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ABSTRACT
ENDOTHELIAL CELL RESPONSE TO ARTIFICIAL EXTRACELLULAR
MATRIX PROTEINS

March 2006

Julie C. Liu, B.S.E., Princeton University
M.S., California Institute of Technology
Ph.D., California Institute of Technology

Supervised by David A. Tirrell

Artificial extracellular matrix (aECM) proteins were designed originally for use in
small-diameter vascular grafts. Current synthetic grafts fail primarily due to (i) a
compliance mismatch between the prostheses and surrounding tissue and (ii) the inability
to support the growth of an endothelial cell monolayer. To address these issues,
biomimetic proteins were engineered with elastin-like repeats to confer elastomeric
behavior and fibronectin cell-binding domains to promote endothelialization. Lysine
residues or the non-canonical amino acid, para-azidophenylalanine (pNsphe), serve as
crosslinking sites.

Human umbilical vein endothelial cell (HUVEC) adhesion to aECM proteins was
sequence-specific. Cells bind more strongly and exhibit faster spreading kinetics on aECM
proteins containing the RGD versus the CS5 sequence. Furthermore, HUVECs on the
former protein exhibited well-formed stress fibers and organized the a,f3 but not the asf1

integrin into focal adhesions.
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Although biomaterial design has focused on the sequences of cell-binding domains,
elements remote to these bioactive sequences were found to affect cell response to aECM
proteins.  Proteins containing identical CS5 cell-binding domains differed in their
placement of lysine residues that serve as crosslinking sites. Cell adhesion and spreading
were more robust on proteins in which lysine residues were located at the termini versus
within the elastin cassettes.

Crosslinked films of aECM proteins with RGD sequences adhered HUVECs in a
sequence-specific manner. Poly(ethylene glycol) was covalently attached to films to
reduce nonspecific cell interactions. Increasing the density of RGD in a film resulted in
increased cell adhesion and spreading but did not have a significant effect on migration
rates.

aECM proteins were made photoreactive through the incorporation of pNsphe.
Upon exposure to ultraviolet radiation through a patterned mask, proteins were patterned
on a non-adhesive background. These two-dimensional patterns then served as templates
for cell adhesion.

A new technique for studying cells on aECM proteins was developed. Cells were
pulsed with homopropargylglycine. Newly synthesized proteins labeled with alkyne-
containing amino acids were ligated to 3-azido-7-hydroxycoumarin.  Fluorescence

microscopy was used to visualize these proteins in a wide variety of mammalian cell types.



TABLE OF CONTENTS

ACKNOWIEAGMENTS ... i
ADSEFACT ...ttt \Y;
Table Of CONENLS. ..o Vi
List of Figures, Schemes, and TabIes..........cccoovveirirnieneisenece s Xii
ADDIEVIALIONS ... XV
Chapter 1: INtrodUCTION ........cccoirieirieieeserie e 1
1.1 Artificial Proteins in Tissue ENQINEEring ........ccccovovrrevnneienseennnns 1
1.2 Small-Diameter Vascular Graft Application...........cc.ccocevvvereeriennen 2

1.3 Atrtificial Extracellular Matrix Proteins:
Design and Previous ReSUILS..........cccevviereinense e 4
1.3.1 Elastin-like REPEALS ........cccreiriiiiieiieeseeesee s 5
1.3.2 Fibronectin Cell-Binding Domains ...........cccccocevvviviervsesiennns 6
1.4 TheSIiS OULIINE......cccoiieiireeire e 7
15 REFEIBNCES ..ot 10

Chapter 2: Cloning and Purification of Artificial

Extracellular MatriX Proteins...........ccoovevirneiensienneienneenenns 18

2.1 ADBSIACT. ...t 18
2.2 INITOTUCTION ...veeeieee e 19
2.3 Materials and Methods..........coovirieiinncine e, 23
2.3.1 Genetic Manipulation .........c.cccoevvieveinienieie e 23

2.3.2 Cloning of pEC2-CBD ......cccoeiiiiieinese s 23

2.3.3 Cloning of pEC2-CBD-EL4.....ccoeiiiriiiireciecisece e 25

2.3.4 Cloning of pET28aRW-(CBD-EL4)3 ...cccevvevrieieeeriiisicsiennn 25

2.3.5 Protein Expression and Purification............cccccccecevvvericenene. 26

2.4 ResSults and DISCUSSION........ccierveririerirririeese et 27
2.4.1 Protein Yield ..o 27

2.4.2 Protein PUMLY .....cccoiiiiiiiseesees s 28



2.5
2.6

CONCIUSTON ..ttt e e e e et e e e e e e e eee e e e naneeens 30
RETEIEINCES ...ttt et e e e et e e e e et e e e eeeeeeeaeeeeeens 32

Chapter 3: Comparative Cell Response to Artificial Extracellular Matrix

3.1
3.2
3.3

3.4

3.5
3.6
3.7

Proteins Containing the RGD and CS5

Cell-Binding DOMAINS ........ccueviirieiiirieinenieesesiee e 34
ADSITACT.......ceice e 34
INEFOTUCTION ... 35
Materials and Methods..........cccovriieininnie e, 38
3.3.1 Protein Expression and Purification..............c.ccccovveivnnieenn. 38
3.3.2 Cell CURUIE .. s 39
3.3.3 Surface Preparation............cccceceveivienicinseresie e 39
3.3.4 Peptide INNIDITION........ccoiiciieee e 40
3.3.5 Cell AQNESION......ceeiiiieiceiee e 41
3.3.6 Cell SPreading........cccceveerieiieree e 42
3.3.7 Immunofluorescence MICrOSCOPY ......ccevvevvrrerveivserieresierienenns 42
ReSUILS aNd DISCUSSION.......ccevireieriirieisiesiee e 44
3.4.1 Competitive Peptide INNIDITION.........cccovriiiiiiiiice 45
3.4.2 HUVEC Resistance to Detachment Forces...........cc.cooveennnne. 46
3.4.3 Time Course of HUVEC Spreading.........cccccevevvrervrereensnene 47
3.4.4 Visualization of Focal Adhesions and Integrin Clusters ...... 49
CONCIUSION ...t e 53
ACKNOWIBAGMENTS.....ccviiiiieer e 53
RETEIENCES ... 54

Chapter 4: Cell-Binding Domain Context Affects Cell Behavior on

4.1
4.2
4.3

ENngineered Proteins ..........cceoieenicinnec e 61
ADSIACT. ... 61
INEFOTUCTION ... 62

Materials and METHOUS..........veeee e, 65

vil



4.4

4.5
4.6
4.7
4.8

4.3.1 Protein Expression and Purification ...........c.ccccoevvniernienienn 65
4.3.2 Protein AdSOrPLION ........coooiveiririeireenise s 66
4.3.3 Cell CURUIE ..o 67
4.3.4 Cell Spreading—Scanning Electron Microscopy ................. 67
4.3.5 Cell Spreading—Phase Contrast MiCroSCopY..........ccccevene.. 67
4.3.6 Cell Resistance to Detachment..........ccocoevvvreievnnniennrinenenn 68
ReSUItS and DISCUSSION..........covrieriiiieiirisieisisiee e 68
4.4.1 Protein Synthesis and Characterization...............ccccccveevvnee. 68
4.4.2 HUVEC Resistance to Detachment Forces............ccocccvvuenee. 70
4.4.3 HUVEC Spreading on Engineered Proteins ...........cc.coceevnee. 73
CONCIUSION ...ttt 74
ACKNOWIEAGMENTS.....c.vceiiicsee e 75
Supporting INFOrmMAation ..........ccoceeiiineree s 76
RETEIENCES ...t e 79

Chapter 5: Cell Response to RGD Density in Crosslinked Artificial

5.1
5.2
5.3

5.4

Extracellular Matrix Protein Films..........ccccoovenviininnninee 84
ADSTIACT. ... 84
oo [0 Tod 1 o] o SR 85
Materials and Methods..........ccoieirireiinne e, 87
5.3.1 Protein Expression and Purification............cccc.ccecevvverieennnne. 87
5.3.2 Cell CURUIE ....vvieitc s 87
5.3.3 Substrate Preparation ..........ccoeoeereenrieienneienseesesee s 87
5.3.4 Substrate Characterization ...........c.ccovveiirneinneinneie e 88
5.3.5 Cell Resistance to Detachment...........ccccovvvirneinnieienneene 89
5.3.6 Cell SPreading.........ccoceveereirininereese s 90
5.3.7 Cell MIgration .........ccooieerneennieenseessee e 91
ReSUItS and DISCUSSION..........covrieriiririiririeininiee s 92
5.4.1 Substrate Characterization ...........c.ccovverirneienneresseie e 92
5.4.2 PEGylation of Crosslinked aECM Films..........ccccoovvriinnne. 92

5.4.3 HUVEC Resistance to Detachment FOrces.........ccoveevvvevven... 95

viii



5.5
5.6
5.7
5.8

5.4.4 HUVEC Spreading on Crosslinked aECM Films................. 96
5.45 HUVEC Migration RatesS..........ccoreerririinneienneensieenesieens 97
CONCIUSION ...ttt 98
ACKNOWIEAGMENLS ... 99
Supporting INFOrmMAation ..........ccoeeeirineree s 99
RETEIENCES ... 101

Chapter 6: Lithographic Patterning of Intrinsically Photoreactive

6.1
6.2
6.3

6.4
6.5
6.6
6.7
6.8

Cell-AdnesiVe Proteins ..........coceveiieneienerne e 106
ADSTFACE. ... s 106
INEFOTUCTION ..o 107
Materials and Methods...........ccovieirieiinnee e 108
6.3.1 Cloning of BECM CONSIUCES .......cccoerveeriiriririeiresieenieens 108
6.3.2 Protein Expression and Purification ...........c.ccoceevveerevnnnns 109
6.3.3 Mechanical TeStING.......cccccvrerreiirerireree e 110
6.3.4 Photolithographic Patterning of aECM-Ns..........c.cccoeuneee. 110
6.3.5 Cell CURUIE ..., 111
6.3.6  Cell Patterning........ccccoveriireriieereeeese e, 112
6.3.7 Cell SPreading.......cccoceevireiiirieineeree e 113
6.3.8 ALOMIC FOrce MIiCrOSCOPY ....cviververerieiererieesiesierssseseesesaenens 114
ReSUlts and DiISCUSSION.......ccovieiririeiinieinisiee s 114
CONCIUSION ...ttt 119
ACKNOWIEAGMENTS ... s 119
Supporting INFOrmation..........cccccveveieiereie e 120
RETEIENCES ... 123

Chapter 7: Fluorescence Visualization of Newly Synthesized Proteins in

7.1
7.2
7.3

Mammalian CellS........oo oot 126
AADSITACT ...t e et e e e ennen 126
INETOTUCTION ...t e e e e e e e e e eeaeeeeans 127
Materials and METNOUS........c.veeeeeeee e e e 128

X



T.3.1 Cll CURUIE e 128

7.3.2 Preparation of Cells for Fluorescence Microscopy............. 129

7.3.3 Preparation of Cells for Flow Cytometry...........cc.coevrienens 131

7.3.4 Fluorescence MICIOSCOPY .....cviveverervereererieisiesieesiesiesesaenens 131

7.3.5 FIOW CYIOMELIY ..o 132

7.4 Results and DISCUSSION.........cccervieriererieisesieeseseeeseeeseeseesesseneenens 133

7.5 CONCIUSION ....ciiiiiiie e 138

7.6 ACKNOWIEAGMENTS.......ciiviiciicieiciec et 139

7.7 RETEIENCES ..o 140

Chapter 8: CONCIUSION.........cccciviereiceree e 143

8.1 SUMMAIY ...ciiiiiiiiii et 143

8.2 FULUIE DIrECHIONS .......oviieiiiisie e 144

8.3 RETEIENCES ..o 146

Appendix A: DNA Sequences and Plasmid Maps...........cccccevvereercrnnrennnn. 148

Al Bacterial Strains ... s 149

A2 PUCLI-CBD ..ottt 150

A3 PEC2-CBD ..o sssssssssssnsssesesseees 152

A4 PEC2-CBD-ELyg...cooiiiiiiiiiiisieeceen e 157

A5  PET28aRW-(CBD-ELg)3 ...ccovueriiiiiriririnieeieeene s, 162

Appendix B: Additional FIQUIES .........cccoiiiiiiiieeineensee e 168

B.1 Lower Critical Solution Temperature Measurement...................... 169

B.2 Cell Migration on aECM-RGD and aECM-CS5 ..........ccccvevvneee. 170

Appendix C: Detailed Experimental Protocols...........ccccceovviiniiinnnieninnns 171

C.1 Purification of aECM Proteins with Internal Lysines.................... 172
C.2 Bicinchoninic Acid (BCA) Quantification of

Protein AdSOIPLION ........cviiiriieese e 173

C.3 Preparation of Crosslinked, PEGylated Protein Films................... 174



C4

C5

C6
C.7
CB8
C9

C.10

Cl1

Antibody Staining of Crosslinked Protein Films ............ccccoceveee. 175
C.4.1 Fluorescent IMaging ......c.coceervrmereririeeririeienisieenesieie e, 175
C.4.2 WesStern BIOttING ......ccoovevveerieiiiicc e 175
Cell Culture MaintenanCe .........ccocevrrerirneririsenese e 176
C.5.1 NoON-Enzymatic Passaging........cccceeurerrerierenereeiesenenesinnens 176
C.5.2 ENzymatiC Passaging .........ccocrveeererreierirmsererieeneseeeneseesenennas 176
C.5.3 Counting the Cells and Making New Plates ....................... 176
Cell Adhesion—Centrifugation Assay for 24-well Plates............. 178
Immunofluorescence Microscopy of INtegrins .........ccccccveevrennnne. 180
Cell MIGration .........cceiieiniieeee e 181
Cell Migration ANAlYSIS........ccccoveeieiiiereie e 183
C.9.1 Converting Tiff Files to Quicktime Movies...........c.cccoeune. 183
C.9.2 Analyzing QUIiCKtime MOVIES.........ccccovrererirereineseenieens 183
Fluorescence Imaging of Newly Synthesized Proteins in

Mammalian CellS ..........ccoiiiiiii e 186
C.10.1 Preparation of Substrate.............cccccoevvreveiiicicieseie e, 186
C.10.2 Preparation of Cells ..o 186
C.10.3 Incorporation of Met or HPg ......cccoeevrvrieinneinieciinieeseias 186
C.10.4 Washing and Fixing Cells..........ccccoovorminnniinneinniecies 187
C.10.5 Coumaring Labeling of Fixed Cells..........ccccooevvrvvrervrnnnns 187
C.10.6 Washing and Visualizing Finished Slides..............cccc....... 187
Labeling of Newly Synthesized Proteins in Mammalian Cells

TOr FIOW CYIOMELIY ...t 189
C.11.1 Seeding CellS.......ccccovievieieiseese e 189

C.11.2 Labeling CellS ..o 189

x1



Chapter 2: Cloning and Purification of Artificial Extracellular Matrix Proteins

LIST OF FIGURES, SCHEMES, AND TABLES

2.1  Amino acid sequences of aECM pProteins ..........ccceevvvevveevicreeesnne. 20
2.2 DNAClONING SChEME ..o 22
2.3 DNA oligonucleotide SEQUENCES..........cccoeueirnieirinieirieeeseiee e 24
2.4 SDS-PAGE gels and Western blots of purified aECM proteins..... 28
Table 2.1 Amino acid compositions of aECM proteins ............cccceevnee. 29
2.5 Mass spectrometry analysis of aECM proteins...........ccceeeveevrenenne. 30

Chapter 3: Comparative Cell Response to Artificial Extracellular Matrix

3.1
3.2
3.3
3.4
3.5

3.6

Proteins Containing the RGD and CS5 Cell-Binding Domains

Amino acid sequences of aBECM Proteins .........ccoceevvvervvereneienienenne 36
Competitive peptide inhiDItION ..o 44
HUVEC resistance to detachment fOrces..........coovvvenrviennccnennns 46
Cell spreading on aECM SUDSErates.........ccccevvevierecesereee e 48
Fluorescence micrographs of actin filaments and focal adhesions

in HUVECSs 0n aECM SUDSEIates.........ccccevevreieiseise e 50
Fluorescence micrographs of actin filaments and integrins............. 52

Chapter 4: Cell-Binding Domain Context Affects Cell Behavior on

41
4.2
4.3

4.4
45
4.6
4.7

Engineered Proteins

Amino acid sequences of aBECM Proteins .........ccoccevevevevvserieiesiennnns 65
Adsorption isotherms of engineered proteins............ccccoceveevierienene. 69

HUVEC resistance to detachment forces on various

AECM CONCENTIALIONS .....veveeeeeiieieeiesie e 71
HUVEC resistance to detachment fOrces..........ccoovveinviennecnnnns 72
Scanning electron micrographs of HUVECS...........cccccecevvvenicnnene. 73
Percent of spread HUVECs on engineered proteins..............c.cc.c..... 74

HUVEC resistance to detachment forces on aECM proteins
Adsorbed 0N glass ..o 76

xii



4.8 Western analysis of histidine- and T7-tag cleavage.........

49 HUVEC resistance to detachment forces on aECM proteins with

histidine- and T7-tag cleavage..........cc.cocevvvervnivrcrennnn

Chapter 5: Cell Response to RGD Density in Crosslinked Artificial

Extracellular Matrix Protein Films

5.1 Amino acid sequences of aECM proteins ...........cc.ccevevee.
5.2 PEGylation reduces nonspecific cell adhesion on aECM
5.3 HUVEC resistance to detachment forces............ccccoeuenee.
5.4 HUVEC spreading on crosslinked aECM films...............
5.5 HUVEC migration on aECM substrates ...........c.cc.ccevenee.
5.6 AFM height measurement of crosslinked aECM protein
Table 5.1 XPS data of crosslinked aECM protein films..........

Chapter 6: Lithographic Patterning of Intrinsically Photoreactive

Cell-Adhesive Proteins

6.1 Amino acid sequences of aECM proteins and
response to irradiation ...........cocoveveiinneiinseseeenes
6.2  Fluorescence micrographs of HUVECs on patterned
AECM ProteiNS......c.cvcveeeecieesesiee e
6.3 HUVEC spread areas on aECM proteins............cc.coevenenee.
6.4 'H NMR spectra of BECM Proteins.............coooeevvernrrrneens
6.5 Incorporation of pN3Phe as a function of concentration..
6.6  Phase contrast micrographs of mask and patterned
AECM ProteiNs........coveveieeceececee e
6.7 AFM images of patterned aECM proteins ..........c..cccueeee.
6.8 Phase contrast micrographs of HUVECs on patterned
AECM ProteiNS......ccveieccesiee e

films ...... 93

Xiii



Chapter 7: Fluorescence Visualization of Newly Synthesized Proteins in
Mammalian Cells

Scheme 7.1 Labeling of newly synthesized proteins............ccccccvvveunnnen. 128
7.1  Fluorescence labeling of proteins in MEF-mitoGFP ..................... 134
7.2 Flow cytometric analysis of pulse- and dye-labeling conditions... 136
7.3 Dye-labeling in a wide variety of cell types.........cccoovvvrerireenne 137

7.4 Fluorescence micrographs of nucleolar and coumarin labeling .... 138

Appendix B: Additional FIQUIES .........cceiiiireireneneeee e 168
B.1.1 Amino acid sequence of BECM Protein.........c.coovevreenreiennnnns 169
B.1.2 LCST of aBECM Protein .....c.ccovveviierieirieiee e seeesie e 169
B.2.1 Amino acid sequence of aECM proteins ..........ccccocevevveerreeniennen, 170

B.2.2 HUVEC migration on aECM substrates...........ccccoovrnerereniennnn. 170

xXiv



2xYT
aECM
AFM
ATP
BCA
bp
BS®
BSA
CAl
CBD
CHO-a5

CIP

DAPI
DIAS
DMEM
DMSO
DNA
dpi

ds
EBM-2
EDTA
EGM-2
EL
ECM
E. coli
ePTFE

XV

ABBREVIATIONS

two times yeast/tryptone medium
artificial extracellular matrix

atomic force microscopy

adenosine 5' triphosphate
bicinchoninic acid

base pairs

bis(sulfosuccinimidyl) suberate
bovine serum albumin

cell adhesion index

cell-binding domain

Chinese hamster ovary cells transfected with the human a5
integrin subunit fused to GFP

calf intestinal alkaline phosphatase
cyanine dye 2
4',6-diamidino-2-phenylindole
Dynamic Image Analysis System software
Dulbecco’s modified Eagle’s medium
dimethylsulfoxide

deoxyribonucleic acid

dots per inch

double-stranded

endothelial basal medium-2
ethylenediaminetetraacetic acid
endothelial growth medium-2

elastin monomer

extracellular matrix

Escherichia coli

expanded poly(tetrafluoroethylene)



FBS

FTIR

GFP

HEK 293T
'H-NMR
Hpg
HUVEC
1Cso

IPTG

LCST

M9 or M9AA
MALDI-MS

MEF-mitoGFP
MetRS
ODsoo

PBS

PEG

PET

PheRS
PMSF
pNsPhe
RCF
SDS-PAGE
SEM

SFM

TCEP
TRED

XPS

xVi
fetal bovine serum

Fourier transform infrared spectroscopy

green fluorescent protein

human embryonic kidney cells

proton nuclear magnetic resonance spectroscopy
homopropargylglycine

human umbilical vein endothelial cells
half-inhibition concentration
isopropyl-1-p-D-thiogalactosidase

lower critical solution temperature

minimal medium

matrix-assisted laser desorption ionization-mass
spectrometry

mouse embryonic fibroblasts transfected with Su9-GFP
methionyl-tRNA synthetase

optical density at 600 nm

phosphate-buffered saline

poly(ethylene glycol)

poly(ethylene terephthalate)

phenylalanyl-tRNA synthetase
phenylmethylsulfonyl fluoride
para-azidophenylalanine

relative centrifugal force

sodium dodecyl sulfate—polyacrylamide gel electrophoresis
scanning electron microscopy

serum-free medium without methionine
triscarboxyethylphosphine

trypsin in EDTA

x-ray photoelectron spectroscopy



Amino Acid Abbreviations

Amino Acid Three letter One letter
alanine Ala A
arginine Arg R

asparagine Asn N

aspartic acid Asp D
cysteine Cys C

glutamine GIn Q
glutamic acid Glu E
glycine Gly G
histidine His H
isoleucine lle I
leucine Leu L
lysine Lys K
methionine Met M
phenylalanine Phe F
proline Pro P
serine Ser S
threonine Thr T
tryptophan Trp wW
tyrosine Tyr Y
valine Val V
DNA Nucleotide Abbreviations
Nucleotide One letter
adenine A
cystosine C
guanine G
thymine T

xvil



