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Protein Chip Development and 
Applications

Heng Zhu
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Background in Proteomics

Protein Chip Development

Application in Basic Research

Applications in Clinical Research

Background in Proteomics
Progresses in Proteomics

Protein profiling
2D-MS, analytical protein chip

High-throughput protein localization
Transposon vs GFT

Biochemical Genomics
Pooling strategy

Large-scale protein interaction mapping
Y2H and protein complex coupled w/ MS

Transcription factor-DNA interaction
ChIP-chip

High throughput biochemistry assays
Functional protein chips

Why Microarrays?

Higher Sensitivity

Much higher throughput

More flexibility

Less sample consumption

Quantitation

Direct target detection

• Protein-Protein Interactions
• Protein Modification and Regulation
• Serum Profiling
• Signaling Pathways
• Drug Discovery

Protein Microarrays
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Comparison of Interaction Proteomics

Protein Chip Development

Protein Chip Fabrication
High Quality clone collection

High throughput protein production

Surface structure on chips

Surface chemistry

Storage

Nanowell 

Porous Surface

Surface Structure

3-D Surface Structure

Plain Glass Surface
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Adsorption/absorptionNon-specific diffusion

Covalent Cross-linking Affinity Attachment

Active           Active                Active           Inactive

Active            Inactive            Active           Active

Chemically Modified Surface

Covalent linkage

Affinity-based linkageAdsorption
absorption

Common Surfaces to Immobilize Proteins

TeleChem.com
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Comparison of Surface Chemistry Comparison of Detection Methods

Application in Basic Research

Serum probes
Cell lysates
Living cells

Protein probes
Nucleic acid probes
Drug probes
Enzymes

Y Y Y Y Antibody

Antigen

Aptamer

Allergen

Protein

Protein

Peptide

Peptide

Protein expression level
Protein profiling
Diagnostics

Protein binding properties
Pathway building
Posttranslational modification
Drug discovery

Protein Microarrays Are of Two Types
Analytical               Functional

Protein-protein

Protein-liposome

Protein-drug

Enzyme-substrate

Functional protein chip
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Antigen-antibody

Antigen-antibody

Analytical antibody chip

Analytical antigen chip

Sera

Antibodies

Summary of Protein Chip Applications

antibodies

Serum probes
Cell lysates
Living cells

Y Y Y Y Antibody

Antigen

Aptamer

Allergen

Protein expression level
Protein profiling
Diagnostics

Application of Analytical Microarrays
Analytical

Antigens

Antibody Chip
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Haab BB et al. Genome Biology 2001,  2:research0004.1-0004.13

Protein probes
Nucleic acid probes
Drug probes
Enzymes

Protein
Protein

Peptide
Peptide

Protein binding properties
Pathway building
Posttranslational modification
Drug discovery

Protein Microarrays Are of Two Types
Functional Key points

Clone collection
Cloning strategy
Yeast, C. elegans, humans

Protein production
Hosts for making proteins
Affinity tags
In vitro system

28 mm

1.4 mm

Nanowell Chip

• Round shape wells
• 1.4 mm diameter
• 300 micron depth

• 2.0 mm pitch
• 300 nl volume

18
 m

m Etched Mold Nanowells

Substrate Attached

Kinase Assay

Laser Milling Tool

Nanowell Chips and Protein Attachment

Pour PDMS on Surface

Activated by Crosslinker

GST 6xHis Polylinker
GAL1

Yeast ORFs

2µ Plasmid Vector

ATG STOP

Modified GST Expression Vector pEGH

ADPATP

Substrate

Wash

Kinase-Substrate Assays on 
Nanowell Chips

30 C

Kinase

ATP
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ADPATP

Kinase Proteins

Wash

Autophosphorylation Assays on 
Nanowell Chips

30 C

ATP

Kinase Assays Using Protein Chips
Gic2
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Kinase

SI

Yeast Proteome

• 6282 Protein Coding Genes

• 4042 Characterized

• 2244 Uncharacterized
334 Homologs
1910 Unique

Plasmid preps

Yeast ORFs

Transformed into 
Yeast

Rescued into E. coli

Restriction digestion 
and sequencing

Cloning Strategy

GAL1
GST-His6         ORF

Yeast Stocks
> 5800 ORFs

Vortex to lyse

Add Glass 
beads

High Salt Wash

Low Salt Wash

Stock Filtrate

Glutathione
Sepharose

Combine 

Elute

-70 C

Aliquot

96-Well Yeast Protein Purification

Induce cells

Spin 

Supernatant 
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Producing the Yeast Proteome 

~80% full-length proteins5800 expression clones 93.7%

GST-His6::ORF
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GST:P1 GST:P2 GST:P3

Proteins in 35% Glycerol

Protein-Protein Protein-Lipid Protein-DNA

Printing the Yeast Proteome

GST:P1 GST:P2 GST:P3
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The Yeast Proteome Chip

95% above back-
ground

>90% spots:
50 to 950 fgs

Science. 2001 Sep 14;293(5537):2101-5.

Types of Assays Developed
• Protein-protein
• Protein-antibody
• Protein-lipid
• Protein-DNA/RNA
• Protein-drug
• Protein-small molecule
• Phosphorylation
• Acetylation
• Ubiquitinylation
• Glycosylation

Antibody Probing of the Yeast 
Proteome Microarray

Anti-Sed3p

Cdc11

Sed3

α-Sed3, α-Cox4
α-Pep12

α-Hda1
α-Mad2

α-Nap1
α-Cdc11

1
4

8
1

1770
7

Anti-Peptide Polyclonal (6)

Anti-FL Protein Polyclonal (2)

Monoclonal (3 Yeast + 3 Control)
Antibody # of +s

Anti-Nap1
Mad2
Mad2

Nap1

Mad2

Nap1

Nat Biotechnol. 2003 Dec;21(12):1509-12.
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Calmodulin

• 12 Known or 
Suspected Targets

• 33 New Binding 
Proteins

• Derived New 
Consensus Binding 
Site

Calmodulin-Binding Proteins

Science. 2001 Sep 14;293(5537):2101-5.
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• ~140 in vitro targets

• 4 of 5 targets verified co-IP. 

• All 4 IP preferentially with Bmh1

Lys    UBF    IPFin1

α HA

α Bmh

Ig-Hc

Spo1-HA

Ig-Lc

Bmh2
Bmh1

Spo1
Lys    UBF    IP

Ig-Hc
Fin1-HA

Ig-Lc

Bmh2
Bmh1

Validation of Bmh1,2 Targets

Small Mole 
Library

Phenotype
Screening

Drug
Candidates

Genetics
Cell Biology
Expression Profiling

Protein Targets ?

Proteome
Microarrays

Candidate
Targets

Drug Discovery and Target Validation

SMIR3 & 4 Function in Tor1/2 Pathway

PNAS | November 23, 2004 | vol. 101 | no. 47 | 16594-16599 MacBeath et al. 

Protein Chips in Drug Discovery

Nutrient

Tor1/2p

G1
Arrest

Translation
Arrest

Glycogen
Accumulation

Drug

???

Identification of Drug Targets

Fpr1p

Rapa

Identification of Drug Targets

PNAS | November 23, 2004 | vol. 101 | no. 47 | 16594-16599
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PI(3)P PI(4,5)P2

Probed with PC & 5 PIs, PI(3)P,
PI(4)P, PI(3,4)P2, PI(4,5)P2, PI(3,4,5)P3

1% Biotinylated
DHPE

5% Phosphotidyl-
inositide

94% PC

150 lipid binding proteins 98 Known function
52 Uncharacterized                    45 Membrane, 8 lipid metabolism

Science. 2001 Sep 14;293(5537):2101-5.

PI(3,4)P
2

PI(3,4,5)P
3

PI(4)P

PI(4,5)P
2

PI(3)P
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Strong and

Specific 
Lipid-

Binding 
Proteins

Lectins

Detection of Posttranslational 
Modification

Detection of Sugar Modifications 
at the Proteome Level

PSA Probing
Mannose and Glucose

WGA Probing
N-Acetyl Glucosamine

Zhu et al. unpublished

Chromatin IP

IPed DNA labeled
with Cy5

Control

Probe intergenic 
DNA chip

Tag positive
proteins with
13xMyc

Cy3 labeled 
genomic DNA

Probe protein chip

Identification of DNA Binding Proteins

Science. 2004 Oct 15;306(5695):482-4

Tagged 
Strain

Untagged 
Strain

Crosslink
protein
to DNA

ChIP Recovered
& label DNA

Probe intragenic DNA microarrays 
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ChIP/Chip Signal:  ARG5,6

Cy5 signal intensity

C
y3

 s
ig

na
l i

nt
en

si
ty

PC1 
THI13

PC2 
YOR352W

PC 
YHL045W

15S 
rRNA2

PC2 
COX1

PC4 
COX1

PC6 
COX1

PC8 
COX1

PC2 
PHO23

PC1 
COB

Negative
Control

10.1±8.6 3.9±2.0 22.0±7.9 3.7±2.2 13.8±12.0 4.5±0.2 8.5±3.6 8.4±4.1 >30 3.8±2.32.0±0.4 1.0±0.1
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Enrichment

Fragment

A B

C
0.00

1.00

2.00

3.00

4.00

5.00

6.00

7.00

Rich
 Nitrogen
Depletion  AA Starvation

Cox1Gen
Cox1Proc
Cob1Gen
Cob1Proc
Cox3
Puf4
Yor352w
Yhl045w
Act1

Fo
ld

 E
nr

ic
hm

en
t: 

W
T/

ar
g5

,6
∆

COX1 Expression Is Regulated by Arg5,6 

500
400
300

5’-COX1+GST::Arg5,6
F    0.005 0.025 0.6     3 nM

500
400
300

F        0.025 0.6 nM

COX1E+GST::Arg5,6

400

60

EBNA+GST::Arg5,6
F     0.005 0.025 0.6   nM

500
400
300
200

F    0.025 0.6 nM

NegDNA+GST::Arg5,6

Motif + GST::Arg5,6

F
Motif

Competitor+-
Random

+-

Arg5,6 Binds Mitochondrial DNA Posttranslational Modification

• Phosphorylation

• Dephosphorylation

• Acetylation

• Ubiquitinylation

• Glycosylation

Han et al., Nature 430:88-93, 2004

Party hub:
Different time
and/or space

Party hub:
Same time
and space

Network Biology Kinase Assays on Protein Chips

MacBeath et al. 
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Correlation between the duplicae TPK1 assay

R2 = 0.8291
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Slide 1All spots show up as significant hits on at 
leat one slide

Tpk1 Phos Autophos

Identification of Kinase Substrates Kinase Assays Are Specific

No. of Substrates

No. of Kinases
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Average No. = 47, ranging from 1 to 256
73% substrates were recognized by fewer than 3 kinases

Total Same     Same   P-P  Trans’
Number Fun’ Local’ Inter’ Factors

4,192

768
P=0

1,384
P=0

49
P=E-34

311
P=0

Kinases Often Recognize Functional
Classes of Protein Substrates

Pho85

Pho85/Pho80

Pho85/Pcl1

Pho85/Pcl2

Pho85/Pcl9

Trans’
Cell Cycle

DNA ProcessingM E

Related Kinases Recognize Different
Substrates

Previously Known Kinase-Substrate
Interactions in Yeast

4,192 Interactions

1,384
Same Local

768
Same Func’

Phosphorylation Network in Yeast
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Kinase
Protein
Transcription Factors
Phosphorylation
Transcriptional Regulation
Protein-Protein Interaction

Module 1
1,563
P=0

Module 2
2,448
P=0

Module 3
25

P=0.001

Module 4
145
P=0

Module 5
92

P=0

Module 6
147
P=0

New Regulatory Modules Are Revealed Ubiquitinylation Ubiquitinylation Requires Three Requires Three 
Enzymes SequentiallyEnzymes Sequentially

Cecile Pickart, Cell 116:181-90, 2004

Mono-Ub:
protein sorting 
protein-protein interaction
virus budding

Poly-Ub:
K48: protein degradation

(26S proteasome)
K63: IKK activation

protein sorting
DNA repair

K29: protein degradation
(26S proteasome)

Versatile Versatile Ubiquitin Ubiquitin –– Different Functions Different Functions 
For Different Length And PositionFor Different Length And Position

Linda Hicke, Nat. Rev. Mol. Cell Bio. 2:195-201, 2001

Linkage K 11   29              48  63

E2 Many              Ubc2/13     
E2s   ? Ubc13 Ubc1/4/5

E3                  Many            Rad5/18      ? TRAF6         Rsp5
E3s  

Substrate     Many                ???  L28        ???       Membrane
Substrates Proteins

Process

Proteasome-
mediated
degradation

DNA repair

IκB kinase
activation

Endocytosis
& Transport

?    ?

Allen Weissman, Nat. Rev. Mol. Cell Bio. 2:169-78, 2001

Different Functions for Different Different Functions for Different 
Length and PositionLength and Position

Ub
N

Translation

Uba1/Ubc4/E3 (K48)
+ biotin-Ub
+ anti-GST

Cy5-Streptavidin
Cy3-2’ antibodies

Uba1/Ubc4/E3 (K63)
+ biotin-Ub
+ anti-GST

Cy5-Streptavidin
Cy3-2’ antibodies

Uba1/Ubc4
+ biotin-Ub
+ anti-GST

Cy5-Streptavidin
Cy3-2’ antibodies

Bioinformatics

Strategy to Identify HECT substrates
Red: Cy5-streptavdin
For ubiquitinylation 
detection

Green: anti-GST
Protein amounts

Biotin-BSA
YOL105C

Wsc3

Ubiquitinylation by Rsp5 + K63 Ub
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HistogramHistogram
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Ub K48 only
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Proteins
Controls
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Ub K63 on

Rsp5+Ub K48/Ub K48 control Rsp5+Ub K63/Ub K63 control

K48 linkage K63 linkage

Top Substrates of Rsp5 and Hul5

114 14 21

Rsp5 Substrates

K63 linkages K48 linkages

89 62

Hul5 Substrates

K63 linkages K48 linkages2

Many Substrates of Rsp5 and Hul5
Are Shared in K63 Linkage

61 2467

Rsp5

K63 Linkage

Hul5

Few Substrates of Rsp5 and Hul5
Are Shared in K48 Linkage

32 613

Rsp5

K48 Linkage

Hul5

Galactose transport?Csr2YPR030W

monoubiquitin
bindingCueCue5YOR042W

yesunknownDia1YMR316W

yesUb-dependent 
protein degradationBul1YMR275C

unknownArrestinYJL084C

PIP3 bindingYHR097C

transcription factor 
(predicted)

bromo-
domainBdf2YDL070W

Binding with 
Rsp5FunctionDomainProteinGene

Top Candidate Substrates Top Candidate Substrates ––
Rsp5 With Both Forms of Rsp5 With Both Forms of UbiquitinUbiquitin

actin cytoskeleton 
assemblySH3Pin3YPR154W

no, but bind 
to Rvs167

actin cytoskeleton 
assemblyApp1YNL094W

unknownSip5YMR140W

protein sorting, Ub-
dependent protein 

degradation
UBXSel1YML013W

CAAX-protein GG-
transferaseBet4YJL031C

Binding with 
Rsp5FunctionDomainProteinGene

Top Candidate Substrates Top Candidate Substrates ––
Rsp5 With Rsp5 With Ub Ub K63 Only (Specific?)K63 Only (Specific?)
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Applications in Clinical Research

Y Y

Antibody-carbohydrate
Carbohydrate chip

Sera

Y

Y       Y Y       Y

Y

Y Y

Antigen-antibody

Antigen-antibody

Antibody chip

Antigen chip

Serum

Antibodies

Y YY Y

IgE

Allergen chip
Allergen-IgE

Applications in Clinical Diagnostics

Antibodies

Normal Serum      vs Patient Serum

Serum Profiling
α-IgMα-IgG α-IgA

Merged

Serum Profiling

Hiller et al. FASEB J. 2002 Mar;16(3):414-6.

Allergen Microarray

Soen et al. PLoS Biol. 2003 Dec;1(3):E65.

MHC Chips to Profile T Cells
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Activation of OT-1 Lymphocytes on
an MHC Array SARS Coronavirus

RNA virus
spherical in 

shape 
club-shaped 

peplomers
HCV:

- SARS
- 229E
- OC43

Virol J. 2005 Apr 15;2(1):35. 

Experimental design

• Cloning:
SARS-CoV: Human 
229E : Human 
OC43: Human 
FIPV: Cats
MHVA59: Mouse

• Expression:
Yeast and E. coli.

DP C08

FP B0352

Control

FP B0242

α-
Ig

M
α-

Ig
M

α-
Ig

M

α-
Ig

G

α-
Ig

G
α-

Ig
G

BSA

α-
Ig

G

α-
Ig

G

Serum

Serum Probing on Coronaviral Chips

SARS Patients Tested

Three Datasets:
- China I (56): Sera from recovered patients
- China II (150): Fever patients
- Toronto (350): Fever patients
Toronto Dataset: 262 normal

493 good
-521 probings                        231 SARS

28 bad  – will be repeated

-65 unique features
protein fragments from 5 viruses

Hierarchical Clustering


