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Abstract

The antimicobial peptide alamethiciAlm) is well known to form ion channels
(peptide bundles) in lipid membranes. Due to its simple chemical structure and complex
electrical propertiesAlm senes as a model for describing intrinsic ion channets
mammalian system In this thesis we investigated the supramolecular organization of

Alm in fluid lipid model membranes hysing xray scattering

Oriented multilayer samples &im/lipid mixtures areused in this thesis. When the
hydration level issufficiently high, the interactions between the peptide bundies
different layers ar@egligible. Bragg rod shaped-ptane scatteringide peakscausedy
Alm bundlesareobtained. To account for the positional correlagibatween the peptide
bundles in a single bilayea, hard disk model with and without long distance interastion
is considered. Theg, dependence of thierm factor which is the Fourier transform of the
electron density distribution of the peptide bundke modeledin two ways. One
approximates the burgllas a cylinder (solid bundle) and the other uses the bundle
structure from molecular dynamics simulations (MD bundle). The laterplane
scattering intensity ifit by the product of the structure factor and the form factor. The
fitting resuls indicake that the number N of peptides per bundle is 6 in DOPC &BdrN

diC22:1PC. The difference vgell described by the hydrophobic matching mechanism.

When theAlm/lipid sampleis progressivelydehydrated, the maximuimosition of



the side peaks shifts awdrom the equator (g0). This is consistent with repulsive
interactionsat short distancebetween peptide bundles in different layers. The observed
shifting is demonstrated by two types of correlagdietween neighboring layers, a hard
disk correlationand a Lennardones type correlation. Crystal like scattering pesaies
obtained by removing most of the water molecules from the sample. The scattering
pattern does not fit theroposed hexagonal clopackedor the rhombohedral structure.

The pattern wabetterfit by thebody centered tetragonal atiek monoclinic structure.

A second diffusepeak located at, 0.7 A* is obtained inwell-hydrated samples of
both DOPC and diC22:1PC at all peptide concentrations. A phase separiled 2

hexagonal packopcluster model in equilibrium with Alroundlesis proposed.



Acknowledgements

| am deeplygratefulto my thesis advisor Prof. JoiNagle. He has been very patient
in guiding me through my graduate study. Thanks to him | am now used to tbiek m

about why and how than just what to do.

| am in deepdebt to Prof.Stephanie TristrarNagle. Without her beautiful sample
the project of this thesis woulde impossibleShe has also been very encouraging during
the process of this thesis. Her exys& in scientific writing has been a great help in
improving my writing skills. | also owe great debt to. Dhalia T. Mills. She has been
extremely helpful in improving mgrogrammingskills using matlab. Without her method
of wide angle xray scatteringnalysis, | would probably end up wildr less papersShe
has also been very helpful in improving my language skilésn very grateful to Pfo
Randall Feenstra. He shaped my idea of how to be a good experimenter. | also leaned a
lot of experimental lglls by working in his lab for one and half yeaisthank my
collaboratorPrd. Peter TielemarHe has been very kind to provide nesults fromMD
simulationswhich are part of the analysis in this thedidy thanks also go to other
colleaguesDrs. Richard EpandEvan EvansEdgar KooijmanNor ber t Jégho| er k a,
Mathai, Georg PabstJonathan SachslueyHuang,andMark Zeidel | thankthe CHESS
staff members, especially Dr. Arthur Wolfor their help with the synchrotron
experiments. lwould also like to thank professor$larkus DesernoStephen Garoff,

Mathias L&che, Robert Suterand Pei Tang They have been very helpful and



encouragingluring the process dhisthesis.

| thank the professorsin this physics departmenRoy Briere, Thomas Ferguson,
Gregg Franklin, Kunal Ghos Fred Gilman, Robert GriffithsRichard Holman, Leonard
Kisslinger,Ling-Fong Li, Sara MajetichManfred Paulini, Ban Quinn, James Rusand
Robert Swendsemhey have been vehelpful in guiding mystudyand my lie at CMU
My thanks also go tthe staff, Albert Brunk, Patrick Carr, Girles Gitzen, Hillary Homer,
Mary Jane HutchisorMary Placeway, Donna Thomas, Gary Wilkin, and Laura Yauree
They have made mystudy at CMU enjoyable. | thank Dr. Florin Manolache for his

expetise in Linux OS.

Special thanks to my friesdChangshi Xiao, Yi Yang, Li Yu, Yang Dong, Tiandan
Chen, Shu Nie, Yi Ding, Xiaohui Liu, Lulin Yu, Jun Zhao, Lei Wang, Chunlei Liu,
Nanjun Chu, Peng Zheng, Libo Xi8andeep Gaan, Dong Joo Kim, Nadia Akhuazad
Pradeep Uppamoochikkaturiy Zubovski,Deren Guler, Dipon Ghosh, Rob Chd®adu

Moldovan Gabriel Altay, and Benjamin Beppler.

Last but not least thank my family, especially my wife Yuli Weior their selfless

support.



Contents

1 Motivation for studyand overview of alamethicin.............................. 1
1.1 Motivation fOr STUAY........ccoeiiiieeeeeeeec e s 1
1.20verview of @lamethiCin..........ccoooiiiiiiiii e 5

2 Experimerdal and Monte Carlo simulations............cccccoeeeveeviiieecveeiinnnnnn. 9
P20 R 1 foTo [FTo! 1 o] o IR PPPPPPPPN 9
2.2 Oriented multilayer sample preparation ...................uvuuiccceeeeeeeeeeeeeeeeininnnns 10
2.3 CRAMDET . e 11

P @ o] (o= | BT~ (1 o SRR 13
2.5 CCD TELECION ....teieiiieee ettt ettt rmmmmem e e e e e e e e e ibnn e e e e e e e mne 14

2.6 Grazing incident scattering experiment ................oooommmmeeeeeeeeeeeeeeeeeessssnnnnn... 10

2.6.1 Grazing incident glancing angle .............ooiicceeemmie e, 16
2.6.2 Background subtraCtion .................oooiiiiiiiiitimmmece e mm e 19
2.6.3 D Spacing MEASUIEMENT .......uuuiiiiiiieeeeeeee s ceeeeeeeeee e e mma e e e eaaaaas 22
2.6.4 Hydration level control ................eiiiiiiiii i 25
2.7 Transmission scattering eXPeriment ...........oovevviiiieeeeeeeeiin e e e eeanns 25
2.7.1 Background subtraction ............cccooiiiiiiiiiiiii e 27
2.7.2 D spacing MeasUreMENt .........ccovvuiiiiieeeeiiiii e s mceeees e e e e eeaaaa e e e eeenes 28
2.7.3 Hydration level CoNtrol ............cooooiiiiiiiii e 28
2.8 Monte @rlo SIMUIBIONS .......coooiiiiiiiii ettt e e 29
2.9 CONCIUSIONS ... e mmmnnner e e e e e e e e s 32



3 Hydration effect on peptide inded scattering.........ccccceeveevveevennnneea. 33

I A 10 To [F o3 1] o HO P PO TP RP PP PPPPPRP 33
3.2 Scattering feature due to Alm INCOrPOration ............ccceeeemeeeereeeeeeieeeeeeeenn 34
3.3 Hydration effect on AIM:DOPC 1:10 .....cooooiiiiiiiiiiiiie e 35
3.4 Hydration effect on AIm:diC22:1PC 1:10 .....cccuvvvviveees e e e e e e 37

3.5 Mathematical description of the correlation between scattering entities....40

3.5.1 Case 1: independent [ayers ............oceevrvvvvvrrnnn s e eeeeeeeeennnnnnnn 42

3.5.2 Case 2: correlated layers ............. ;oo eeveriiuiniiiisieeeeeeeeeeeeeeeenesennnns 44
3.6 Qualitative explanation of the experimental data .............cccceeeeeeiiiiiiiiinnnnn, 45
3.6.1 Hard diSk COITelation ...........cc.ueeeeeeiiiiiiiiiie e et e e 46
3.6.2 Lennardlones type COITElation ..........cccuuvuuiiiiiiiiiieeeee e 49
3.7 CONCIUSIONS ... e e e e e 54
4 Analysis of AlIm bundle StruCtUre............coevviiiiiiiiieiee e, 55
v I [ 1 70 To [8 Tox 1o o R PP PPPPPPTO 55
4.2 Scattering by peptidaibdles in a lipid S€a ..........euvviiiiiiiii i 56
4.3 Model fit in the gdireCtion ..........coooiiiiiiiiii e 58
4.4 Model fit in the gdireCtion ...........ccoiiiii i 62
4.4.1 Form factor of a cylindrical model ...........ccccoeiiiii 64

4.4.2 Structure factor of the hard disk model ..............vccemeeevvieeeveennnn.....08

4.4.3 Model fit of a cylindrical bundle model ..............covevveeeeienee . 70

vi



4.4.4 Form factors calculated from MD simulations .....cccccevevveveeevineennnn, 77

4.4.5 Model fit with form factorsalculated from MD isnulations ................... 81
4.4.6 Area packing fraCtiofh ...........cceeeiiiieeeeeiiiieceeeeeeee e e 88
4.4.7 Number of peptide per bundle N ... e 91
4.4.8 Hard disk radiUS R ......cooiiiiiiiiiiiiie e e 96
4.5 CONCIUSIONS ...ttt e e e e e e e e e e e e e e s 98
5 Crystal packing of Alm peptides........c.ocovveeiiiiiiiieeen e 99
5.1 INTrOAUCTION .ottt e e e e e mean 92....
5.2 Structure factor of crystal packing models .............cccccccveiiiiceieieeeeen, 100
5.2.1Hexagonal packing models .........ccccceeeieiiiiccceeeee e, 101
5.2.2 Tetragonal packing model ... 104
5.3 Transmission scattering eXPeriment ccc......uuvurrrereieieieeee e 106
5.4 Crystal scattering patterns of AIm:DOPC 1:10 ......ccoovvvviviviiiiiiieeeeeeeeeeee, 110
5.5 Hexagonal and tetragonal models ............cccuiiiiceeemeeemeeeeeeeeee e 112
5.6 MONOCINIC MOEIS .......ooiiiiiiiiiiiiie e 118
5.7 EXHNCON €ffECT ..ooiiiieee e 122
5.8 Effect of thermafluctuationsand disorder .............ccoocuviiiiiiniiiiiiice e 125

5.9 Hydration effect on the scattering patterns ................. commmeeeeeeeeeennnn... 126
5.10 CONCIUSIONS ... ettt 2 2 e e e e e e eeeeesnnnnes 127

5.11 Appendix: Electron density Map ........ccooeeeeiiiiiiiiiiiie e 128

Vii



6 A second peak due to AlIm iNCOrporation.............veeeeeereeeriineeeeeeennnns 134
6.1 INTFOAUCTION ..eeviiiiiiiiieie ettt smmmmmmnne e e 134
6.2 Wide angle scattering for AIm/DOPC mixtures ..........ccceceeeeeevvimeeeeennnnnn. 135

6.3 Wide angle scattering for AIm/diC22:1PC MIXIUres ... eeeeeeeeeeeeeen.....138

6.4 Scattering over a larger range Of.Q.......cccccuuiimmiiiiiiiiii e 141
6.5 What is the sourcd peak 2 ... 142
6.5.1 The well defined peptigeeptide distance withinlaundle ..................... 142
6.5.2 Surface cluster Model ............oocciiiiiiiiiiiiii s 150
6.5.3 Transmembrane cluster model ............ccccooiiiiiii e 152
6.6 CONCIUSIONS ....ooiiiiiiiiiiie ettt e e e e e 158
6.7 Appendix: Scattering from a heliX .........cccoooiiiiiiiiiiiiii e, 158
7 Conclusions and future dir€CtIONS............cevvviiiiiiiieiiiiiiieeeeee 163

vii



List of Figures

Figurel.l Lipid structuresof DOPC and diC22:1PC .......coeeeriiiiiiiiieeeeeeeeeeeeeeee, 3
Fgiure 12 Three models of antimicrobial mechanisms ..........cccccccoiiiiiiis 5
Figure 1.3 Crystal structure of alamethicin ... 7
Figure 2.1 Sample PICTUIE  ...ooiiiiiiiieiee e ettt e e e 10
Figure 22  NIH chamber iMage .......ooooiiiiiiiiiiiiiiee e 11
Figure 2.3 Optical setup at CHESS ..o i e e e 14
Figure 2.4 An example of statistical dezingering ..........ccccvviccccccceeeeeeveevviiiinne 15
Figure 2.5 Scattering images at three glancingangle ...........cccccerriiiriiiiiinnnnne. 18
Figure 2.6 lllustration of lamellar peak splitting .........cooovviiiiiiiiiii e, 18
Figure 2.7 lllustration of sampl@nd background collecins for GLAXS ............... 19
Figure 2.8 Background subtraction for LAXS ... 20
Figure 2.9 Background subtraction for WAXS ... 21
Figure 2.10 Scattering image for powder sample silver behenate...................... 23

Figure 2.11 Image for D spacing measurement ...........cccc....commmmmmneeeeeeevnnnnnnnnnne . 24
Figure 2.12 Schematic of transmissiogatering experiment .o....cccoeeeeeeeeeeennenne, 26
Figure 2.B Background subtraction for transmission saatig experiment ............ 27

Figure 2.14 Image for D spacing measurement ............ccooevv e eeeeeeennnnneeen i@

Figure 3.1 LAXS images for DOPC and AIm:DOPC 1:10  ...ccoeeeeiiiiiieiiiniiiis 35
Figure 3.2 LAXS images for AIm:DOPC at three §pacings ........cccccceevvviiiiiiiiinnns 36
Figure 3.3 Intensity plot along gfor Fig. 3.2 ..o 37



Figure 3.4 LAXS images for AIm:diC22:1PC at 6 D Spacings weeeveevvvvvvvevvniinennnn. 39
Figure 3.5 Intensity plot along gfor Fig. 3.4 ..o, 40
Figure 3.6 lllustration of multilayer sample ..o 41....
Figure 3.7 Structure factor fohard disk correlated layers —.....coccooooiiiiiiiiiiiinnnee. 47
Figure 3.8 Theoretical scattering intengitor hard disk coelated layers ............... 48
Figure 3.9 Structure factor for LJ type correlated layers —......ccccoociiiiiiiiiiiiienenn. 52
Figure 3.10 Effect of large-1l type correlation on structure fact .......................... 53
Figure 4.1 LAXS for AIM:DOPC 1:10  ..oooiiiiiiiieeeecieee e 59....
Figure 4.2 Form factor of DOPC bilayer ... 60
Figure 4.3 Model fit for AIm:DOPC inthe g direction .........ccmeeiiiiiiieieiiiieinns 61
Figure 4.4 Intensity plot of Fig. 4.1 @lONGQ ..eevvvveviviiiiiiiiie e eeeeceeeiece e 62
Figure 4.5 An example of peak decomposition for Fig. 4.4 ......cccccoiiiiiiiiiiieeenn. 63

Figure 4.6
Figure 4.7
Figure 4.8
Figure 4.9
Figure 4.10
Figure 4.11
Figure 4.12
Figure 4.13
Figure 4.14

Figure 4.15

Hollow cylinder bundle model in a lipid bilayer ................cceeeemee.....64

BeSSEl fUNCHION oo e 66
Form factor of cylindrical bundle model ........cccooieeeeeeiiiii, 67
Example of structure factors obtained from haskdnodel ................... 69
Peak decomposition for AIm/lipid — ........cooo oo 70
Hard disk model fits with cylindrical bundle models........................... 71
Schematic of soft disk potential ..........ccoooiiiiiii e 75
Soft disk model fits with cylindrical bundle models...................cc..... 75
Alm bundle models constructed from MD simulation......................... 78

lllustration of lipid patch and bundle patch  ceeveevveeeiiiiiiiinneee....80



Figure 4.16
Figure 4.17
Figure 4.18
Figure 4.19
Figure 4.20
Figure 4.21
Figure 4.22
Figure 5.1
Figure 5.2
Figure 5.3
Figure 5.4
Figure 5.5
Figure 5.6
Figure 5.7
Figure 5.8
Figure 5.9
Figure 5.10
Figure 5.11
Figure 5.12
Figure 5.13
Figure 5.14

Figure 5.15

Form factors of MD bundles ... 81
MD bundle fits to AIM:DOPC 1:10  ...ooovveiiiiiiiie e 48
MD bundle fits to AIM:DOPC 1:20  .....oovviiiiiiiiieeee e 5...8
MD bundle fits to AIMm:diC22:1PC 1:10  .......oiiiiiceeeeemeeeeeeeeeeeeeee e 86
MD bundle fits to AIm:diC22:1PIC20  .....cooviiiiiiiiiireiieeeee e 87
lllustration of hydrophobic matching ...........ccccieeiiiiiniiiiinn 92
Plot of free energy difference betwednuNdle and monomer state ....95
lllustration of hexagonal packing models ..........cccccoviiiiiiiiceeninnn, 102
Structure factor of hexagonal models .......cccccoeoiiiiiiiiiiiiiiiiceeen, 104
lllustration of tetragonal models.............coovvieeviiiiiiiii e, 105
Structure factor of tetragonal models ........cccceeiiiiiiice e 106
Schematic of transmission scattering experiment ...........................107
Example of reciprocal images for different rotatammgle ..................... 110
Scattering images in CCD frame and the sampladra.......................... 111
Scattering images for Aim:DOPC 1:10 at gdtated condition ............ 112
Fits of crystal packing models to Fig. 5.8  ........vceeeeiiiiieeeeeiii, 114
lllustration of monoclinic models ... ieeeeeee e, 119
2D monoclinic fit to FIg. 5.8 ..o e 120
D monoclinic fit to FIg. 5.8 ..o e 121
Hexamer bundle constian form MD simulations ............c.ccccoeeeenn. 124
Form factor of hexamer bundle in Fig. 5.13 ..., 124
Scattering pattern as a function hydration ..126

Xi



Figure 5.16 Electron density map 1 ......ccccoiiiiiiiiiiiiieceeeceeteeeeeeeeeee e 131

Figure 5.17 Electron density Map 2  .....cooiiiiiieieieeeeeeeeeeeeeeeeeenn e e e e e 133
Figure 6.1 WAXS for AIM/DOPC ... 136
Figure 6.2 Peak decomposition for Fig. 6.1  ......oooiiiiiiiiiiiiiii e 137
Figure 6.3 WAXS for AIm/dIC22:1PC  ....ooiiiiiiieeeieeeieee e 139
Figure 6.4 Peak decomposition for Fig. 6.3 ..o 140
Figure 6.5 Scattering at all SCales ..o 141

Figure 6.6 Hollow cylinder model discretization ...............eeeeeeeiiiiiiieiieeeenn. 142

Figure 6.7 Form factor of refined hollow cylinder model ..145
Figure 6.8 Scatteringntensity of refined hollow cylinder model................cccc........ 146
Figure 6.9 Radial pair distribution of monomer in thdined cylinder model ....... 148
Figure 6.10 Theoretical scattering intensity of refined cylimledel ................. 149

Figure 6.11 Top view of-B monoclinic packing model ........cccccooiiiiiiiiiiiiieene. 152
Figure 6.12 Top view of peptide cluster model ..........oooiiiiiieieeeeee s 153
Figure 6.13 Helical wheel of Alm ..o 153
Figure 6.14 Two building blocks than can forADZexagoal packing ................. 154
Figure 6.15 Example of clustering througkbBInding .........oovceeriiiiiiiiieeeieee. 156

Figure 6.16 Lamellar scattering peaks of AIM/DOPC MLV ....cccooiiiiiiiiieininnnnn, 157
Figure 6.17 Form factor of an Alm monomer .159
Figure 6.18 WAXS for diC22:1PC and AldiC22:1PC 1:10  ..ccevvviiiieeiiiiiiiiie 160
Figure 6.19 WAXS subtraction of AIm:diC22:1PC 1:1@ahC22:1PC ................ 162

Figure 7.1 Fluorescence image of Alm in DOPE monolayer ............cccocvveeeeeee. 165

Xii



Table 3.1

Table 4.1

Table 4.2

Table 4.3

Table 4.4

Table 4.4

Table 4.5

Table 5.1

Table 5.2

Table 5.3

Table 5.4

Table 5.5

Table 5.6

Table 5.7

Table 6.1

List of Tables

Peak positions in Fig. 3.5 ..o 46
Fitting parameters for the cylindrical model withrdhaisk —..................... 72
Fitting parameters for the cylindricaladel with sof disk ...................... 77
Fitting parameters and RSS for MD bundles ...........ceeeeeeeeee....83
Area per MD bundle ... e 89
Area packing fraction for hard disk based on eigma(4.19) .................. 90
Peptide to lipid ratio based on the obtained aaking fraction ........... 90
Experimental peak positions in Fig. 5.8  .......uvcceimmiiiiiiieeeeeeiieeeeeii, 113
Experimental peak positions in Fig. 5.7B  .........ccooiiiiiiiieeeeeeeeeeeee 113
Miller indices for hexagonal AB amdBC models in Fig. 5.9 ........... 117
Miller indices r body centered tetragonal modeFig. 5.9 ............... 118
Miller indices for the 2D monoclinic model .........ccccoiiiiiiiinn. 120
Miller indices for the 3D monoclinic model .........ccecoiiiiiiiin. 122
Experimental peaks in Fig. 5.8 and 5.7B  ........cccoeemmeeeeiiiiieeeeee 130
Width and position of peak 2 ... e 139

Xiii



a1, &,

AA
AB
ABC
Alm
AMPs

A(Q)

b

by, 2,05
BAM
BCT
CCD
CG
Chol

CHESS

Glossary

two dimersional

three dimensional

inside radius of Alm bundle
primitive vectos

all atom

hexagonal AB stacking
hexagonal ABC stacking
alamethicin

antimicrobial peptides
scattering amplitude

outside radius of AlIm bundle
reciprocal primitive vector
Brewster anglenicroscopy
body centered tetragonal
charged coupled deviberay dector
course graied

cholesterol

Cornell high Energy Synchrotron Source

diC22:1PC 1,2-dierucoytsn-glycerocphosphatidylcholine

D

lamellar repeat spacing

Xiv

64

100

155

40

64

100

164

105

14

155

163

16



Dc
DLPC
DMPC
DOPC
DOPE

DPPC

EPR

F(a)

GUV

H,K,L

I(a)

N}
Ka
Kc

LAXS

MC
MD

MLV

hydrocarbon thickness

1,2-dilauroytsn-glycerotphosphatidylcholine

1,2-dimyristoylsn-glycerotphoghatidylcholine

1,2-dioleoytsn-glycerophosphatidylcholine

1,2-dioleoylsn-glycerc phosphatidylethanolamine

1,2-dipalmitoyl-sn-glycerolphosphatidylcholine

water spacing between neighboringalgers
electron paramagnetic resonance

form factor

Giant unilamellar vesicle

height of Alm/hydrophobic thickness
Miller indices

scattering intensity

zeroth order Bessel function of the first kind
first order Bessel function of the first kind
area stretch modulus

bending modulus

low angle xray scattering

LennardJones

Monte Carlo

molecular dynamics

multilamellar vesciles

XV

91

163

71

163

10

33

40

163

48/91

101

40

142

49

91

91

16

49



Mo

n(r)

NMR

PC
PE

POPC

O

0:

Rn

RSS

S(9)
So,0(0)
S1,0(q)

SOPC
TLC

™

molybdenum

radial pair distibution function

number of peptides per bundle/number of disks
nuclear magnetic resonance

pitch length

phosphatidylcholine

phosphatidylethanolamine

1-palmitoyl2-oleoytsn-glycerotphosphatidylcholine

scattering vector in the reciprocal space
scattering vector along parallel to bilayer
scattering vector along bilayer normal
peptde radius

hard disk radius

helical radius

residual sum of squares

sample to CCD distance

structure factor

structurefactor in a single bilayer

structure factor between neighboring bilayers
1-steaoyl-2-oleoytsn-glycerotphosphatidylcholine
thin layer chromatography

transmembrane

XVi

21

42

1/31

159

77

106

37

21

46

46

159

72

23

41

45

45

163



V(r) interaction potential 30

WAXS wide angle xray scattering 16
U glancing angle 16
3 lipid range affected by peptide incorporation 97
0 amplitude of Lennadones potential 50

Co

length scale of L] interaction/decay length of Gaussian repulsiorb0/74

& wavelength 22
d area packing fraction 31
Ip peptide electron density 56
Iw water electron density 64
lc hydrocarbon chain electron density 64
JH headgroup electron density 64

in lipid electon density 56

XVii



Chapterl: Motivation for study and overview of alamethicin

Chapter 1

Motivation for study andwerviewof alamethicin

1.1 Motivation for study

Extensive studies on membrapetein systems have revealed thihie cell
membrane does n@rovide just a passive matrix, butather plays an essential role in
shaping the energetics and kinetics as well as distribution of integral pridtezjisOne
such mechanism is through membrane deformation caused by hydrophobic coupling
between the hydrophobic core of the lipid membrane and the protein's hydrophobic
domain [3]. The incurred energy cost of such deformation depends on membrane
thickness, bending elasticity, area stretch modulus, and intrinsic curyat6fe As a
result, protein function can be modulated by varying the membmaaehanical and

structuralpropertieq7].

One particular interest in this thesis is to investigate how the size distribution of the
ion channels formed by the antimicrobial peptide alamethicin (Alm) changes as a
function of lipid properties. Both macroscop[8-14] and single channe[15-17]
conductance measurements have shown that the conductance behavior of the Alm
channel depends on lipid propedi A particular example is that when Alm was
incorporated into a series of monoglyceride/squalene membranes with lehgth
ranging from monomyristolein 41 carbons) to monoeicosaenoein (20 carbons), the

apparent mean number of peptides per channelchases as the membrane thickness
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increase$12]. A larger probability for higher conductance states (larger N) has also been
observed when Alm inserts into PE lipids which have a smaller headgroup than the

typical bilayer forming PC lipid§L8].

Several mechanisms have been proposed to account for the lipid priofiaggce
on peptide aggregate size distribution. By ignoring the thickness mismatch, line tension
calculations suggested that the fideal cylindrically shaped inclusions can distort the
neighboring lipid molecules. Because the distortion depends ofliptdespontaneous
curvature and the bending modulus, this will give rise to the observed lipid dependent
aggregate size distributiofL9]. Unlike the line tension which focuses on the lipid
molecules in the vicinity of the aggregate, the lateral stress coupled with the lateral
excluded area dhe peptide aggregate have also been suggested to be resptorsibée
lipid effect on the aggregate size distributi@®]. It has also been suggested thad t
average number of peptides presenan aggregate depends on the degree of mismatch

of the hydropobic thickness between theptideinclusionsand the lipd bilayer[21].

Stable channels through which the antimicrobial activity of Alm is carried out have
also been observdad; applyirg neutron22, 23]and xray [24, 25] scattering techniques
where no external vape was present. These stable chanamdsdifferent from the
dynamic single channels in the conductance measureff2ditdiowever, the results of
the stable channel size are difficult to reconcile tudbe different techniques and sample

preparation method®ur first mission of this thesis is to investigate the effects of lipid
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properties on the stable Alm channel size by using two lipid model membranes, DOPC

and diC22:1PGhown in Fig. 1..vhich hae different bilayer thickness by ~7 A.

Figure 1.1: Lipid structureof (A) DOPC and (B) diC22:1P@mages from Avanti Polar

Lipids).

The vast interest in the antimicrobial peptide Alm has lasted for more than 40 years,
during which many of its intrigng electrical and structural properties have been
discovered and a number of models concerning its vetiagag mechanisms have been
proposedsee review articlegl6, 26:31]). Many such channel models are based on the
crystal structur¢32, 33]and the structure obtained from NM84] with the assumption
of a barrelstave like arrangement of the multimonomeric chaf8&l It is very difficult
to obtain direct structural information of the ion channel in lipid membranes. One major
problem is the fluidike lipid membrane environmemnwith thermal fluctuations that
abolishes the higher scattering orders needed for high resolution structural

characterizatio36].

To alleviate this difficulty one may dehydrate the sample and consequently decrease
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the fluctuations of the lipid membraned37]. Indeed, crystalike scattering from
antimicrobial peptides, magainin and protegrin, embedded in lipid moelabranes has
been observed at low hydration conditi¢&8]. Based on the scattering patterns, several
packing structures have been suggested including hexagonapeldsed (hexagonal AB
stacking) structur¢39], rhombehedral (hexagonal ABC stacRirstructure[24, 38] and

2-D monoclinic structur¢38]. However,only a few orders in the iplane direction were
observed This limitation not only makes the packing structure determination ambiguous
(several packing struatels can fit the same set of data) but also causes the electron
density construction in thedplane direction difficult.The second mission of this thesis

is to explore the Alm packing structure in lipid model membranes at very dehydrated

conditions by aplying a transmission scattering setup.

A recentmolecular dynamicsMD) simulation study showed that Alm forms a large
cluster spontaneously in lipid membrang#0]. However, an early EPR spectra
measurement suggested that theamityj of the Alm peptides were monomeric when they
were incorporated into lipid membrandd., 42] Similar controversial results have been
reported for spin labetesample$43, 44] Aside from this, diffeent peptide aggregation
states have been observiedother proteinssuch as the striated domain formation in
supported lipid bilayer$45-48], parallel segregation at monolayer/water interfgt&

50], and spontaneous2 array formation of transmembrane (TM) f@ios in purple
membrane$51-53]. Our thid mission of this thesis is to probe the aggregation state of

Alm in lipid membranes.
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1.2 Overview of alamethicin

Alm was discovered in the culture broth of the fungushoderma viridein 1967
[54]. It is a member of the antimicrobial peptides (AMPs) whielie a broad spectrum
of antimicrobial activities against microorganisms through membrane disryp&pb6]
illustrated by the three models Fig. 1.2. In the barredtave model which was first
introduced to account for the single channel conductance of[28i the amphipathic
peptides form a barrel like bundle which acts as the channel wall. In the habentalso
called toroidal) model which was proposed to describe the maganinrésid@e AMP)
induced pore]57, 58] each monolayer bends continuously at the channel region. The
lipid headgroups stagger with the helical peptides forming the channel structure. In the

carpet model, the peptides crowd together at the surfatieedipid bilayer leading to

micellization[59].

Figure 1.2: Three models illustrating the antimicrobial mechanisms. (A) Baansd

model, (B) Wormhole (toroidal) model, (C) Carpet model.

The primary structure of Alm consists of 20 amino acids with a phenylalaninol (Phol)
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at the Cterminal end and the t¢rminal end being acetylated. Due to the lack of free
U-amino groups, Alm wasirkt though to be cycli§54, 60] The linear sequence was
established later by performing NMR1, 62]and by comparing the solid phase synthetic
analogue to the naturally occurring compo(®8l, 64] Thin layer chromatography (TLC)
[65] revealed that there is more than one component in the naturally occurring Alm
peptide even though sedimentation analysis suggestedasonably homogeneous
molecular weight[66]. The main components were later identified as F80 B50
according to their mobility. ~The primary structure of F30 s
acetytAib-Pro-Aib-Ala-Aib-Ala-GIn-Aib-Val-Aib-Gly-Leu-Aib-Pro-Val-Aib-Aib-Glu-

GIn-Phol. F50 is different from F30 by replacing &lwith GIn'®[67].
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Figure 1.3: Crystal structures of three Alm molecules in one unif3&ll

Structure The highcontent of theJ-aminoeisobutyric acid (Aib), which is believed to
act as helix formef68-71], decreases the flexibility of the peptide chain and produces a

highly helical backbone. The crystal structure of Alm is shown in Fid32333] The
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main conformation of the peptide is Bkhelix except some deviation in the-t€rminal
segment (& helix). In order to accommodate the ring structure of Rnto therhelical
backbone, the helix axis bends away from the ring direction. The resulting Alm
conformation can be idealized as tWdelical segments (I3 and 1420) with an angle

~20 between the two axes. An interesting result is that the two residuésu@irGIu®

with polar side chains in addition to the solvent accessible carbonyl oxygen atoms of
Aib* and GIy! lie on a strip which ibelieved to form the interior of the ion channel.
The existence of the polar strip was later confirmed by-boktling measurement

between the peptide resides and methanol dtgnd™>N NMR spectroscop72].

Other methods have also been applied to explore the peptidemation in organic
solvent and lipid membranes. Thet&minal segment was always found toUbkelical
[34, 7376], consistent with the crystal structure. However, therm@inal segment is less
conclusive[76, 771 Bo t h e x -sheat[@4e @] arfd Uhelix similar to the crystal

structureg[74] have been proposed.

Energetics of channel formatiomhe helical structure of Alm enables us to treat it
as a macralipole with dipole moment ~480 Debye[78, 79] It is myserious then how
the peptides can formparallel bundlgopen channelvith such strong repulsive dipole
interactions present. One mechanism stabilizing the bundle structure is-tibadsi
between the side chains of G[82]. Indeed, when the side chain of Gis replaced with

shorter ones, the channel becomes less stable and eventually the chantelantshes
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when Ala replaces GIn[80]. Other mechanisms contributing to channel stabilization
have been revealed by MD simulations. Significant amounts-bérdls between Gin

and the innebundle watermolecules that stabilize the bundle structure have been
reported [81]. Further examination of the energetics indicates that the electrostatic
component othe bundle/water interaction is about 10 times larger than the helix/helix
interaction. Peptide/lipid #honds between the side chains of &IGIn'®, Phof® and the
phosphate, glyceryl, acyl oxygens of the neighboring lipid molecules have also been
repoted [82]. These Hbonds help to further stabilize the helix bundle by anchoring it to
the lipid bilayer and slow down the peptide migration f&8®. This also explains the
preference for the insertion through thetddminal segment and the asymmetrical

currentvoltage curve when AlIm was added to one side of lipid membfan&s, 84 ]



Chapter2: Experimental and Monte Carlo simulations

Chapter 2

Experimentabnd Monte Carlo simulations

2.1Introduction

We used oriented multilayer samples in this theBhey have the advantage over the
3-D powder averaged multilayer vesicles (MLV) in that the lateral organization (r
direction) can be separated from the organization along the bilayer normal (z direction).
Due to the length scale (~30A) of the Alm peptidthe scattering intensity is
concentrated at,G2p/30=0.2A™. A small glancing anglé) was applied to study the
in-plane scattering by Alm bundles. A transmission scattering experiment was also

employed in order to obtain the scatteringa0q

In this chapter, first we will discuss some experimental details of the optical setup,
the background subtraction, the hydration level measurement (lamellar repeat Epacing
and the hydration level control for both the grazing incident and the transmission
scatering experiment. After that, we will introduce Monte Carlo (MC) simulations that
will be applied to estimate the positional correlation between the peptide bundles in

oriented multilayer samples in later chapters.
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2.2 Oriented multilayer sample prapdion

DOPC (di18:1PC) and di22:1PC were purchased form Avanti Polar Lipids
(Alabaster, AL). Alm was purchased from Sigasddrich (Milwaukee, WI). This is a
natural, purified 20 aminacid peptide fronTrichoderma virideconsisting of 85% Alm |
(F30) and 15% Alm II. These differ in the amino acid at tiegsition: alanine in Alm |

and aminoisbutyric acid (Aib) in Alm II.

4 mg ofpurelipid was added ta chloroform:trifluoroethanol (TFE) solvent mixture
(viv 2:1 or 1:1)and to this was added thepmppriate amount of Alm froma chloroform
stock solution I mg/m). Peptide to lipidnoleratios between 1:75 and 1:10 were studied.
Themixture was plated ontine 1.5crx3cm surface of a polisheslicon wafer using the
rock and roll procedurg85, 86] The samples were allowed to dry for one day in a
glove box with solventich atmosphere and an additional day in a fume hood. They
were then trimmed to a strip 0.5&@cmin the center of the silicon wafer and stored at

2°C in a dessicatqorior to xray measurements.

1.5cm

3cm

< >

Figure 2.1: An example of the orientsample (DPPC) deposited on a Si substrate

(picture was taken fronf86]).

10
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2.3 Chamber

Resolution ofthe vapor pressure paradox, in which an oriented multilayer sample
hydrated through the vapor has a reduced level of hydration compared to a sample
immersed in excess water, required excellent temperatmtrol[87]. Our thickwalled

sample chamber enables us to hydrate the orientedesgorfpll hydration.

Large exit
window

small entrance
window

Figure 2.2: An image of the NIH chamber used to control the hydration level and the
temperature of the oriented multilayer samples and manipulate the sample rotation and
position. The walls are 1" thick and a 1" thick cover (rfaiven) screwed onto the top.
Each window has mylar covering both the outer (visible for the entrance window) and

inner (visible for the exit window) hole in the chamber wall.

The sample chambeve used for all of our experiments is the NIH chamber which

was designed and built by DrStephanie TristrarNagle, John Nagle, Horia Petrache

11
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and Adrian Parsegian at the NIH in Bethef8#]. Figure 2.2 shows a top view of the

chamber. There are several essential design featurels hdsdeen described[B8, 89}

1. A Peltier stage which cools or heats the sample relative to the rest of the chamber in
order to vary the sample hydration level. The Peltier is the same size as the silicon
substrate used to deposiirosample. Dow Corning heatsink compound is used to
achieve better thermal contact between the sample substrate and the Peltier stage.

2. A rotation motor which rotates the sample holder independently from the rest of the
chamber in order to sample all redew angles. The rotation motor enables us to
rotate the sample continuously so we can look at all of the lamellar peaks. It is also
important for background subtraction as will be discussed in the following sections.

3. Two tubes connected to a temperatcoetrolled water bath (Julabo) in order to
control the temperature uniformly. The tubes bring the water into channels within
thick walls of the aluminum chamber. In this way we were able to adjust the chamber
temperature quickly and maintain uniform, constamperature.

4. Two helium ports which allow for the replacement of air by helium to reduce
background scattering.

5. Double mylar windows for both the entrance and the ex#tyxpaths. Between each
window, there is a heating wire. By running a small curtieotigh the wire, the heat
generated was sufficient to prevent water condensation onto the inside mylar window
due to the temperature gradient between the inside and outside of the chamber.

6. A water pool below the Peltier stage that provides the moisturgdi@te the sample

within the chamber.

12
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7. A piece of ashless filter paper which is glued to the top of the chamber with one end

immersed in the water pool in order to increase water evaporation surfaces.

During the experiment, the chamber is attachedltyge motorized stage which is
capable of moving both laterally and vertically. In this way we can adjust the position of

the sample that is-rayed.

2.4 Optical setup
The grazing incident-xay scattering experiments were carried out at tHedBtion
(May 2008) at the Cornell High Energy Synchrotron Source (CHESS). Figure 2.3 shows
the optical schematic of the-G beamline. In the G cave, a W multilayer (APS
Optics Lab, Argonne, IL) was used to select theyx energy and suppress high order
harmommi cs. The energy dispersion is ~1.1%. I n
was used. The upstream slits S1 and S2 are primarily used to define the beam size (~0.2
i 1 mm). The most downstream slit SG acts as guard slit to block parasitic scattering
from slits, air, and other sources. The two ion chambers, 11 and 10, were used to measure

the energy and the photon fluX (30"Ysec) of the incident-xay.

For the transmission scattering experiment, we used a Rigaku RUH3R microfocus
rotating anode at theower of 40k\k100mA (Woodlands, TX) equipped with a Xenocs

FOX2D focusing collimation optic. Theray wavelength is 1.54 (Cu K,).
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down stream up stream
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Figure 23: Optical schematic for @ beamline at CHESS (drawing adapted from Arthur
Woll). Garage door is for the protection of the CCD; SG is the guard slit; I11 (He) and 10
(N2) are two ion chambers filled with He and N2 respectively; S2 andetha two

slits in the hutch; Hst is the horizontal slit in the cave.

2.5CCD Detector

A CCD detector "Flicam'(Finger Lakes Instrumentation, Lima, NWjith 1024
1024 (0.070mm/pixel) size was used at CHESS afigaku Mercury CCD detector
with 1024 1024 (0.069mm/pixel) size was used at CMU to measure the scatteagd.x

Before processing any image, some standard corrections need to §j@Gjone

Zinger elimination when using a CCD -xay detector each image will hage
random distribution of bright spots called zingers. Zingerse fromcosmic rays, alpha
particle decay and other radioactive eventthe glass in the fiber optic tapéithough
few pixels have zingers they tend to dominate averaging processesebettheir great
intensity. This is whythey need to be identified and eliminated. One technique for doing

SO is statistical dezingering. Consider a pixel on N identical images. The average

14
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i ntensity can be esti mat ed bapthéenthepredided.i an v al
The probability that an individual i ntensit)
million unless a zinger occurs. Conversely, if a value contains a zinger it will easily lie

outside this range. Excluding all such valudsowdd eliminate zingers without

eliminating information about the-pay image.In general, the number of zingers scales

with the length of the exposure. For this reason, it is advantageous to add together many

short scans as opposed to taking one long. $eignre 2.4 shows two images before and

after the statistical dezingering. As the process uses more than one image, the signal to

noise ratio in Fig. 2.4B is improved compared to a single image in addition to the

elimination of the bright spoia Fig. 24A

Figure 2.4: (A) An individual image with some zingers indicated by the bright spots. (B)

Image after applying statistical dezingering.

Dark backgroundthere is thermally generated charge in the CCD chip, which

will give rise to counts even whehere is no incoming radiation. For this reason, a dark

15
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background image, which is taken with the incomirgyx completely blocked and has

the same exposure time, is subtracted out from each scattering image.

Distortion and intensity correctiona:geomgical distortion correction due to
the fact that the CCD array is not a perfect grid and a sensitivity correction due to the
different response of each pixel to the same count of the incomiagare also needed.
These corrections are performed aronadiycby the Spec software (CHESS) and the

Crystal Clear software (CMU).

2.6 Grazing incidat scattering exeriment

Although we used a small incident glancing andle0(?), our grazing incident
scattering experiment is not the same as the surface sensitive grazing incident scattering
experiment[36] because our glancing angle is larger than the critical angle of the Si
substrate (£0.17). The main purpose of this experimental setup is to explore the
scattering near 0. Depending on the regime in the reciprocal space investigated, the
setup is refined to two subcategories, low angle scatt€tiAgkS) and wide angle

scattering WAXS).

2.6.1 Grazing incident glancing angle
There are three main criteria for the choice of the grazing incident glancingtangle
(1) The first is that the angle should be as small as possible. When the angle is smaller,

the scattered -xays are blockedess by the sample and the silicon substrate. This is

16
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shown by the height of the black horizontal strips in Fig. 2.5 where we looked at three
different incident glancing angles from 0°a6 0.2. (2) The second criteria is that the
scattering pattern shti be as simple as possible. As indicated by the red circle regions
in Fig. 2.5, whenJis smaller than the critical angle of the silicon substrat®.(7)
(http://www-cxro.lbl.gov)), each lamellar peak has a weaker "ghost" peak that occurs at
slightly higher angle. Figure 2.6 illustrates the mechanism of the "ghost" peak which is
due tothe total exernal reflection by the silicon substrate. (3) The third criteria is that the
scattering intensity should be as strong as possible for the same exposure. From Fig.2.5
we see that whel) is the smallest, 0.05the scattering is also the wealkeEhis is
mainly due to the increased absorption by the lipid sample. An interesting observation in
Fig. 2.5C is that even when the glancing angle is smaller than the critical angle of the
lipid bilayer (0.12), the lipid surface does not give total refien due to the undulation

of the sample surface. Based on the above criteria, wells€e® for all of the grazing
incident glancing angle experiments except the wide anghy scattering experiments
taken at CMU where a slightly larger glancing anglej@as used in order to increase

the signal to noise ratio.

17
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q, (A1)

o 01 02
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Figure 2.5: Xray sattering images at three different incident glancing abgke) 0.2°,
(B) 0.1°, (C) 0.08. The color scale and the time of exposure are the same for all three.
The red circles indicate the position of the 5th lamellar peak. The vertical strip is a piece

of molybdenum used to attenuate the direct beam and the lower order lamellar peaks.

silicon substrate

Figure 2.6: lllustration showing the splitting of lamellar peaks when the incident glancing
angleUis less than the critical angle of the silicon substrate (dravdagtaed fron{89]).

The pair ofKj; and K¢, are the normal wave vectors. The total internal reflackig

gives rise to a second scattered wave vdcior
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2.6.2 Background subtraction

The CCD does not only record the scattering from our oriented samples, but also
from other scattering sources, including the ~2mm air gap betweenr#yeflightpath
ard the chamber, the mylar windows of the chamber, and gas molecules in the chamber
are all capable of scattering the incomingay. The idea of subtracting out the scattering
other than from the sample is to set up a pair of identical paths for the imcgmay
except that one has sample and the other does not. Figure 2.7 shows how this goal was
achieved89, 91] By comparing Fig. 2.7A ahFig. 2.7C we see that the only difference
of the two paths for the data collection and the background collection setup is the path
along the silicon substrate, which is negligible as the chamber is filled with helium which
has small scattering compareal air. For the rest of the paths, both downstream and

upstream relative to the sample are the same. In this way the extra scattering can be

almost completely subtracted.

Figure 2.7: Schematic for grazing incidentay scattering experiment. (A) Samplatal
collection and (C) Background data collection. The red region represents the incident
x-ray; the blue region represents the sample; the gray region represents the sample

holder.
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q, (A1)

q, (A1)

Figure 28: Background subtraction for low angle scattering im@g®.2°). (A) Sample

scattering (B) Background scattering, (C) Sample scatteririfp background scattering

subtracted (different color scale)

An example of the background subtraction in the low angle regime is shown in Fig.
2.8. In Fig. 2.7A, the brightp®t at g=0 is the direct beam after attenuation by ar@20
molybdenum (Mo) beam attenuator. The finger shaped black strip is arOMo
attenuator used to attenuate the first two lamellar peaks shown as bright spots located at
0:~0.11 and 0.22 A The hickness of the attenuators was chosen so that there is enough
transmitted scattering for position determination of the direct beam and the lamellar
peaks which are used for lamellar repeat spacing D measurement. Figure 2.8B shows the
background image fromhich we see that the majority of the background is the splash
located near the direct beam. The subtracted image is shown in Fig. 2.8C which shows

that the direct beam and the splash are almost completely subtracted out. The remaining

2C



