in hLys neutreladen ist und daher keine
Ladungsabsto3ung stattfinden kann; die hydrophokehétlwirkungen sind hier verstarkt.
Wie schon vorher in der Literatur beschrieben,esttatsachlich die Region um dge
Doméane und die anschlielende Helix 3, welche zuémstdie Ausbildung der
Amyloidfibrillen involviert ist.
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