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1 Introduction

1.1 Background on Protein-Protein Interactions
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1.2 Protein-Protein Interactions Must be Strongert  han Protein-
Solvent Interactions for Affinity
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1.6 High-Throughput Protein Engineering for the Ana  lysis of
PPIs
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2 Thermodynamic Analysis of Ligand-Induced Changes
in Protein Thermal Unfolding Applied to High-
Throughput Determination of Ligand Affinities with

Extrinsic Fluorescent Dyes
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2.1 Thermodynamic Analysis of Thermal Shift Data
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2.2 Ligand-induced Shifts of Protein Stability
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2.3 Heat Capacity of Unfolding
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2.4 Monitoring protein folding with Sypro Orange
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2.5 Rate of Temperature Change
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2.6 SO Concentration Effects
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2.7 Experimental Case Studies: Maltose Binding Prot  ein and
Staphylococcal Nuclease
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2.9 Materials and Methods

2.9.1 Protein Purifications
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2.9.2 Protein Sequences for SO Ligand Studies

MATSTKKLHKEPATLIKAIDGDTVKLMYKGQPMTFRLLLVDTPETKHRPEKEGPEASAFTKKMVENAKKIEVEFDKGNRTDKYGRG
LAYIYADGKMVNEALVRQGLAKVAYVYKPNNTHEQHLRKSEAQAKREEENNADSGQGGSHHHHHH

A

MKHHHHHHGGNKTEEGKLVIWINGDKGYNGLAEVGKKFEKDTGIKWRIBHRFPQVAATGDGPDIIFWAHDRFGGYAQSGLLAE
ITPDKAFQDKLYPFTWDAVRYNGKLIAYPIAVEALSLIYNKDLLPNPPEEVWPALDKELKAKGKSALMFNLQEPYFTWPLIAADGGY
AFKYENGKYDIKDVGVDNAGAKAGLTFLVDLIKNKHMNADTDYSIABRMBENAMTINGPWAWSNIDTSKVNYGVTVLPTFKGQPSK
PFVGVLSAGINAASPNKELAKEFLENYLLTDEGLEAVNKDKPLGAVAEKRSIYAKDPRIAATMENAQKGEIMPNIPQMSAFWYAVRT
AVINAASGRQTVDEALKDAQTGSGGTPGRPAAKLNGGSYPYDVPDYA

MKDTIALVVSTLNNPFFVSLKDGAQKEADKLGYNLVVLDSQNNPAKBRIANVRGTKILLINPTDSDAVGNAVKMANQANIPVITL
DRQATKGEVVSHIASDNVLGGKIAGDYIAKKAGEGAKVIELQGIAGTEREEGFQQAVAAHKFNVLASQPADFDRIKGLNVMQNLL
TAHPDVQAVFAQNDEMALGALRALQTAGKSDVMVVGFDGTPDGEKAXNAGKPDQIGAKGVETADKVLKGEKVQAKYPVDLK
LVVKQGGSHHHHHH

2.9.3 Derivation of the Stoichiometric Binding Free Energy Equation
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2.9.4 Monitoring of Protein Unfolding and Ligand Bi nding with Sypro

Orange
'= BTA&A O0TA& BTA 5
98 OE A - - &'=& <?A &
<5E;& | '=&211 A?A &2C1 A?'= 8
E11TAQ( - %' ) :$ 'BBE2

CE



(

'= (&G5IP @ ?A

$ $

(C21111;

G&<11 A

5 (-

2

&15EP @ 5 $

(«(

0B<

2L.21<M5

CB

5 (

01T

EF1

$ 9

CF1



3 Quantitation of Protein-Protein Interactions by
Thermal Stability Shift Analysis
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3.2 Ligand-Induced Shifts in Stability for Protein-
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3.3 Determination of T ,, Values
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3.4 Determination of PPI Affinities
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3.5 Experimental Case Study: Maltose Binding Protei

nand a
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5<8 B &

-5.3 -/.3 -/.8 1.8 345.6 107.6
wt L86A  (0.22) 2.8 (0.30) 11 (9.2-14) (0.14) 2 (0.3-10) (1.2) 325.8 (0.16) (0.18) (016)  (216)
46 7.8 83 25 355.2 140.3
wt DII0A  (0.18) 2.3 (0.30) 5.6 (4.5-7.1) (0.15) 0.8 (0.09-7) (1.3) 326.6 (0.13) 0.13) 0.04)  (0.18)
3.9 82 87 3.2 354.3 121.8
wt Y56A  (0.15) 1.9 (0.30) 3.0 (2.4-3.8) (0.15) 0.4 (0.05-3) (1.2) 327.4 (0.03) (0.09) 002) (072
1.9 9.2 95 5.2 344.2 81.9
wt Y125A  (0.15) 0.9 (0.35) 0.62 (0.43-0.90) (0.24) 0.1 (0.01-0.9) (1.2) 329.3 (0.08) (0.09) 0.02)  (0.09)
15 94 96 5.6 349.3 131.5
wt DI12A  (0.20) 0.7 (0.35) 0.48 (0.33-0.70) (0.24) 0.09 (0.01-0.6) (1.1) 329.3 (0.16) (0.16) 002) (122
0.4 -10.0 -10 6.7 349.6 207.8
wt T48A  (0.19) 0.1 (0.39) 0.19 (0.12-0.30) (0.29) 0.04 (0.006-0.3) 1.2) v v 330.8 (0.05) (0.15) 0.03)  (051)
6.4 62 638 0.7 3505 145
H203A wt 0.13) 3.9 (0.27) 66 (60-73) (0.07) 10 (2-60) (11)  3221(001) 1014 (0.03) 322.8 (0.03) (0.03) (0.22) 1.9)
5.8 6.8 74 13
K200A wt (0.15) 3.3(0.27) 27 (24-30) (0.07) 4(0.6-20) (11)  3222(001) 1058 (0.22) 3235 (0.09) (0.09)
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3.6 Sypro Orange Concentration-Dependent Effects
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3.8 Materials and Methods
3.8.1 Genetic Constructs
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GCAGIGAATTCCGGTCACGCTTGGGACTGCCATAGGCTGGCCCGGBEAKRGATGCGTCCGGCG

(<
TAGAGGATCGAGATCTCGATCCCGCGAAATTAATACGACTCACT AAGIFENACGGTTTCCCTCT

AGAAATAATTTTGTTTAACTTTABBEABGAGATATACC

)7 . - (95 ( /A

TGAAAGGGCGATATCCAGCACACTGGCGGCCGTTACTAGTGGATURAGBABGCCCGAAAGGAA
(<(

GCTGAGTTGGCTGCTGCCACCGCTGAGCAATAACTAGCATAACCEGCTCTGGRAACGGGTCTTGAG

GGGTTTTTTGCTGAAAGGAGGAACTATATCCGGAGCGACTCCCATBRBEAMAESCTCGAAGCTTTC
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ATGAAACATCATCATCATCATCACGGTGGCAACGATTTAGGTCGAAASPRGCCGCGCGTGCAGGTCAGGACGATGAAGTACG
TATTCTCATGGCCAATGGTGCAGATGTCAATGCCGCGGACAACACAGGGRGCTGCACCTGGCAGCTTACTCAGGTCATCTGG
AAATCGTTGAAGTGCTTCTCAAACATGGTGCCGATGTAGACGCCABTGHKEECTATACGCCATTGCACTTAGCGGCCTATTGG
GGCCATTTAGAGATTGTGGAAGTGTTACTCAAAAACGGTGCCGATEBAMABGATAGTGACGGCATGACGCCACTGCATTTAGC
GGCAAAGTGGGGTTACCTGGAAATCGTAGAAGTGCTCCTGAAACBGASEIBARACGCACAGGATAAATTTGGCAAGACCGCAT
TTGACATTTCTATTGATAACGGCAACGAAGATCTGGCAGAAATTCASTAMMTGGTGGTAGTGATTATAAAGATGATGATGAT
AAATAA

A )7

ATGAAACATCATCATCATCATCACGGGGGTAATAAAACTGAAGAATIGIAMMATATGGATAAATGGTGATAAAGGTTATAATGG
ACTAGCAGAAGTAGGTAAAAAATTCGAGAAGGACACCGGCATCABGEAGARCATCCGGACAAACTGGAGGAGAAATTCCCAC
AAGTAGCAGCAACTGGCGACGGTCCTGACATCATATTCTGGGCABBTBAGGCGGATACGCACAATCTGGCTTACTGGCAGAA
ATTACCCCGGACAAAGCCTTCCAGGATAAACTGTACCCGTTCACKSIREI BB GATACAACGGCAAACTGATCGCCTATCCAAT
CGCAGTTGAAGCGCTGTCCCTGATCTACAACAAAGACCTGCTGCGTASPFABACGTGGGAAGAAATTCCGGCCCTGGATAAAG
AGCTGAAAGCGAAAGGCAAATCCGCGCTGATGTTCAACCTTCAGEARIZEGTGGCCACTTATTGCAGCAGATGGCGGATAC
GCATTCAAGTACGAGAACGGCAAGTACGACATCAAAGACGTCGHMETRGHREGTGCAAAAGCTGGCTTAACCTTCCTGGTGGA
CCTGATCAAAAACAAGCACATGAACGCCGATACCGATTACAGCARGGCEEATTCAACAAAGGCGAAACCGCCATGACCATTA
ATGGACCATGGGCCTGGAGCAACATAGACACCAGCAAAGTCAAOPAGIRIBCTGCCAACCTTCAAAGGCCAACCGAGCAAA
CCATTCGTAGGCGTACTGTCAGCAGGTATTAACGCAGCAAGCCOGANCIABCCAAAGAGTTCCTCGAGAACTACCTGCTTAC
AGATGAAGGCCTTGAAGCCGTGAACAAAGATAAACCGCTGGGTGRAEAVIT CCTACGAAGAAGAACTGGCGAAAGATCCGC
GTATTGCAGCAACCATGGAAAACGCGCAGAAAGGCGAAATCATCGOUEAMIBSATGTCCGCATTCTGGTACGCAGTTCGCACC
GCCGTTATTAATGCAGCATCAGGTCGCCAGACAGTAGATGAAGCGRTGBABAGACTGGTAGTGGTGGTACACCAGGAAGACC
AGCAGCAAAACTGAACGGTGGCTCTTATCCATACGATGTACCTGATRATGC
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3.8.2 96-Well Protein Purification from Autoinducin g Cultures
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4 A Completely in-vitro ELISA Assay for Protein-Protein

Interactions
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4.2 Detection of Transient Interactions
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4.3 A Mathematical Model of Binding And Stoichiomet  ry
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4.4 Experimental Case Study: Maltose Binding Protei
Synthetic Ankyrin Repeat Protein
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4.6 Materials and Methods

4.6.1 Genetic Constructs
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5 Analysis of a Small, High-Affinity Synthetic Inte rface
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5.2 Discussion
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5.3 Materials and Methods

5.3.1 Mutant construction and protein expression

y< A S
- - LEBM& (<
& & 5 (-
) < I= 6 8 L22FM

6

$ D5F52;5 7 - #2G
D5F525 H "-

021E2G;5 - $

- - - - : D5F50; L22EM&

(G 8 C5B505D; L22FM5

5.3.2 Mutant sequences

% ! 5 B &15<8 $ O
Q Be>.J Bea'. s<s *, Oo# 3
$:C2(? $ . L
MBP gene name MBP Mutations Off7 gene name Off7 Mations binding?
(see fig. 5.5)
D197M,K200W, F79G,Y81A,D110R,
MBP.21.14114.0.0 N201A 0Off7.21.14114.0.0 D112Q,M114Q no
D197E,K200W, F79G,Y81K,D110R,
MBP.21.14114.0.a V196Y Off7.21.14114.0.a D1120,M114Q no
F79G,Y81A,D110R, yes
MBP.16.12720.0.0 K200Y,N201W Off7.16.12720.0.0 D112Q,M114Q “316"
MBP.32.11255.0.0 K140F,K202Y Off7.32.D11255.0.0  R23Q,Y56R gg;

21B



% ! 5 B &15<8
Q Be>'.J Ba'.
$:C2(? $

58 ¥, @ ,

MBP gene name

MBP Mutations

Off7 gene name

Off7 Mations

MBP.17.8470.7.0v
MBP.17.8470.7.0y
MBP.29.12304.0.0f
MBP.31.17645.0.0y
MBP.27.14790.0.0v
MBP.27.14790.0.0f
MBP.21.16176.0.0v
MBP.21.16176.0.0f
MBP.27.14790.9.0l
MBP.27.14790.9.0f
MBP.32.16070.0.0v
MBP.32.16070.0.0f
MBP.32.16070.0.0v
MBP.31.17645.4.0v
MBP.31.17645.4.0e
MBP.31.17645.4.0f
MBP.31.17645.4.0y
MBP.8.2410.0.0ov

N201W,H203V
N201W,H203Y
N201R,H203V
N201Y,H203Y
N201R,H203V
N201R,H203F
N201Y,H203V
N201Y,H203F
N201R,H203L
N201R,H203F
N201R,H203V
N201R,H203F
N201R,H203V
D197L,N201Y,H203V
D197L,N201Y,H203E
D197L,N201Y,H203F
D197L,N201Y,H203Y
N201K,H203V

Off7.17.8470.7.0
Off7.17.8470.7.a
Off7.29.12304.0.0
Off7.31.17645.0.0
Off7.27.14790.0.0
Off7.27.14790.0.0
Off7.21.16176.0.0
0Off7.21.16176.0.a
Off7.27.14790.9.0
Off7.27.14790.9.a
0ff7.32.16070.0.0
0Off7.32.16070.0.a
0Off7.32.16070.0.b
Off7.31.17645.4.0
Off7.31.17645.4.a
Off7.31.17645.4.a
Off7.31.17645.4.a
0ff7.8.2410.0.0

Y81F,Y89R,L119F,K122S,W123Q
Y81F,Y89R,L119F K122Q,
Y89W,K122A
Y89R,Y81L
Y81L,Y89F,D110A,L119Y
Y81L,Y89F,D110A,L119Y
Y81L,Y89G,L119R
Y81Q,Y89S,L119R
Y81L,Y89F,D110A,L119Y
Y81Q,Y89F,L119Y
Y81L,L119M,K122S,W123Q
K122S,W123Q
K122E,W123Q
Y81L,Y89R,W123F
Y81F,Y89R L119Q
Y81F,Y89R,L119Q
Y81F,Y89R,L119Q
Y81L,Y89W,L119F,W123Q

MBP.8.2410.0.0y N201K,H203Y 0Off7.8.2410.0.a Y89W,K122E,W123Q
MBP.32.413.0.0v N201K,H203V 0ff7.32.413.0.0 Y81L,L119F,K122S,W123Q
MBP.32.413.0.0v N201K,H203V 0Off7.32.413.0.a Y81L,L119Q,K122Q,W123Q
MBP.10.670.0.of N201K,H203F 0Off7.10.670.0.0 Y81L,H85S,Y89F,M114L,L1 19y
MBP.10.670.0.0v N201K,H203V 0Off7.10.670.0.0 Y81L,H85S,Y89F,M114L,L119Y
MBP.10.670.0.av D197W,N201K,H203V Off7.10.670.0.a Y81L,H85S,Y89F M1 14E,L119Y
MBP.10.670.0.af D197W,N201K,H203F 0Off7.10.248.0.0 Y81L,H85S5,M114L,L119Y,W123Q
MBP.10.1.0.0 D136S,H203R Off7.10.1.0.0 Y89D,W90E,W123Y
MBP.10.1.0.a H203R 0Off7.10.1.0.0 Y89D,W90E,W123Y
MBP.10.1.0.a H203R Off7.10.3.0.0 Y89D,W90M,W123Y
MBP.10.1.0.a H203R 0Off7.10.3.0.a Y89D,W90Q,W123Y
MBP.10.2.0.0 N201W,H203R 0Off7.10.2.0.0 Y89L,W90E,W123Y
MBP.10.2.0.a D136S,N201W,H203R 0Off7.10.2.0.0 Y89L,W90E,W123Y
- ) <@A 3 E524, 20

& +FG& 01D& *G1l& '2DB& 5

ESE;5 A E52

MBP.c5.1: K137R,D197W,K200R,N201W,K202N

off7.c5.1: T48Q,D77S,F79W,Y81H,L86M,D110Q,D112W
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A 5E52

ATGAAACATCATCATCATCATCACGGGGGTAATAAAACTGAAGAAGIGIAPMATATGGATAAATGGTGATAAAGGTTATAATGG
ACTAGCAGAAGTAGGTAAAAAATTCGAGAAGGACACCGGCATCABGEAGARCATCCGGACAAACTGGAGGAGAAATTCCCAC
AAGTAGCAGCAACTGGCGACGGTCCTGACATCATATTCTGGGCABBTBAGGCGGATACGCACAATCTGGCTTACTGGCAGAA
ATTACCCCGGACAAAGCCTTCCAGGATAAACTGTACCCGTTCACKIRE&IBBGATACAACGGCAAACTGATCGCCTATCCAAT
CGCAGTTGAAGCGCTGTCCCTGATCTACAACAAAGACCTGCTGCGTASPABACGTGGGAAGAAATTCCGGCCCTGGATCGCG
AGCTGAAAGCGAAAGGCAAATCCGCGCTGATGTTCAACCTTCAGEARIZEGTGGCCACTTATTGCAGCAGATGGCGGATAC
GCATTCAAGTACGAGAACGGCAAGTACGACATCAAAGACGTCGGMETRACGHEGTGCAAAAGCTGGCTTAACCTTCCTGGTGTG
GCTGATCCGCTGGAACCACATGAACGCCGATACCGATTACAGCAIGGTBGATTCAACAAAGGCGAAACCGCCATGACCATTA
ATGGACCATGGGCCTGGAGCAACATAGACACCAGCAAAGTCAAOPAGIRIBACTGCCAACCTTCAAAGGCCAACCGAGCAAA
CCATTCGTAGGCGTACTGTCAGCAGGTATTAACGCAGCAAGCCOGANCFABCCAAAGAGTTCCTCGAGAACTACCTGCTTAC
AGATGAAGGCCTTGAAGCCGTGAACAAAGATAAACCGCTGGGTGRAEAVIT CCTACGAAGAAGAACTGGCGAAAGATCCGC
GTATTGCAGCAACCATGGAAAACGCGCAGAAAGGCGAAATCATCOUEMIBSATGTCCGCATTCTGGTACGCAGTTCGCACC
GCCGTTATTAATGCAGCATCAGGTCGCCAGACAGTAGATGAAGCGRTGBABAGACTGGTAGTGGTGGTACACCAGGAAGACC
AGCAGCAAAACTGAACGGTGGCTCTTATCCATACGATGTACCTGATRATGC

) <5 EB2

ATGAAACATCATCATCATCATCACGGTGGCAACGATTTAGGTCGAAASPRGCCGCGCGTGCAGGTCAGGACGATGAAGTACG
TATTCTCATGGCCAATGGTGCAGATGTCAATGCCGCGGACAACAGAGGGCBCTGCACCTGGCAGCTTACTCAGGTCATCTGG
AAATCGTTGAAGTGCTTCTCAAACATGGTGCCGATGTAGACGCCABTBGGGCCATACGCCATTGCACATGGCGGCCTATTGG
GGCCATTTAGAGATTGTGGAAGTGTTACTCAAAAACGGTGCCGATEBAABCTAGAGTTGGGGCATGACGCCACTGCATTTAGC
GGCAAAGTGGGGTTACCTGGAAATCGTAGAAGTGCTCCTGAAACBGHSEIBARACGCACAGGATAAATTTGGCAAGACCGCAT
TTGACATTTCTATTGATAACGGCAACGAAGATCTGGCAGAAATTCASTAMMTGGTGGTAGTGATTATAAAGATGATGATGAT
AAATAA

' D5F52 - " 8 &
$ & - - 5

5.3.3 Protein-protein interaction assays

9' &--- - - & .3

- C57 D1P C5E- & -
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5.3.4 Computational sequence redesign
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5.3.5 Structural bioinformatics searches for Tyr-Hi s-(Asp,Glu) triads
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