ece oo e °00 @ ‘ 8 ¢ YT
o - o0 g
o Drug Islscovery Series/8

Fun( jonal Protein
- Micodiays i~ -

o0 @9

= DrugDiscovery

| : ‘ ) ¥
tedaqe ‘XA XN X
. i @ CRC Press
. s e - oedrrreee e Taylcr&Franc:sGroup‘
» & " * = @ L - A .
o L

X N E N W N
(T X RN NN A RENENY "

.'._...::::...-..-_Iﬁfﬁff;.;a_f oiedbi
; . Paul . Predki




tunctional Protein
Microarrays in
Drug Discovery



Drug Discovery Series

Series Editor

Andrew Carmen

Johnson & Johnson PRD, LLC
San Diego, California, U.S.A.

Virtual Screening in Drug Discovery, edited by Juan Alvarez
and Brian Shoichet

Industrialization of Drug Discovery: From Target Selection Through
Lead Optimization, edited by Jeffrey S. Handen, Ph.D.

Phage Display in Biotechnology and Drug Discovery, edited by
Sachdev S. Sidhu

G Protein-Coupled Receptors in Drug Discovery, edited by
Kenneth H. Lundstrom and Mark L. Chiu

Handbook of Assay Development in Drug Discovery, edited by
Lisa K. Minor

In Silico Technologies in Drug Target Identification and Validation,
edited by Darryl Ledn and Scott Markel

Biochips as Pathways to Drug Discovery, edited by Andrew Carmen
and Gary Hardiman

Functional Protein Microarrays in Drug Discovery, edited by
Paul F. Predki



tunctional Protein
Microarmays in
Drug Discovery

edited by

Paul 1. Predki




CRC Press

Taylor & Francis Group

6000 Broken Sound Parkway NW, Suite 300
Boca Raton, FL 33487-2742

© 2007 by Taylor & Francis Group, LLC
CRC Press is an imprint of Taylor & Francis Group, an Informa business

No claim to original U.S. Government works
Printed in the United States of America on acid-free paper
10987654321

International Standard Book Number-10: 0-8493-9809-6 (Hardcover)
International Standard Book Number-13: 978-0-8493-9809-4 (Hardcover)

This book contains information obtained from authentic and highly regarded sources. Reprinted
material is quoted with permission, and sources are indicated. A wide variety of references are
listed. Reasonable efforts have been made to publish reliable data and information, but the author
and the publisher cannot assume responsibility for the validity of all materials or for the conse-
quences of their use.

No part of this book may be reprinted, reproduced, transmitted, or utilized in any form by any
electronic, mechanical, or other means, now known or hereafter invented, including photocopying,
microfilming, and recording, or in any information storage or retrieval system, without written
permission from the publishers.

For permission to photocopy or use material electronically from this work, please access www.
copyright.com (http://www.copyright.com/) or contact the Copyright Clearance Center, Inc. (CCC)
222 Rosewood Drive, Danvers, MA 01923, 978-750-8400. CCC is a not-for-profit organization that
provides licenses and registration for a variety of users. For organizations that have been granted a
photocopy license by the CCC, a separate system of payment has been arranged.

Trademark Notice: Product or corporate names may be trademarks or registered trademarks, and
are used only for identification and explanation without intent to infringe.

Library of Congress Cataloging-in-Publication Data

Functional protein microarrays in drug discovery / [edited by] Paul Predki.
p.; cm. -- (Drug discovery series ; 8)

Includes bibliographical references and index.

ISBN-13: 978-0-8493-9809-4 (hardcover : alk. paper)

ISBN-10: 0-8493-9809-6 (hardcover : alk. paper)

1. Protein microarrays. 2. Drugs--Design. I. Predki, Paul. II. Series.

[DNLM: 1. Proteins--analysis. 2. Drug Design. 3. Protein Array Analysis. QU
55 F965 2007]

QP551.F96 2007
572°.636--dc22 2007005653

Visit the Taylor & Francis Web site at
http://www.taylorandfrancis.com

and the CRC Press Web site at
http://www.crcpress.com



Table of Contents

Section 1
Functional Protein Content for Microarrays

Chapter 1 High-Throughput Gene Cloning Using the Gateway®

TeChNOIOZY ....eoviiiiiiiiiiieee et

Scott N. Peterson, Patrick Burr, Getahun Tsegaye, and Pratap Venepally

Chapter 2 Protein Expression for MiCrOAITAYS........coceevvireerereenereenennns

Harry H. Yim, Thomas G. Chappell, and Steven H. Harwood

Chapter 3 Emerging Trend: Cell-Free Protein Expression .......c..c.cceeeveuee

Federico Katzen and Wieslaw Kudlicki

Section 2

51

Fabrication of Functional Protein Microarrays

Chapter 4 The Critical Role of Surface Chemistry

in Protein MiCTOAITAYS ....ccoceervierierieeniieeieeec ettt

Athena Guo and X.-Y. Zhu

Chapter 5 Fabrication of Sol-Gel-Derived Protein Microarrays

for Diagnostics and SCIreening........ccccceceevereerersieneeneneenieneenne

Nicholas Rupcich and John D. Brennan

Chapter 6 Printing and QC of Functional Protein Microarrays..................

Dee Shen, Fang X. Zhou, and Barry Schweitzer

Chapter 7 Protein Engineering for Surface Attachment............ccccocevenennee

Aparna Girish, Grace Y. J. Chen, and Shao Q. Yao

Chapter 8 Protein /n Situ Arrays through Cell-Free Protein Synthesis......

Mingyue He, Farid Khan, Elizabeth Palmer, Mingwei Wang,
and Michael J. Taussig



Section 3
Detection Methods for Protein Microarrays 145

Chapter 9 Fluorescent Detection Methods for Protein Microarrays............... 147

Steven Roman and Scott Clarke

Chapter 10 Functional Analysis of Protein Interactions Using Surface
Plasmon Resonance-Based Microarrays..........c.cceeceveeveneenieneennen. 181

Alan McWhirter and Stefan Lofas

Chapter 11 Leaving the Surface Behind: At the Intersection of Protein
Microarrays and Mass SPeCtrometry.......cccecveecveerieerveereenveerueennnes 199

Darrell P. Chandler, Daniel S. Schabacker, Sergei Bavykin,
and Igor M. Gavin

Chapter 12 High-Resolution Label-Free Detection Applied to
Protein Microarray Research ..........ccccoooeveviiiiniiiiieninicineeene 217

Lance G. Laing and Brian Cunningham

Section 4
Applications of Functional Protein Microarrays 237

Chapter 13 Studying Protein—Protein Interactions with Protein Microarrays:
Rapid Identification of 14-3-3 Protein Binding Partners................. 239

Jun-ichi Satoh

Chapter 14 A Combined Force of Chemical Genetics
and Protein MiCTOAITAYS. .....ccvvvervierierieeiiienieesieesreenieesreeniaeeveeaees 261

Heng Zhu and Jing Huang

Chapter 15 Antibody Profiling for Protein Drug Development
and Clinical Development...........c..occooiriiiniinieninieninienieieeeenee 275

Steve H. Herrmann

Chapter 16 Humoral Response Profiling Using Protein Microarrays ............... 301

Arun Sreekumar, Barry S. Taylor, Xiaoju Wang, David Lubman,
and Arul M. Chinnaiyan



Chapter 17 DNA Interactions with Arrayed Proteins .......c..cccceecevveencrvicncnnnenne. 313

Marina Snapyan and Vehary Sakanyan

Chapter 18 G Protein—Coupled Receptor Microarrays for Drug Discovery .....333

John Salon, Michael Johnson, Brian Rasnow, Gloria Biddlecome, Yulong Hong,
Brian Webb, Ye Fang, and Joydeep Lahiri

Chapter 19 Kinase Substrate Identification Using Yeast
Protein MICTOAITAYS. ...c..cevvertieiiniieiieiienie ettt 351

Geeta Devgan and Michael Snyder

Section 5

Bioinformatics & Data Analysis 361
Chapter 20 Protein Microarray Image AnalysiS......ccccevvveerieriiieneencieenieeieenn. 363
Minzi Ruan

Chapter 21 The Analysis of Protein Arrays ......c.ccceceeeeverenveneneneneneneenieneenees 381
Brad Love

Chapter 22 Evaluating Precision and Recall in Functional

Protein ATTAYS ....cooueeiiiiieieeiieieeieeee ettt 403
Keith Robison
Chapter 23 Visualization of Protein Microarray Data ......c..cccceeeecvencrveencnnenne. 415

Kevin Clancy






Preface

Since their introduction in the 1990s, microarray-based technologies have had a
tremendous impact on the biological sciences. One of the most exciting recent
developments in this field is functional protein microarrays: microarrays with large
numbers of correctly folded and functional proteins. Initially considered an imprac-
tical if not impossible goal, high-content functional protein microarrays have now
proven their utility in a multitude of applications. While the ““field’s” early successes
have set the stage for the rapid growth now being witnessed, it is not without its
challenges. Indeed, challenges are to be expected in a fast-moving interdisciplinary
endeavor such as this, where molecular biology, protein chemistry, bioinformatics,
engineering, and physical sciences all intersect.

Currently no book has addressed all aspects of functional protein microarrays
in a coherent and integrated fashion. This book is intended to provide the first
comprehensive reference for the field, addressing basic principles, methods, and
applications. While intended primarily as a reference for industrial, academic, and
government scientists, it is also suitable as a graduate-level supplementary text. The
book is divided into five main sections, each addressing critical aspects of the field.
The first focuses on the generation of functional protein content, which is the first
and perhaps most challenging aspect of protein microarrays. The second section
describes both “standard” and state-of-the-art fabrication methods, focusing on
issues of particular significance to functional protein microarrays. Similarly, the third
section reviews current and next-generation approaches to assay detection, which
hold one key to the future of the field. The fourth and largest section is dedicated
to applications. This section spans the breadth of published applications, from
biomolecular interaction discovery and characterization (proteins, antibodies, DNA,
small molecules) to humoral response biomarker profiling, enzyme substrate iden-
tification, and drug discovery. The final section addresses fundamental computational
issues including image and data analysis as well as data visualization.

The intent of this book is to provide the first integrated reference for functional
protein microarrays. In doing so, I have aspired to create a volume worthy of the
promise of functional protein microarrays, a practical resource capable of conveying
the excitement and enabling the development of this field. This book would not have
been possible, however, without the hard work of its many authors and Kathie
McCoy, to whom I am truly grateful.
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Introduction

As central actors in most biological responses, proteins are the subject of intense
study for both basic and drug research. This, in turn, has driven the development of
increasingly sophisticated approaches for the study of proteins, which, in recent
years has extended to proteomic level methodologies. Despite this need, however,
microarray technologies for proteins have lagged behind those for nucleic acids.
This has been particularly evident in the case of functional protein microarrays,
where formidable technical challenges must be surmounted. However, while tech-
nical challenges still remain, the past few years have witnessed movement of the
field from basic proof of concept!? to the use of microarrays for important scientific
work, landmark discoveries® to proteomic characterizations.* At the same time, the
number of publications in the field has increased exponentially. The purpose of this
book is to provide the reader with an up-to-date overview of the field, as well as
the background required to actually design and develop arrays or perform and
analyze array experiments. The five sections of this book reflect five key considera-
tions in the field: protein content, array fabrication, assay detection, applications and
data analysis.

FUNCTIONAL PROTEIN CONTENT

The development of functional protein content is one of the most challenging, and
often rate-limiting, aspects of protein microarray experimentation. These challenges
can be largely eliminated in cases where protein content or even protein arrays can
be acquired commercially. However, in many cases protein content must be generated
by the investigator. This content is most typically generated from DNA clones using
recombinant expression technology. High-throughput methods for expression clone
generation have been developed at The Institute for Genomic Research, and are
described in detail in Chapter 1. Important considerations such as information
management, automation, quality control and clone validation are addressed. The
second chapter addresses expression and purification of proteins in heterologous host
systems (E. coli, yeast and insect cells), and provides guidance for selecting an
appropriate system based on a variety of parameters such as yield, functionality,
post-translational modifications, throughput and cost. The final chapter of this section
reviews cell-free protein expression systems, and discusses specific considerations
for protein microarrays. Together, these chapters provide a thorough overview of
the basic considerations for protein content generation.



FABRICATION

The functional and structural heterogeneity of proteins makes arraying and functional
surface attachment a considerable challenge. Chapter 4 provides a thorough exam-
ination of the challenges of surface chemistry for protein microarrays, which include
minimizing nonspecific interactions and maximizing the presentation of conforma-
tionally correct proteins. A completely different approach is described in Chapter 5
with the entrapment of proteins in a three-dimensional sol-gel. The various strategies
are illustrated in Figure 1.

Critical aspects of array manufacture are addressed in Chapter 6. These include
a brief review of commercially available printing technologies, the myriad challenges
presented by protein microarrays, and quality control in manufacturing.

The final chapters of this section describe novel strategies for generating
protein arrays. Chapter 7 focuses on oriented immobilization strategies based
on protein engineering and chemistry, while Chapter 8 addresses the in situ
generation of proteins. Both chapters describe methods that can “compress” the
steps involved in making an array, by combining purification (Chapter 7) or
expression and purification (Chapter 8) into the array printing process. These
simplified techniques promise to make protein microarray technology more
accessible to “average” labs, although at the potential cost of less well controlled
array content.

DETECTION

The varied applications of functional protein microarrays all require sensitive assay
detection technologies. The most common detection method, fluorescence, is
described in chapter 9. This chapter provides a detailed discussion of the basics:
fluorescent dyes, fluorescent proteins, time-resolved fluorescence, fluorescent quan-
tum dotes, signal amplification, labeling methods and instrumentation. It concludes

4
WYY Veuy VS
(b)

(a) (c)

FIGURE 1 Protein immobilization strategies. (a) Proteins are directly attached to the surface
based on one (or few) site-specific interactions. This approach has the advantage of a relatively
homogeneous presentation of protein to the solution, but regions of the protein may be
systematically “hidden.” (b) Proteins are attached in a nonspecific orientation. This approach
has the advantage of (collectively) displaying a large fraction of the protein surface, but some
protein molecules may be functionally blocked. (c) Proteins are not attached but “caged” in
an aqueous environment. This approach has the advantage of displaying proteins in a more
“native” manner, but can support only a limited range of applications.



by describing a variety of examples of applications enabled by fluorescent detection
technology. As useful as fluorescent detection has proven, however, there is a clear
need for “label-free” detection methods. This is especially true of small molecule
assays, where the addition of a fluorescent group can significantly alter the chemical
and biological properties of the compound under investigation. The most common
label-free detection technology, surface plasmon resonance (SPR) is described in
Chapter 10. This chapter reviews the basic physics behind the SPR phenomenon,
and discusses special considerations for the adaptation of SPR to arrays. Chapter 11
describes recent advances in the application of MALDI (matrix assisted laser des-
orption ionization) mass spectrometry to protein microarrays. In addition to detec-
tion, mass spectrometry can be used for molecular identification, potentially enabling
highly multiplexed experiments. Chapter 12 describes a recently commercialized
alternative to SPR based on photonic crystal biosensors.

APPLICATIONS

Functional protein microarrays have been adapted for a variety of applications in
both basic research and drug discovery. Two basic classes of experiments can be
performed with functional protein microarrays: interaction assays and activity
assays. Interaction assays profile the ability of molecules (or even cells) to bind to
proteins on the array surface. Activity assays profile the activity of proteins either
in solution or on the arrays themselves (see Figure 2). The breadth of applications
generated through these types of experiments is summarized in Table 1, and dis-
cussed in more detail in Chapters 13 to 19.

Chapter 13 describes the use of functional protein microarrays for profiling
protein-protein interactions, with a focus on 14-3-3 proteins. The use of protein

Interaction assays Activity assays
Molecular interactions ~ Substrate assays Biochemical assays

B E
i ‘m m

_ 0 0 66

FIGURE 2 Basic types of assays. Interaction assays monitor the ability of a molecule/com-
plex (B) to bind proteins on the array (A). Activity assays monitor the activity of proteins in
solution, such as an enzyme (E) modifying (m) a substrate (S) on the array. Alternately, such
assays can monitor the activity of proteins on the array. (curved arrow represents a biochemical
reaction). (Reprinted with permission, Invitrogen)



TABLE 1

Applications of Functional Protein Microarrays. A Summary of Many of the
Basic and Drug Research Applications of Functional Microarray Experiments

Experiment

Protein—protein interaction profiling
Protein—-DNA interaction profiling
Protein-lipid interaction profiling

Substrate assays

Enzyme activity profiling

Protein—small molecule interaction
profiling

Antibody specificity profiling

Immune response profiling

Enzyme inhibitor profiling

Enzyme activity assay

Basic Research Application

Pathway mapping

Protein interaction mapping

Protein function
determination

K, estimation

a

Pathway mapping
Substrate identification

Pathway mapping
Enzyme activity discovery

Pathway mapping
Metabolomics
Chemical genomics

Antibody characterization

Biomarker discovery

Enzyme characterization

Enzyme kinetics

Drug Research Application

Target discovery
Early target validation

Target discovery
Early target validation

Target discovery
Early target validation

Target/mechanism
determination

Drug rescue

Alternate target identification

Specificity profiling

ICs, estimation

Lead optimization

Toxicity profiling

Biotherapeutic development
and optimization

Diagnostic

Biomarkers for efficacy and
safety

Vaccine design

Specificity profiling
Lead selection and
optimization

Specificity profiling

IC,, determination

Lead selection and
optimization

Source: Adapted from Predki, P.F., Functional protein microarrays: ripe for discovery, Curr. Opin. Chem.

Biol., 8, 8, 2004. With permission.

microarrays for small molecule target identification is described in chapter 14, with
an emphasis on the author’s pioneering use of protein arrays to study chemical
genetics with the compound SMIR4. Chapter 15 discusses the possible uses of
functional protein microarrays for biotherapeutic drug development, with a particular



focus on using arrays to identify cross-reactive therapeutic antibodies, as well as
monitoring for autoimmune side effects. Chapter 16 describes the use of protein
arrays to discover antibody immune response biomarkers, an application which also
has implications for vaccine design and testing. The use of protein arrays to study
DNA binding is described in Chapter 17, including a discussion of the clinical
significance of such investigations. One of the most important and challenging
classes of proteins, multi-transmembrane spanning G protein-coupled receptors
(GPCRys), is addressed in Chapter 18. This chapter provides a thorough description
of this application, from surface chemistry to binding assay protocols and assay
validation. Finally, Chapter 19 describes the use of protein arrays for the identifica-
tion of kinase substrates, focusing on the application of this technique to the yeast
proteome.

While exhaustive coverage of all applications is not possible, this section
describes all of the major uses of protein microarrays currently under investigation.
No doubt, as the field evolves, new applications will be developed. The basics
described in this section, though, should provide a good foundation for understanding
these future developments.

DATA ANALYSIS

Data analysis is one of the most important, but often underappreciated, aspects of
the use of protein microarrays. This section starts with a thorough discussion of
image analysis in Chapter 20. Numerous considerations, from spot boundary assign-
ment and contaminant removal to statistical analysis and visualization, are described.
Chapter 21 takes off from there, describing approaches to analyzing the numerical
data generated directly from the images. Although focusing on biomarker discovery,
many of the approaches described in Chapter 21 are directly applicable to the other
applications described in this book. Chapter 22 uses computer simulations to help
evaluate the potential of protein microarrays for kinase substrate identification. Like
the previous chapter, however, the basic approach is applicable to many other
applications. The final chapter examines the software requirements for visualizing,
sharing and integrating the results of experimentation. It is only with this ability,
after all, that the full potential of this technology will be realized.
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INTRODUCTION

The genomic era has produced an ever-increasing number of complete genome
sequences from a wide variety of organisms. The large number of annotated gene
sequences being produced has driven the advancement of numerous complementary
technologies that enable research scientists to exploit the availability of genome
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sequence data in new and powerful ways.! One such technology is the Gateway®
cloning system made available by Invitrogen Inc.?

The introduction of this technology was particularly well timed in relation to
genomic sequencing, since the Gateway platform provided a vehicle for the cloning
and expression of complete open reading frames (ORFS). Prior to the introduction
of the Gateway cloning technology, classical cloning strategies using restriction
enzymes and DNA ligase were fully entrenched. The primary limitation of traditional
cloning procedures was the difficulty in implementing high-throughput approaches.
The displacement of the traditional methods would require a clear and substantial
improvement in efficiency, ease of use and automation potential. The Gateway
technology delivered these requirements. The increased use of this cloning system
is in turn driving the development of a novel series of technologies that these
expression clones feed directly. Foremost are those technologies associated with in
vivo and in vitro protein expression and purification for functional and structural
analysis of proteins. The improved efficiency and ease of generating the raw mate-
rials (DNA expression clones, purified recombinant proteins) are supporting a vig-
orous growth in the use of immobilized proteins on glass surfaces. These advances
hold promise for accelerating the discovery of functional roles of genes and provide
new strategies for identifying drug targets and therapeutics.

In response to the challenge put forward by the Nation Institute for Allergy and
Infectious Disease (NIAID) to generate and distribute cloned ORFs to the scientific
community, to enable functional genomics of microbial pathogens, viruses and
parasites, the Pathogen Functional Genomics Resource Center (PFGRC) at The
Institute for Genomic Research (TIGR) was motivated to identify a cost-effective
and efficient cloning technology. It was important to select a strategy that not only
provided the necessary efficiency for high-throughput cloning, but also one that
would be widely recognized and well-accepted by the diverse scientific end-user.
The widespread adoption of the Gateway cloning platform was fortuitous since major
cloning efforts performed in other laboratories are now commonly using the Gateway
platform and have therefore enabled the collaboration and clone sharing among
scientists with diverse scientific interests (see appendix for other users of the tech-
nology). While individual applications may vary, the primary purpose of the Gateway
platform is the generation of cloned ORFs in one or more expression vectors
(destination vector). This is accomplished in two steps that together mimic the
recombination reaction that occurs between the genome of E. coli and that of phage
lambda. The lambda phage genome contains an a#fP site that undergoes recombi-
nation, with the aid of lambda phage and E. coli-encoded proteins with the 25 bp
attB site in the E. coli genome. Upon recombination, the atfP site divides in two
halves, atfLL and atfR, that flank the lambda genome. During lytic phase, lambda
undergoes a second recombination between affL. and atfR thus reconstituting the
attP site while leaving behind the original a#/B site. In the context of gene cloning,
a PCR product (ORF) is generated that is flanked by two nonidentical, primer
encoded atfB sites (attB1 and a#B2). The PCR product undergoes recombination
with a vector containing two nonidentical atfP sites (atfP1 and a#P2). The recom-
bination reaction is efficient and directional. The clones derived from this recombi-
nation reaction are referred to as entry clones. Entry clones contain inserts that are
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FIGURE 1.1 Gateway Cloning by Recombination.

flanked by two nonidentical atfL sites. The entry clone has no direct function other
than to serve as the substrate for the transfer of the ORF into an expression vector
via an LR reaction, named because the atfL sites in the entry clone recombine
directionally with a#fR sites in the destination vector. The entry clone is considered
to be a useful resource since the cloned insert can be readily shuttled into any number
of commercially available or user-designed expression vectors (destination vectors)
without a priori knowledge of the intended down-stream application (Figure 1.1).
The generation of entry clones in a high-throughput manner is a multistep
process that, taken together, results in a high overall cloning efficiency. This effi-
ciency can be attributed to two features. First, recombination of atf sites in both BP
and LR reactions is nearly stoichiometric and requires the input of a purified PCR
product and vector DNA into a proprietary mixture of enzymes that catalyze the
recombination of the PCR product into the cloning vector. Second is the system’s
use of both negative and positive selection in the subsequent transformation of E. coli.
The successful recombination between vector and PCR product displaces the resident
“stuffer fragment” that consists of the markers ccdB and Cmr. The ccdB gene product
interferes with gyrA activity and is therefore toxic to E. coli. Nonrecombinant vector
will retain the ccdB and therefore not be frequently recovered following E. coli
transformation. The vector backbones used contain standard antibiotic resistance
genes for positive selection of transformants. The vast majority (>99%) of colonies
that form are recombinant clones. The simplicity of the cloning reaction allows full
automation of the steps leading up to and including the cloning reaction itself.
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FIGURE 1.2 High-Throughput Clone Production Pipeline.

We have developed a nearly fully automated pipeline for the cloning and sequence
validation of ORFs using Gateway. The automation not only provides the potential
to generate large numbers of recombinant clones but also the implementation of a
process for the tracking of materials through a Laboratory Information Management
System (LIMS). The development of a functional LIMS serves to reduce sources of
human error and reagent waste. The ability to automate the process is very important
to our pipeline since, for several steps, second and even third attempts are made on
a small number of failed cases requiring “cherry-picking” and subsequent reintegra-
tion with the complete clone set. The creation of a fully functional and automated
clone validation sequence analysis process has led to increased throughput and
efficiency of clone production. The Gateway clone production pipeline (Figure 1.2)
illustrates the integration of this multistep process.

GATEWAY RECOMBINATIONAL CLONING

Primer Design: Each of the unique open reading frames (ORFs) identified and
annotated in a genome are potential targets for forward and reverse primer design.
Recently duplicated genes displaying a high degree of sequence identity may be
difficult, if not impossible, to amplify in pure form. Each forward primer contains
a 5, 25 nt attB1 sequence (see Materials and Methods) appended to each gene
specific sequence representing the start codon and the neighboring 3’ nucleotides
required to achieve a predefined T,, = 60-65°C. The reverse primer has a 5’, attB2
sequence appended to gene specific sequence beginning at the nucleotide just
upstream of the stop codon. This design feature allows the subsequent flexibility to
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create COOH-terminal fusion proteins, wherein a stop codon is conferred by the
cloning vector, just downstream of the cloned ORF in each of the three possible
reading frames. Some investigators prefer to include a stop codon in the PCR primer.
This is accommodated by altering the primer design to include either an endogenous
stop codon or a standard (uniform) stop codon. Each primer contains four G residues
at the 5" end. These residues are important for recombination efficiency and serve
to internalize the a#fB sequences so that they do appear at the very end of PCR
products. We sort our primer pairs with respect to the anticipated PCR product size
from smallest to largest. By restricting the T, of each primer used within a small
range, we can define efficient cycling conditions based on the single variable of
extension time. For whole genome applications the range of size of ORFs arranged
by size in any 384 grouping is relatively small allowing us to define extension times
that are nearly optimal for all targets. We have had very good success using oligo-
nucleotides obtained from Illumina Inc. The forward and reverse primers are syn-
thesized in identical well locations in paired 96-well plates, facilitating manual or
automated robotic setup of PCR reactions.

PCR AmprLiricaTiON OF ORFs

The production pipeline developed in the PFGRC is quite generalized and its overall
efficiency is not strongly influenced by the specific ORFs to be cloned. One exception
is the prior optimization of PCR conditions for the genomic DNAs of interest. The most
pronounced variable to account for is the G+C content of the genome. We have found
that species by species optimization of the strategy used for amplification of ORFs using
the PCR is critical, especially when large numbers of reactions are to be performed. We
have identified four proof-reading polymerases that when applied to particular genomes,
perform well (Table 1.1). This list is by no means exhaustive but provides a guideline
for robust polymerases for use in a high-throughput cloning process.

Once PCR reaction optimization is complete, high-throughput reaction setup
and cycling is ready to begin. We perform PCR in a 35 pl reaction volume in 384-
well format. The scale of the reaction provides sufficient yield of product for
subsequent cloning reactions. Primer dimers containing both a#fB sites represent
clonable products and therefore behave as active competitors with the ORF in BP
cloning reactions. An alternative process that we have not investigated thoroughly
is the use of a two-step PCR reaction. The primers used differ from those described
above and include only the 3’ half of the a#fB sequence. After a limited number of
PCR cycles, the products are cleaned-up to remove the initial primers and a second
set of universal primers containing a complete a#/B site are used in all reactions.
Since the second primer pair is used in all reactions, the cost of primer synthesis
can be driven down. After cycling, the PCR products are transferred to 384-well
filtration plates (Millipore) using a Beckman Coulter Biomek-FX 96 probe liquid
handling robot. For lower throughput applications, a multichannel pipette is a useful
alternative. PCR products are purified according to the manufacturer’s suggested
procedure and products are eluted in 50 pl of H,O and finally transferred to a clean,
384-well MJ Research hardshell plate using a Beckman Coulter Biomek-FX 96
probe liquid handling robot.
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TABLE 1.1

PCR Kits for High-Throughput ORF Amplification

Product Manufacturer Catalog Description Target Genome
Phusion High- FinnzymesNew  F-530-L Proprietary Pyrococcus- H. pylori,
Fidelity DNA England like enzyme with B. anthracis,
Polymerase Biolobs processivity enhancing S. agalactiae,
domain and S. typhimurium,
proofreading capacity S. pneumoniae,
V. cholerae,
Y. pestis
error rate reported:
(4.4 x107)
Platinum PCR Invitrogen 12532-016 ~ Complex of recombinant S. aureus COL
SuperMix Taq polymerase and
High Fidelity Pyrococcus species
GB-D with proofreading
capacity
error rate reported:
6 X less than native Taq
(approx. 1.0 x 10-%)
Takara LA Takara RRO13 Proprietary modified Taq M. tuberculosis
PCR kit polymerase with
proofreading capacity
error rate reported:
6.5 X less than native Taq
(approx. 1.0 x 10-%)
Advantage -HF ~ BD Biosciences =~ K1909-1 Proprietary mix of a M. tuberculosis

PCR kit

modified Taq
polymerase with a
Pfu-like proofreading
polymerase

error rate reported:
20 x less than native Taq
(approx. 5.0 x 10-%)

PCR Product Verification and Quantitation

The purified PCR product yield is determined using a Caliper ASM90 SE capillary
electrophoresis instrument (Caliper LifeSciences). The Caliper System uses a “sipper”’
mounted on a robotic arm to remove ~1 pl from each well. Each PCR product is
electrophoresed through the single capillary, where its mobility is compared to a set
of size standards. The quantity and relative purity (single band) of each PCR frag-
ment is determined in a matter of 30 seconds. The size estimates in our experience
are accurate to =5%. PCR products deviating by more than 10% from an expected
size are flagged. In less than 1% of the cases we observe size estimates outside this
range. Interestingly, a significant proportion of these are ultimately determined to
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TABLE 1.2
Summary of ORFeome Projects

Validation Validation

PCR Transformation Success  Success Overall
Project 1st Round Follow-up Heat Shock Electroporation Colony 1 Colony 2 Success
S. aureus 93.1% 94.4% 98.0% 99.9% 74.3% 14.3% 88.6%
COL
F. tularensis  87.3% 94.6% 96.4% 99.3% 65.8% 18.8% 84.6%
SHU S4

be the expected ORF with no structural rearrangements. The DNA yield, size, and
purity are stored directly in the instrument’s online computer where it is then
classified as passing or failing. Common reasons for scoring a reaction as a failure
include low or no yield (<10 ng/ul) or the formation of two or more PCR products
(poor primer specificity). Failed reactions (~10%) are identified automatically in a
report form that is used to “cherry-pick” appropriate primer pairs for a second pass
attempt. A second attempt to amplify failed PCR reactions, using either the identical
reaction conditions or those of another kit, generally results in an additional 1 to
8% increase in overall success achieved (~95%). In our experience 0.5 to 1% of
PCR failure is attributable to oligonucleotide synthesis. Resynthesis of oligonucleo-
tides for failed reactions imposes additional economic burden on a project with
limited returns. A summary of two recent whole genome microbial ORF cloning
projects are shown in (Table 1.2). Successful PCR products are then merged together
before proceeding to the BP reaction.

BP CLoNASE REAcCTION

The output file generated by the Caliper contains the concentration of each PCR
product that is then converted to a molar concentration. This information is fed
directly into the Biomek-FX SPAN-8 liquid handling robot for automated set up of
BP cloning reactions. We have adopted the use of a scaled down version of the BP
reaction using 50 fmol of target vector and PCR product insert. A master mix
containing all components other than the PCR product insert is prepared and ali-
quoted into individual wells. Each PCR product is diluted to a concentration of
25 fmol/ul, and subsequently 2 pl of each are added to the master mix. The BP
cloning reaction efficiency is inversely proportional to the size of the PCR product
to be cloned. This relationship is only strongly limiting for very large genes (~5 Kb).
In an earlier version of our pipeline we set up BP reactions at 2 separate scales 25
fmol for PCR products <2.5 Kb and 100 fmol for PCR products >2.5 Kb. More
recently we have used 50 fmol scale reactions for all PCR products.

E. coLl TRANSFORMATION

We have not yet identified a reliable 96-well device for electroporation of electro-
competent E. coli cells. The efficiency of most cloning efficiency chemically
prepared competent cells is more than adequate for recovery of recombinant clones.
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E. coli transformations are conducted in 96-well trays and are set up robotically.
After heat shock and recovery in nonselective media for 1 hour, cells are robotically
plated onto 20 x 20 cm dishes that are sub-divided into 48 grids. Each grid is
preseeded with 6 to 8 glass beads (3 mm) and when all 48 transformation reactions
are distributed, the plate is shaken gently until all liquid is absorbed into the solid
media. The glass beads are removed by inverting the plate into an appropriate
receptacle. Any grid yielding one or fewer colonies is considered a failure. A list of
failed transformations is compiled and those BP reactions are used a second time
to manually transform electro-competent E. coli cells. An interesting feature we
observe is that virtually all of the PCR reactions scored as failures lead to colony
generation, following this two step procedure. Slightly more than half of these cases
result in valid full-length recombinant clones.

GATEWAY CLONE RESOURCE VALIDATION
PROCEDURE

The validation of Gateway clones is an important aspect of clone production. It is also
the most challenging to conduct. Since Gateway clones are most commonly used for
expression, it is important to validate the clones for sequence and length integrity. We
have not observed substantial DNA rearrangements of cloned inserts; however,
nucleotide substitutions introduced during PCR are frequent enough that further con-
sideration is warranted. Thus far, no standards exist for clone validation. In an attempt
to initiate such a standard we have adopted a standard set by The Harvard Institute
for Proteomics (HIP). The HIP sequence validation standard is stringent but reasonable
and involves rejecting any clones containing more than 2 nonsilent substitutions.
Clones containing indels (frame shift), nonsense, and/or mutations in the att sites are
rejected. These validation criteria have driven our validation strategy to include a
two-tier process that begins with the sequence validation of a single colony. If that
DNA insert fails the validation criteria, a second colony is then analyzed. Mutations
introduced early in PCR cycling will be present in a large fraction of the resulting
colonies; however, in practice we find a relatively high degree of utility in going to a
second colony in instances where the first colony was deemed unacceptable. Data in
Table 1.2 illustrate the utility derived from the analysis of a second colony and our
future interest to determine the point of diminished returns in terms of the number of
colonies to select for sequence validation. This option must be weighed against the
alternative that is to begin the process again from the start.

Initial attempts to sequence validate Gateway entry clones resulted in unacceptably
low sequencing success frequencies. This was particularly evident for clones
containing small inserts, <600 bp, but also negatively affected end reads obtained
for larger inserts. It was suggested that the a#fL sites flanking the cloned inserts
have significant potential to form secondary structure that polymerases have dif-
ficulty traversing. Specific blocking primers were designed to inhibit the secondary
structure formation, thus partially alleviating the barrier to polymerase processivity.?
We have verified the utility of the blocking primers and observed discrete
improvement to our overall entry clone sequencing efficiency. Despite the
improvement afforded by the use of blocking primers, our sequencing success was



High-Throughput Gene Cloning Using the Gateway® Technology 11

still below that routinely obtained for other cloning vectors (~90%). We have
developed further improvements to the sequence validation of entry clones using
phi29 polymerase (Amersham, Inc.) on crude lysates prepared directly from colonies.
Templates prepared in this manner are advantageous, although for reasons that are
not completely understood. The use of sequencing templates generated through
the random priming of plasmid DNAs by rolling circle amplification alleviate the
observed sequencing failure for clones containing inserts <600 bp. This strategy
has allowed us to generate sequencing results consistent with expected success
frequencies and quality. For cloned inserts 600 bp and larger we have had com-
parable high frequency sequencing success using either templates derived from
templiPhi or double-stranded plasmid DNAs. A remaining dilemma in sequence
validation of clones involves confirmation of the correctness of the atfB site itself.
Sequence traces from failed validation attempts are often due to abrupt termination
in signal strength as the polymerase reaches the att site. Yet another possible
solution to sequence validation is to direct efforts on the destination clone which
is flanked only by a#/B sites.

The generation of DNA templates for sequence validation using templiphi is
simple, inexpensive, and easily automated. A sample of 10 pl from an overnight
culture is used to prepare lysates by brief heat treatment, 93°C for 3 minutes. A small
volume from the cleared lysate is used as template for templiphi reactions. The
reaction products are diluted to a final volume of 40 pl with H,0. We typically
obtain yields between 20 and 40 ng/ul, which is sufficient for approximately 20
sequencing reactions.

The number of sequencing reactions performed to validate a cloned ORF is
based on its length. For ORFs 500 bp or less, only end-reads are performed. For
ORFs larger than 500 bp internal walking primers are designed to generate reads in
both directions. The optimal density of walking primers is dependent on average
read length and overall sequencing success. We have compared the outcomes of
applying walking primers at a regular spacing of 250 bp and 500 bp (Figure 1.3).
Given that an average read length from automated sequencing instruments iS now
in excess of 800 bp, it may be surprising that walking primers at such high density
are required for high-throughput sequencing. The failure of some sequencing primers
and reactions is a given and if the spacing of sequencing primers is too great, these
failures will result in an inability of neighboring primers to fill the gap. The first-
pass sequencing attempt (end reads and walking primers) results in a number of
outcomes ranging from perfectly validated clones (2X coverage, no mutations) to
assemblies with only partial coverage. The classification of sequence validated clones
is described below (Table 1.3). We can see that 500 bp spacing among walking
primers compares unfavorably to 250 bp spacing in terms of the frequency at which
validated clones are identified. From our perspective the choice between 250 bp and
500 bp walking primers spacing is a matter of decision drivers like economics and
throughput. The average gene requires seven walking primers for validation and
therefore represents a substantial cost. Reducing these costs by nearly 50% is
potentially attractive but does carry the consequence of increasing the amount of
second-pass sequencing attempts required to fully validate a clone. These additional
attempts also carry a cost.
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FIGURE 1.3 The effect of walking primer spacing on sequence validation. (A). Primer design
schema (left). Walking primer pairs (forward and reverse arrows) at an interval of 250 (a) or
500 bases (b) or single alternating forward and reverse primers at 250 base intervals (c,
forward first primer; d, reverse first primer) are used for sequencing. The circles (¢) demarcate
250 base intervals. The table on the right lists number of primer pairs designed for various
OREF length intervals. (B) Primer intervals vs. sequence coverage. Number of clones in each
single-contig sequence validation class A, B, C, and D (see text and Table 1.3) obtained with
different walking primer intervals, illustrated in Figure 3A, are plotted. The inset table shows
the percentage of full-length A and B wild-type class clones and A, B and C class (full-length
clones with mutations) clones seen with different walking primer intervals relative to 250
base interval primer pairs (set to 100). The average length of sequences considered in the
validation of clones in each class is shown at the bottom.

Depending on the nature and number of remaining clones, directed efforts are
applied to close remaining gaps and confirm sequence ambiguities in the assembled
sequence. After applying brute force and manual efforts to elusive clones, a final
sequence validation report is generated that directs the representation of acceptable
clones for distribution to the scientific community. The list of acceptable ORFs is
used to direct the robotic compression of the two freezer copies (colony 1 and 2),
into a final set that is replicated into several glycerol stock copies.
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TABLE 1.3
Sequence Validation Classes

Valid Classes: The clone has either a
full-length or partial-length
coverage and shares greater
than 90% sequence identity
with the wild-type reference

A — Full-length sequence — 2x or greater
sequence coverage at each base, 100% sequence
identity with the reference

B — Full-length sequence — 1x or greater
sequence coverage at each base, 100% sequence
identity with the reference

C — Full-length sequence — sequence variation
(< 100% but > 90% sequence identity with the
reference)

D — Partial-length sequence — single contig
with missing end-sequence (> 90% sequence
identity with the reference)

E — Partial-length sequence — multiple contigs
with gaps in assembly (> 90% sequence identity
with the reference)

Invalid Classes: The clone has either a
full-length or partial-length
coverage and shares less than
90% sequence identity with
the wild-type reference

M — Full or partial-length sequence — less than
90% sequence identity with the reference ORF.

N — Full or partial-length sequence — less than
100% sequence identity with the NON-reference
ORF

T — No good quality sequences available for
sequence assembly and validation

U — Sequencing status unknown
W — Full-length sequence — 1 X or greater

sequence coverage, 100% sequence identity
with the NON-reference ORF

7 — Failed assemblies due to process errors in
the assembly pipeline

Note: Clones are grouped into various valid and invalid classes based on the identity and the coverage
of the cloned sequence vis-a-vis the reference.

SEQUENCE ASSEMBLY

The sequences obtained from Gateway entry clones are validated using a novel high-
throughput assembly pipeline, called CLASP (CLone validation ASsembly Pipeline)
developed by the PFGRC bioinformatics group at TIGR. This software can be
accessed upon request (www.pfgrc.tigr.org). Initially, the algorithm performs the
assembly of individual sequences, generated from the cloned insert, to form a
consensus sequence. Subsequently, the consensus is compared to the reference ORF
and a validation report detailing the quality of the cloned sequence is generated.
The clone assembly validation pipeline exploits the fact that the sequence of
the insert in the vector is already known. As shown in the Figure 1.4, it uses two
separate assembler programs to optimize the assembly of the sequence reads and
achieve maximum accuracy in the consensus sequence. The first and the most
important of these is AMOScmp (Figure 1.4A) which places a premium on the
agreement between the reads and the reference — rather than on the phred quality
scores generated from the trace files. This guides the selection of which sequences
to use for the final contig and thus the consensus. The AMOScmp assembly allows
joining of even short overlapping sequences, resulting in a high recovery of single,
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FIGURE 1.4 A schematic diagram of the CLASP assembly pipeline. Two assemblers — one
comparative (AMOScmp) and another noncomparative (Minimus) — are used serially to assemble
sequencing reads from the inserts cloned into the Gateway vector. The blue circles indicate the
ends of individual sequences defined as ‘clear’ (good quality). AMOScmp does not rely on these
but utilizes the alignment with the reference sequence to determine the extent of reads for the
assembly of contigs (left panel, A). Minimus (right panel, B) is used to assemble reads that do
not align well with the reference sequence. See text for the definitions of various validation classes.

full-length contigs (classes A, B and C, Table 1.3) which otherwise might remain
as a single (class D) or multiple (class E) partial-length contigs. For sequences that
align very poorly with the reference sequence and result in either partial-length
contigs or no contigs after applying AMOScmp, a second assembler, called Minimus
(Figure 1.4B), is used. In Minimus the amount of sequence used from any read in
the assembly are determined by the phred quality scores instead of how well they
align with the reference. For that reason, the consensus sequence(s) obtained from
the Minimus assembly have less identity with respect to the reference sequence than
those generated by the AMOScmp assembler (classes M, and N; Table 1.3). However,
the Minimus results are indispensable for (a) ‘catching’ clones which are good but
mislabeled in any of the steps along the cloning process (class W) and also in the
(b) identification of clones that do not meet the acceptance criteria for valid clones
and thus require repeat efforts at cloning and validation. After the assembly with
AMOScmp or Minimus, the base calls in the consensus sequence(s) obtained for
each clone is verified for accuracy against chromatograms using autoEditor™. In the
case of multiple contigs with gaps, autoJoiner* is used to join the neighboring reads

* Sequencing closure software developed by TIGR.
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FIGURE 1.5 The recombination sites in the Gateway entry vector. The sequences of atfL
(atrB1) and affR (attB2) sites, verified for their integrity along with the enclosed insert, are
indicated by the underlines.

by relaxing (extending) the clear ranges if they align well with each other above a
set threshold value (Figure 1.4B). The final contig(s) for the clones, which are
processed by both assemblers, is chosen based on the best coverage in length and
the identity shown vis-a-vis the reference.

VALIDATION AND REPORTS

The consensus sequence generated in the assembly process is analyzed not only
for the integrity of the insert but also of the flanking atfL sites up to BsrGI sites
(5’ TGTACA 3’ sites at 651 on the forward strand and at 2903 on the reverse strand —
Figure 1.5.) Following sequence validation by BLASTN and BLASTX analysis
against reference nucleotide and protein sequences, respectively, the clones are
classified into valid and invalid categories as defined in Table 1.3. The details of the
final validation data are presented in two reports. One of them, clone_distribution_
report.html (Figure 1.6, partly shown), shows the details of validation for each clone
including the sequences for the cloned insert and the reference ORF — via hyperlinks
shown in the last column. The Class and Mutations fields in each case are hyperlinked

locusiD | Cootio | EndS' | Enod JCommon NamefGene| ORF Lenain [ Alin Start [Alion End] %0 [Eull Len?

145 SACOL949| 0000000145] 20111 74] 2011064 | hypothetc al 145 1 145 100 Y
SACOL2065| 0000000147 2133474 | K+-ransporting | kdpF 145 1 145 100 Y
SACOLIGIA| 0000000149 2693338 hypothete al 145 1 145 a9 a1 Y
SACOL2G/ 7| 0000000151 | 2 2755244  hypothet al 145 1 145 100 Y
SACOLDZ27 | 000000153 266701 nypoinetic al 146 1 148 100 Y
SACOLD, 55 333151 T al 148 1 148 99 32 Y

| SACOLUATE| 0000000157 | BOBZAD | hypothebeal 148 1 148 [ 100 | ¥
SACOL12TS| 0000000159 12852 3509 | nypothetc al 148 1 44 9773 N
SACOL1330] DOGO000161 | 13481 348113 nypothete al 148 1 148 100 Y
163 | SACOLZ216| 0000000163 | 2205776| ribosomal [ rpmd| 146 1 48| 100 v
165 | SACOLZI3 | 0000000165 239364 7] 23093734 |  hypothet al | 145 1 145 100 Y
SACOLIw42| 00000001638 | 2702260 2702178 | hypothetc al | 148 1 148 100 Y

1 EACOLE500| (000000160| SO0B02 | 500818 | hypolhebcal I 151 L 151 100 Y
171 [ SACOLYSY 7| 00000001 71| 1557115] 1556999  hypothetd al | 151 1 191 100 Y

FIGURE 1.6 A partial screenshot of clone_distribution_report.html. Various aspects of the
validation data for the clones are displayed in the file. Sequences for the cloned insert and
the reference sequences (shown at the bottom) are accessed via hyperlinks present in the last
column of the file. See text for the details.
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FIGURE 1.7 Clone alignment and summary of mutations. (A) Nucleotide and protein alignments
(top and bottom panels) and a summary of mutation(s) (middle panel) are shown. See text
for the details. (B) A partial screenshot of clone_distribution_report_C_class_ mutations.html.
Various categories of C class clones, grouped based on the number and types of mutations
at the protein level, are shown (links at the top and the details of a link at the bottom are
shown as an example). In addition, clones categorized on the basis of whether the mutations
occur in the CDS or the flanking “atf” sites, or both at the nucleotide level are shown in the
middle (only links shown).

to the files showing nucleotide and protein alignments with the reference sequence
(Figure 1.7A, top and bottom panels, respectively) and the summary of mutations,
if any (Figure 1.7A, middle panel). Positions of mutations and the associated con-
sensus base call quality values, calculated using the procedure described by Churchill
and Waterman,* are displayed below each nucleotide alignment. In addition, a quality
class is assigned to each mutation suggesting the level of confidence in the base call
(Figure 1.7B, middle panel). A second report (clone_distribution_report_C_ class_
mutatations.html) shows the further sub-division of C class clones based on whether
the mutations occur within the coding DNA sequence (CDS) or the flanking ‘at’
sequences and whether they represent silent or missense or nonsense mutations at
the protein level.

The first pass attempt results in a number of outcomes ranging from perfectly
validated clones (classes A and B, see above) to assemblies with only partial cov-
erage. In cases where the first pass validation attempts indicate that a clone has more
than 2 nucleotide substitutions relative to the reference sequence, or no cloned insert,
the second colony, held as a glycerol, stock is used for template production and
sequence validation. Upon generating comparable sequence data from the second
colony and the validation process, additional clones which pass the acceptable
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criteria are identified and consolidated with those selected from the first colony. At
this juncture, depending on the nature and number of remaining invalid clones,
further sequencing on both first and the second colony templates are performed in
an effort to close remaining gaps and resolve any sequence ambiguities in the
assembled sequence.

Following the final consolidation of the validated clone set, reports with various
details on the validation are generated. The list of acceptable ORFs from these reports
is used to direct the robotic compression of the two freezer copies (colony 1 and 2),
into a final set that is replicated into several glycerol stock copies (5 to 10). Since
accurate storage and retrieval of samples is essential to a facility managing the
distribution of thousands of clones, PFGRC has acquired and installed a Biophile
Storage and Individual Vial Retrieval System (Biophile, TekCel) for this purpose.
The system consists of five —80°C storage units (BSU) and a —40°C individual vial
retrieval unit (IVR). The system is integrated into a relational database, utilizing bar
code information to identify each clone and its location in storage. The IVR system
automatically records, stores, and retrieves each requested vial based on a prepared
worksheet. The “rearraying” of individual vials into new sets allows accurate retrieval
of clones or clone sets.

DESTINATION VECTOR CLONING

The ability to automate a large portion of the Gateway Clone Resource production
pipeline accounts for the high-throughput capabilities that the PFGRC now offers.
The ease of use of the Gateway technology makes possible the construction and
validation of 10,000 or more expression clones annually. The scale up of the
procedure is largely dependent on the acquisition of additional robots. The ability
to transfer cloned and validated entry clone inserts into Gateway expression
vectors is straightforward. Purified entry clones and destination vectors are mixed
and recombination occurs faithfully via an LR clonase reaction. The screening
of recombinant clones and validation of their quality can be performed in a
streamlined manner as well, since there is no need to repeat the sequence vali-
dation, the only important check being to establish that the complete ORF is
present in the expression vector. In general, a single colony can be selected for
insert validation. Direct PCR from selected colonies using forward and reverse
Gateway® primers allow a rapid and cost-effective method for qualifying the
expression clones.

TECHNOLOGY AND ROBOTICS

The PFGRC utilizes two versions of the Beckman, BioMek FX platform to automate
most steps in the process, including PCR reaction setup, PCR product purification,
cloning reaction setup, transformation of chemically competent cells, plating of trans-
formed cells, plasmid isolation, setup of sequencing plate format, and replication of
clone stock copies for distribution. The FX-96 platform transfers equal volumes of
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96 samples in parallel, and is used for processes that have pre-equalized concentra-
tions of all reagents, such as PCR reaction setup, and clone stock replication. The
FX-Span8 platform transfers samples individually with one of eight pipetting tips
with independent volume and sample well location control. Additionally the range
of movement and software flexibility allows the deposition of transformation reac-
tions onto oversized 48-well, sectored agar culture plates for colony isolation.
Together these two instruments have provided the necessary flexibility and accuracy
to make high-throughput Gateway cloning efficient and reliable. One adaptation to
reaction setup necessitated by the use of robotics is to ensure that each individual
pipetting step delivers 2 pl or more, since overall pipetting accuracy below these
volumes is lower.

Accurate qualitative and quantitative assessment of PCR amplification products
is an essential part of the high-throughput application of Gateway technology. PCR
products must be screened for the presence of multiple bands, incorrect size products,
and failed reactions. The precise size (bp) and concentration of successfully ampli-
fied products must be known to ensure that optimal recombinational cloning effi-
ciency is achieved. The PFGRC utilizes the Caliper ASM 90 SE Capillary Electro-
phoresis platform for this purpose. Other similar technologies offered by Agilent
Inc and others, perform in a similar way. The Caliper instrument has the ability to
accomplish these tasks in parallel with a high degree of accuracy and walk away
automation. The system performs electrophoresis in a single gel filled micro capillary
channel with high resolution and processing speed (100 to 5000 bp, 30 seconds per
sample), allowing the characterization of a 384-well microtiter plate in approxi-
mately three hours. The PCR products are detected using a fluorescent dye that
provides high sensitivity detection of secondary products and smears that could go
unnoticed using traditional agarose or polyacrylamide slab gels. Sizing of the
detected PCR products is automated and accurate within +5%. The concentration
of any bands detected is also calculated automatically based on a standardization
sample. The area under the peak is calculated for product bands and compared to
the standard. This method provides results that are more accurate than traditional
absorbance readings taken at 260 nm as it relies on an intercalating fluorescent dye
rather than absorbance that can be skewed by multiple factors. The output from the
system is then transferred to liquid handling robots for subsequent automated reac-
tion set up.

To achieve a high level of success in a high-throughput endeavor such as the
Gateway clone validation pipeline, tracking various laboratory and data processing
steps in a systematic way is very critical. A software system like LIMS (Laboratory
Information Management System) or a similar resource will be very helpful in that
effort and can aid in the creation of high-quality Gateway clones in the following
ways: (a) by capturing measurement data, a LIMS can ensure that the correct values
are used for PCR evaluation and calculations, (b) by automatically generating robot
rearray scripts, a LIMS can prevent plate-to-plate transfer errors, as well as speed
up lab processing, and (c) by providing analysis and reporting tools, it can provide
valuable metrics that allow lab personnel to evaluate the quality of their techniques
over time to improve them.
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METHODS AND MATERIALS
PCR AmrLiricaTiON OoF ORFs

Forward and reverse primers are designed to amplify each ORF from a reference
genome sequence. Each oligonucleotide sequence is then appended 3’ of the atfB1
(forward) and a#B2 (reverse) sequence.

Forward Primer:
5" GGGG ACAAGTTTGTACAAAAAAGCAGGCTTC (N18-25) Gene Specific Seq 3’
Reverse Primer:

5" GGGG ACCACTTTGTACAAGAAAGCTGGGTC (N18-25) Gene Specific Seq 3’

Forward and reverse primer pairs (Illumina/Invitrogen, Carlsbad, CA) at a concen-
tration of 25 uM are combined into a master mix containing 0.15 uM of each dNTP,
reaction buffer and 40 ng of genomic DNA with total reaction volume of 35 pul.
Typical cycling conditions after a 1 minute initial denaturation at 98°C are as follows:
98°C for 10 seconds, 55°C for 30 seconds and 72°C for 1 minute per kb intended
product size. Reactions are cycled through these temperatures 25 times followed by
a 72°C final extension of 10 minutes. After cycling, the PCR products are transferred
to 384-well Millipore filter plates (Millipore, Billerica, MA) using a Beckman
Coulter (Beckman Coulter, Fullerton, CA) Biomek FX 96 probe liquid handling
robot. Filter plates are then subjected to a vacuum of 10 inches of Hg for approxi-
mately 10 minutes. Then, 50 ul of Milli-Q water is added to each filter plate, PCR
products are eluted by aspiration and then transferred to a clean, 384-well MJ
Research hardshell plate (Bio-Rad Waltham, MA) using a Beckman Coulter Biomek
FX 96 probe liquid handling robot.

PCR Probuct VERIFICATION AND QUANTITATION

Each PCR product is analyzed by capillary electrophoresis on the Caliper Life-
Sciences (Hopkinton, MA) AMS 90 SE Instrument using LabChip HT 2.4.1 software.
A 384-well or 96-well plate containing PCR sample volumes no less than 25 pl is
placed in the instrument. Two trays containing ladder and buffer respectively are
equipped alongside a “Caliper Chip” which must be cleaned, primed, and prepared
with gel dye and marker. Before beginning a run, an input file, containing only ORF
IDs and OREF lengths are loaded into the computer along with user input of the plate
type and allowed percent deviation from actual ORF length. This information will
be used to later calculate the concentration of the fragments found. A 96-well plate
will take about an hour to resolve; consequently a 384-well plate will resolve within
4 hours.

After finishing the run, two files are generated and saved. One output file contains
the actual electronic gel images and the second output file (of entirely text format)
contains the summary data obtained from every well including concentration, size,
and if the original fragment was found. This second output file is converted by virtue
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of a simple script into a .csv file and is directly imported into the Biomek FX Span-8
liquid handling robot for automated set up of BP cloning reactions using equimolar
quantities (50 fmol) of target vector and PCR product insert.

BP CLONASE REACTIONS

BP cloning reactions are performed in 96-well, MJ Research (Bio-Rad Waltham,
MA) plates and are conducted in a 15 pl total volume containing: 50 fmol entry
clone vector, pPDONR221, 50 fmol PCR product, 2 ul of proprietary BP clonase
enzyme, (Invitrogen, Carlsbad, CA) 3 ul of 5x BP clonase buffer (Invitrogen,
Carlsbad, CA) and brought to volume with 1 X TE. Reaction plates are then incubated
for 16 hours at 25°C in a thermal cycler, followed by 4°C hold until recovered. BP
clonase reactions are terminated through the addition of 2 pug of proteinase K
(Invitrogen, Carlsbad, CA) for 20 minutes at 37°C.

DH10B-T1 E. coLi TRANSFORMATION

Chemically competent, DHI0B-T1 E. coli cells in 96-well format (Invitrogen, Carls-
bad, CA) are thawed on ice and 2 pl of the BP cloning reaction are added using the
Biomek FX 96 probe instrument. The plates are sealed with sterile covers and
incubated on ice for 30 min. The plates are transferred to a thermal cycler, prewarmed
to 45°C. The plates are held for 30 seconds and immediately transferred to ice for
2 min. Cells are allowed to recover by adding 40 ul of SOC media and incubating
at 37°C without shaking for 1 hour. Qtray bioassay trays (Genetix Limited, U.K.)
with 48 divided areas containing LB media supplemented with 50 pg/ml kanamycin
and 2% agar are warmed to room temperature. Several 3 mm glass beads are added
to each well and 30 pl of cells are then pipetted onto the agar surface. The Qtrays
are shaken gently until all visible liquid has been absorbed into the plates. The beads
are discarded and the plates are incubated at 37°C for 16 to 18 hours. Transformation
efficiencies are scored by colony count estimations (1-10, 10-50, >50) for each
transformation. The Qtrays are held at 4°C.

CLONE SEQUENCE VALIDATION

Colonies are picked with sterile toothpicks into 1250 ul of 2x YT media, supple-
mented with kanamycin 50 pg/ml, in 96 deep well blocks. The blocks are sealed
with an airpore tape pad strip and incubated at 37°C for 17 hours (11 hours static
and 6 hours shaking at 800 rpm). These inoculations are performed in duplicate,
one being specified for stock generation. Freezer copies of clone sets are generated
in 96-well Matrix Track Mate 2-D bar-coded vials (Matrix Technologies Hudson,
NH) by combining 50 pl of overnight culture to an equal volume of 75% glycerol
using the Biomek FX 96 probe liquid handling robot.

PLASMID EXTRACTION

Plasmid DNA is purified using what is essentially the Qiagen (Qiagen, Valencia,
CA) R.E.A L preparation method using Qiagen’s QIAfilterTM and appropriate buffers.
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E. coli overnight cultures are collected by centrifugation of deep-well blocks at 3200
rpm for 15 minutes at 4°C. The growth medium is decanted and the pellets are
resuspended in 300 pl of R1 buffer (50 mM Tris pH 8) containing a final RNase
concentration of 100 ng/ml. The cells are lysed by the addition of 300 pl of R2
buffer (1% [w/v] SDS, 200 mM NaOH) with gentle mixing. The lysates are incubated
at room temperature for 5 min. The lysates are neutralized by the addition of 300
ul of R3 buffer (3 M KOAc, pH 5.5) followed by mixing and incubation on ice for
10 min. The Biomek FX 96 probe instrument is used to transfer lysates into QIAfilter
TM filter plates. The lysates are cleared by vacuum filtration. The plasmid DNA is
precipitated through the addition of 625 l of isopropanol. After mixing, the plates
are spun at 3200 rpm for 30 min. at 4°C. The supernatants are decanted and the
pellets are washed with 300 pl 70% (v/v) ethanol (-20°C). The plates are spun at
3200 rpm for 15 minutes. The supernatants are decanted and allowed to air dry to
completion. The plasmids are resuspended in 50 pl of Blue Tris dye (1 mM Tris pH
8.0, bromophenol blue 1.25 mg/ml) by shaking for 30 minutes on a platform shaker.

SEQUENCING TEMPLATE PRODUCTION BY TEMPLIPHI

Sequencing templates generated by TempliPhi (Amersham Biosciences, U.K.) uses
the Phi29 DNA polymerase and rolling cycle amplification to generate linear
concatenated copies of plasmid templates. The Biomek 96 probe instrument is used
to transfer 10 pl of overnight culture into 384-well plates. The cells are collected
by centrifugation at 3200 rpm for 5 minutes. The media is decanted by inverting
the plates on absorbent material followed by low-speed centrifugation at 500 rpm
for 2 to 3 sec. The Biomek Span-8 is used to add 2 pl of lysis buffer to cell
pellets/well. The plates are then placed in a thermal cycler and incubated at 93°C
for 3 min. The plates are returned to the Biomek and 34 pl of Milli-Q H,O is added
to each well. The plates are then sealed and spun at 3200 rpm for 5 min. Two
microliters of the supernatant are transferred to a clean 384-well MJ Research plate
(Bio-Rad Waltham, MA). The enzyme (4 pl) is added to the supernatants and the
plates are sealed and incubated at 30°C for 16 hours. The reactions are stopped by
heat treatment at 96°C for 5 min. The Biomek FX 96 probe liquid handling robot
then adds 34 pl of Milli-Q H,O Blue Tris dye to each well.
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INTRODUCTION

With the completed sequence of the human genome, as well as the sequencing of
the genomes of hundreds of other species, the structure and function of literally
hundreds of thousands of proteins are of potential interest in diverse fields of
biology. Proteomic studies increasingly require the expression of large numbers
of proteins in parallel. No one expression system has proven be ideal for all types
of downstream applications; each host having advantages and disadvantages when
evaluated for protein yield, functionality, posttranslational modifications, high-
throughput (HTP) capacity and cost. Trade-offs are required to optimize high-throughput
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output based on downstream requirements, which are frequently mutually exclusive.
Posttranslational modifications, for instance, might be critically important in drug
screening applications but incompatible with crystallization studies. As a result,
open reading frames are often expressed in a variety of heterologous host systems;
an approach that has been facilitated by the development of improved cloning
methods such as the Gateway® system, which utilizes in vitro recombination,’
allowing the rapid and flexible cloning of recombinant DNA into a variety of
expression vectors.

E. COLI EXPRESSION
INTRODUCTION

E. coli remains the most widely used system for rapidly expressing large numbers
of proteins and is in many respects a model system for high-throughput protein
production. Protein expression in E. coli is relatively reliable, robust, simple, amenable
to HTP expression, and cost-effective. Continual improvements have resulted in
increased throughput and decreased growth volumes. There are also well developed
protocols for cloning, expression and purification, many which have been highly
optimized and automated for small scale.? Despite the advantages that the E. coli
protein expression system provides, there are some drawbacks to using E. coli
as an expression host. These include lack of posttranslational modifications and
contamination of protein product with endotoxin. However, the most significant
problem for proteomics applications is that proteins expressed in E. coli often
accumulate as insoluble and inactive aggregates. One possibility for the high fraction
of insoluble proteins may be related to the use of the popular and well established
T7 expression systems. In this approach, one employs the bacteriophage T7 late
promoter on medium copy number plasmids. The highly active T7 RNA polymerase
is provided by the host cell and regulated by the IPTG-inducible lacUV5 promoter.
While this system provides very high concentrations of recombinant protein, it may
be a victim of its own success in that it may produce more protein than the cell is
capable of properly folding.

OPTIMIZING SOLUBLE PROTEIN EXPRESSION

One common approach to improving solubility for T7 and other systems is to alter
the expression conditions to promote folding. These are generally applicable for
HTP format and are geared towards reducing the rate of protein synthesis to provide
more time for folding. Methods to decrease the expression levels include using lower
concentrations of IPTG or coexpression of phage T7 lysozyme (which degrades T7
RNA polymerase) from compatible pLysS and pLysE plasmids. Another approach
is to use a promoter with the native E. coli RNA polymerase, rather than T7 RNA
polymerase, to transcribe the mRNA. This allows more efficient coupling of tran-
scription and translation, potentially leading to more soluble product. Another easy
and effective method is to reduce the growth temperature and allow a longer period
for protein synthesis. For example, rather than performing the expressions at 37°C
for 3 hours, temperatures are reduced to between 18°C and 30°C and proteins
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expressed for longer periods of time. One interesting method involves growing the
preinduction cultures at 42°C in order to induce the expression of heat shock proteins
and supply the cell with chaperones to improve folding.* Upon induction, the cultures
are grown at lower temperatures to enhance folding.

Other strategies to promote the expression of properly folded recombinant
protein, include coexpression of molecular chaperones’ and foldases,® two classes
of proteins play an important role in in vivo protein folding. Molecular chaperones
(GroES-GroEL, DnaK-DnaJ-GrpE, ClpB) promote the proper isomerization and
cellular targeting by transiently interacting with folding intermediates. Foldases,
such as peptidyl prolyl cis/trans isomeases (PPI) or disulfide oxidoreductase (DsbA)
and disulfide isomerase (DsbC), accelerate rate-limiting steps along the folding
pathway.

The choice of growth medium can also have effects on protein expression.
Standard LB media is an inexpensive and easy to prepare media, however it is
poorly buffered and is not supplemented with a carbon source. Newer medias have
become commercialized (AthenaES™, Baltimore, MD) that increase biomass of
the culture and expression of recombinant proteins. Additionally, adding osmolytes
to increase in osmotic pressure causes the cell to accumulate osmoprotectants in
the cell, which may stabilize the native protein structure. Other reagents such as
ethanol, low molecular weight thiols and disulfides, and NaCl also may improve
folding.”

The latest improvement to E. coli growth media has been developed by William
Studier at the Brookhaven Labs.? The media has been optimized to not only promote
high density growth, but also contains a combination of sugars to first repress
expression from lac promoters (including the T7 system) and then automatically
induce them in late log-phase growth due to the depletion of carbon sources other
than lactose. This media is ideal for HTP applications in that it eliminates the need
to monitor cell density for adding IPTG and thus eliminates a very laborious part
of the process.

Another method to increase the likelihood of obtaining a soluble protein is to
fuse a highly soluble fusion partner (usually derived from an E. coli gene) to the
N-terminus of the protein of interest (reviewed by Waugh®). A side benefit of this
approach is that the solubility fusion partners often increases the yield of protein.
A variety of solubility fusion partners have been used to significantly increase the
solubility of target proteins. Fusion partners include thioredoxin,'® NusA,!!
glutathion-S-transferase (GST),'? and the maltose binding protein (MBP).!3!# These
all appear to work for certain proteins, however, the best characterized and most
effective appear to be NusA and MBP.15-18

Recently, newer solubility tags have been described including the ubiquitin-like
molecule SUMO. The protein was studied in Dr. Christopher Lima’s laboratory at
Weill Medical College of Cornell University, where the complex between the
S. cerevisiae SUMO (Smt3p) and its cognate protease Ulplp was characterized.'®
During the course of this investigation, it was discovered that fusing recombinant
proteins and peptides to Smt3p improved recombinant protein expression and solu-
bility to the fusion partner. SUMO is an ideal fusion partner in that it is relatively
small, highly soluble, and monomeric. Additionally, when cloned appropriately, the
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SUMO moiety can be efficiently and specifically cleaved by the Ulpl protease,
resulting in a native recombinant protein. Independently, another group used the
human SUMO to demonstrate increased solubility and expression levels (LifeSen-
sors Inc., Malvern, PA).2%2! One of the criticisms of using solubility tags is that
many of the proteins convert into an insoluble aggregate as soon as they are cleaved
from the fusion partner. No solubility tag is universal and not all tags work equally
well and the exact mechanism for enhancing solubility is not known. However, it
may be worthwhile to try and optimize for solubility by trying several different tags
and determining which works best for that application.

Other approaches to reduce the likelihood of insoluble protein product include
procedures that refold the protein. In general, insoluble proteins are denatured under
reducing conditions and then resolubilized by removing the denaturing reagent
through exchange against an assortment of refolding buffers. Although this method
can be highly successful on an individual basis, conditions and refolding buffers are
protein-dependent and are therefore not universal; making it relatively unattractive
in an HTP workflow. Additional concerns include the loss of yield (obtaining less
refolded product than the starting material) and not being sure that the final protein
product represents a legitimate, native, and active structure even if it is “soluble.”

HTP MeTHODS FOR DETECTING PROTEIN SOLUBILITY

Although the methods mentioned above may increase the probability of obtaining
a soluble protein product, many other proteins will remain insoluble. To quickly
determine the solubility of an expressed protein, several methods have been devel-
oped for distinguishing the solubility of a sample.>!322 Most of the HTP methods
grow small liquid cultures and separate the proteins on the basis of standard sepa-
ration techniques (e.g., centrifugation, affinity purification) and immunological
detection and/or SDS-PAGE analysis. An alternative method has been developed
where clones are screened directly from colonies on plates.?* A filter is placed on
top of a plate containing colonies containing expression constructs and is induced
for expression by placing on a second plate containing LB + inducer. The cells are
lysed and soluble proteins pass through the filter where they are bound to a nitro-
cellulose filter. After blocking and immunological detection (all the clones contain
a common epitope tag), clones expressing soluble protein are detected and can be
picked from the master plate for further expression. This method has a greater than
80% positive correlation with results obtained from traditional lysis and centrifuga-
tion methods and improves throughput, eliminates the need for centrifugation and
SDS-PAGE.

Another recent approach has been designated “Pooled ORF Expression Technology”
(POET),* and involves cloning and pooling hundreds of clones into a His-tagged
vector and expressing them in a single tube. The mixed-clone cultures are expressed
and soluble protein is identified and isolated by IMAC purification under native
conditions. The purified proteins are then separated by 2-D electrophoresis which
provides an estimate of the relative expression level. This is followed by picking
individual spots for clone identification by mass spectrometry. After deconvoluting
the spots, the proper clone can be identified and used for individual clone expression.
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Although many of the steps are complex, the procedure for subcloning, expression,
and purification are performed on pools of hundreds of ORFs and likely saves
significant time vs. individual expression and conventional analysis. Additionally,
many of the analysis steps for expression can be automated such as spot identifi-
cation and picking, preparation of samples for MALDI-TOF/TOF, and peptide
identification.

Finally, there is a method that does not require the use of any tag and exploits
a unique set of genes that respond to translational misfolding. Promoters for these
genes have been fused to reporter genes (lacZ) and are upregulated in response to
misfolded heterologous protein. The optimal promoter was for the small heat shock
protein ibpA which was fused to lacZ and used to monitor misfolding.?> Using this
approach, the reporter can differentiate between soluble, partially soluble, and
insoluble recombinant proteins. However, it could be further developed to fuse the
ibpA promoter to a lethal gene so as to select for only those clones that are capable
of expressing soluble product.

PROTEIN PURIFICATION

In addition to improved solubility, easy purification is a prerequisite for HTP expres-
sion and analysis. This is due to the many logistical challenges of HTP protein
purification such as cell lysis, binding to affinity resins, washing, and elution, all of
which may require optimization. To simplify purification, a vector encoded purifi-
cation tag is usually fused to the protein. Commonly used tags include 6xHis,
glutathione S-transferase (GST), STREP tag, Protein A, maltose binding protein,
and the FLAG peptide (reviewed Waugh® and Lichty et al.?%). These tags all exhibit
high affinity and allow one-step purification by passing cell extracts or supernatants
over their cognate matrices. Using many of these purification tags, several hundred
human proteins expressed in E. coli were efficiently purified in high-throughput
format.? They can also serve as epitope tags for immuno-detection and can be easily
combined with solubility tags.!s

An interesting strategy is to use the purification tag for direct attachment onto
a microarray slide. This method involved fusing full-length p53 clones to the E. coli
biotin carboxyl carrier protein (BCCP),?” which is biotinylated in vivo during expres-
sion. After the cultures are lysed and cleared, they are used to directly spot onto
streptavidin-coated membranes or neutravidin-derivitised, dextran-coated slides.
Although this method is efficient, the solubility of each protein is unclear.

YEAST EXPRESSION
INTRODUCTION

Ultimately, many eukaryotic proteins cannot be expressed in fully functional form in
E. coli. This is especially true of secretory and transmembrane proteins that can require
the oxidative environment of the eukaryotic secretory pathway for proper folding and
disulfide bond formation. For this and other reasons, many high-throughput efforts
rely on eukaryotic expression systems either entirely or to supplement E. coli work.
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A number of yeast species provide an easy transition from bacterial to eukaryotic
expression. Much of the equipment used for E. coli transformation, growth, and
protein induction can be used interchangeably for yeast HTP work. The two most
highly developed yeast species for HTP protein expression are Saccharomyces
cerevisiae and Pichia pastoris. Both species can be easily transformed with circular
or linear DNA molecules and possess effective in vivo homologous recombination
pathways that allow stable, directed integration into their genomes.

S. cerevisiae has spent more generations under “domestication” by humans than
any other organism, as a workhorse of what has become the food and beverage
industry. Because of its economic importance, it was adopted early as a model genetic
system and benefited from early uptake of recombinant DNA techniques. S. cerevi-
siae has two anomalous features that accelerated its manipulation with recombinant
DNA molecules — small centromeric sequences that allowed development of episomal
plasmids that are partitioned with high fidelity during cell division, and in vivo
homologous recombination that is effective and efficient with short (20 to 50 bp)
regions of DNA homology. The development of PCR DNA amplification in the
1980s allowed the S. cerevisiae research community to rapidly move to HTP and
“whole genome” approaches to molecular and cellular biology. The early completion
of the S. cerevisiae genome sequence allowed development of DNA microarray-
based tools to globally analyze mRNA expression patterns.?® Recombination with
short homology arms allowed the generation of S. cerevisiae strain collections
containing systematic gene deletions, and tagging of each ORF with GFP? and TAP
tags.’03! In addition, researchers have used in vivo recombination to generate sys-
tematic collections of S. cerevisiae ORF expression constructs, enabling overexpres-
sion of nearly all S. cerevisiae proteins in the host system itself. One of these
collections, encoding GST fusion proteins, provided the basis for the development
of yeast protein microarrays.>?

EARLY HETEROLOGOUS PROTEIN EXPRESSION IN YEAST

With the development of recombinant DNA technology, S. cerevisiae almost imme-
diately became a host system for heterologous protein expression.’*3* Members of
the GAL gene family were isolated in the late 1970s,% and the organization of the
GALI-10 cluster was elucidated shortly afterward.’¢37 This gene family provided a
set of regulated promoters that could be up- or downregulated by modulating the
carbon source of the yeast culture. This regulation was exploited to optimize the
early expression of human insulin,® which failed to express from the unregulated
ADH] promoter. Although a number of other regulated promoters have been used
for heterologous protein expression in S. cerevisiae, Galdp regulated promoters
continue to be used and improved.*

Very early on, it became apparent that S. cerevisiae homologous recombination**-
could be used to bypass what, at the time, were tedious in vitro manipulation steps.
Transformation of two DNA molecules into yeast would, under proper selection,
result in homologous recombination to generate either episomal plasmids or genomic
integrants.3** DNA libraries could be cotransformed with yeast plasmids to create
expression constructs without using restriction enzymes to perform “cut-and-paste”
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operations in vitro. This approach was utilized to isolate the first human Cdc genes,
by recombining a human cDNA library with a Schizosaccharomyces pombe vector
backbone to complement cdc2 mutations.*3

PicHIA PASTORIS EXPRESSION SYSTEMS

Pichia pastoris is one of a number of yeast species that is capable of growth using
methanol as its sole carbon source. This ability was first utilized by Phillips Petro-
leum for biomass production, converting natural gas first to methanol by catalytic
oxidation and subsequently to protein using Pichia. Because P. pastoris prefers
respiratory growth, biomass could be produced at very high cell density in fermen-
tation. Changing world markets resulted in P. pastoris never being an economical
approach to biomass production for animal feed, but in the early 1980s Phillips saw
an opportunity to exploit developments in S. cerevisiae technology to develop
P. pastoris as an alternative expression system.

When switching from glucose or glycerol to methanol as its carbon source,
Pichia requires the expression of a series of enzymes that oxidize the methanol first
to formaldehyde and then to formic acid. The first enzyme in this pathway, alcohol
oxidase (AOX]I), is one of the most tightly regulated and strongly induced loci in
any organism. Jim Cregg and colleagues created expression vectors containing the
AOX1 promoter for heterologous protein expression*®#” that could be introduced into
P. pastoris using slight modifications of existing S. cerevisiae techniques. In order
to create P. pastoris strains that could easily be scaled up to fermentation for large
scale protein production, their approach relied on genomic integration rather than
episomal plasmids. Pichia has proved to be especially useful for producing proteins
normally processed in higher eukaryotic secretory pathways. Like S. cerevisiae,
proteins involved in membrane trafficking are highly homologous to their mamma-
lian counterparts,*® and native mammalian signal sequences and transmembrane
domains are often correctly inserted into Pichia membranes, with proper disulfide
bond formation. Jim Cregg at the Keck Graduate Institute maintains an updated list
of proteins successfully expressed in P. pastoris (http://faculty.kgi.edu/cregg/
index.htm). A recent high-profile success using P. pastoris expression was the struc-
ture elucidation of a mammalian Shaker gated ion channel by MacKinnon’s group
at Rockefeller University.*

POSTTRANSLATIONAL MODIFICATIONS

Both S. cerevisiae and P. pastoris perform a wide variety of protein posttranslational
modifications (PTMs) that are similar or identical to those found in mammalian
cells. In numerous cases, mammalian proteins can complement yeast mutations even
in situations where proper functionality requires either static or dynamic PTMs. In
contrast to modifications such as phosphorylation, ubiquitization, and isoprenylation,
glycosylation in yeasts results in very different structures than in mammalian cells.
While yeasts recognize the same protein sequence motif for N-linked glycosylation
as mammalian cells and transfer an identical oligosaccharide core structure onto
secretory proteins, mechanisms for the modification of this core structure evolved
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very differently in yeast and mammals. In general, mammalian cells degrade about
half of the mannose core and rebuild structures with diverse sugars, including
GlcNAc, galactose, and sialic acids. Yeasts, on the other hand, tend to build on the
mannose core by the addition of more mannose units, generating structures that can
contain dozens of branched mannose rings.

Engineering the glycosylation pathway in yeast to more closely resemble that
of mammalian cells has been a challenge for heterologous protein expression in both
S. cerevisiae and P. pastoris. Oligosaccharide processing occurs in eukaryotic cells
in a series of reactions performed by transmembrane, sugar transferase enzymes
spatially distributed along the secretory pathway in the endoplasmic reticulum (ER)
and the Golgi apparatus. In addition to the enzymes directly involved in oligosac-
charide construction, nucleotide sugars need to be synthesized in the cytoplasm and
transported through channels into the ER and Golgi. Subtle differences in localiza-
tion mechanisms between yeast and mammals have usually resulted in poor activity
of mammalian sugar transferases in yeast. Recently, however, Choi and colleagues
have created combinatorial libraries of the enzymatic domains of mammalian sugar
transferases with localization domains from yeast and expressed these libraries in
P. pastoris.>® This approach has been successful in generating strains of Pichia that
produce N-linked oligosaccharides that closely match mammalian structures.’! Using
one in vitro “polishing” reaction, they were recently able to produce a human
monoclonal antibody in P. pastoris with an identical oligosaccharide structure to the
commercial product produced using mammalian cell bioreactors.>

HTP YEeast EXPRESSION

As discussed in the Introduction, HTP protein expression in yeast has been per-
formed for whole genome yeast ORF collections.’? Extending these protocols to
heterologous expression of mammalian ORF collections is straightforward. In vivo
homologous recombination has been used to clone human ORFs into a copper
regulated S. cerevisiae expression system.>> The same group has taken a similar
approach with P. pastoris, although with a conventional, restriction enzyme-based
protocol for the generation of expression vectors.”* The recent development of
Gateway™ vectors for Pichia simplifies the initial steps in this process.” Pichia,
however, remains more difficult than S. cerevisiae to work with in a HTP format,
since expression constructs have to be properly integrated into the genome and
methanol induction is more finicky than galactose or copper induction. Recent
advances in glycoengineering discussed above may, in many circumstances, make
the added effort worthwhile.

One aspect of HTP protein expression and purification in yeast that needed to
be solved was cell breakage. Yeast cells are much more difficult to break open than
E. coli. The typical low throughput approach has been mechanical “crushing” using
vigorous agitation in the presence of 0.5 mm glass beads. Commercial products are
now available to perform glass bead breakage in 96-well plates (BioSpec Products,
Inc.). Low throughout glass bead breakage has also been performed using agitation
with a paint mixer typically found at local hardware store’® and this protocol has
been successfully extended to 96-deepwell plates.>
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INSECT CELL EXPRESSION
INTRODUCTION

Since the first publication reporting the use of insect cells to express a heterologous
gene,”’ use of baculovirus has become a routine method for protein expression.
Eukaryotic proteins expressed using baculovirus are frequently soluble, correctly
folded, and active, bypassing many of the problem points often encountered in
bacterial expression. For example, baculovirus has been particularly useful for
production of G-protein coupled receptors (GPCRs). G-protein coupled receptors
are the largest single family of cell surface receptors involved in signal transduction,
and thus are important therapeutic targets. However, GPCRs are generally expressed
endogenously at very low levels. Typical GPCRs are large-membrane proteins con-
taining seven transmembrane domains. Agonist binding to the receptor triggers
phosphorylation of associated trimeric G-proteins. A variety of posttranslational
modifications, such as palmitoylation, myristyloylation, prenylation, and carboxy-
methylation have been reported to be required for G-protein structure and activity
and generally occur in baculovirus-infected insect cells as readily as they do in
mammalian cells.”® In general, yields of mammalian proteins are often high (100 to
500 mg/1 culture), and because baculovirus does not replicate and is nonpathogenic
in mammalian cells, the baculovirus expression system requires no extra safety
precautions beyond general sterile tissue culture procedures.

CLONING FOR INSECT CELL EXPRESSION

Baculoviruses are large enveloped DNA viruses that infect insects, primarily in
the order Lepidoptera. The most studied and commonly used baculovirus for
biotechnological applications is Autographa californica multi-nucleocapsid poly-
hedrovirus (AcMNPV).*® The baculovirus life cycle involves two distinct morpho-
logical forms of the virus. The polyhedron derived virus (PDV) is responsible for
transmission from insect to insect, whereas the budded form of the virus (BV) is
responsible for viral transmission within individual insects. See Federici® and
Williams and Faulkner¢! for details. Polyhedra are easily seen by light microscopy
in cells as crystalline inclusion bodies. BV is the form of the virus that replicates
in cell culture and is primarily used for heterologous protein expression. The
polyhedrin and p10 genes are very highly expressed but are not required for BV
transmission. Thus, most (but not all) biotechnology applications of baculovirus
use polyhedrin or pl10 promoters for expression of heterologous genes. Early use
of baculovirus for heterologous gene expression required restriction enzyme clon-
ing of the desired gene into a transfer vector downstream of the polyhedrin promoter,
flanked by the viral sequences surrounding the polyhedrin locus of the virus.
Following cotransfection of the transfer vector and wild-type virus DNA, homolo-
gous recombination across the flanking sequences created recombinant viruses
that had to be identified by plaque assay screening for polyhedrin negative
plaques.’” Since recombination occurred at a frequency of less than 1%, creation
of a useful recombinant virus stock required months of tedious plaque purification.
Significant advances in baculovirus cloning technology came in the early 1990s
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with the advent of linearized baculovirus DNA. A baculovirus genome was engi-
neered to have a single Bsu36 I site in the polyhedrin locus. Following recombi-
nation with the transfer vector, the recircularized DNA resulted in a 10-fold increase
in the frequency of recombinants.®> A few years later, vectors were created possessing
multiple Bsu36 I sites positioned such that linearization removed an essential gene
that was rescued upon homologous recombination. A lacZ fragment added color
selection, boosting the frequency of obtaining recombinant plaques to over 90%
and made plaque identification easier.®® These vectors were commercialized and
the wide availability of these baculovirus vectors (BacMagic™, Merck KGaA,
Darnstadt, Germany; BacPAK™, Takara Bio, Inc., Otsu, Japan; Sapphire™,
Orbigen, San Diego, CA) no doubt explains the exponential increase in the number
of published reports using baculovirus in the first half of the 1990s. In 1993,
Luckow et al.% published a method for baculovirus recombination in bacteria that
greatly shortened the time required to generate recombinant baculoviruses. A
baculovirus genome was engineered to replicate in bacteria via a mini-F replicon
(called a bacmid). The bacterial replicon contains a lacZ o reading frame containing
attTn7 sites, allowing for site-specific transposition from a transfer vector that
contains the gene of interest under polyhedrin (or other baculovirus promoter)
control, flanked by Tn7 sites. The transposition activity is provided by a helper
plasmid encoding the requisite transposase. Recombinant bacmids are selected by
antibiotic selection and a color screen. The bacmid DNA is isolated and transfected
into insect cells. The incidence of obtaining parental bacmid is low, and plaque
purification is generally not required. Expression can be extended to protein
complexes using a vector that contains nested cloning sites making possible the
simultaneous cloning and expression of eight or more different genes.® The
flexibility of the baculovirus expression system allows for expression of multi-
component protein assemblies from benchtop to bioreactor scale.

Recently, a baculovirus expression system, called BaculoDirect™ (Invitrogen),
incorporating Gateway® cloning was developed. A recombinant baculovirus was
created that contains a counter-selection cassette in the polyhedrin locus. The
counter-selection cassette contains the lacZ o fragment under control of the late
p10 promoter, and the thymidine kinase gene (TK) under control of the immediate
early ie-0 promoter. The entry clone is recombined with linearized BaculoDirect
DNA in a short room temperature reaction that removes the counterselection
cassette. The reaction is transfected directly into insect cells, eliminating the
E. coli manipulation steps necessary in other systems. The transfected insect cells
are grown in the presence of ganciclovir, a nucleoside analog rendered toxic by
the TK gene product.®® Thus, replication of residual parental virus from the LR
reaction is inhibited because it is both linear and expresses the TK gene. The lacZ
gene is also recombined out providing a visual confirmation that parent virus was
eliminated.

POSTTRANSLATIONAL MODIFICATIONS

One of the key attributes of the baculovirus expression system is that recombinant
proteins are posttranslationally modified, often yielding protein that is correctly
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folded and biologically active. Insect cells in culture perform most of the post-
translational modifications typical of eukaryotes, including glycosylation, phos-
phorylation, sulfation, acylation, acetylation,%” and possibly oi-amidation.5® With
regards to glycosylation, baculovirus infected insect cells support both N- and
O-linked glycosylation. Given the importance of proper glycosylation for the ther-
apeutic utility of recombinant proteins, the N-linked glycosylation capabilities of
insect cells have been studied extensively (reviewed by Jarvis®-7?). Without ter-
minal sialic acid residues, introduced glycoproteins are rapidly cleared from cir-
culation by asialoglycoprotein receptors in the mammalian liver. Insect cells gen-
erally have a truncated N-linked processing pathway, resulting in paucimannosidic
or high-mannose glycans lacking terminal sialic acid residues.”” The truncated
pathway is a result of diminishingly low levels of key Golgi enzymes in insect
cells. Recently, insect cell line derivatives were produced that constitutively
express several key mammalian glycosylation enzymes. A cell line expressing
bovine B-1,4 galactosyltransferase produced glycans with terminal galactose,
unlike the parent Sf9 cell line.”! A subsequent cell line expressing five glycosyl
transferases produced complex mono-and bi-antennary complex glycans with terminal
sialic acid residues’ and has been commercialized (Mimic™ cells, Invitrogen).
Sialylation occurs only when the Mimic cells were grown in media containing
serum supplementation of serum-free media with fetuin likewise enabled sialyla-
tion, suggesting that the cells are able to scavenge sialic acid from proteins in
serum.”>7* Further metabolic engineering produced a cell line that had enhanced
sialic acid processing capabilities resulting in higher levels of glycoprotein sialy-
lation in serum free media.”>7*

HTP BacuLovirus EXPRESSION

Jumping from microbial expression systems such as E. coli or yeast to higher
eukaryotic expression for an HTP pipeline introduces a number of complexities that
need to be addressed. For baculovirus in particular, there are three specific areas
where microbial techniques and equipment do not necessarily transfer easily. First,
baculovirus recombinant DNA molecules are typically 10- to 20-fold larger than
E. coli or yeast expression vectors. These are produced by recombination techniques,
either in vivo (E. coli or insect cells) or in vitro (Gateway). Second, there is an
intermediate step between cloning and expression that requires the production of
baculoviral stocks that are difficult to titer in HTP format. Since baculovirus expres-
sion is a transient technique, lot-to-lot variation in viral titers and protein expression
can be significant. Third, insect cell culture in HTP is more difficult than microbial
cell growth and there are two cell culture steps (viral production and protein expression)
that need to optimized for different endpoints. If one is looking to maximize
functional mammalian protein production in a single expression system, using
baculovirus has distinct advantages that make it worthwhile to address the difficult
intermediate steps.

Albala and coworkers at the Lawrence Livermore National Laboratory have set
up a baculovirus protein production system for expression of the LM.A.G.E. clone
collection (http://www.lInl.gov/tid/lof/documents/pdf/304834.pdf).”> Their approach
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uses Baculogold™ (Takara Bio Inc., Otsu, Japan) along with conventional rare
restriction enzyme cloning (Asc I/Fse I) to generate expression clones. Recombina-
tion into the baculoviral genome is done in Sf27 cells grown in normal 96-well
plates, followed by protein expression in 96-well deep-well plates. A variety of
incubators can be used for insect cell growth, although 96-well plates need an
optimized radius in an orbital shaker for adequate oxygen transfer in deep wells.
Albala’s group has used a magnetic levitation stirrer (V&P Scientific, San Diego,
CA), which moves a ball bearing vertically up and down through the culture to
generate proper oxygenation.

CHOOSING EXPRESSION TECHNOLOGIES
FOR A HTP PIPELINE

As described above, expression systems based on bacterial, fungal or insect each
have advantages and disadvantages. Specific attributes of each system are summa-
rized and compared in Table 2.1. No single system is ideal for all types of proteins,
and care must be taken in balancing the strengths and weaknesses of each system
when developing a HTP pipeline.

TABLE 2.1
Comparison of High-Throughput Expression Systems

Expression System Ranking

Attribute (best to worst)
Speed of expression E. coli > yeast > baculovirus
Cloning complexity E. coli > yeast > baculovirus
Protein yield E. coli > yeast > baculovirus
Expense E. coli < yeast < baculovirus
Ease of cell lysis baculovirus > E. coli > yeast
Purification tags All about equal

Native protein solubility baculovirus = yeast > E. coli
Solubility tags E. coli > yeast = baculovirus
Protein secretion yeast = baculovirus >> E. coli
(mammalian signal sequences)

Membrane proteins baculovirus > yeast >> E. coli
Disulfide bond formation baculovirus = yeast > E. coli
Protein complex formation baculovirus > yeast > E. coli
N-linked glycosylation P. pastoris = baculovirus >> E. coli
O-linked glycosylation baculovirus > yeast > E. coli
Other PTMs baculovirus > yeast > E. coli

Note: The three expression systems discussed in the chapter (E. coli, yeast,
and baculovirus) are compared for a variety of attributes important for HTP
cloning and expression.
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INTRODUCTION

With the advent of the proteomics era, the cell-free expression field has experienced
a technical renaissance expanding into a myriad of applications covering both func-
tional and structural proteomics. Cell-free systems offer several advantages over
traditional cell-based expression methods, including the easy modification of reaction
conditions to favor protein folding, decreased sensitivity to product toxicity, and suit-
ability for high-throughput strategies owing to the ability to reduce reaction volumes
and process time. Moreover, improvements in translation efficiency have resulted in
yields that exceed a milligram of protein per milliliter of reaction. Finally, the ability
to easily manipulate the reaction components and conditions makes in vitro protein
synthesis especially amenable to automation and miniaturization, enabling application
to the fields of protein arrays, in vitro evolution, and multiplexed real-time labeling
among others. We review the advances on this expanding technology and highlight
the growing list of associated applications for protein microarrays. For further details
we suggest the reader to refer to previously published literature.'-

39
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CONFIGURATIONS AND HISTORY

In vitro translation systems are based on the early demonstration that cell integrity is
not required for protein synthesis to occur. In its simplest form, this can be accom-
plished by the use of a crude lysate from any given organism (which provides the
translational machinery, accessory enzymes, tRNA, and factors) in combination with
exogenously added RNA template, amino acids, and an energy supply. This classical
in vitro translation scheme is called “uncoupled” in opposition to the “coupled” or
“combined” transcription/translation configuration in which the mRNA is transcribed
in situ from a DNA template added to the reaction (see® for more details). Usually
coupled systems exhibit higher protein yields and are easier and faster to operate than
systems that are not coupled, although they require supplementing the reaction with
additional NTPs and a highly processive RNA polymerase such as those encoded by
T7, T3, or SP6 bacteriophages. The use of plasmid or PCR templates rather than
purified mRNAs has made possible the emergence of a variety of new applications.

SOURCES OF LYSATES

Almost any organism could potentially be used as a source for the preparation of a
cell-free protein expression system. However, the most popular are those based on
Escherichia coli, wheat germ, and rabbit reticulocytes (for a review, see Jermutus et al.3).
E. coli-based systems provide yields that range from a few micrograms up to several
milligrams per milliliter of reaction depending on the protein and the reaction
format.” On the other end, eukaryotic-based systems provide a better platform for
functional studies, particularly for post-translationally modified proteins. However,
yields for these types of systems are in the microgram per milliliter of reaction
range. The wheat germ-based translation system is of special interest due to its
eukaryotic nature and robustness. Yields can go up to a few hundred of micrograms
per milliliter of reaction. Other systems include the use of cell-free extracts derived
from insect cells,® HeLa cells,’ and yeast.!® An advantage that the wheat germ and
rabbit reticulocytes systems have over other eukaryotic cell-free systems is that they
efficiently translate mRNAs in which the 5 cap has been replaced by an internal
ribosome entry site (for a recent example see Shaloiko et al.!').

Despite being one of the most complicated basic cellular processes, the whole
translational mechanism from E. coli can be reconstituted in vitro starting from > 100
individually purified components.!? The system (called the PURE system) exhibits
high translational efficiency, with the added advantage of simpler manipulation of
the reaction conditions and easy purification of untagged protein products. Also, a
eukaryotic translation elongation system could be reconstituted in vitro by the
assembly of ribosomes onto dicistrovirus genomes that do not require the presence
of aminoacylated initiator tRNAs.!3

YieLb AND THROUGHPUT

The principal limitation of the first generation batch-formatted reactions is their short
lifetimes (less than an hour) and consequent low yield. This is primarily owing to the
rapid depletion of the high-energy phosphate pool, which occurs even in the absence
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of protein synthesis.'* In turn, this leads to the accumulation of free phosphate, which
can complex with magnesium to further inhibit protein synthesis. This problem was
first overcome by Spirin and coworkers with the introduction of the continuous-flow
cell-free (CFCF) translation system, which relies on the continuous supply of energy
and substrates and the continuous removal of the reaction byproducts.!> The reaction
time can then be extended for 20 hours with increases in product yield of up to two
orders of magnitude. Despite the improvement in yield, the operational complexities
make this system extremely impractical. The technology was later simplified by the
development of a semicontinuous or continuous exchange cell-free (CECF) method,
in which a passive rather than active exchange of substrates and byproducts extended
the reaction lifetime.'®!” However, semicontinuous systems are not easily applicable
to high-throughput processes, which require miniaturization and automation.

To this end, several laboratories have focused either on developing high-throughput
friendly systems or maximizing the energetics of batch reactions. Endo and cowork-
ers have devised a highly efficient bilayer diffusion system devoid of membranes
that is compatible with high-throughput formats.®!® On the other hand, the group of
Swartz has consistently sought more efficient and economical alternatives to the
traditional ATP/GTP regeneration systems. They have recently developed an eco-
nomical method for cell-free protein synthesis using glucose and nucleoside mono-
phosphates, reducing substantially the cost while supplying high protein yields.!® In
addition, they have demonstrated that with the use of a thin film reactor configuration
it is possible to produce close to a milligram of protein per milliliter of reaction,
overcoming issues related to scaling-up batch reactions.?’ In our laboratory, we have
developed an alternative technology based on discrete “feeds” that replenish the
reaction with the necessary substrates while diluting toxic byproducts. Milligram
amounts of protein products can be obtained in small tubes without the use of any
special equipment (Figure 3.1). The various approaches to cell-free expression are
summarized in Figure 3.2.

FOLDING AND POSTTRANSLATIONAL
MODIFICATIONS

A key goal for cell-free translation systems is to synthesize biologically active
proteins. Currently, the primary issues are protein folding and posttranslational
modifications. A clear advantage that these systems have over in vivo protein synthesis
is that the environmental conditions can be easily adjusted. Strategies to improve
protein folding and posttranslational processing include the addition of a variety of
reagents and folding catalysts to the reaction.

CHAPERONES

Reports on the exogenous supply of chaperones to cell-free protein synthesis reac-
tions suggest that the effect that these catalysts have is protein-dependant. For
example, addition of purified DnaK, DnaJ, GroEL, and GroES has been reported to
be beneficial for the synthesis of single chain and Fab antibodies?!?> but appears to
have no effect on the folding or activity of luciferase.?® It has been demonstrated
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FIGURE 3.1 Efficient batch mode for the in vitro synthesis of milligram amount of proteins.
Standard 1-ml cell-free reactions were performed for six hours at 37°C, using Expressway
Milligram (Invitrogen, Carlsbad, CA) with two subsequent additions of 0.5 ml of feeding
buffer at 30 minutes and 2 hours. Abbreviations: GFP, green fluorescent protein; CKB, human
creatine kinase from brain; LacZ, E. coli -galactosidase; HLA-DOA of the human major
histocompatibility complex (-chain); CKM, human creatine kinase from muscle; CALML3,
human calmodulin-like 3 protein; IL24, human interleukin 24.
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FIGURE 3.2 Current formats of cell-free protein expression systems. Formats are classified
according to how the reaction is fed: (a) batch (b) continuous-flow cell-free (c) continuous
exchange cell-free and (d) bilayer. Reaction components include ribosome, translation factors,
tRNA, aminoacyl tRNA synthetases, template (RNA or DNA), and RNA polymerase (when
necessary). The feeding buffer includes amino acids, energy components, NTPs (when necessary),
cofactors, and other accessory reagents. Yellow arrows indicate the flow of buffer components
and red arrows represent the flow of protein product.
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that the use of S30 extract prepared from strains transformed with genes encoding
the major chaperones and disulfide bond isomerases produces a cell-free system
capable of expressing active eukaryotic proteins, thus eliminating the need for addition
of purified folding catalysts.?*

MEMBRANE PROTEINS

Over-expression of membrane proteins in vivo frequently results in cell toxicity (owing
to hydrophobicity or inherent properties of the target), protein aggregation, misfolding,
and low yield. Nearly all of these obstacles can be overcome by cell-free expression.

In vitro translation offers a unique opportunity to use the highly efficient bacterial
transcription and translational machinery while introducing natural mammalian or
other synthetic lipids and detergents. For example, milligram amounts of active
transmembrane multidrug transporters has recently been synthesized in vitro.2>2
The presence of mild detergents or lipid mixtures during the reaction notably eased
aggregation and insolubility issues and apparently did not interfere with the trans-
lation activity. Also, the oligomeric ion channel MscL could be synthesized in vitro?’
in a form that is undistinguishable from the one produced in vivo.

Ueda and coworkers have adapted the PURE system (see above) for the expres-
sion of membrane proteins. Basically the addition of the translocon machinery
present in inverted vesicles provided the means for the production of correctly folded
integral membrane proteins.?®

Finally, it has recently been shown that a cell-free expression system can be
encapsulated in phospholipid vesicles to build cell-like bioreactors. This configura-
tion prolongs membrane and nonmembrane protein expression for up to 5 hours
opening up new avenues of research and generating novel downstream biotechnological
applications.?

DisuLripe BOND FORMATION

Disulfide-bonded proteins are ordinarily formed in extracytoplasmic compartments,
such as the periplasm of prokaryotes and the lumen of the endoplasmic reticulum
(ER) of eukaryotes, in which conditions are more oxidizing. Although cell-free
protein systems bear two intrinsic features that may prevent the formation of disulfide
bonds (reducing agents that stabilize the protein synthesis machinery, and the lack
of compartments with oxidizing redox potential), these hurdles can be easily over-
come. One method eliminates dithiotreitol from the cell-free extract prior to the
translation reaction, which has been shown to result in high yield production of
single-chain antibodies with dual disulfide bonds.* Also, the combination of alky-
lation of the extract with iodoacetamide, a suitable glutathione redox buffer and a
disulfide bond isomerase added to the in vitro reaction can have a profound positive
effect on the production of active proteins with multiple disulfide bonds.?!3!

GLYCOSYLATION AND OTHER POSTTRANSLATIONAL MODIFICATIONS

Glycosylation is the most widespread and complex form of posttranslational
modification in eukaryotes (for a review see Lowe and Marth??). A major problem for
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the production of glycoproteins is that they are ordinarily produced as a mixture of
glycoforms. Only the glycosidic core remains relatively uniform while the protein
is in transit within the ER. In cell free systems, core glycosylation can be achieved
by supplementing extracts with microsomal fractions.®? Proteins are translocated to
the lumen of the vesicles in which their leader peptide is cleaved and they acquire
the oligosaccharide chain. Given that intracellular transport is disrupted, further
processing of the oligosaccharides is prevented. However some variation on the
glycosylation pattern can still be observed due to inhomogeneous folding that appar-
ently restricts the access of the glycosylating enzymes.* Recently, the generation
of a Spodoptera frugiperda 21 cell-based lysate has been reported.® The system
provides core protein glycosylation enzymes without the need for supplementing
the reaction with membrane vesicles. The newest approach for the in vivo synthesis
of homogeneous samples of glycoproteins exploits the use of a nonnatural amino
acid linked to a monosaccharide moiety.* This strategy could be easily adapted to
cover in vitro protein synthesis. When incorporated into a protein, the monoglyco-
sylated amino acid can be further modified by glycosyltransferases added to the in vitro
reaction resulting in more complex glycoforms.

Other post-translational modifications, such as phosphorylation, myristylation,
farnsylation, isoprenylation, and adenylation have been observed in lysates from
higher eukaryotes. With all these modifications, the dynamic complexity of post-
translational modifications makes it difficult to produce homogeneous protein sam-
ples. Methods for creating artificial posttranslational modification mimics (artificial
modifications that imitate the structure of the natural ones) have been proposed as
a solution for this problem (for a review see Davis*’). Cell-free systems appear to
be the most favorable platform for this novel strategy.

Finally, a technique that makes use of cell-free translation for dissecting com-
ponents involved in the ubiquitin—proteasome pathway has been recently reported.
Basically, substrates of this pathway can be isolated in ER membranes which, when
incubated in RRL lacking exogenous hemin, are degraded in an ATP-dependent
manner.>

SovrusiLity TAGs

According to data from several proteomics centers, more than half of all recombinant
proteins are insoluble when they are overproduced in E. coli. For some of these
cases, it has been shown that certain affinity tags have the ability to promote the
solubility of their fusion partners (for a recent review see Waugh?®®). This strategy
has the added bonus of facilitating the purification of the passenger protein and in
other cases (as represented by the use of the Lumio tag), expediting the detection
(in-gel or real-time) of the fusion protein.'* Examples of solubility tags include
glutathione S-transferase, maltose binding protein, thioredoxin, SUMO, and NusA,
among others. Placing the solubility tag at the N-terminus of the protein has the
advantage of providing an optimum context for translation initiation increasing the
yield of recombinant proteins.

It is worth mentioning that not every protein can be made soluble simply by the
incorporation of a solubility-enhancing tag. Also, some proteins will become insoluble
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once the tag is removed. However it is clear that this strategy in general leads to the
recovery of more soluble and properly folded proteins when compared to the expres-
sion of native proteins.

As no affinity tag is ideal for every single situation, combinatorial tagging
sometimes has been recommended (for a recent example see Dyson et al.*!). This
approach has also proven successful in combination with the Gateway recombina-
tional cloning technology.*

UNNATURAL AMINO AcIDS AND IN VITRO PROTEIN LABELING

The incorporation of nonnatural amino acids, especially those with chemically or
physically reactive side chains, has the potential to be a useful tool for functional
and structural proteomics. A variety of labels including fluorescent dyes for func-
tional studies, biotinylated moieties to facilitate purification, and many others includ-
ing those for structural studies and for posttranslational modifications can be
sequence-specifically incorporated into proteins. An efficient way to incorporate
artificial amino acids into polypeptides is to supplement the cell free extracts with
chemically aminoacylated suppressor tRNAs that recognize a particular stop codon*?
or by reconstructing the genetic code de novo using the PURE approach.** This
fascinating technology has been already applied to the synthesis of nonribosomal
peptides by reassigning 35 of the 61 sense codons to 12 unnatural amino acid
analogues.® It has been recently reported that suppression of the amber codon in
cell-free translation systems can be enhanced by in situ deactivation the release
factor 1 with specific antibodies.*® A similar technology was applied to incorporate
a single label at the N-terminal position, highly desirable for the preparation of
protein micro arrays. This has been accomplished by using an amber initiator
suppressor tRNA and a DNA template with an amber codon instead of the normal
initiation codon.*’

In vitro cotranslational labeling is not limited to the use of unnatural amino
acids. For example, puromycin derivatives can be used in cell-free expression sys-
tems to specifically label proteins at the C-terminus.*® Recently, a novel tetracysteine
motif was shown to specifically bind biarsenical ligands that become fluorescent
only after binding.*® Using a fluorometer, these compounds have been directly added
to cell-free transcription-translation systems to monitor real-time protein synthesis
in high-throughput expression format. This approach is particularly useful for
high-throughput screening of pharmacological agents with translation-inhibiting
activity. Although some of these labeling techniques can be applied to cell-based
systems, problems such as cytotoxicity of the compounds, reduced protein yields,
low label incorporation, or transport across membranes are issues largely reduced
or eliminated when using a cell-free expression system.

CONSIDERATIONS FOR PROTEIN ARRAYS

A clear application of cell-free protein expression reactions is in the area of minia-
turization and protein arrays. For example, protein “macro” arrays can be generated
by small 25 pl reactions to synthesize tagged products that are in sifu immobilized
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in separate wells coated with tag-binding beads.”® Reactions can be downscaled to
levels (nanoliter scale) that are unimaginable for cell-based approaches® and yet
still synthesize enough products to perform individual enzymatic assays in 96-well
glass microplates. Also, coupled transcription and translation using a solid phase
DNA template on 96-well plates has been reported recently.>?

Finally, cell free protein synthesis offers tremendous advantages to the construction
of protein micro arrays. One of the first reports of the use of cell-free protein
expression for protein array assembly describes the use of parallel cell-free reactions
following immobilization on a surface.® More recently Ramachandran and coworkers
developed a self-assembling protein chip starting with DNA gene micro arrays,
which are transcribed and translated by a cell-free system. The resulting proteins,
fused to glutathione S-transferase (GST), are immediately captured in sifu by virtue
of an antibody anti GST printed simultaneously with the expression plasmid.>* This
technique saves considerable labor, time, and costs by eliminating the need to
express, purify and print proteins separately.

FUTURE PERSPECTIVES

Most of the advantages that cell-free expression systems have to offer can only be
attained by high productive batch-fed configurations. Although protein concentra-
tions up to a milligram per milliliter of reaction can be now achieved, this is still
not enough for certain applications. But there is plenty of room for improvement.
For example the incorporation of membrane vesicles loaded with the oxidative
phosphorylation enzymes might have a positive effect by recycling ADP and low-
ering the free phosphate contents.> Finding a high efficient energy regeneration
system is also a key-issue for lowering the costs of this still pricey technology.

Another area that cell-free can make a significant impact is protein folding. A
relatively high fraction of proteins obtained by in vitro and in vivo systems is usually
insoluble or misfolded. The addition of detergents or chaperones to the reaction
sometimes has a productive effect but there might be complementary approaches as
well. For instance, hybrid systems composed of lysates from different sources,
including those from archaea, might provide a more robust folding context.

Cell-free expression is a powerful, flexible, and ever-expanding technology. The
ability to manipulate the reaction conditions and to generate novel applications will
probably be limited only by our creativity.
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INTRODUCTION

Protein microarrays are an important tool in proteomics. However, duplicating the
success of the DNA chip for protein microarrays has been difficult. This account
discusses a key issue in protein microarray development: surface chemistry. Ideally,
the surface chemistry for protein microarray fabrication should satisfy the following
criteria: the surface resists nonspecific adsorption; functional groups for the facile
immobilization of protein molecules of interest are readily available; bonding
between a protein molecule and a solid surface is balanced to provide sufficient
stability but minimal disturbance on the delicate three-dimensional structure of the
protein; linking chemistry allows the control of protein orientation; the local chemi-
cal environment favors the immobilized protein molecules to retain their native
conformation; and finally, the specificity of linking chemistry is so high that no
prepurification of proteins is required. We discuss strategies to achieve such an ideal
situation and demonstrate the optimal activity of the immobilized protein molecules via
surface molecular engineering. We elucidate how the commonly seen ring structures

53



54 Functional Protein Microarrays in Drug Discovery

in spot morphology on protein microarrays is related to partitioning of protein
molecules between the bulk solution and the air-liquid interface due to the large
surface-to-volume ratio of a nanoliter droplet. We also show how to eliminate this
problem for quantitative applications.

THE PROMISE OF PROTEIN MICROARRAYS

Protein microarrays have been subject of considerable excitement in the last a few
years, as evidenced by an exceptionally large number of review articles and com-
mentaries published within a short period of time.!> However, successful applications
of the protein microarray technology are few and far between. What is the reason
for such a unique situation? Answers to this question lie in the exceptional potential
of the protein microarray technology, as well as the exceptional difficulty in devel-
oping such a technology.

With the great success in genomics, there is a pressing need for large-scale profiling
and functional analysis of the protein molecules encoded by genes. One of the most
exciting tools in this endeavor is protein microarray technology in which a large
number of proteins or peptides are immobilized on a solid substrate for the high-
throughput, parallel analysis of population profiles, biochemical properties and biological
activities. A wide range of applications have been envisioned and/or demonstrated for
protein microarrays, including expression profiling, interaction profiling, and func-
tional identification. These applications are detailed elsewhere in this book. The first
application is most obvious. The concentration profile of proteins in an organism
depends on age, physical/chemical environment, and more importantly, disease state.
The need to go beyond mRNA profiling arises because of the general presence of
translational and post translational modifications as well as protein degradation by pro-
teolysis. Thus, knowing protein levels is the most direct way to phenotype cells and
to diagnose disease state, stage, and response to treatment. This task is possible and
has already been explored with antibody arrays. The second application is critical to
drug discovery. Given the large number of proteins and the fact that their activities are
often intimately related to mutual interactions, it is a daunting task to identify and
understand the vast possibilities of protein—protein interactions. One may envision the
preparation of protein microarrays with the whole or a subset of human proteome and
their use for large-scale categorization of protein—protein interactions, including the
identification of specific domain—domain interactions. These microarrays can also be
used in drug discovery since many drugs function by disrupting protein—protein
interactions. The last application is most difficult but is important for fundamental
understanding. The functions of only a small population of proteins are known at the
present time and the main goal of proteomics is to associate each protein with particular
functions. A protein microarray may be used to screen for corresponding targets. The
reciprocal process is to use a small molecule array to screen for binding with proteins.
In many ways, functional profiling overlaps with interaction profiling.

Despite all the potential and expectations, it is naive to assume that the success
story of DNA microarrays can be duplicated for protein microarrays. The availability
of oligonucleotide synthesis and PCR has made the production of DNA molecules
a routine task. However, techniques equivalent to PCR do not exist for proteins.
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Proteins are produced in small quantities either recombinantly in cells or in cell-free
translation systems, neither of which is as simple as PCR. Producing and purifying
antibodies from biological samples of animal models based on the natural immune
systems is also a difficult and labor intensive process. In terms of handling, proteins are
much more difficult than DNA molecules. DNA molecules are relatively simple polya-
nions which can be chemically modified and easily immobilized on solid surfaces based
on electrostatic interactions or covalent bonding through functional groups on either
terminus. Protein molecules are much more complex. They possess delicate three-dimen-
sional (3-D) structures, varying chemical and physical properties (e.g., hydrophobic,
hydrophilic, and ionic domains). Because the activity or function of a protein molecule
is critically dependent on its 3-D structure which is very sensitive to local physical and
chemical environment, keeping an immobilized protein molecule in a native state with
its 3-D structure intact and with its active domains accessible, is a major challenge.

THE DEMAND FOR SURFACE CHEMISTRY

The challenge in protein microarray development is manifested in the stringent
demand on surface chemistry, which is the focus of this chapter. There are two
inherent difficulties associated with protein surface chemistry. The first problem is
background. Proteins tend to adsorb nonspecifically to most solid surfaces. This is
because a protein molecule has various hydrophobic domains, charged sites, and
hydrogen bond donor/acceptor groups. These groups can bind strongly with hydro-
phobic surfaces, oppositely charged sites, and hydrogen bond acceptor/donor groups.
The hydrophobic interaction (van der Waals) is particularly prevalent and is the
dominant reason for the fouling of surfaces. The excessive interaction between a
protein molecule and a solid surface often results in the disruption of its 3-D structure
and eventually denaturation, i.e., the complete loss of activity. The second problem
is conformation/orientation. A protein molecule interacts with other molecules
through specific functional domains. However, chemical forces responsible for
adsorption on a solid surface are oblivious of the presence of any functional domain.
If we let nature take its course, chances are we will not have protein molecules with
the desired orientation on a solid surface. We must engineer specific chemical
functionality to differentiate the domain responsible for immobilization from those
of chemical/biological activity. Ideally, we would like the surface chemistry for
protein microarrays to meet the following criteria:

e The surface is inherently inert and resists nonspecific adsorption;

e The surface contains functional groups for the facile immobilization of
protein molecules of interest;

¢ Bonding to a solid surface is strong enough to retain the protein on the
surface, but sufficiently non intrusive to minimize disturbance to the
delicate 3-D structure;

e The linking chemistry allows the control of protein orientation and makes
active sites easily accessible to target molecules in the solution phase;

e The immobilization chemistry is highly specific and does not require
prepurification of protein samples.
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FIGURE 4.1 A comparison of the adsorption of a protein molecule (P) and its interaction
with a target (T) on: i) a “sticky” surface; and ii) a repulsive surface.

The particular importance of an inert starting surface can be easily comprehended from
the illustration in Figure 4.1. Consider a surface not repulsive towards proteins but
containing specific functional groups, such as aldehyde or epoxy, for covalent bonding
to —NH, groups on a protein molecule. Alternatively, the surface functional group may
assist noncovalent protein adsorption, e.g., -NH, functionalized coatings for protein
adsorption through electrostatic and hydrogen bonding interactions. The backbones of
these surface coatings are inherently “sticky” and permit nonspecific adsorption. Such
a surface may lead to excessive protein-surface interaction, resulting in the loss of
activity. In addition, a substantial percentage of protein molecules can adsorb on the
surface with their active sites inaccessible to target molecules. Finally, a target molecule
can also adsorb nonspecifically on the “sticky” surface, thus contributing to background
signal. Before the surface can be used for protein-target interaction, there is often a
need for the so-called “blocking” step, which consists of adsorption of other protein
molecules, e.g., bovine serum albumin (BSA). The blocking step is problematic: small
probe molecules can be buried by large blocking molecules and the adsorbed blocking
molecules are not completely “nonfouling” and may also interact nonspecifically with
targets. Examples of this kind of surfaces include widely used and commercially avail-
able aldehyde, epoxy, and amine functionalized silane coatings.

The second type of surface starts with an inert coating. The surface is activated
for covalent linking to a protein molecule. Besides the covalent linker, the repulsive
nature of the surface ensures that the immobilized protein has little interaction with
the surface. In other words, the covalently attached protein molecule prefers to stay
away from the solid surface. This leads to optimal activity and accessibility of the
immobilized protein to interact with the target. After the immobilization step, remain-
ing active groups on the repulsive coating can be easily removed/titrated by chemical
means, thus eliminating the need for blocking with other protein molecules. Examples
of these inert surfaces include oligoethyleneglycol (OEG) terminated alkanethiol
self-assembled monolayers on Au as introduced by Whitesides’ group?® and applied
extensively by Mrksich and coworkers,* and other polyether based coatings by our
groups,>® and by Moeller and coworkers.” High-density polyether brush coatings
are now commercially available from MicroSurfaces, Inc.?

Recently, Whitesides and coworkers® surveyed a large number of surface func-
tional groups and concluded that the most extensively studied oligo or poly-ethylene-
glycol (PEG)!? remains the most “inert” chemical group toward protein adsorption,
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FIGURE 4.2 Fluorescence microscopic images taken after the adsorption (spotting) of
fibrinogen (1 mg/ml) on polyether brush coated glass (left) or clean glass (right, spot diameter
~ 100 um). For detection, the surface is first incubated with primary antibody and then with
Cy3-labeled secondary antibody.

often referred to as “inert” or “nonfouling.” The inertness or nonfouling property of
PEG coatings towards protein adsorption is attributed to its hydrophilic nature.!!
The PEG backbone is extensively hydrogen-bonded to water molecules, resulting
in the formation of partially structured water extending into the aqueous phase.
Adsorption of a protein molecule requires the disruption of this structured water
layer and is enthalpically inhibited. In addition, protein adsorption leads to the
compression of the PEG layer towards the solid surface and is entropically unfavorable.
Note that a partially structured water layer may form on any highly hydrophilic solid
surface, such as clean silica.'? In principle, such a surface is also resistant to protein
adsorption because of the enthalpic barrier. However, the nonfouling property of a
clean silica surface is quickly lost due to the adsorption of impurity from the
background. The presence of the PEG coating prohibits the adsorption of impurities
and thus maintains its nonfouling property. As an example, Figure 4.2 compares the
adsorption of fibrinogen on a high-density PEG brush coated glass slide (left,
MicroSurfaces) and a clean glass slide (right). Here the amount of fibrinogen adsorp-
tion is detected via a sandwich assay (immunostaining). While the PEG brush is
completely inert, the clean glass surface adsorbs not only fibrinogen (spot) but also
antibodies (background).

SURFACE CHEMISTRY FOR THE BINDING OF
PROTEINS WITH RANDOM ORIENTATION

Two general approaches that do not meet the above criteria but can be easily
implemented for protein immobilization involve either the passive adsorption of
protein molecules into a polymer matrix or covalent bonding via -NH, groups on
the surface of protein molecules.

The first approach is mainly derived from conventional methods (such as western
blotting) available in biochemical laboratories. It uses filter membranes (e.g., nitro-
cellulose, nylon, polyvinylidene difluoride) or glass slides coated with a polymer
film (e.g., poly-L-lysine and polyacrylamine) for the immobilization of proteins.!3-16
The advantage of using a polymer matrix is the ease of which protein is immobilized
and the relatively high load of protein samples in each spot. There are also problems,
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including the inability to control protein orientation and local environment, the
unknown diffusion kinetics or the inaccessibility of large target molecules into the
polymer matrix, and the possibility of wash-off or exchange reactions with solution
phase proteins during analysis. Excess washing necessary for these polymer matrixes
can potentially denature the adsorbed protein molecules.

The second approach generally relies on covalent bond formation between amine
groups on protein molecules and other functional groups on a solid support. For example,
MacBeath and Schreiber demonstrated high density protein arrays on glass slides
through Schiff’s base linkage formed from amine groups on protein molecules and
aldehyde groups on silanized glass surface.!” Zhu et al. fabricated protein arrays in
microwells on a silicone elastomer sheet based on covalent bond formation between
amine groups and epoxide groups on the silanized surface.'® Because a protein molecule
usually displays many lysines on its surface in addition to the terminal amine group, it
can be covalently bonded to a substrate via a variety of orientations. One should recog-
nize that, despite common beliefs, there is little actual experimental evidence for the
presence of covalent bonding between protein molecules and the solid support in the
above examples. Most of these surfaces are inherently susceptible to nonspecific adsorp-
tion. For example, aldehyde or epoxy surfaces obtained from silanization reactions are
partially hydrophobic. It is not known what percentage of the immobilized protein
molecules are actually results of nonspecific, hydrophobic-hydrophobic interaction.

A major concern with both approaches is that the protein molecules are randomly
oriented on the surfaces. As a result, the active sites of a substantial population of
immobilized protein molecules are not accessible to targets in the solution phase.
The nonspecific nature of these approaches inevitably requires the use of purified
protein samples. The wide variation in orientation may give rise to a distribution of
binding constants and kinetic constants, thus limiting the fidelity, sensitivity, and
resolution of the array. In addition, there is possibility of denaturing when the
interaction between randomly immobilized protein and the surface is too strong. An
excellent review by Kusnezow and Hoheisel deals with the surface problems in
protein microarray technology.'” They point out many of the practical limitations of
current approaches, including the problems associated with random protein orien-
tations. Similar conclusions were reached by Seong and Choi.?° Recently, Cahill and
coworkers carried out a comparative study of various surface coatings for protein
and antibody microarrays, all involving random orientations.?! A major conclusion
was that a PEG coating with epoxy termination was found to give best results for
antibodies. This finding is consistent with the arguments presented in section 2 and
Figure 4.1: the use of a nonfouling starting surface not only minimizes background
adsorption, but also optimizes the local chemical environment for the immobilized
protein molecule to maintain its activity and accessibility. Kusnezow et al.?> and
Guilleaume et al.” carried out systematic comparisons of various surface coatings

FIGURE 4.3 Functionalized polyether brush surfaces for protein immobilization: biotin (left),
epoxy (middle), and NHS (right). The light-blue region represents a hydrated polyether film.
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FIGURE 4.4 The specific adsorption of Cy3-labeled streptavidin to the biotin—polyether
brush surface (left). The surface remains resistant to the nonspecific adsorption of fibrinogen

(right).

(including most commercially available ones) for protein and antibody immobiliza-
tion. Most of these coatings are generated from silane based chemistry and are not
inherently inert toward protein adsorption.

We have systematically developed surfaces for protein immobilization based on
the inert starting surface: a high-density polyether brush whose nonfouling property
is demonstrated in Figure 4.2. Figure 4.3 shows some of the examples where a certain
percentage of alcohol functional groups on the surface of the polyether brush are
converted to biotin, epoxy, or NHS groups. Here the biotin surface is used for immo-
bilization based on the specific biotin-streptavidin chemistry, while the epoxy or -NHS
terminated surfaces are used for covalent attachment to -NH, groups on the surface
of protein molecules. In the case of epoxy or -NHS terminated surfaces, the remaining
active sites on the surface after protein immobilization can be easily titrated by small
molecules containing —NH, groups. A common feature of all these surfaces is the
exceptionally low background of the PEG backbone. As an example, Figure 4.4 shows
the biotin/polyether brush surface specifically adsorbs streptavidin but remains com-
pletely inert to other protein molecules, such as the “sticky” fibrinogen.

CONTROLLED PROTEIN ORIENTATION
AND ACTIVITY ON SURFACES

The advantage of controlled protein orientation over random orientation is easily
understood from the cartoon in Figure 4.5. In the oriented approach, the site for the
adsorption of a protein molecule can be engineered specifically to a domain remote

" ‘|[>|! ! !

Random orientation Preferential orientation

FIGURE 4.5 Schematic illustration of protein immobilization with and without orientation
control.
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Carbohydrate
side chain

FIGURE 4.6 Schematic illustration of an antibody molecule.

from the active site. This approach not only makes the functional domain easily
accessible but also minimizes protein-surface interaction through domains other than
the activated region. Seong and Choi? recently summarized various approaches for
the immobilization of protein molecules with controlled orientation, while Kusnezow
and Hoheisel" focused their discussions on controlling the adsorption of antibodies.

ANTIBODIES

Three approaches have been demonstrated for the immobilization of antibodies with
controlled orientation. Figure 4.6 illustrates schematically a typical antibody mole-
cule which consists of two heavy chains and two light chains linked together by
disulfide bonds. Orientation control can be achieved via selective interaction with
(a) specific regions on the antibody molecule; (b) the carbohydrate side chains in
the Fc region; and (c) the disulfide bond in the hinge region or other free —SH groups.

The first relies on surface immobilized protein molecules that recognize specific
domains on antibodies. Oriented antibodies may be obtained using immobilized
Protein A or G, which binds to the Fc portion of antibodies.?*?> Similarly, protein
L is known to bind to a specific repeated homologous domain on the light chain.2¢
There are two disadvantages associated with these approaches: (a) they are applicable
only to a subset of immunoglobins with high affinity for proteins A, G, or L; and
(b) the surface density of antibodies is usually low due to the low densities of surface
immobilized protein molecules (A, G, or L) with the correct orientation.

The second approach uses recognition or special chemical modification of
carbohydrate residuals in the Fc regions on antibodies. Peluso et al. used biotinylated
antibodies on streptavidin coated surfaces to achieve orientation control via chemical
modification of the glycosylation sites in the Fc region of IgG to attach biotin units.?’
Galactose residuals can be partially oxidized to give aldehyde functionality, which
can covalently attach to surface hydrazide groups, as demonstrated by Turkova et al.?8

The third approach relies on surface activity toward thiol (-SH) groups on
antibody molecules. While free thiol groups are present at selected locations on
antibody molecules,? they can also be generated by chemically reducing the disulfide
bridges, e.g., one of the inter-heavy chain disulfide bonds in the hinge region (see
Figure 4.6). The —SH group can covalently bond to a surface —SH group via disulfide
bond or to a maleimido group in a cross linker molecule.??3%3! One concern with
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chemical reduction of disulfide bonds is the disturbance to the structure (and thus
activity) of antibody molecules.

The advantages of oriented over randomly adsorbed antibody molecules have
been generally observed. Peluso et al. found that oriented IgGs immobilized via
biotin modification of the glycol region with a long spacer showed higher activity
in antibody-antigen binding than those with short spacers or those with random
orientation.?” The difference in spacer length is likely a result of nonspecific inter-
action between the immobilized antibody and the inherently “sticky” surface coating.
Anderson et al. showed that oriented antibodies on a protein A—adsorbed surface
possessed better sensitivity over randomly oriented antibodies in immunoassays.*?
Vijayendran and Leckband compared the activities of an anti-TNT antibody immo-
bilized via random orientation on an amine active surface to those immobilized
with controlled orientations via carbohydrate side chains, via recognition of the
Fc region by surface adsorbed protein G, or via biotin modification of the Fc
region and adsorption on streptavidin surfaces.’* While the surface densities of
oriented antibodies are lower than that of random orientation, much higher sensi-
tivity is seen for oriented antibodies via the carbohydrate or protein G strategy.
Interestingly, the biotin approach did not show enhanced antibody activity, prob-
ably due to disturbance to the antibody molecular structure by the chemical
modification step.

There are also reports of mixed results on the performance of oriented vs.
randomly adsorbed antibodies, depending on the specific surfaces used.!?343536 A
fundamental deficiency common to most of the surfaces used is the lack of nonfoul-
ing properties of the coatings used. Besides the designed specific interaction for
orientation control, the intrinsic stickiness of the surfaces may introduce undesirable
and nonspecific interactions between the immobilized antibody molecules and the
surface, leading to mixed results in different studies. This again calls for the use of
a nonfouling starting surface.

FusioN PROTEINS AND PEPTIDES

Various fusion proteins, including protein—protein, protein-mRNA, and protein—-cDNA,
can be used to immobilize the protein of interest with controlled orientation. Mrksich
and coworkers demonstrated a fusion protein approach in which serine—estarase
cutinase is used as anchor to bind and covalently attach to a surface phosphate
ligand.’” They successfully immobilized cutinase—calmodulin fusion proteins on a
self-assembled monolayer covered surface and showed the activity of oriented calm-
odulins in the binding of target calcineurin. Other fusion proteins,*® such as those
with glutathione S-transferase (GST), are also commonly obtained from recombinant
technology and can be used for the immobilization of oriented proteins of interest.
Weng et al. produced oriented protein microarrays based on mRNA-protein or
mRNA-peptide hybrids.* The oriented protein on the surface exhibited exceptional
high sensitivity. A similar strategy by Kurz et al. used cDNA-protein hybrids.*
Other approaches use chemical tagging of peptides. Raines and coworkers
achieved site-specific protein immobilization based on the strong binding of a chem-
ically modified S-peptide (with terminal azide group) to ribonuclease S’, and the
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Staudinger ligation reaction in which the azide and a surface phosphinothioester
group react to form an amide bond.*' They demonstrated that protein molecules
immobilized on the surface with uniform and controlled orientation possessed higher
enzymatic activity than those of random orientation. Mrksich and coworkers used
peptide—cyclopentadiene conjugate to covalently attach peptides with controlled
orientation to benzoquinone groups via the Diels-Alder reaction.* These authors used
an OEG terminated monolayer as a nonfouling starting surface.

PoLy-HISTIDINE TAGGED PROTEINS

Perhaps the most general approach for the immobilization of oriented protein
molecules is the use of recombinant tags, particularly poly histidine (His-tag). This
strategy originates from immobilized metal ion affinity chromatography (IMAC)*
and has been applied to protein immobilization.**~*¢ There are a number of advan-
tages of developing IMAC into a general strategy for the fabrication of protein
microarrays. The generation of His-tag to either the C-terminus or N-terminus is the
most commonly used method in recombinant protein technology. Unlike other fusion
protein strategies, the His-tag approach for purification can be applied not only to
proteins in native states, but also to those under denaturing conditions or to small
peptides. When applied to protein microarray technology, this strategy effectively
combines the steps of purification and immobilization, provided that the surface
coating is inert otherwise. Thus, the labor intensive purification process required for
most other strategies may be eliminated in the His-tag approach. In addition, unlike
chemical modification in other methods, a His-tag generally does not interfere with
the structure or function of proteins and does not affect the secretion, compartmen-
talization, or folding of fusion proteins within cells.#’*® The anchoring bond is
highly stable and reversibility occurs only in the presence of high concentration
of competing ligands, such as imidazole. Most studies to date used nitrilotriacetic
acid (NTA) or iminodiacetic acid (IDA) as a chelating group to bind bivalent metal
ions on the surface. Recently, Johnson and Martin suggested an alternative, a
macrocycle triazacyclononane, which showed improved long-term stability as
compared to NTA.%

To satisfy all five requirements set forth in section 2, we have developed surface
chemistry for protein immobilization via the His-tag on an otherwise “zero” back-
ground PEG coating. We demonstrated this approach using the high-density polyether
film, whose excellent nonfouling property is illustrated in Figure 4.2. Our approach
is illustrated in Figure 4.7. A high-density PEG coating is first formed on a silicon or

FIGURE 4.7 The polyether/Cu?* surface for the immobilization of poly-His tagged protein
molecules.
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FIGURE 4.8 The left image shows the specific adsorption of 6xHis tagged green fluorescent
protein (GFP) on the chelated Cu?*/polyether surface. For comparison, the surface resists the
nonspecific adsorption of other protein molecules, e.g., GFP without His tag (right). The spot
diameter is ~0.2 mm.

glass surface. The exposed alcohol groups on the surface of the PEG coating is used
to link chelating groups and the binding of Cu?* ions.> Because there are inherent
problems with IMAC (NTA/His-tag), such as leaching and protein dissociation’*3! we
used metal Cu instead of Ni to provide more robust binding to the poly His-tag. The
resulting Cu?*- PEG surface is shown to specifically bind 6x-histidine-tagged protein
molecules, but otherwise retains its inertness towards nonspecific protein adsorption
as demonstrated for green fluorescent protein (GFP) in Figure 4.8.

Except for the His-tag on the N- or C-terminus, each immobilized protein
molecule stays away from and minimizes its interaction with the surface due to the
repulsive nature of the PEG environment. As a result, there is minimal disturbance
to the native conformation of the protein. Both the inertness of the chemical surrounding
and the controlled orientation should contribute to an ideal environment for the immo-
bilized protein molecule to retain its native conformation and activity.

We have compared the enzymatic activities of the 6x-histidine tagged Sta IV in
the solution phase with those immobilized with controlled orientation on the Cu?*-
PEG surface or with random orientations on surfaces.® The sulfotransferases refer to
an entire family of enzymes of detoxication that catalyzes the transfer of the sulfuryl
group, SO5~, from adenosine 3’-phosphate 5’-phosphosulfate (PAPS) to a wide range
of xenobiotics, such as phenols, alcohols and amines, etc. This model system is chosen
because the mechanism and substrate specificity for this family of enzymes have been
well characterized.” We characterize enzyme kinetics using the method of Beckmann
who showed that Sta IV catalyzes the sulfation of a fluorescent compound, resorufin,
to its nonfluorescent derivative.’> Thus, we can simply follow the catalytic reaction in
the time domain by recording fluorescence decay of the reactant.

Figure 4.9 shows fluorescence decay data for the sulfo transfer reaction catalyzed
by 6xHis-Sta IV immobilized on different surfaces.® The first surface (A) is an
epoxy-functionalized silane monolayer from 3-glycidyoxypropyl trimethoxysilane
on a native oxide terminated silicon surface. The second surface (B) is the multiarmed
poly(ethylene glycol) monolayer covered Si activated by disuccinimidyl carbonate
(DSC) (Figure 4.9B). Both surfaces are reactive towards -NH, functional groups on
protein molecules for covalent attachment. Since there are many lysine residuals on
the protein molecules, each sulfotransferase can be immobilized with a variety of
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FIGURE 4.9 Fluorescence decay from resorufin during the reaction of sulfuryl from PAPS,
catalyzed by 6xHis-Sta IV immobilized on the surface with random (A & B) and controlled
orientations (C), or in the solution (D).°

orientations on these two surfaces. The third surface (C) is the Cu?*-polyether surface
for the specific binding to the poly-His tag. The slope of each decay curve measures
the enzyme activity. The enzymatic activities of randomly oriented Sta IV molecules
(A & B) are 5 to 6 times lower than that of the oriented sample (C). Within
experimental uncertainty, the enzymatic activity of oriented 6xHis-Sta IV on the
Cu?*-polyether surface (C) is the same as that of enzyme molecules in the solution
phase (D). We have also carried out similar comparisons for alkaline phosphatase.
Both experiments are summarized in Figure 4.10.

These results establish the critical importance of controlling the orientation of
immobilized molecules in protein microarray technology. While oriented protein
molecules faithfully reflect activities of solution phase proteins, those with random
orientations do not. In the case of randomly oriented enzyme molecules, the active
sites on certain population on the surface are not accessible. The possible presence
of multiple attachment sites on each protein molecule may also affect its conforma-
tion. We conclude that controlling the orientation of immobilized protein molecules
and designing an ideal local chemical environment on the surface are both essential
for quantitative applications of the protein microarray technology.

Sulfotransferase Alkaline phosphatase

Activity

[ ] o -

T T T 1 T T T
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FIGURE 4.10 A comparison of enzyme activities in the solution phase or with random or
controlled orientations on solid surfaces for sulfotransferase (left) and alkaline phosphatase (right).
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SURFACE PROCESSES AND SPOT
MORPHOLOGY: RINGS

In addition to controlling the local chemical environment for the immobilized protein
molecules, we must also address new chemical/physical processes introduced by the
use of small sample volumes in protein immobilization. Protein microarrays are
usually made with robotic spotters, which deposit nanoliter to sub-nanoliter size
droplets of protein solutions on a solid surface. The use for small sample volume is
in fact one of the main attractions of protein microarray technology. After incubation
and washing off excess solution, the microarray is used for probe-target interaction
and the result is most commonly detected via fluorescence imaging. A survey of
protein microarray literature shows that one of the major reasons for poor reproduci-
bility is nonuniform spot profile. In particular, spots on a protein, peptide, or antibody
microarray often exhibit ring-like structures (including donut and solar-eclipse
shapes). Despite their common occurrence, the mechanism for ring formation in protein
microarrays is not understood. Formation of ring structures is well documented for thin
films deposited on solid surfaces by the evaporation of a solution or suspension of a
wide variety of materials,”*>> the most commonly seen rings being coffee stains.’
However, the mechanism for generating these ring structures all involve drying and
cannot be responsible for the ring structure seen in protein microarrays where the spots
are kept hydrated.

A typical example of the ring structure is shown in Figure 4.11a for an antibody
spot on an epoxy terminated glass slide.®> After the deposition of nanoliter droplets
of antibody solutions on the epoxy slide, we kept the sample in an environment with
controlled humidity and confirmed using optical microscope that the size of each
droplet on the surface did not change during incubation. A close examination of the

M LD..,J LJ
FIGURE 4.11 (a) & (c): Fluorescence microscope images of antibody spots immobilized on
an epoxy functionalized glass slide. In (A), a diluted antibody solution (1:500) was used
directly while in (C) a small amount detergent (0.006% triton X-100) was added to the diluted

antibody solution. Panels (B) & (D) are cross-sectional profiles of images (A) & (C), respectively.
The spot diameter is ~0.2 mm.5?
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FIGURE 4.12 Schematic illustrations of nanoliter droplets (light blue) on a solid surface
(gray) with protein molecules in red and detergent molecules in dark blue. The arrows indicate
regions of enhanced reaction rate for protein adsorption.

morphology of the ring structure in Figure 4.11a, particularly the cross-sectional
profile of fluorescence intensity in Figure 4.11b, provides clue. Within the ring, the
fluorescence intensity peaks at the center and gradually decreases towards the boundary
of the spot. Immediately outside the boundary, the concentration of immobilized
antibody rises rapidly then decays with increasing distance from the boundary. To
form such a concentration profile, protein molecules must be transported to the
boundary of the droplet. Because the droplet remains stationary (no expansion or
contraction) during incubation, we believe that transport of protein molecules occurs
at the air-liquid interface.

The proposed mechanism is shown schematically in Figure 4.12 (upper panel).
Protein molecules are known to preferentially accumulate at air/water interfaces.>’->
Because the surface area to volume ratio scales with the inverse of droplet size, the
equilibrium between solution phase protein and adsorbed protein at the air/liquid
interface should greatly shift to the latter as the size of the droplet decreases from
macroscopic to the nanoliter and sub nanoliter scale. This effect provides an efficient
mechanism for transporting protein molecules to the perimeter of the droplet, thus
giving rise to a high concentration of protein molecules at the boundary of the spot.
Depending on the surface hydrophilicity and the contact angle, the accumulation of
protein molecules at the boundary may result in either “donut” or “solar-eclipse’ shapes.
On one hand, if diffusion outside the spot boundary is not important, the enhanced
probability of interacting with the surface near the perimeter via transport through the
solution results in a donut shape. On the other hand, diffusion of protein molecules
accumulated at the boundary to area outside the spot accounts for a solar-eclipse profile.

We can eliminate the ring structure by adding competitive surfactants to displace
protein molecules at the air/water interface. Figure 4.11C shows fluorescence micro-
scope image of the antibody spot obtained with a small amount of detergent (0.006%
triton X-100) added to the antibody solution, under otherwise identical conditions
as in Figure 4.11A. Instead of the ring, we now observe nearly uniform intensity
inside the spot, with negligible intensity outside the boundary (see also cross-
sectional profile in Figure 4.11D). The integrated intensity of the spot in Figure 4.11C
is two times that of the total intensity in Figure 4.11A. In the absence of competitive
surfactants, the accumulation of protein molecules at the air/water interface and the
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perimeter of the spot results in a depletion of protein concentration within the
nanoliter droplet and, thus, a decreased immobilization efficiency. When protein
molecules are displaced from the air/water interface by competitive surfactants, the
concentration of protein solution in contact with the solid surface is the same as
concentration in bulk sample. As a result, the immobilization efficiency is now
directly related to protein concentration. This is also critical to the quantitative use
of protein microarrays. The role of detergent is illustrated schematically in the lower
panel of Figure 4.12.

To further verify the mechanism of ring formation, we use a model system:
the immobilization of 6x histidine tagged green fluorescent protein (6xHis-GFP)
on polyether coated glass slides with controlled density of chelated surface Cu*
ions. These surfaces are commercially available (MicroSurfaces, Inc., Minneapolis,
USA) and are similar to that described in a previous publication.’ The advantage
of this system can be realized from the fact that intrinsic fluorescence is detected
only when GFP is active under fully hydrated conditions and any ring formation
mechanism due to drying can be completely eliminated. The reaction between
6xHis tags and surface Cu?* sites is facile and highly selective. There is no protein
adsorption in the absence of surface Cu?* or poly-His tags. Except for activated
surface sites with chelated Cu?* ions, other area on the polyether coating is
repulsive towards protein adsorption. With increasing concentration of surface
active sites, the surface becomes less repulsive, resulting in a shift in equilibrium
toward adsorbed protein on the solid surface. Figure 4.13 shows fluorescence
microscope images of 6xHis-GFP immobilized on the surface with different con-
centrations of surface Cu?* as determined by X-day photoelectron spectroscopy:
(A) 2.6 X 1053/cm;? (B) 4.9 X 1013/cm2; (C) 1.2 X 10%/cm2; and (D) 2.0 x 104/cm.?
As expected, the efficiency of protein immobilization (fluorescence intensity)
within the spot increases as the density of surface reactive sites increases (bottom
panel). For [Cu?*] less than ~5 X 10'*/cm? (Panels A & B), fluorescence intensity
inside the spot is less than that at or immediately outside the boundary and the
ring structure is observed. At higher [Cu?*] (panels C & D), the spot morphology
becomes uniform. The finding of such a transformation in spot morphology illus-
trates the central role of kinetics in protein immobilization. For protein molecules
within the nanoliter droplet, immobilization onto the surface and transport via the
air/water interface to the spot boundary are two competing kinetic processes. In
the 6xHis-GFP example shown here, transport dominates for low [Cu?*] while
surface immobilization reaction kinetics wins at higher surface active site densities.
Thus, designing surface chemistry for a facile immobilization reaction is critical
in ensuring uniform spot profiles.

The improvement of spot morphology by the addition of detergent has been
observed earlier by Kusnezow et al.’ and can be explained by the transport model
presented above. Delehanty and Ligler observed similar improvement in spot
morphology in protein microarrays by the addition of BSA into the printing buffer.”®
The more hydrophobic BSA molecule is expected to preferentially accumulate on
the surface of the nanoliter droplet, thus resulting in a similar surfactant effect.

Note that the above addresses the unique role of interfaces (air-liquid and liquid—
solid) in the immobilization step due to the small volume of liquid used. We should
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FIGURE 4.13 Fluorescence microscope images of 6xHis tagged GFP immobilized on Cu?*
chelated polyether/glass surfaces with different surface Cu?* concentrations: (A) 2.6 x 10'%/cm;?
(B) 4.9 x 10%3/cm;? (C) 1.2 x 10"%/cm;? and (D) 2.0 x 10'%/cm.? Nanoliter droplets of crude
lysate solution (4 mg/ml) containing 6xHis-GFP and 10% glycerol were deposited onto the
glass slide by the robotic spotter. Each slide was incubated at room temperature for 10 minutes,
rinsed quickly with PBS containing 0.01% Tween-20 three times. The slide was covered with
the buffer solution and imaged under the fluorescence microscope (excitation wavelength
~488 nm). The lower panel shows the fluorescence intensity within the spot as a function of
surface [Cu?*] concentration.®?

expect similar size-dependent effects in the assaying step, i.e., the incubation of a
small droplet of sample solution with immobilized spots. This issue has been care-
fully analyzed by Kusnezow and co-workers recently.5*¢!

SUMMARY

We have demonstrated the importance of surface chemistry in protein microarray
development. Compared to DNA microarrays, the demand on surface chemistry in
protein microarray fabrication is much more stringent. Here, the surface chemistry
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is not just about anchoring a protein molecule to the surface, but more about
providing low background, controlling protein orientation and minimizing distur-
bance to the 3-D structure. In addition, the use of small volumes of protein solution
in the fabrication of protein microarrays introduces new complications due to the
large surface/volume ratio of nanoliter droplets and the partitioning of protein
molecules among the solution phase, the liquid—air interface, and the liquid—solid
interface. Meeting these challenges requires a fundamental understanding of protein-
surface interaction chemistry and the changes in kinetics and equilibrium due to
space confinement in nanoliter droplets. The great variation in the chemical and
physical properties of protein molecules also necessitates custom-designing unique
surface chemistry for difference classes of protein and antibody molecules.
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INTRODUCTION

In recent decades analytical science has witnessed a rise in the utility of immobilized
biomolecules for sensing applications. Biological recognition elements provide unsur-
passed selectivity and specificity that is difficult to reproduce synthetically. Advances
in biochemistry, molecular biology, and immunochemistry have allowed for a rapid
expansion in the range of biological recognition elements used in the field of biosensing
and solid-phase assays; with uses spanning the selective extraction, delivery, separation,
conversion and detection of numerous target analytes. The employment of biomolecules
such as enzymes, antibodies, DNA and membrane-bound receptors, and more complex
biological entities such as organelles, microorganisms, animal and plant cells or tissues
in these applications has typically relied heavily on their successful immobilization
onto or within a suitable transducer surface.
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One area that has emerged as a result of the success in protein immobilization
is microarrays. These devices provide a facile route to allow miniaturization of
conventional assays, which has been a general trend in biomedical research. Micro-
arrays consist of spatially ordered elements, usually less than 300 um in diameter,
that are deposited or synthesized for the purpose of performing biochemical reactions
in a parallel and high-throughput fashion. This format allows for true parallelism,
miniaturization, multiplexing and automation, all key features that could not be
achieved with earlier technologies. Together, these features lead to microscale assays
that reduce reagent consumption, minimize reaction volumes, increase sample
concentrations and accelerate reaction kinetics.

DNA microarray technology was the first format to use biomolecule immobili-
zation in arrays of ordered spots, and emerged owing to both the success of the
human-genome sequencing project and the relative ease with which DNA could be
immobilized.'> However, the realization that genetic information could not provide
sufficient insight into the understanding of complex cellular networks, as well as
the missing relationship between mRNA and protein abundance,** eventually led to
the development of comparable technology for the analysis of proteins.>¢ Initially,
antibodies, being natural protein binding moieties, were immobilized in an ordered
fashion on a solid support to create antibody microarrays;® and in parallel, protein
microarray technology evolved for the study of protein interactions and modifica-
tions.®’ Although such arrays are envisaged to become a valuable tool for tasks such
as the characterization of enzyme kinetics,®? antibody specificity,'®!! and the elucida-
tion of gene function,'>!* many limitations of the technology are still unsolved and
prevent protein microarray technology from reaching its full potential. These limi-
tations include the generation of protein libraries in large quantity, the conservation
of protein function during immobilization, particularly for labile proteins such as
membrane-bound receptors, and the need for high levels of immobilized protein to
obtain sufficient sensitivity for detection and quantitation of binding interactions.

Methods used to immobilize biomolecules onto inorganic, organic or polymeric
surfaces have typically been based on physical adsorption,'* covalent binding to
surfaces,'> entrapment in semi-permeable membranes'® and microencapsulation into
polymer microspheres and hydrogels.!”-'8 However, such techniques are not generic
and in most cases can be used only for a limited range of biomolecules or applica-
tions. Additionally, problems related to leaching and desorption,'* denaturation, and
the orientational control of the biomolecule often result in the need for substantial
optimization of the immobilization protocol each time a new biological species is
used, making such methods time-consuming and labor-intensive.!

To meet the requirements for preparation of robust protein microarrays, several
approaches have been proposed which can be broadly divided into three major groups.
The first comprises spotting onto two-dimensional (2-D) plain glass slides which are
activated with a variety of coupling chemistries such as aldehyde, epoxy or carboxylic
esters. Slides with these surfaces bind proteins and antibodies either by electrostatic
interactions or through the formation of covalent bonds. Although they offer several
advantages, such as a strong attachment combined with low variation, they suffer from
rapid evaporation of the liquid environment as well as close protein surface contact,
which may affect protein three-dimensional structure. An alternative is formation of
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arrays on three-dimensional (3-D) gel or membrane-coated surfaces, such as polyacry-
lamide,?*?! agarose?? and nitrocellulose.”? These surfaces bind proteins mainly by
physical adsorption and are expected to be the most favorable with regard to the
preservation of native protein conformation. However, large variations in signal inten-
sity and lack of orientational control are a disadvantage of these surfaces.?* The third
approach is a hybrid of the aforementioned methods, and includes spotting onto
dendrimer or avidin-coated slides, which display a supramolecular structure on their
surface yet are not formally 3-D layers. These surfaces have higher surface areas and
binding capacities than conventional 2-D surfaces, but often require recombinant or
labeled proteins to allow binding by affinity interactions.

An alternative route for bio-immobilization involves the entrapment of biological
components into inorganic silicate matrixes formed by a low temperature sol-gel pro-
cessing method.>-? Entrapment does not rely on either covalent or affinity-based
interactions with the substrate, eliminating the need for derivatization of the protein and
the potential for improper orientation of the biomolecule.? Sol-gel-derived microspots
are inherently three-dimensional, thus allowing for higher protein loading than can be
obtained from a 2-D monolayer. Additionally, multiple proteins can be simultaneously
entrapped within the sol-gel matrix, permitting the use of coupled reactions from
immobilized protein systems.’*3! Finally, sol-gel materials can be used to entrap a
variety of native proteins including membrane-bound proteins,*”3* suggesting that
microarraying of these clinically relevant species should be possible by this method. A
potential disadvantage of sol-gel based microarrays is that they are likely to be amenable
only to studies of protein—small molecule interactions, since it is not likely that large
species such as proteins can enter the glass to interact with the entrapped protein. Even
so, such microarrays should find use in areas such as small molecule screening (i.e.,
drug screening), multianalyte biosensing and metabolic profiling.

SOL-GEL-BASED BIOMOLECULE IMMOBILIZATION

Protein encapsulation via the sol-gel method involves forming a mesoporous silica
network around the protein via polymerization of suitable silane precursors. The
nanometer-scale pores allow analytes to diffuse freely in and out of the matrix while
retaining the entrapped protein. While the earliest reports of protein entrapment in sol-
gel-derived glasses appeared in the 1950s,% it was not until Braun and coworkers
published a seminal paper in 1990 describing the entrapment of proteins in alkoxy-
silane derived glasses that the field began to bloom.> Since then, an enormous amount
of work has been published describing the entrapment of a variety of biological species
including enzymes, antibodies, regulatory proteins, membrane-bound proteins, nucleic
acids and even whole cells into a range of sol-gel-derived nano-composite materials.?”->-3

Figure 5.1 shows a typical process to produce a protein-doped silica material.
The formation of sol-gel-derived materials begins with the hydrolysis of a suitable
silane precursor to form an aqueous sol. At present, the most common precursors
are tetraalkoxysilanes, such as tetraethylorthosilicate (TEOS) or tetramethylortho-
silicate (TMOS); however, it is possible to include several mono-, di-, and tri-substituted
alkoxysilanes that incorporate alkyl, aryl, amino, carboxyl, thiol, or other functional
groups to provide specific properties to the sol-gel material.?”-?* Hydrolysis of
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(1) Si(OR), + H,O + H* — Si(OR),_,(OH), + n ROH Hydrolysis

(2) 2 Si(OR)4_,(OH),, — (OH),_;(OR),_,Si-O-Si(OR),_,(OH),, + H,O Condensation
o \ I I I

(3)n -Si-O-Si-i — [-Si—-O-Si—-O-Si-O-Si-O-], + H,0 Polycondensation
o [ I I I

I I I I
(4)n [—?i—O—?i—O—?i—O—SIi—O]n + buffer + protein — Entrapped protein  Gelation

(5) Condensation and polycondensation continue for days, shrinking gel Aging

FIGURE 5.1 The sol-gel process for formation of protein-doped silica from tetraalkoxysilane
precursors. Note: the bonds to Si are denoting further Si-O bonds. (From Brennan, J.D. Using
Intrinsic Fluorescence to Investigate Proteins Entrapped in Sol-Gel Derived Materials. Appl.
Spectrosc., 53, 106A-121A, 1999. With permission.)

the precursor can be achieved by either acid or base catalysis to form the sol. The
hydrolyzed precursor is then mixed with a buffered aqueous solution containing the
biomolecule of interest, along with any additives (polymers, osmolytes, templating
agents, or any other material modifiers). The sudden shift in pH from either low or
high values to the physiological range results in a rapid polycondensation of the
silane and gelation of the material. The speed of the reaction is dependent upon the
pH and ionic strength of the solution as well as the presence of polymerization
catalysts; as a result gelation times can range from seconds to days. As the silica
network ages over time, further cross-linking of the material occurs and the entrapped
water and alcohol (from alkoxysilane hydrolysis) begin to evaporate, resulting in
material shrinkage and a reduction in the submicrometer pore diameters (Figure 5.1).

While the majority of sol-gel based entrapment studies use TEOS or TMOS as the
silane precursor, there are drawbacks to these precursors when used for the entrapment
of biomolecules. The most important of these is the liberation of alcohol (ethanol or
methanol) during the hydrolysis of these precursors, which can lead to rapid denatura-
tion of the entrapped proteins. The fabrication of materials from these precursors also
requires separate hydrolysis and condensation steps at different pH values. In addition,
the resulting materials undergo excessive shrinkage and cracking as they evolve over
time, which can hinder their use in applications requiring long-term protein stability.

To overcome these disadvantages there has been an effort to develop more bio-
compatible silane precursors, including (a) sodium silicate, a colloidal silica precursor®’
and (b) diglyceryl silane (DGS), a newly developed silane precursor that releases the
protein stabilizer and humectant glycerol as the by-product of hydrolysis.® Recently
synthesized silane precursors also exist that have covalently tethered sugars that can
retain entrapped water, reduce shrinkage and cracking and ultimately help stabilize
entrapped biomolecules.*® Key advantages of such materials include the removal of
alcohol as a hydrolysis by-product, the ability to process materials at neutral pH, and,
in the case of DGS and sugar silanes, the presence of protein stabilizing species.

An advantage of protein-doped silicate materials is that it is possible to cast the
protein-doped liquid sol in a variety of configurations prior to gelation. Formats can
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include monolithic blocks or columns, powders, thin films, fibers and, as discussed
here, pin-printed microarrays. All of these configurations provide different levels of
performance based on the parameters of protein loading, desired response time, sen-
sitivity and detection limits, and the ability to interface the material to commonly used
analytical devices. The versatility in terms of formatting leads to the ability to use
such materials for a variety of applications, including: selective coatings for optical
and electrochemical biosensors; stationary phases for affinity chromatography; immu-
noadsorbent and solid-phase extraction media; solid-phase biocatalysts; controlled
release agents; unique matrices for biophysical studies, and media for fabrication of
protein microarrays.?® In this article we review the various aspects of fabricating sol-
gel microarrays and the applications of sol-gel-based microarrays, highlighting novel
aspects of this approach, particularly for “multicomponent” protein arrays.

FABRICATION OF SOL-GEL-DERIVED MICROARRAYS

While there are a number of methods for fabricating microarrays, including stamping,
pin-printing and ink-jet deposition, we chose to use the pin-printing method owing
to the ease of adapting this method for printing sols, the ability to control spot sizes
by simply changing the pin or printing speed, and the potential for using multiple
pins in parallel to accelerate array fabrication. Although the sol-gel route provides
significant potential as a method for preparation of pin-printed protein microarrays,
it was necessary to address several issues in order to develop a robust fabrication
method. For example, the pin-printing of solutions that are undergoing changes in
viscosity and cross-linking prior to gelation may result in irreproducible spot sizes
or even clogging of the pins if the gelation time is too fast. The spots, once printed,
must remain adhered to the substrate and resist cracking as a result of analyte
introduction and washing cycles. Furthermore, the entrapped biomolecule must
remain functional and accessible but must also resist leaching from the microspot.
The effects of variables such as the surface chemistry of the substrate, the nature of
the sol-gel precursor, the type and level of buffer, the water-to-silane ratio, the pH
of the sol and the presence of the protein stabilizing agent glycerol on the properties
of the resulting microarray were first examined by Rupcich et al.*

As expected, the printability of the material was dramatically affected by the
gelation time of the sol. While in some cases it was possible to print 100 spot arrays
using solutions with gelation times as short as 10 min, optimal printing without
clogging of pins requires gelation times of at least 20 min, although longer gelation
times were generally used for printing of arrays. The choice of precursor, printing
pH, buffer type and ionic strength as well as the use of small molecule or polymer
additives also affected both the gelation time and the cracking/adhesion of spots.
Four different silica precursors, including tetraethlyorthosilicate (TEOS), sodium
silicate (SS), monosorbitol silane (MSS) and diglyceryl silane (DGS), were inves-
tigated when printed onto three different surfaces: bare glass slides, aminopropylsilane-
coated slides, and epoxy-coated slides. Printability studies demonstrated that a sol
formed by mixing 100 mM Tris:HCI buffer (pH 8.0) containing the protein of interest
with a sodium silicate solution (2.8 g per 10 ml of H,0, first brought to pH 4.0 using
Dowex 50x8-100 cation exchange resin and then filtered) provided the best
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(b)

FIGURE 5.2 Sodium-silicate-derived spots pin-printed onto epoxy-coated slides, before (left)
and after (right) washing with aqueous buffer solution. (a) spots containing no glycerol, (b)
spots containing 25% (v/v) glycerol in the original sol. (From Rupcich, N., et al., Optimization
of sol-gel formulations and surface treatment for the development of pin-printed protein
microarrays, Chem. Mater., 15, 1803-1811, 2003. With permission.)

printing performance based on gelation times and pin-clogging. The uniformity of
the printed spots and adherence of spots to the substrate was enhanced with increas-
ing slide surface hydrophobicity and was best on epoxy derivatized slides. The
addition of glycerol improved the viscosity and increased gelation times; however,
its presence was detrimental to microspot integrity, as it resulted in cracking and
poor adhesion of spots, as shown in Figure 5.2.4

To illustrate the three-dimensionality of the sol-gel-derived arrays, our group
also examined images of the pin-printed spots side-on (Figure 5.3). Based on volumetric

(b)

FIGURE 5.3 Profile images of sodium-silicate-derived microarray spots printed on epoxy-
derivatized surfaces. (a) Microspots containing both anti-fluorescein antibody and 25% gly-
cerol, (b) horizontal profile of microspots containing 25% glycerol (no protein). Spots are
~100 um diameter, interspot spacings are 500 wm, images are 0.8 X 1.1 mm. (From Rupcich,
N., et al., Optimization of sol-gel formulations and surface treatment for the development of
pin-printed protein microarrays, Chem. Mater., 15, 1803-1811, 2003. With permission.)
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calculations it was estimated that the three-dimensional nature of the sol-gel spots
allowed for a 50-fold enhancement in protein loading relative to an immobilization
of a close-packed monolayer of an antibody. The increase in loading was confirmed by
pin-printing a fluorescein-loaded antifluorescein antibody solution directly onto Super-
Aldehyde slides substrates to form a monolayer, and a sodium silicate-based solution
containing an identical antibody concentration to form sol-gel microarray spots.
Based on the fluorescence intensity of spots in the two samples, it was determined
that there was over 100 times more antibody in the sol-gel-derived arrays — and an
enhanced signal to background ratio of 300:1 vs. 7:1 relative to the covalently bound
monolayer system.*

To demonstrate the activity and selectivity of the entrapped antifluorescein
antibody, a 10 x 10 sodium silicate-based microarray was produced that contained
all necessary controls, including the antifluorescein antibody (target protein), a
blank sample consisting of only sodium silicate with buffer, a positive fluore-
scence control containing entrapped fluorescein dextran (70,000 MW), and a
selectivity control consisting of entrapped anti-dansyl antibodies. These controls
ensure that fluorescence emission from spots in the microarray following doping
of the microarray with fluorescein and washing is solely due to the activity and
selectivity of the antifluorescein antibody and is not due to nonspecific adsorption
of fluorescein to the sol-gel surface or nonselective binding to the antibody.
Figure 5.4 illustrates (a) the initial fluorescence of the array prior to adding
fluorescein; (b), the fluorescence response after adding fluorescein over the entire
array and (c) the pattern of fluorescence following washing to remove unbound
fluorescein. The data clearly show the presence of all printed spots (Panel b),
showing that no spots wash off the surface, and demonstrate that the fluorescein
does not bind nonselectively to the array spots and that the antibody remains
active in the array.
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FIGURE 5.4 Sodium-silicate-based antibody array. Columns 1, 2, 9 and 10 contain anti-
fluorescein antibody, columns 3 and 4 are blanks (sodium silicate only), columns 5 and 6
contain fluorescein dextran and columns 7 and 8 contain anti-dansyl antibody. (a) Fluorescence
image before doping with fluorescein; (b) fluorescence image after adding fluorescein; (c)
fluorescence after washing to remove unbound fluorescein. Spot sizes are ~100 _m in diameter,
separation is 150 um, image area is 1.6 X 1.6 mm. (From Rupcich, N., et al., Optimization
of sol-gel formulations and surface treatment for the development of pin-printed protein
microarrays, Chem. Mater., 15, 1803-1811, 2003. With permission.)
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One of the advantages of the microarray format is the ability to use the method
to perform high-throughput screens for optimal sol-gel material formulations that
lead to maximum protein activity, as demonstrated in pioneering work by Cho et al.*!
In one example, over 900 biodegradable polymer formulations were prepared in
a microarray format and assayed to determine the optimal composition to maintain
the viability of entrapped keratinocyte growth factor (KGF). The formulations
were based on varying molecular weights of polylactic acid (2K to 300K Da) and
additives including polyglycolic acid and the surfactant sodium bis(ethylhexyl)
sulfosuccinate (AOT). Total polymer content within a given formulation was
maintained at 3% by weight and each sample contained 15 ppm KGF in either
phosphate or Tris buffer. The intrinsic fluorescence emission spectrum of KGF
within each array spot was assessed to determine the extent of the protein dena-
turation. Of the 900 samples, only 6 formulations produced KGF emission spectra
equivalent to the native spectrum of the protein in buffer and remained stable for
over one month when stored at 4°C.

In a second example, over 600 silica formulations were examined in microarray
format to find compositions that maximized the signaling capability of entrapped
antifluorescein antibody activity. In this case, TMOS-derived materials containing
varying amounts of the additives aminopropyltriethoxysilane (APTES), Nafion,
polyethyleneimine (PEI, 70 kDa), polyethyleneoxide (PEO, 100 kDa) and dextran
(25 kDa) were pin-printing on plain glass slides and the fluorescence intensity of
the entrapped antibody was measured after addition of fluorescein and washing. In
this case, over 80% of the formulations demonstrated some level of fluorescein
binding. However, complex formulations, such as 95% TMOS, 4% APTES, 1%
Nafion that was mixed in a 1:1 volume ratio with 20 mM Tris buffer at pH 6.2
provided optimal binding.*' This composition would not be predicted to be optimal,
and shows the utility of using the array method for screening materials to provide
optimal protein performance.

The examples presented above provide interesting insights into the use of the
sol-gel method for array fabrication. In the case of unstable proteins, screening
many compositions allows for the identification of materials that provide proteins
with the correct conformation, even in cases where less than 1% of the composi-
tions tested provided a useful immobilized protein. In the case of robust proteins,
such as antibodies, a large fraction of compositions lead to good activity; in this
case it is then possible to choose an ideal composition on the basis of other criteria,
such as ease of printing or long-term protein stability. This demonstrates the
versatility of the sol-gel approach in that it can be modified to suit a wide range
of biomolecules.

Another advantage of the use of a sol-gel-based material for fabrication of
microarrays is the ability to utilize unconventional formats for preparing arrays.
As an example, Bright’s group has shown that sol-gel-based microarrays can be
deposited into micromachined microwells*> or pin-printed onto the surface of
planar light emitting diodes*’ (LEDs) to create self-contained chemical sensors.
Figure 5.5 illustrates a schematic of the micromachined LED used to create a
portable and inexpensive oxygen sensor. In this system, wells of either 250 or 500 wm
diameter were drilled into the flat surface of the LED, followed by filling of the
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FIGURE 5.5 Simplified schematic of an optical sensor array integrated into a LED light
source. (From Cho, E.J. and Bright, V., Optical sensor array and integrated light source,
Anal. Chem., 73, 3289-3293, 2001. With permission.)

wells with a TEOS-based sol containing the O,-responsive luminophore (tris(4,7-
diphenyl-1,10-phenanthroline)ruthenium(Il) [Ru(dpp),]**. The self-contained LED
sensors provided reversible signaling to alternating streams of N, and O, gas and
had good reproducibility, boding well for the advancement of such devices for
remote sample analysis.

SOL-GEL-DERIVED ENZYME MICROARRAYS

The first example of enzyme entrapment in a sol-gel microarray format was
performed by Cho et al.** They developed stable and robust biosensors for
detecting glucose and O,, based on the immobilization of the enzyme glucose
oxidase (GOx) and the oxygen sensitive dye tris(4,7’-diphenyl-1,10’-phenanath-
roline)ruthenium(Il) chloride pentahydrate ([Ru(dpp);]Cl,*5H,0) in TMOS-
derived silica materials. Polyethylene glycol (PEG), Pluronic 104 (P104) and
sorbital were added to the TMOS to help produce crack-free spots with extended
gelation times to avoiding pin clogging. Arrays were formed by pin-printing
[Ru(dpp);]** onto either glass slides or onto the surface of a planar LED. This
was followed by either spin casting a second layer of sol-gel material containing
glucose oxidase over the existing microarray or by overprinting a second layer
of GOx-doped silica over the microarray to form a layered microarray element.
In this system, consumption of O, by the GOx catalyzed oxidation of glucose
leads to a reduction in quenching of the luminophore, and a corresponding
increase in fluorescence intensity.
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FIGURE 5.6 Glucose and O, sensing on layered microarrays. Arrays elements contained an
oxygen sensitive [Ru(dpp);]** dye and glucose oxidase, and remained sensitive to either
glucose exposure (Panels A—C) or O, saturated buffer (Panels D-F). (From Cho, E.J. and
Bright, F.V., Pin-printed biosensor arrays for simultaneous detection of glucose and O,. Anal.
Chem., T4, 6177-7184, 2002. With permission.)

Figure 5.6 summarizes the response characteristics of their array produced by
spin-coating GOx-doped silica over the existing O,—sensitive array. Panels (A)
and (B) show the array in response to air-saturated buffer containing no glucose
and air-saturated buffer containing 10 mM glucose, respectively, while Panel (C)
shows the relative increase in intensity as a function of glucose concentration.
Panels (D) and (E) show the O,-dependent response to N, and O, saturated buffer,
respectively, while Panel (F) shows the Stern-Volmer response of the fluorescence
as a function of [O,].

The success of this demonstration highlights the potential for creating layered
samples with sol-gel microarrays, thus making use of the third dimension, something
that is difficult to do with other technologies. The use of the overlayering method
also provides a useful route to allow entrapment of small molecules, such as the
[Ru(dpp),]** luminophore, without leaching, thus allowing the formation of protein
arrays with incorporated signaling elements.

Park and Clark demonstrated numerous examples of sol-gel-derived protein
arrays based on millimeter-scale sol-gel elements placed within microwells con-
structed from PDMS on a microscope slide.* Among the enzymes used were
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numerous hydrolases as well as co-entrapped GOx and horseradish peroxidase
(HRP). Using a methyltrimethoxysilane and polyvinyl alcohol sol containing the
protein of interest, they pipetted 5 pl volumes of solution into 1.8 mm diameter
wells created by puncturing a 1.7-mm-thick PDMS film which was attached to a
glass microscope slide. Absorbance-based measurements were used in conjunction
with the common indicator dye bromothymol blue to measure pH variance due to
the various hydrolysis reactions. Park et al. were able to closely correlate the
solution-based activity of 20 different hydrolases from various sources to that of
the entrapped enzyme array assay, as well as measure the inhibition of active
hydrolases with the inhibitor chymostatin.

Figure 5.7 illustrates the size of the arrays constructed and the formation of a
colored dye solution due to GOx/HRP activity. This example demonstrates another
advantage of sol-gel-based array fabrication; the ability to form array elements that
contain multiple proteins. This has significant implications in terms of performing
coupled enzyme reactions on arrays, which is often useful for generating signals
from enzymatic reactions.

Our group reported on the further development of protein microarrays based
on the co-immobilization of multiple components within a single pin-printed sol-
gel array element.* Two different enzyme-based systems were pin-printed using
sodium silicate as the silane precursor: (a) a coupled two-enzyme reaction involv-
ing glucose oxidase and horseradish peroxidase along with the fluorogenic reagent
Amplex Red, allowing fluorimetric detection of glucose, and (b) the co-immobi-
lization of urease with fluorescein-labeled dextran to detect the hydrolysis of urea
based on a pH-induced change in fluorescein emission intensity as a result of the
production of ammonium carbonate. Using an epifluorescence microscope for
array imaging, it was possible to follow the time-dependent changes in intensity
from the array, as shown in Figure 5.8 for the GOx/HRP system. An advantage
of using the array format was that all selectivity controls as well as positive and
negative fluorescence controls could be included to alleviate the potential for false
signaling.

FIGURE 5.7 Arrays made by Park and Clark. The wells within the PDMS slide coating
contained enzymes entrapped in alkoxysilane derived gels. The darker spots in the array on
the right indicate glucose oxidase and horseradish peroxidase activity using 4-aminoantipyrine
and p-hydroxybenzene sulfonate as dye components for the absorbance based assay. (From
Park, C.B. and Clark, D.S., Sol-gel encapsulated enzyme arrays for high throughput screening
of biocatalytic activity, Biotechnol. Bioeng., 78, 229-235, 2002. With permission.)
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FIGURE 5.8 5 X 5 microarray of glucose oxidase/horseradish peroxidase co-immobilized
in sol-gel-derived glass. Columns 1 and 5 contain GOx/HRP co-immobilized with Amplex
Red (coupled reaction site), column 2 contains only buffer and Amplex Red and acts as a
negative control, column 3 contains GOx/HRP and glucose along with partially reacted
Amplex Red, and acts as a positive control. Column 4 contains only GOx and Amplex Red
and serves as a negative control. The first panel shows the array before the addition of
glucose (only column 3 is fluorescent owing to the presence of resorufin). The middle panel
shows the array 1 min after addition of glucose and the third panel shows the array 12 min
after glucose addition, showing the time dependence of the enzyme catalyzed reaction. All
spots are 100 mm wide. (From Rupcich, N. and Brennan, J.D., Coupled enzyme reaction
microarrays based on pin-printing of sol-gel biomaterials, Anal. Chim. Acta, 500, 3-12,
2003. With permission.)

An advantage of being able to perform time-dependent imaging studies on the
arrays was the ability to extract both enzyme kinetic data and inhibition constants.
Table 5.1 summarizes the results of the kinetic experiments performed for both
GOx/HRP and urease (co-entrapped with fluorescein-dextran) in solution, bulk
silica materials and microarrays. As shown in Table 5.1, the K,, values for

TABLE 5.1
Kinetic Parameters for Substrate Turnover and Enzyme Inhibition for Free
and Entrapped Enzymes and for Enzyme Microarrays

GOx/HRP Urease/FD
Kn®M) Ko 1) Kn M) Ko K,
Solution 103+9 9+1x10° 1.3+£0.2 78 +2 48-852
Entrapped enzyme in
plate reader 188 +4 1.9+£03x10° 235+0.03 133+£002 54+2
Microarray 58+3 49+0.3x 10* 1.9+0.1 1.1 +£0.1 62+7

2 The range of K| values is due to enzyme activity fluctuations at different pH values (5.5 to 8).

Source: From Rupcich, N. and Brennan, J.D., Coupled enzyme reaction microarrays based on pin-
printing of sol-gel biomaterials, Anal. Chim. Acta, 500, 3—12, 2003. With permission.
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entrapped enzymes were in all cases within a factor of two of the value in solution
and are in good agreement with the literature values. On the other hand, k_, values
were significantly lowered upon entrapment, with the value for the entrapped
protein being up to 70-fold lower than in solution. Decreases in the catalytic rate
constant for entrapped enzymes has been reported by several groups*’->° including
our own,’! and is expected based on the tortuous path that must be taken to allow
diffusion of small molecules through the porous network of the silica.’> The data
show that (a) concentration dependent fluorescence responses can be obtained on
a microarray; (b) “reagentless” assays can be done conveniently on an array; and
(c) entrapped enzymes on an array follow Michaelis—Menten kinetics. It was also
demonstrated that inhibition constants (K;) for small molecule inhibitors could be
obtained (for urease), based on changes in enzyme kinetic constants in the presence
of various inhibitor concentrations. In this case, the K; values were within error
of the solution values, demonstrating the potential of sol-gel-based microarrays
as a format for inhibitor screening.

The use of co-entrapped enzymes for the development of multianalyte sensor
arrays for renal clinical analytes was demonstrated by Doong’s group using TMOS-
based sol-gel formulations.>* In this work, relatively large wells of 600 um diameter
and 10 pl volume were used to form a multianalyte sensor to measure conversion
of glucose, urea, creatinine and uric acid. Using sensing systems similar to those of
reported above,*® GOx and HRP were co-entrapped with Amplex Red to measure
glucose and urease was co-entrapped with fluorescein dextran to measure urea levels.
In addition, the enzyme uricase was coupled to HRP and Amplex Red to measure
uric acid levels and creatinine deaminase was coupled with fluorescein dextran to
measure creatinine conversion. The array was able to accurately detect the four
analytes when present in fetal calf serum, showing the potential for utilizing sol-gel
microarrays for clinical applications.

Doong et al. followed this work by using either acetylcholinesterase (AChE) or
urease co-entrapped with fluorescein-dextran’ and rhodamine-labeled dextran to
detect the activity and inhibition of the enzymes. The use of two probes, one pH
sensitive and the other not, provided a means to perform ratiometric intensity mea-
surements to overcome problems with photobleaching or leaching of the dyes. In
these arrays a PVA/glycerol/TMOS composite material was utilized to allow printing
of crack-free spots. The array-based sensor was used for detection of acetylcholine
using AChE, and for the trace detection of the metal ions Cd(II), Cu(Il), and Hg(II)
based on inhibition of urease activity.>

SOL-GEL-DERIVED MEMBRANE
PROTEIN MICROARRAYS

One of the key criteria for the development of new drugs is their ability to modulate
the target of interest without causing cytotoxic side effects. The standard method
for assessing both metabolism and toxicity of drugs and their products is to determine
their interaction with cytochromes P450, which are the primary liver enzymes
responsible for clearance of drugs from the body. Compounds that are metabolized
to cytotoxic products as well as compounds that inhibit normal P450 function need
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to be identified early in the drug development process at a rate that is commensurate
with the rate of high-throughput screening.

A particular challenge in developing cytochrome P450 assays is the fact that
the P450 complex involves a series of enzymes (cytochrome P450-3A4, cyto-
chrome b5, NADPH reductase) that are present in the membrane of microsomes.
Thus, special precautions need to be taken to ensure the viability of the membrane-
associated enzymes during the array fabrication step. In recent years, several
reports have emerged describing the use of sol-gel methods for entrapment of a
wide range of membrane-bound proteins,* including bacteriorhodopsin-ATP syn-
thase,’® the acetylcholine and dopamine receptors,’" and photosystem 1.2 Thus, it
was expected that sol-gelderived materials may provide a route to fabricate a P450
microarray.

Clark’s group developed microarrays containing baculosomes of cytochrome
P450 enzymes and demonstrated the coupling of the arrays to cell-based screening
to develop a method for evaluating prodrug toxicity.”® Their metabolizing enzyme toxi-
cology assay chip (MetaChip™) integrates the high-throughput, metabolite-generating
capability of P450 catalysis with human cell-based screening on a microarray plat-
form, allowing for rapid and inexpensive assessment of metabolism and toxicity. As
shown in Figure 5.9, a methyltrimethoxysilane (MTMS)-derived sol-gel microarray
was first produced that contained either one or both of the human P450 isoforms
CYP3A4 and CYP2B6 and a regeneration system (glucose-6-phosphate and glucose-
6-phosphate dehydrogenase). The MTMS sol solution was prepared by sonicating
250 ul MTMS with 100 pl of 5 mM HCI for 10 minutes. The second component is
a monolayer of human MCF7 breast cancer cells within a chamber slide. The
application of a 60 nl solution of lead compound (prodrug) is applied to the 30 nl
sol-gel spots by using a microarrayer, in order to catalyze the release of active
metabolites. The cancer cell monolayer was then stamped onto the sol-gel array and
incubated for 6 hours at 37°C. Following incubation the cell layer was removed and
the cells were stained using a live/dead test kit to determine the percentage of dead
cells by using a microarray scanner.

It was clearly shown that the CYP-containing arrays could convert the non-
toxic pro-drug cyclophosphamide into the cytotoxic chemotherapeutic drug 4-
hydroxycyclophosphamide, as indicated by site specific cell death on the overlaid
cancer cell slide. Controls showed that less than 13% cell death was obtained in
spots containing no P450 in the presence of CP. The sensitivity of the MetaChip
was compared to P450 solution reactions with CP as well as 5-fluoro-1-(tetrahydro-
2-furfuryl)-uracil (Tegafur) and acetaminophen, which yield the cytotoxic com-
pounds 5-fluorouracil and N-acetyl-p-benzoquinone-imine, respectively. Figure 5.10
illustrates the cytotoxicity results for each of the three prodrugs and the correlation
to solution assays.

An important aspect of this work was the extension of sol-gelderived micro-
array technology to membrane-bound proteins, and the pharmacologically impor-
tant P450 family of enzymes in particular. Coupling the entrapped P450s with a
cell-based cytotoxicity test demonstrates a clever manipulation of standard
microarray readout methods. Use of the live/dead cell system works in part
because the metabolized compound remains in the array element and thus can
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FIGURE 5.9 Schematic of MetaChip™ platform. Shown are: (A) 30 nL P450 sol-gel spots;
(B) 30 nL sol-gel spots with 60 nL of prodrug solution after being stamped by MCF7 cell
monolayer and; (C) the MCF7 cell monolayer after removal from the sol-gel array and
staining. (From Lee, M.-Y., et al., Metabolizing enzyme toxicology assay chip (MetaChip)
for high-throughput microscale toxicity analyses. Proc. Natl. Acad. Sci. USA, 102, 983-987,
2005. With permission.)

be blotted onto the cell bed. This would not likely be the case had adsorption or
covalent attachment of the P450 to the substrate surface been done, since the
product could simply diffuse away. The versatility of the sol-gel method is also
highlighted by the fact that hydrophobic materials derived from MTMS worked
well for the P450 entrapment, which is usually not the case for more polar soluble
proteins. This demonstrates the flexibility that commercially available silane
precursors can provide to fabricate materials that are specifically designed to
stabilize a particular class of protein. The success of this assay also bodes well
for the eventual use of sol-gel-derived microarrays use for other important mem-
brane proteins like GPCRs or nuclear receptors, which have recently been
microarrayed using other formats.5!-63
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FIGURE 5.10 Comparison of cytotoxicity results for the MetaChip and solution-phase reac-
tions. (A) Cytotoxicity of P450-activated CP for solution and sol-gel incubations. Control
incubations consisted of all system components, except for a P450 isoform. (B) Effect of CP
concentration on the cytotoxicity of MCF7 breast cancer cell for: 3A4 solution (®), 3A4 sol-gel
(O), 2B6 solution (V), and 2B6 sol-gel (V). (C) Effect of Tegafur concentration on the cyto-
toxicity of MCF7 breast cancer cell cells for: 1A2 solution (®), 1A2 sol-gel (O), 3A4 solution
(¥), and 3A4 sol-gel (V). (D) Effect of acetaminophen concentration on the cytotoxicity of
MCF7 breast cancer cell cells for: 3A4 solution (®), 3A4 sol-gel (O), 2B6 solution (¥), and
2B6 sol-gel (V). In B-D, images from the array scanner are presented. In each 6 x 6 array
segment, the columns represent different concentrations of spotted compounds (from left to
right: 10, 100, 200, 500, 1000 and 2000 uM), and the rows represent replicates. (From Lee,
M.-Y,, et al., Metabolizing enzyme toxicology assay chip (MetaChip) for high-throughput
microscale toxicity analyses. Proc. Natl. Acad. Sci. USA, 102, 983-987, 2005. With permission.)
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KINASE-SUBSTRATE MICROARRAYS FOR
SCREENING APPLICATIONS

Protein phosphorylation by kinases is an important mechanism in several intracel-
lular processes and signaling cascades. The family of human protein kinases consists
of over 500 members, of which only a fraction have yet been characterized.*¢
Following G protein-coupled receptors (GPCRs), kinases are currently the most
important target family of proteins for drug discovery, due to their involvement in
therapeutic areas such as cancer,® inflammation®” and diabetes.®®

With pharmaceutical compound libraries surpassing the size of one million
chemicals, there has arisen a need for the development of high-throughput assays
that use minimal volumes of reagents. Thus, traditional techniques used to identify
kinase substrates such as genetic screens, yeast two-hybrid approaches and biochemi-
cal purifications have become overly laborious and unreliable.® Kinase arrays pro-
vide a means of screening hundreds of miniaturized samples in parallel, allowing
for relatively fast, easy and cheap determination of kinase action on numerous
substrates at once. Zhu et al. used protein arrays to determine phosphorylation
activity for 119 of the 122 known Saccharomyces cereevisiae kinases on 17 different
substrates by using PDMS microwells as a solid support for immobilization.”
Similarly to protein chips, arrays of immobilized peptides can be used to determine
preferred sequences for phosphorylation by a kinase.”’-7? In this case, the peptide
arrays can be incubated with the kinase of interest and [y-32P]ATP and the levels
of phosphorylation can be determined by phosphoimaging. Alternatively, mass
spectrometry can be used to monitor kinase activity on the surface of peptide chips,
avoiding the need for labeled reagents and simplifying assay formatting.”

Unfortunately, current peptide and protein chip strategies have several limi-
tations. The first is the unwanted adsorption of soluble proteins, which can often
compete with detection of protein-substrate interactions, leading to higher back-
ground levels of signal.”> Secondly, only a fraction of the immobilized proteins are
competent to participate in binding interactions since many of them are immobilized
in inaccessible orientations or are denatured to some extent, both of which compro-
mise their ability to interact with substrates.”® A consequence of these limitations is
that most immobilization procedures are not well suited for quantitative assays of
protein-substrate interactions. Therefore protein and peptide chips have only been
used in a surveying manner to generate a set of “hits,” which are then evaluated
and validated using more tried and tested solution-based assays.

Recently our group reported on a kinase microarray based on the co-immobilization
of both kinase and substrate components within a single pin-printed sol-gel
microarray element and used the arrays for nanovolume inhibition assays.”” Using
the a-catalytic subunit of cAMP dependent protein kinase (PKA) and the peptide
substrate kemptide as a model system, the ability to monitor both phosphorylation
and inhibition was demonstrated with Pro-Q Diamond™ dye’ as an endpoint indi-
cator of phosphorylation.

Compatibility of the stain with sol-gel materials as well as phosphoprotein
detection limit and linearity were demonstrated using a -casein concentration gra-
dient pin-printed in an array format. Our experiments exhibited the ability to selectively
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FIGURE 5.11 Linearity of phosphoprotein detection with Pro-Q Diamond dye within a sol-gel-
derived microarray. Panel A shows the fluorescence intensity of the protein gradient on the array.
Panel B shows the correlation between signal intensity and amount of protein. (From Rupcich, N.
et al., Nanovolume kinase inhibition assay using a sol-gel-derived multi-component microarray,
Anal. Chem., 77, 8013-8019, 2005. With permission.) See color insert following page 236.

detect phosphoproteins over nonphosphorylated controls and the ability to detect
B-casein over a 500-fold concentration range (Figure 5.11). Limits of detection for
B-casein were 7.5 pg and the detectable signal remained linear up to 3.75 ng of
protein per array spot, which compared well to the original report on the Pro-Q
concentration response, which claimed detection limits of 2 to 10 pg for three
different phosphorylated peptides and a linear range of 130-fold.”

To demonstrate the utility of the co-immobilized kinase-substrate system for
quantitative inhibition assays, 14 X 5 arrays were printed to determine ICs, values
for the two PKA inhibitors, H7 and H89. The arrays contained three types of samples:
(a) 10% w/v BSA as a negative control; (b) 50 UM B-casein as a positive control
and; (c¢) 12 columns of co—immobilized PKA and kemptide as test spots. Once
printed, each of the columns in the arrays were overprinted with either buffer (two
control columns) or one of twelve inhibitor concentrations in a gradient which
straddled the respective literature ICs, value of the specific inhibitor. In all cases
overprinting delivered approximately 0.6 nl of solution per array spot. The over-
printed arrays were incubated for 30 minutes with the inhibitors, followed by
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FIGURE 5.12 (a) H7 IC, assay performed on a PKA/kemptide array. Inhibitor concentration
increases from left to right, resulting in decreased fluorescence intensity due to inhibition of
the phosphorylation reaction. N is the BSA negative control, P is the B-casein positive control.
(b) IC,, curve generated from the H7 inhibition assay. Background signals from the negative
control sample were subtracted and the data was normalized to the maximum intensity
obtained in the absence of inhibitor. (From Rupcich, N. et al., Nanovolume kinase inhibition
assay using a sol-gel-derived multi-component microarray, Anal. Chem., 77, 8013-8019, 2005.
With permission.) See color insert following page 236.

overprinting of each column with a solution of 50 uM ATP containing the respective
inhibitor at the concentration previously exposed to that column to avoid dilution
effects. The reaction was allowed to ensue for 30 minutes prior to blocking, staining
and imaging. Figure 5.12 shows the resultant array image and ICs, plot for the
inhibitor H7. The experimental results provided IC, values of 44 pM and 55 nM
for H7 and H89 and K, values of 22 + 3 uM and 28 + 4 nM, respectively, which
compare well to literature K; values of 8.3 uM and 48 nM.7880

This nanovolume array—based assay has significant potential as a tool for
secondary screening or detailed inhibition studies. The four primary advantages
to this method are (a) ease of sample manipulation owing to the co-immobilized
enzyme and substrate solid-phase assay format; (b) very rapid sample analysis due
to high parallelization; (c) significantly reduced reagent volumes; and (d) the ability
to perform multiplexed assays which can examine numerous kinases, substrates and
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inhibitors at once. The presence of the protein/substrate in the solid phase allows
for rapid staining and washing steps that would not be possible in a solution-phase
assay or with other immobilization strategies (due to the requirement of sufficient
substrate/enzyme mobility for activity); while the reduction in reagent volumes
using the array-based assay minimizes both the protein and substrate/inhibitor
volumes drastically. The ability to rapidly detect inhibition in single-point assays
suggests that the array method may be amenable to high-throughput compound
screening, while the accurate determination of IC,, values demonstrates the utility
of this method for secondary screening of hits found in a primary screen.

CONCLUSIONS AND FUTURE DIRECTIONS

An emerging method for the preparation of protein microarrays is their entrapment
within sol-gel-derived microspots that can be pin-printed onto planar surfaces. The
use of a sol-gel-based entrapment method for the immobilization of proteins within a
microarray has several potential advantages over conventional adsorption, covalent
linkage or hydrogel-based methods. Entrapment eliminates the need for protein deriva-
tization, the use of recombinant proteins or affinity capture agents. The three-dimensional
nature of sol-gel microspots provides higher protein loading capacity within a bio-
compatible matrix in addition to allowing the simultaneous co-entrapment of multiple
proteins. While sol-gel-based microarrays are likely amenable only to studies of
protein-small molecule interactions, their potential for small molecule screening (i.e.,
drug screening), multianalyte biosensing, and metabolic profiling is exceptional.

The field of sol-gel-derived protein microarrays has produced substantial
promise, although this method of microarray fabrication is still relatively unde-
veloped. The future of this research area can be expanded in numerous directions,
which include (a) the improvement of biocompatible silica-based materials; (b)
expansion of the number and types of biological targets that can be used for array
formation and; (c) scale-up from proof-of-concept to high-throughput, multiplexed
analysis of real samples. It is likely that the most important advancements in sol-
gel technology will arise due to further bridging of the gap between working in
bulk sol-gel materials and working in the nanoscale. Current sol-gel microarraying
techniques are based primarily on pin-printing of materials, and thus formulation
stability, gelation behavior and biocompatibility remain the largest hurdles to
success of this method. Materials need to have adequate working times to ensure
ease of pin-printing, while printed spots need to be uniform, crack-free and
resistant to overprinting or washing steps. In addition to material optimization,
the exploration of novel assay formats can be explored. While Bright’s example
of layered materials** and Clark’s MetaChip®® demonstrate novel approaches that
accentuate the advantages of sol-gel entrapment, new studies based on these
examples could yield new strategies based on immobilization and assay develop-
ment in three dimensions.

At this point, numerous proteins have been demonstrated to be compatible with
sol-gel entrapment in a microarray format, and in time the targets will undoubtedly
become more clinically relevant and/or reveal novel biological information with
regard to function or drug inhibition. The successes demonstrated in bulk sol-gel
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materials with membrane receptors®® and whole cells’? suggest the possibility of
using the sol-gel approach to create membrane receptor or cell-based microarrays.
In addition to expanding upon the types of biomolecules that can be entrapped, the
work to date illustrates the ability to co-immobilize several targets within a given
array element. Thus, it is possible to examine metabolism of a given substrate by a
cascade of related proteins.

Linked to the issue of materials optimization is the ability to extend the sol-gel-
based array format toward large-scale, high-throughput assays. While certain protein
families, for instance kinases, may be active within a given formulation, the particular
silane precursor or additive used in one instance may not be compatible with other
targets. Thus, significant effort may be needed to identify suitable formulations that
retain protein activity and are amenable to pin-printing. Given the diversity of
available sol-gel precursors and additives, along with the ability to optimize the
material directly in an array format, it is likely that suitable materials can be found
for almost any biomolecule, thus highlighting the dexterity of the sol-gel method.
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INTRODUCTION

The human genome project has catalyzed the development of new large-scale
approaches to addressing biological questions. Over the last decade, for example,
the use of DNA microarrays has become a routine approach for simultaneously
analyzing the expression of thousands of genes. Functional protein arrays (micro-
arrays with immobilized functional proteins) are an extension of DNA microarrays,
although the manufacture of protein microarrays presents additional challenges in
areas such as content generation, printing, functional immobilization, and detec-
tion. The uses of protein microarrays, which are reviewed elsewhere,!? cover an
impressive range of applications, from probing molecular interactions for protein
functional characterization to optimization of drug—protein interactions, and from
profiling of enzyme substrates to profiling immune response in various diseases.
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Functional protein microarrays clearly have the potential to make significant contri-
butions to both basic and applied research. This chapter reviews the current state
of microarray printing technology as well as a discussion of the quality control
that is required to assure a product that can be used to develop meaningful insights
and discovery in biology.

MICROARRAY PRINTING TECHNOLOGIES

Manufacturing a microarray by printing involves delivering a small volume of (typically)
many samples onto a solid surface in a reproducible and spatially addressable
fashion. The volume of dispensed liquid is typically in the nanoliter to picoliter
range. Two commercially available technologies that have been utilized for printing
protein microarrays are noncontact ink-jet printing and contact pin-transfer. Given
the requirement to array large numbers of different proteins, contact printing is
currently the most suitable choice for the manufacture of functional protein arrays,
although noncontact printing of certain types of these arrays is certainly possible.
Other recently described approaches for protein microarray manufacture includes a
laser transfer technique,® microfabricated fountain pens for high-density array
construction,* as well as a novel affinity contact printing procedure employing a
multiuse stamp.> Cooks’ group at Purdue University recently described an exciting
proof-of-concept using electrospray ionization of a protein mixture followed by mass
ion separation and sequential soft landing deposition onto a surface to create a protein
array.® While promising, these technologies face many challenges before they can
be commercialized, including improving print speed as well as addressing protein
quantity, identity and functionality.

Noncontact ink-jet printing is derived from the ink-jet printing industries. The
fundamental principle of this technology involves the application of force to create
a rapidly move liquid stream, which then passes through a small orifice. When
samples pass through the orifice, the stream achieves sufficient velocity to overcome
surface tension and a droplet is ejected from the print head onto the surface. The
most widely used ink-jet technology for printing microarrays is piezoelectric. Some of
the commercially available piezoelectric ink-jet microarraying instruments include
those from Perkin Elmer (Wellesley, MA, USA), GeSim (Germany), and MicroFab
(Plano, Texas, USA). Typical piezoelectric dispensers can create drops in the picoliter
range and with coefficient of variations (CV) of 3~7%.” However, the main difficul-
ties in implementing this technology include intermittent dispensing caused by gas
bubbles and tip clogging due to the small size of the orifice and its dependence on
surface tension. Because of these and other engineering limitations, the number of
samples that these instruments can dispense in a reasonable amount of time is
relatively low; consequently, the use of these instruments for manufacture of protein
microarrays has been generally limited to products containing <100 proteins, typi-
cally antibodies.

Contact pin printing technology involves using a rigid pin to transfer liquid
from a source plate of samples to a precise destination on a solid surface. Dipping
the pins into the samples results in a small volume of liquid either on the tips of
the pins or drawn up into a reservoir within the pins. The pins are then tapped



Printing and QC of Functional Protein Microarrays 101

onto the slide surface to deposit the liquid. The typical printing volume is in the
high picoliter to low nanoliter range. Pin printing was initially carried out using
solid pins (V&P Scientific, San Diego, CA, USA), and later other pin variations
(split or quill) were developed to permit the printing of multiple arrays with a
single loading (Harvard BioScience, Holliston, MA, USA; Arraylt, Sunnyvale,
CA, USA; Incyte/Stanford, Palo Alto, CA, USA). Pin-based printing has the advan-
tage of being relatively simple and inexpensive. However, pin-to-pin variation can
be higher (CV of 10~25%) than ink-jet dispensing due to variations in pin geometry
and surface chemistry.? In addition, pins can also clog or can be deformed or wear
over time.

The power of microarraying technology has been demonstrated primarily in
manufacturing DNA microarrays.®!? Unlike DNA, however, proteins must maintain
a chemically fragile three-dimensional structure in order to preserve functionality.
The production of protein microarrays requires careful consideration of the printing
environment to maintain the quality and functionality of the proteins on the arrays.
As mentioned above, a major consideration when choosing the type of printing
technology to use in printing protein microarrays is throughput. In general, a non-
contact printing method is best when the number of samples is small and the number
of replicates is high. Commercially available noncontact printers have fewer dispensers
(typically 1~4), and they are typically designed to load a large volume to dispense
thousands of replicates with a single aspiration. To produce arrays consisting of
thousands of different proteins, a contact printing system equipped with 48~64 pins
is significantly faster and thus more adept at printing larger sets of samples. Even
with this large number of pins, the time to print 100 slides containing a few replicates
of thousands of proteins can last about 10~15 hours. Consequently, the contact
printing system has to be located in an environment that is temperature and humidity
controlled in order to protect proteins in source plates and on arrays while they are
being printed.

CHALLENGES IN MANUFACTURING
HIGH-QUALITY PROTEIN MICROARRAYS

VARIABLES IN PROTEIN MICROARRAYS MANUFACTURING

Protein microarrays have moved from simple forms that were designed to show
proof-of-concept to commercial products that contain thousands of human proteins.
There are still considerable challenges in manufacturing high-quality protein microarrays
that suit the needs of the various applications for which they are used. The quality
of functional protein microarrays can be viewed by their content (the number,
diversity, annotation, and activity of proteins) and performance (the minimal detec-
tion limit, dynamic range, and reproducibility of the assay). While high-content
microarrays have been produced in some academic laboratories, the performance of
these arrays is limited by lack of a robust, controlled manufacturing process. In
contrast, most of the high-performance protein microarrays that are currently avail-
able commercially include only antibodies or a few hundred proteins, limiting their
applications.
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As the demand for more protein content on arrays grows, high costs of manu-
facturing could become a barrier to commercialization and customer adoption. To
achieve high quality at reduced costs, three interdependent processes have to be
optimized, including protein content generation, surface chemistry development or
selection, and microarray printing. In this chapter, we will discuss printing commercial-
quality high-density functional protein microarrays and the quality control proce-
dures required to achieve optimal application performance.

Assuming that the source of protein and the surface chemistry used for manu-
facturing microarrays are fixed, the primary factor that determines the performance
of a protein microarray is the amount of protein delivered to the surface. The goal
is to produce identical spots on each microarray in a batch as well as between
batches. This requires the process to control the dispensing volume (in subnano-
liters) and the size of the protein spots (micrometers in diameter) on the substrate
within very tight specifications. The process involves parallel deposition of diverse
proteins, highly complicated mass transport phenomena, and surface chemistry.
In addition, interactions between various protein solutions, surfaces, and environ-
mental factors make the dispensing volume and spot size difficult to predict and
control. Therefore, dedicated resources as well as expertise in protein chemistry,
surface chemistry, and engineering are required to develop a reliable manufacturing
and quality control process. We will focus our discussion on four major factors
(protein solutions, microarray slides, pins, and environment) that have to be closely
controlled in contact printing. Other methods or variables, such as microarray
design, robotic capability, and human factors, also affect the quality in manufac-
turing but will not be discussed here.

PROTEIN SOLUTIONS

Protein solutions are one of most complicated and least discussed quality variables
in functional protein microarray manufacturing. In a high-throughput protein pro-
duction process, purified proteins are stored frozen in microtiter plates and used
later to create microarrays. Specific buffers are required to purify proteins to
achieve optimal recovery and protein activity. Certain components in the buffers
are needed to stabilize protein structure and to maintain their function during
storage. However, the same buffers have properties such as surface tension and
viscosity that influence the printing performance during production. It is techni-
cally difficult or at least noneconomical to exchange buffers of thousands of
proteins in order to obtain ideal spot intensity and/or morphology on a microarray.
Consequently, the effects of each buffer component on the entire manufacturing
process have to be considered during the selection and/or optimization of the
buffer; compromises often have to be made when there is a conflict. For example,
10 to 50% of glycerol is included in many protein buffers to protect proteins during
storage. Glycerol not only affects the hydration of proteins but also changes the
viscosity, surface tension, and hydrophobicity of the buffers, which in turn have
an effect on manufacturing results. Another example is nonionic detergents that
are often required for protein solubility and structural stability. Although these
detergents are typically used at very low (<0.1%) concentrations, their effects on
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FIGURE 6.1 Buffers containing fluorescent protein and varying amounts of glycerol and
detergent were printed with the same set of pins on the same slide. The spot diameter is
measured directly using fluorescent scanning and automated spot finding software.

spotting performance can be complex. In Figure 6.1, a protein sample in different
buffers was printed using a contact printing method on the same substrate. Chang-
ing the detergent concentration from 0.01 to 0.2% can change the spot diameter
by 40 microns (or >40%). Furthermore, such changes are nonlinear and affected
by the presence of glycerol.

MICROARRAY SLIDES

Surface chemistry development for protein microarrays is discussed by other
authors in this book. While much technological development on microarray sub-
strates has been centered on immobilization and functional activity in applications,
less has been done to address quality and consistency in the manufacturing of
high-density protein microarrays. Because the amount of liquid delivered to the
substrate surface depends on the interaction between the protein solution and
surface chemistry, the choice of a surface chemistry has to satisfy both application
and printing needs. In addition, any variation in chemical composition or physical
structure of the surface can cause defective microarrays with varying spot size,
morphology, and protein function. In fact, we have observed batch-to-batch, slide-
to-slide, as well as intra-slide surface variations on virtually all commercial slides
that we have tested.

One of the surface properties that affect production of high-density protein
microarrays is wettability, which can be measured by various contact angle instru-
ments. The contact angle of water on the slide correlates with surface hydrophobicity.
In general, a lower contact-angle surface produces larger spots given the same drop
of water. Protein solutions are much more complex than water, and therefore it is
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FIGURE 6.2 Two protein buffers containing fluorescent protein were printed on a number
of microarray slides from 4 vendors. The spot diameter varies among slides, and the variation
depends on the buffer.

not surprising that their behaviors do not always correlate with surface chemistry.
As shown in Figure 6.2, two buffers exhibit different spot diameters when printed
on a number of different surfaces. Despite its limited power for predicting spot size,
contact angle measurements can still be very useful for detecting gross variations
in surface quality.

Contact angle methods measure an area of several millimeters in diameter.
Microscopic variations are much more difficult to measure routinely and can affect
protein immobilization, conformational stability, and functional availability of
protein domains. More sophisticated methods, such as atomic force microscopy
(Figure 6.3), can measure variations in nanometers but are less suitable for appli-
cation in manufacturing. Atomic composition can be measured on a surface by
X-ray Photoelectron Spectroscopy (XPS). Differences in composition and coating
thickness between lots of slides of the same chemistry can be significant (see
example in Table 6.1). Furthermore, the application performance of microarrays
made on these lots is considerably different (Figure 6.4). As discussed later in the
chapter, protein microarrays should always be tested in functional applications to
ensure quality.

PRINTING PINS

Spot size, uptake volume, content carryover, durability, and consistency are some of
the characteristics of pins that need to be taken into account when employing contact
printing for making protein microarrays. On high-content microarrays (>15,000
features/slide), a spot diameter of 150 microns or smaller is desired. Because the spot
size is highly dependent on the protein solution and slide chemistry, testing with
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FIGURE 6.3 The surface topology of a slide was analyzed with Atomic Force Microscopy.
The surface roughness is clear in the image.

production materials is necessary. The amount of solution deposited on a surface also
depends on the volume taken up by the pin. Several manufacturers provide pins that are
suitable for protein microarrays. For example, TeleChem International (Sunnyvale, CA)
has three series of Stealth pins that produce a range of spot sizes (62.5 to 600 pm
diameter) and sample uptake volumes (0.5 to 12.5 pl). A high-density protein micro-
array typically has spots of about 0.5 nl or less and requires sub-microliters of uptake
volume in a pin. Since there is always some sample left in the pin after printing each
set of proteins, pins have to be washed extensively between samples to avoid carryover
of contents. The protein carryover property of the pins has to be examined with real
protein samples to establish acceptance criteria of pins and to develop adequate pin
wash protocols (see quality control example later in the chapter).

One of the goals in making high-content microarrays is to produce thousands of
consistent spots, which are made by separate pins. Not all pins are identical, however,

TABLE 6.1

The Atomic Composition of Two Lots of the Same Slide
Chemistry Was Measured by X-ray Photoelectron
Spectroscopy (XPS), Which Shows Surface Variation

Cis N1s Of1s Nats
Lot 1 51.0 2.6 37.1 2.3

Lot 2 42.7 0.5 42.6 2.5
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FIGURE 6.4 Two lots of the same slide chemistry were tested for substrate phosphorylation
performance. Identical substrates were printed on the slides and assayed with PKA at the same time.

and they wear out or age at different rates during production. Common issues that
arise with used pins are deformation of the printing end and changes in surface
properties, such as surface energy or roughness. Either of these defects can result in
missing, irregular-sized, or irregular-shaped spots and loss in feature signals due to
insufficient volume delivered. Some pin defects are obvious under a microscope, and
some are not. Occasionally, brand new pins may not perform to the required speci-
fications, and must therefore be conditioned or broken-in before use in production.
More on quality control of printing pins is discussed later in the chapter.

ENVIRONMENT

Protein microarray facilities that lack sufficient environmental control on tempera-
ture, humidity, and air quality may produce inconsistent products and also com-
promise protein integrity and function. While proteins are normally stored in
freezers immediately after purification, slides are not always protected from the
environment. Because many microarray substrates include active functional
groups, storage of slides in an environmentally-controlled location is recom-
mended to reduce uncertainty in quality. In one experiment, slides from the same
lot were stored in different conditions for 4 days and then printed with fluorescently
labeled proteins. As shown in Figure 6.5, protein retention on the surface varied
with the buffer as well as with the storage conditions. In addition to temperature
and humidity, pollution (e.g., ozone) in the atmosphere may also cause deteriora-
tion in slide performance.

As in most manufacturing facilities, precise control of temperature, humidity,
and air particles in the printing room is a must if consistent quality is desired. A cold
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FIGURE 6.5 Slides were stored under different environments for 3 days and printed with
the same fluorescent protein at the same time. The fluorescent signals from each slide were
measured before and after they were washed. Signals are shown relative to the one stored in
the lab (20°C and 35% RH).

room (4 to 8°C) is essential to protect proteins both in the source plates and on the
slides during the batch printing process, which lasts hours for high-content microar-
rays. Because surface tension and viscosity of solutions are temperature-dependent,
it is important to develop all printing methods at the same temperature used in
production and to maintain the temperature throughout each run. The humidity in the
printing room or chamber has to be optimized for each solution/slide combination
because wettability of a slide depends on the moisture in the air and on the slide
surface. A proper humidity level also helps to prevent excess evaporation of samples
during the time of printing. Air particles are often a major problem if the printing
room is not clean; misshaped, merged, and missing spots will occur with increased
frequency if there are dust particles on the slide surface or in the printing pin or
nozzle. Figure 6.6 shows a magnified image of a pin catching a small piece of fiber,
which results in noncircular spots on a microarray. Ideally, microarray production
is carried out in a clean-room environment where air is HEPA-filtered and surfaces
are regularly cleaned.

QUALITY CONTROL IN PROTEIN MICROARRAY
MANUFACTURING

PRePRINTING QuALITY CONTROL

Because variations in buffers, printing pins, and slides can lead to defective microarrays,
it is imperative to perform preprinting quality control in order to detect and reduce
such variations in materials. Careful research is required to relate a material’s
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FIGURE 6.6 A typical pin for printing microarray is shown catching a piece of fiber, which
can cause irregular and inconsistent spot morphology.

measurable physical and/or chemical properties to relevant microarray quality
parameters, such as spot diameter. Once the relationship is found, a quality control
step is added to ensure the material meets specific acceptance criteria before it is
used in production. The acceptance criteria are determined based on 1) the sensitivity
of the quality parameter to the measurable properties and 2) product quality tolerance
(or allowed variation in the quality parameter). For example, the concentration of
buffer components can be measured by light absorbance, densitometry or enzymatic
assays, and the surface quality of microarray slides can be evaluated by contact
angle measurements or fluorescent scanning.

Some material variables are unknown, difficult to measure, and may not affect
quality parameters independently. For instance, precise physical dimensions and
surface properties of printing pins play critical roles in spot quality on microarrays
but are extremely difficult to measure directly. In such cases, preprinting tests are
required to detect nonconformances and to perform corrective actions prior to pro-
duction. Before each production printing in our facility, the arrayer and supporting
components are tested to ensure that production specifications are met. Quantitative
pin QC criteria were developed to assess reproducibility of spot volume, spot size
and morphology, and sample carryover. Pins not meeting QC criteria are cleaned,
or replaced and retested. One test that we typically run is to measure the decay of
signal for each pin while printing 256 replicates after a single loading (Figure 6.7).
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FIGURE 6.7 A subarray image of the same fluorescent sample printed by a single pin is
shown to show the consistency in spot intensity and size. All pins are tested and compared
to ensure consistency before production runs.

This test ensures that the arrayer can dispense duplicates per sample on 100 slides
required in our product layout (shown in the production section) without redipping.
The individual pin CV is usually less than 10% and spot size is approximately 130 pm.
While comparing droplets of sample dispensed by different pins, the variability is
somewhat greater, sometimes around 15%.

Another quality assurance step that is taken prior to initiating a production
run is to test the cleaning/washing components of the system. After each sample
is dispensed on the arrays, the pins are cleaned by dipping into distilled water,
and then into a washing solution. Cleaning is also facilitated by activation of an
ultrasonic transducer in the cleaning bath. Finally, residual washing buffer is
removed from the pins by a vacuum. This procedure is repeated several times to
minimize sample carryover. The efficacy of the procedure is tested by first dis-
pensing Alexa Fluor® 647/Alexa Fluor® 555-labeled antibody in a series of spots,
and then dispensing buffer alone in second series of spots. Analysis of the fluo-
rescent signals should indicate that carryover is less than 1 part in 5000 if the
system is performing adequately.

ProDUCTION

As mentioned above, the production of protein microarrays at Invitrogen is done in
a cold room. The humidity level of the printing environment is maintained by the
dehumidification unit of the cold room and a humidifier controlled by the arrayer.
The room is also equipped with HEPA filters and is regularly checked for particle
counts to ensure a clean room environment. In addition, the production area is limited
only to arrayer operators, who follow clean room operational procedures.
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After the arrayer has been calibrated and tested, and bar-coded protein source
plates and slides are loaded onto the arrayer, the production process is completely
automated. Figure 6.8 shows an example of the printing layout of one of our products,
ProtoArray™ Human Protein Array v3.0, a protein array containing approximately
5000 different human proteins. This array is designed to accommodate 19,200 spots
with a 220 um pitch printed in 48, 20 x 20 spot subarrays (4400 um? each). A 100 um
gap exists between adjacent subarrays. Each subarray contains a number of controls
(e.g., a gradient of BSA as a negative control) and calibration spots (i.e., a gradient
of GST is used for generating a standard curve for post-printing QC as discussed
below). All proteins are printed in duplicate.

PosT-PRINTING QuALITY CONTROL

Every effort should be made before and during the production of microarrays to
ensure the best quality. Post-printing quality control is necessary before protein
microarrays can be provided to customers. Two types of quality measurements are
routinely carried out at Invitrogen. One measurement is the consistency of proteins
printed within and between arrays, and the other is a test of their functional perfor-
mance in specific applications.

After printing, all arrays are visually inspected for scratches, fibers, and other
obvious defects. The second step of the post-printing QC process consists of a more
detailed analysis of each spot on the array. In our protein manufacturing process,
each protein is tagged with an epitope (e.g., GST); consequently, QC can be accom-
plished by using a labeled antibody that is directed against this epitope. A typical
fluorescent image obtained with this QC step is shown in Figure 6.8. This procedure
measures the variability in spot intensity and morphology, the number of missing
spots, and the presence of controls. Another objective of this QC process is to
determine how much material is deposited on each spot. Every array, therefore, is
printed with a dilution series of known quantities of a protein containing the epitope
tag (e.g., purified GST) that is used to generate a standard curve. This procedure
enables the signal intensities for each spot to be converted into the amount of protein
deposited. Data acquired from two arrays from the beginning, middle and the end
of a printing run are also used to determine the reproducibility of the manufacturing
procedure.

The final step of the quality control process is to ensure that the products will
perform as needed for specific applications. One common application of these arrays
is to use them to probe for protein—protein interactions. In this application, customers
use a recommended procedure to probe the array with their protein and then detect
interactions using streptavidin or antibodies labeled with a fluor, preferably Alexa
Fluor 647. Consequently, arrays from each print lot are probed with a protein,
calmodulin kinase, that is biotinylated and that also contains a V5 epitope tag, and
detection is carried out with Alexa Fluor 647-labeled streptavidin or Alexa Fluor
647-labeled anti-V5 antibody. Appropriate interactions with control elements in each
subarray such as an anti-biotin antibody and calmodulin must be observed before
the lot is released as product. A representative image of these interactions is shown
in Figure 6.9.
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FIGURE 6.8 The protein array was probed with an anti-GST antibody followed by an
AlexFluor 647 labeled secondary antibody. 8A is an image of the entire array and 8B is one
of the 48 subarrays. Control proteins are included in every subarray and shown in the boxes.
See color insert following page 236.
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FIGURE 6.9 Protein arrays from every batch are tested for functionality. Calmodulin kinase
was used as a probe to detect its interaction with Calmodulin printed on each array. (a) is a
subarray image of the probed array detected with Alex Fluor 647 labeled anti-V5 antibody,
and (b) detected with Alex Fluor 647 labeled streptavidin. See color insert following page 236.
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CONCLUSIONS

An increasing number of researchers are benefiting from the commercial availability
of high-content protein microarrays. The manufacturing process and quality control
are some of the major challenges in delivering affordable, high-quality functional
protein microarrays. As shown in this chapter, significant progress has been made
in controlling various manufacturing factors that have improved the consistency and
functionality of these innovative products. The future will likely see further advancement
in content generation, surface chemistry, and microarray manufacturing technologies.
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INTRODUCTION

Protein microarrays have emerged as a powerful tool in the high-throughput analysis
of protein abundance and function.'* One of the key concerns in the fabrication of
functional protein microarrays is the method of immobilization, which to a large
extent determines whether or not an immobilized protein retains its native biological
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function.* Currently, there are two categories of immobilization methods used in a
protein microarray, either random methods of immobilization or methods that allow
site-specific orientation of proteins.’ This chapter give a summary of the different
methods that have been employed to site specifically label and attach proteins onto
a glass slide to generate the corresponding protein microarray. Some of the methods
will be elaborated in details.

STRATEGIES FOR IMMOBILIZATION

The different methods that have been employed to engineer modified proteins can
be grouped into those that introduce (a) peptide/polypeptide affinity tags (b) small
molecule tags, and (c) genetic tags, all of which have been used successfully to
immobilize proteins onto modified glass surfaces, giving rise to the corresponding
protein microarray.

PepTIDE/POLYPEPTIDE-BASED IMMOBILIZATION

Recombinant proteins that are fused to a desired peptide/protein affinity tag at either
terminus of proteins can be easily produced in standard molecular biology labs. With
the corresponding affinity partner coated onto slides, protein immobilization can be easily
achieved. In essence, this is similar to the bead-based affinity chromatography of proteins
using affinity tags, e.g., Glutathione-S-transferase (GST) or polyHistidine tags.

As one of the earliest protein microarrays generated by site-specific immobili-
zation methods, Snyder’s group developed the so-called “yeast proteome array” by
making use of the specific interaction between poly Histidine tags, expressed at the
end of recombinant proteins, and Ni-NTA ligands.® The authors were able to show
that signal intensities from (His)q-tagged proteins spotted onto Ni-NTA slides were 10
times higher than those spotted onto aldehyde slides. They also showed that the majority
of the immobilized proteins retained their biological activity. However, the binding
between Ni-NTA and (His)-tagged proteins is not very stable, often susceptible to
interference by many commonly used chemicals and salts,” making this immobilization
method incompatible with a variety of protein-screening assays. The advantage of this
method over other methods, however, is that the affinity tag is a small peptide, thus
possibly causing minimal effect to the target protein.

In a different approach, Mrksich and coworkers captured cutinase-fused proteins
onto self-assembled monolayers (SAMs) of alkanethiolates coated on a gold surface.
By using active site-directed phosphonate ligands, the authors were able to achieve
site-specific and covalent immobilization of the cutinase fusion proteins.® Cutinase
is a 22 kDa serine esterase that forms a site-specific covalent adduct with phospho-
nate ligands. It was shown through SPR that calmodulin—cutinase fusion was cap-
tured successfully and irreversibly, and that calcineurin—calmodulin interactions
could occur favorably and specifically on the surface. However, the phosphonate
ligand might have cross reactivity towards other proteases, esterases and lipases
from the crude cell lysate.® Kindermann et al. successfully developed a site-specific
method to covalently immobilize hAGT-fused proteins onto modified glass sur-
faces.® A hAGT mutant that specifically catalyses the transfer of Og-benzylguanine
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to its own cysteine residue could be fused to either terminus of desired proteins.
The authors showed the immobilization of GST-hAGT fusions were possible on
Og-benzylguanine-coated carboxymethylated dextran chips. However, it was noted
that the fusion tags on both the above strategies are bulky, and thus may affect
the biological property of the fused proteins.

Camarero et al. described the use of Expressed Protein Ligation (EPL) to gen-
erate functionally active proteins possessing a C-terminal thioester handle, and
subsequently immobilized them onto a cysteine-modified glass slide, generating the
corresponding protein array.® Choi et al. devised an alternative strategy using DNA
surfaces by exploiting the GAL4 DNA binding domain to generate fusion proteins
for immobilization onto slides coated with the target dsDNA sequence (that binds
with the GAL4 domain selectively, with a low dissociation constant in the nanomolar
range).'" In a recent development, Tirell et al. made use of leucine zipper domains
to immobilize proteins onto microarrays.!' They fused the ZE domain (43 amino
acids) to the desired proteins, and captured it on ZR-coated slides. The ZE/ZR dimer
was based on the original design by Vinson et al.,!> who showed the heterodimer-
ization affinity was around 10-> M. By incorporating an unnatural amino acid into
the ZR domain that could be photo-cross-linked to modified glass surfaces, the
authors were able to achieve covalent immobilization. Two model proteins, GST
and EGFP, were spotted and shown to have higher spot intensities than controls
without ZE domain.

SMALL MOLECULE-BASED IMMOBILIZATION

Similar to peptide/protein-based immobilization methods, small molecule-based
approaches usually require the target proteins be genetically engineered, then modi-
fied with small molecules, e.g., biotin and its conjugates, for subsequent immobili-
zation onto appropriately coated glass surfaces. For example, Walsh et al. used Sfp
phosphopantetheinyl transferase to mediate site-specific covalent immobilization of
target proteins fused to a peptide carrier protein (PCP) which was originally excised
from a nonribosomal peptide synthetase (NRPS).!* Over the past few years, we have
explored intein-based protein modification methods and successfully used them to
immobilize proteins onto a protein microarray.'*!8 In the following sections, we will
elaborate these intein-mediated strategies in more details.

INTEIN-MEDIATED BIOTINYLATION STRATEGIES TO GENERATE
PROTEIN MICROARRAY

By taking advantage of the extremely high affinity between biotin and avidin/strepta-
vidin (K; ~ 105 M), we developed intein-mediated approaches to express recom-
binant proteins, which can then be site-specifically biotinylated at the C terminus.
The resulting proteins are therefore suitable for protein microarray generation
(Figure 7.1).17-1% Intein-mediated protein expression, originally developed for easy
and effective purification of fusion proteins on chitin columns,'® had previously been
used to modify proteins with a number of chemical tags.?’ Our biotinylation strategies
may be carried out either in vitro, in vivo, or in a cell-free expression system
(Methods A, B, and C in Figure 7.1, respectively).
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FIGURE 7.1 Three intein-mediated protein biotinylation strategies: (A) in vitro biotinylation
of column-bound proteins; (B) in vivo biotinylation in live cells; (C) cell-free biotinylation
of proteins. See color insert following page 236.

Key Aspects of Intein-Mediated Biotinylation Strategies

1.

Proteins are site-specifically biotinylated at their C-termini, leading to
their subsequent immobilization on avidin-functionalized surfaces in a
uniform orientation.

Biotin is a small molecule (0.24 kDa), thus minimizing the potential
perturbation to the protein’s native biological activity.

Various formats are applicable with the intein-mediated, protein biotinylation
strategies (in vitro, in vivo or cell-free), thus allowing easy access to desired
biotinylated proteins from crude cellular lysates (or mixtures of unpurified
proteins) for subsequent protein immobilization and microarray generation.

Avidin is an extremely stable protein, making it an excellent candidate
for slide derivatization and immobilization.

. Each avidin/streptavidin molecule can bind rapidly and almost irreversibly

up to four molecules of biotin, thus doing away with the long incubation time
which alternative methods typically need for the critical immobilization step.
Avidin also acts as a molecular layer that minimizes nonspecific binding
of proteins to the slide surface, thereby eliminating blocking procedures
and minimizing background signals in downstream screenings.
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Protein Biotinylation In Vitro

In our in vitro strategy (Method A; Figure 7.1), the protein of interest was fused
through its C-terminus to an intein, which contains a chitin-binding domain as an
affinity tag.!”'® To biotinylate the protein in vitro, the host cell over-expressing the
protein of interest was first lysed and the lysate containing the intein fusion protein
was loaded onto a column packed with chitin beads. Following addition of a thiol-
cleaving reagent (for example, cysteine-biotin; inset in Figure 7.1), the fusion protein
underwent an on-column self-cleavage reaction, catalyzed by the fused intein, to
generate a protein having a reactive -thioester group at its C-terminus. The thioester
moiety was subsequently quenched by the thiol side-chain from the added cysteine-
biotin, resulting in a thioester-linked intermediate that spontaneously rearranged to
form a native peptide bond and generated the target protein which was site-specifically
biotinylated at its C-terminus (see Protocol 1). We have shown that this strategy is
capable of biotinylating a variety of proteins from different biological sources in
96-well formats,!"” making it possible for future high-throughput generation of a
large number of biotinylated proteins needed in a protein microarray.

Protein Biotinylation In Vivo

We also successfully carried out the intein-mediated strategy to biotinylate proteins
in vivo in both bacterial and mammalian systems.!” Early attempts of in vivo protein
biotinylation had relied on fusing proteins at the N- or C-termini with a 15 amino
acid peptide, the Avitag™ (GLNDIFEAQKIEWHE) which was subsequently bioti-
nylated by biotin ligase- a 35.5 kDa monomeric enzyme encoded by the birA gene
in E. coli.*' Biotin ligase catalyzes the transfer of biotin to the €-amino group of a
specific lysine residue within the Avitag, in vitro or in vivo. Unfortunately, in vivo
biotinylation of proteins mediated by biotin ligase is often inefficient due to a limiting
amount of biotin ligase in the cells (over expression of BirA in bacterial cells results
in the formation of inclusion bodies) and is highly cytotoxic.?! In our approach
(Method B, Figure 7.1), the simple addition of the cell-permeable cysteine-biotin
probe to the culture media containing cells expressing the target protein, followed
by a brief incubation, resulted in a substantial biotinylation of the protein inside the
cells. Further optimizations of the cell growth and in vivo biotinylation conditions
led to an increased level (90 to 95%) of protein biotinylation in the cells. Following
in vivo labeling the cells are lysed and the crude lysate can be directly spotted onto
microarrays (Protocol 2). Endogenous nonbiotinylated proteins present in the cell
lysate can be washed away in an efficient and highly-parallel fashion (thousands of
different protein spots could be processed simultaneously on a single glass slide),
so that protein purification and immobilization are essentially carried out in a single
step to generate functional protein microarrays.!” This is true because of the rare
occurrence of naturally biotinylated proteins in the cell, and the highly specific and
strong nature of biotin/avidin interaction, which can withstand extremely stringent
washing/purification conditions otherwise impossible with other affinity tags.!
For both systems (in vitro and in vivo), apart from endogenous biotinylated
proteins, the only other biotinylated protein was the target protein. We have found
that the efficiency of intein-mediated protein biotinylation, both in vitro and in vivo,
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depends greatly on the intein fused to target protein — as much as 2- to 10-fold
improvement in protein biotinylation may be achieved by the simple switch in the
intein used.'

Protein Biotinylation in a Cell-Free System

The intein approach has also been extended to a cell-free protein synthesis system
(Method C; Figure 7.1). A cell-free system has many advantages?? over both the in
vitro and in vivo methods described. Potentially a large number of proteins could be
simultaneously expressed in a matter of hours in 96- or 384-well formats using
commercially available, cell-free protein translation systems. Cellular toxicities due to
the over expression of certain proteins, possible degradation by endogenous proteases
and formation of inclusion bodies by proteins can be all together avoided as well.

We recently reported another cell-free strategy which utilizes puromycin-containing
small molecules to site-specifically biotinylate proteins at their C-termini
(Figure 7.2).'¢ Puromycin is an aminonucleoside antibiotic produced by Streptomyces
alboniger. As puromycin resembles the 3’ end of the aminoacyl-tRNA, it competes
with the ribosomal protein synthesis by blocking the action of the peptidyl trans-
ferase, leading to inhibition of protein synthesis in both prokaryotic and eukaryotic
ribosomes. It was previously found that, at low concentrations, puromycin and its
analogs act as noninhibitors of the ribosomal protein synthesis and get incorporated
at the C-terminus of the newly synthesized protein.?* Our approach thus exploited
a similar phenomenon for protein biotinylation. Using this newly developed method,
we showed biotinylated proteins could be obtained in a matter of hours using
plasmids or PCR products as DNA templates, and that this method is compatible
with other high-throughput cloning/proteomics methods such as the Gateway®
(Invitrogen, Carlsbad, CA) cloning strategy (Protocol 3).13

Immobilization of Biotinylated Proteins onto a Microarray

Following the expression of biotinylated proteins using the various approaches
described above, the proteins could be spotted onto avidin-functionalized glass slides,
and detected using specific analytes such as antibodies. Using optimized procedures
(e.g., Protocols 4 and 5), we have successfully immobilized many different proteins
onto avidin-functionalized slides. In most cases, we were able to retain sufficient
functional activity of the immobilized proteins (Figure 7.3). Our studies also revealed
that the interaction between the biotinylated protein and avidinfunctionalized slide was
highly stable and able to withstand harsh treatments, including 1 M acetic acid at pH
3.3, 60°C water, and 4 M guanidium hydrochloride (Figure 7.4): no reduction in the
intensity of printed protein signals was detected when probed with a fluorescein-
labeled, anti glutathione-S-transferase (FITC-anti-GST) antibody.

PROTEIN IMMOBILIZATION VIA AN N-TERMINAL CYSTEINE

In a separate but complementary method, the Ssp intein tag was used to generate
N-terminal cysteine-containing proteins for site-specific immobilization onto
thioester-functionalized glass slides by means of a highly specific chemical reaction
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FIGURE 7.2 Puromycin-assisted protein biotinylation. (A) At a high concentration, puromy-
cin binds nonspecifically to nascent protein, bringing about premature termination; (B) At a
low concentration, puromycin binds to full length protein at the stop codon; (C) Structure of

the 5’-biotin-dC-Puromycin used for protein biotinylation.



122 Functional Protein Microarrays in Drug Discovery

EGFP  MBP GST

EGFP GST/Glutathione

B EE R

(@) (b)

FIGURE 7.3 Site-specific immobilization of biotinylated, functionally active proteins onto
avidin slides. (a) EGFP, MBP, and GST were individually detected with Cy3-anti-EGFP
(green), Cy5-anti-MBP (red), and FITC-anti-GST (blue), respectively; (b) specific detection
of all three proteins with a mixture containing all three antibodies; (c) fluorescence from the
native EGFP; (d) specific binding between GST and its Cy3-labeled natural ligand, glutathione.
No binding between glutathione and EGFP/MBP was observed.

known as native chemical ligation.?*? Terminal cysteine-containing proteins were
generated using the pTWIN vectors (Figure 7.5). These vectors allow the expression
of target proteins with the self-cleavable modified Ssp DnaB intein having a chitin
binding domain fused at their N-termini. The recombinant protein was engineered
by standard PCR-based methods and subsequently expressed to have a cysteine
residue as its N-terminus, by simply inducing protein expression (the physiological
pH induces complete cleavage of the intein from the fusion protein, generating an
N-terminal cysteine). Following induction, cells were lysed and the crude cell lysate
with the N-terminal cysteine-containing protein could be site-specifically immobi-
lized onto thioester-functionalized slides via the chemoselective native chemical
ligation reaction.'#?6-28 Only the terminal cysteine residue reacts with the thioester
to form a stable peptide bond; other reactive side chains, including internal cysteines,
do not react to form a stable product (Protocols 6 and 7).

For a trial study, two N-terminal cysteine-containing proteins, enhanced green
fluorescent protein (EGFP) and GST, were generated and immobilized onto

(a) (b) (c) (d)

FIGURE 7.4 Biotinylated GST on avidin slides subjected to different washing conditions.
(a) 30 min in 1 M acetic acid at pH 3.3, (b) 30 min in 60°C water, (c) 30 min in 4 M
guanidimium hydrochloride, and (d) control slide with no treatment. Slides probed with FITC-
anti-GST.
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FIGURE 7.5 Site-specific immobilization of N-terminal cysteine-containing proteins using
thioester-derivatized glass slides. The N-terminal cysteine-containing proteins were expressed
using intein-fused proteins.

PEG-thioester functionalized glass slides (Figure 7.6). The immobilized proteins were
successfully detected with specific antibodies conjugated with a fluorescent dye. They
were shown to retain their biological activities. EGFP fluorescent intensity showed no
significant decrease with prolonged storage and stringent wash conditions.

FIGURE 7.6 EGFP printed onto PEG-thioester-functionalized slides in decreasing protein
concentrations from 1 mg/ml to 0.001 mg/ml with Cy5-labeled anti-EGFP.
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IMMOBILIZATION USING GENETIC TAGS

DNA microarrays can be fabricated more easily and enjoy longer shelf life than their
protein counterparts.?” Some scientists have come up with strategies that allow nucleic
acid-mediated immobilization of proteins, because in addition to proving as robust
tools of immobilization, they also provide unique addresses that can allow production,
purification and immobilization of a library of proteins in a highly parallel fashion.

Weng et al. tethered in vitro translated proteins with their coding mRNAs, and
subjected these assemblies on slides printed with complementary nucleotide
sequences.’® This strategy was shown to localize the protein conjugates to predefined
“addresses” by simple hybridization. It was also demonstrated that the relative amount
of immobilized proteins could be directly controlled by varying the concentration of
the capture oligonucleotides spotted on the glass slide. This strategy, termed PROfu-
sion™ technology, adopts traditional DNA microarray strategies for the provision of
protein microarrays by self-assembly mediated by DNA hybridization. Along the same
vein, Ramachandran et al. have developed an interesting strategy by immobilizing a
variety of plasmids (cross-linked using ultraviolet light to psoralen-biotin) that code
for target proteins together with a C-terminal GST epitope.?! During the printing
process, anti-GST antibodies were co-immobilized together with avidin and the bioti-
nylated plasmids onto predefined locations on the array. Proteins were expressed by
subjecting the array surface to in vitro transcription and translation, allowing each
protein to be immobilized in sifu through the GST tag. Cross reactivity between spots
was shown to be negligible by using suitable spotting densities as well as other
optimized conditions. The strategy, termed nucleic acid programmable protein array
(NAPPA) enables long-term storage of the stable DNA microarrays, which can be
readily converted, when required, into active protein microarrays.

PROTOCOLS
Prot1ocoL 1

In vitro protein biotinylation using intein-mediated strategy

1. Transform the plasmid into a suitable host strain that bears the T7 RNA
polymerase gene under an inducible promoter; induce protein expression
under optimal conditions.?

2. Harvest cells by centrifugation (5000 g, 15 min, 4°C). Discard superna-
tant. Store pellets at —20°C or immediately proceed to cell lysis.

3. Resuspend pellet from 1 liter culture into 50 ml cold lysis buffer (20 mM
Tris-HCI pH 8.0, 500 mM NaCl, 1 mM EDTA, 0.1% Triton X-100).® Lyse
cells by sonication or using French press.c

4. Clarify the lysate by centrifugation (20,000 g, 30 min, 4°C) and collect
the supernatant.

5. Pack the desired volume of chitin beads into a column (3 ml of beads is
sufficient for protein purification from 200 ml of culture).
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6. Prior to loading of the crude cell lysate, pre-equilibrate the column with
10 column volumes of column buffer (20 mM Tris-HCI pH 8.0, 500 mM
NaCl, and 1 mM EDTA) at 4°C.¢

7. Load the clarified cell lysate onto the column at a flow rate of 0.5 ml/min.

8. Wash the column with = 30 column volumes of column buffer at a flow
rate of 2 ml/min to remove all traces of contaminating proteins.

9. Quickly flush the column with 3 bed volumes of column buffer containing 30
mM cysteine-biotin; stop the flow and incubate the column overnight at 4°C.¢

10. Elute biotinylated target protein using column buffer or a specific buffer
for long-term storage of proteins.
11. Desalt with a NAP-5 column, if necessary, before proceeding to spotting.

ProT1ocoL 2

In vivo protein biotinylation in bacterial cells

1. The initial steps of cloning, transformation and induction of protein
expression are essentially the same as the in vitro based method.'6-"7

2. Following induction, add MESNA and cysteine-biotin to the induced

bacterial culture to a final concentration of 30 mM and 3 mM, respectively;

incubate at 4°C for 24 h with constant shaking.

Harvest cells by centrifugation (6000 g, 15 min, 4°C).

4. 