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Abstract

The analysis of self-assembled protein microarrays, using matrix-assisted laser desorption/
ionization (MALDI) mass spectrometry, combines two high-throughput platforms for
investigation of the proteome. In this report, we describe the fabrication in situ of protein arrays
optimized for MALDI characterization. Using the Green Fluorescent Protein (GFP) both as an
epitope for immaobilization and as a gauge for relative protein expression, we were able to generate
amounts of protein on the array slides sufficient for MALDI identification. In addition, expression
of N-terminal protein constructs fused to GFP also demonstrated mass shifts consistent with that
of the full-length protein. We envision this technology to be important for the functional screening
of protein interactions.
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Introduction

Protein microarrays are emerging as tools for the high-throughput analysis of global protein
interaction networks. While a number of protein microarray platforms have been described
[1; 2; 3; 4], the major bottleneck impeding their widespread implementation has been the
expression and purification of proteins to spot onto the arrays. Current forward-phase
protein microarray fabrication involves the recombinant production of proteins separately,
following which the proteins are spotted and immobilized as arrays [5].
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The self-assembled protein microarray approach neatly sidesteps the labor-intensive
production of individual recombinant proteins, as it replaces the printing of protein elements
with the printing of their corresponding cDNA [6]. In this method, the arrayed cDNAS
encode different protein elements fused to a common epitope tag, and are transcribed and
translated in situ by addition of commercial cell-free extract. The newly synthesized protein
is captured on the slide surface by previously-immobilized capture antibodies that bind the
epitope tag. A variant of this method [7] incorporates synthesis of the E. coli Tus protein, a
DNA binding protein, in the fusion proteins, and inclusion of Ter, its cognate DNA binding
sequence, as part of the arrayed DNA elements, allows capture without the need for spotting
of additional antibody molecules.

The multiple-spotting technique of reagent delivery allows for spatial separation of the
microarray elements during the protein synthesis and immobilization, which prevents
protein diffusion, or “cross-talk” between proteins expressed on adjacent elements [8].
Rehydration of the cell-free extract forms nanoliter-scale protein synthesis reactions, and the
volume of the reaction can be tuned by varying the salt concentration in the chamber
reservoir which ultimately changes the relative humidity in the chamber.

Arrays generated in this fashion have largely been developed for downstream detection
using immunoassays. While it is the most common platform, antibody-based methods for
the high-throughput analysis of protein microarrays suffer from problems with antibody
crossreactivity [9], low multiplexing ability [10], epitopes where an antibody is unavailable
[2], inability to detect sites of post-translational modifications, and detection of unknown or
multiple binding partners.

MALDI, however, offers several advantages over secondary detection methods to analyze
bait protein interactions, such as the ability to rapidly sequence and identify unknown
binding partners, detect post-translational modifications [11], and characterize protein
isoforms [12]. For protein arrays generated in situ, MALDI also serves as a quality control
for expression of full-length bait protein at each array element. A fundamental requirement
in using MALDI for the analysis of self-assembled protein microarrays is that sufficient
protein should be expressed on the array surface in quantities above limit of detection of the
instrument. As it was necessary to maximize protein expression to generate enough protein
for MALDI, we employed GFP and GFP-tagged constructs in assay development. This
allowed rapid quantitative monitoring of the relative amounts of expressed and surface-
immobilized protein throughout the assay process using a microarray scanner. This design
also allows selection of the full-length protein product via the C-terminal GFP epitope. In
this article, we describe the construction of self-assembled protein microarrays suitable for
downstream MALDI analysis.

DNA Constructs

The sGFP coding sequence was amplified with the polymerase chain reaction (PCR) using
primers 5’-ACTGCCATGGTGAGCAAGGGCG-3’ (Ncol, forward) and 5'-
ACTGCCCGGGGAGGATCCCCTTGTACAGC -3’ (Xmal, reverse). After double
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digestion, the product was ligated into pIVEX2.7d vector (Roche), previously linearized
with the same enzymes. This construct produces sGFP with a C-terminal AviTag (a 15-
amino acid sequence that can be easily biotinylated with biotin ligase BirA). The sGFP-
AviTag sequence was amplified with primers 5’-
CTGACTTCCGGAATGGTGAGCAAGGGCGAGG -3 (BspE I, forward) and 5'-
ACTGAAGATCTTTATTCGTGCCATTCGATTTTC -3’ (Bgl Il, reverse), the product
linearized with BspEl and Bglll, and ligated into the Xmal/BamH]I sites of the plVEX2.3d
vector (Roche). This approach maintains the pIVEX2.3d multiple cloning site in an almost
intact state, which enhances its suitability for production of in-frame C-terminus GFP-
tagged proteins. The coding sequences of CusF and SLY2 were amplified with the following
primers: CusF, 5-AAGCTCCATGGCTAACGAACATCATCATGAAAC-3’ (Nco I,
forward) and 5-AAGCTCTCGAGCTGGCTGACTTTAATATCCTG-3 (Xho I, reverse);
SLY2, 5-ACTAGCCATGGATGAGGAGCAAGTTTCATTTGAC-3 (Nco I, forward) and
5-ACTGCTCGAGGTCTGAAACGAACAATGGCAG-3' (Xho I, reverse). pIVEX2.3d-
GFP was linearized with the same pair of enzymes before ligation. All final constructs were
confirmed by sequencing.

Multiple spotting technique

The slides were generated using a multiple spotting technique [8; 13; 14] optimized to
generate sufficient protein for downstream MALDI analysis (Figure 1). An Omnigrid-100
microarrayer (Genomic Solutions/Gene Machines) with split channel 100 pm diameter
SMP3 pins (Telechem) was used to print the antibody, DNA, and cell-free extract. The
delivery volume of the pins is ~0.7 nL, and we printed each of the solutions three times to
maximize reagent delivery to each array element. The subarrays contained array elements in
a7 x 7 grid and the center-to-center spacing of the array elements was 600 um. A solution of
1 mg/mL polyclonal goat anti-GFP (Rockland) was added to a 384 well plate and spotted
onto Indium Tin Oxide (ITO) microscope slides (Sigma-Aldrich) coated with the Codelink
(SurModics) TRIDA NHS-ester surface. The printed slides were immediately rehydrated
following printing.

Rehydration and protein synthesis

To rehydrate the spots for covalent antibody attachment to the surface, the slides were sealed
in a microarray hybridization chamber (Telechem) containing 120 puL of 90 mM sodium
citrate, 300 mM sodium chloride, pH= 7.0 (3X SSC) in the reservoirs and incubated
overnight at 30°C. Slides were blocked in 10 mL StabilGuard Immunoassay Stabilizer BSA-
free (SurModics, product code SG01) for 1 hour on a rotator and rinsed with water. The
slides were realigned with the microarrayer surface plate and 1 pg/uL C-terminal GFP
plasmid in water was printed directly over the spots at which the capture antibody was
immobilized. The bacterial cell-free transcription and translation (IVTT) mixture (RTS-100,
Roche) was subsequently printed on the same positions as the antibody/DNA, and the slides
were immediately rehydrated. The slides were sealed again in a hybridization chamber
containing 120 uL of 3X SSC in the reservoirs, and incubated overnight at 30°C to allow for
protein synthesis (Figure 1b) and product immobilization. The slides were washed twice in
10 mL of Stabilguard buffer for 15 minutes each. Finally, the slides were rinsed thoroughly
with water and spun dry.
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Analysis of expressed protein elements

GFP fluorescence was detected using a GenePix 4200AL microarray scanner equipped with
an argon ion 488nm laser. A standard curve of fluorescence emission was generated using a
spotted dilution of GFP to estimate the expression level of protein spots on the slide. A 1
mg/mL solution of GFP (Roche) was serially diluted using 50 mM sodium phosphate (pH
8.0) and printed onto Codelink slides using a single print (0.7 nL). The slides were not
blocked or washed, and were scanned immediately after printing. The standard curve was
used to relate fluorescence emission to the amount of protein per spot, based on a delivery
volume of 0.7 nL. Fluorescence quantification on the microarrays was carried out using
Genepix software. Although MALDI cannot be considered a truly quantitative mass
spectrometric method, we needed to be able to estimate the protein analyte range over which
detectable MALDI signals could be obtained. In order to qualitatively estimate the
sensitivity of the MALDI instrument, a standard curve similar to that described for printed
GFP was generated using a dilution of BSA in water. This standard curve was printed on a
bare 2” x 2” indium tin oxide coated MALDI slide (Sigma) using a single print of a dilution
of 100 mg/mL BSA in water. The subarrays contained array elements positioned in a 15 x
15 grid, with an element center-to-center spacing of 150um. The BSA standard curve was
not blocked or washed prior to MALDI processing. Finally, aliquots (1 pL) of saturated
sinapinic acid in 70:30 acetonitrile:water containing 0.1% trifluoroacetic acid were hand-
spotted over the protein subarrays and allowed to dry. MALDI-TOF spectra were acquired
on a Bruker Reflex 11l MALDI-TOF instrument in linear mode detecting positive ions. A
commercial N2 laser was used for ionization (337 nm). In order to obtain protein ions with a
high signal to noise ratio, the laser power was operated in the region of 35-45%, the
accelerating voltage was 20 kV, and the duration of the laser pulse was 3 ns.

Results and Discussion

Optimization of on-slide protein synthesis

In the first experiments, using a dilution series of BSA printed directly onto the MALDI
sample holder, we determined the limit of detection of the mass spectrometer, in linear-
mode MALDI, as being approximately 10 fmol per spot (Figure 2). The next experiments
were done to provide an estimate, based on GFP fluorescence emission, of the amounts of
protein produced per spot by the transcription-translation system (Figure 3). Based on
emission of GFP fluorescence for the expressed protein, we estimate that our system
generates approximately 4 fmol protein per array element. Efficient surface immobilization
of in situ expressed proteins is necessary to provide sufficient protein for downstream
MALDI analysis, and this necessitated the use of capture antibodies on the surface. We
evaluated various surfaces and slide manufacturers for capacity to bind protein and found
that NHS-ester coated slides bound significantly more protein than epoxide, aldehyde, and
nitrocellulose coated slides based on GFP fluorescence (data not shown). This was
performed by printing 1 mg/ml GFP onto each surface, washing the slides in the Stabilguard
buffer as described in the Methods section, and scanning the washed slides for bound GFP.

Arraying the cell-free transcription/translation mixture allowed for the miniaturization and
confinement of on-slide protein synthesis, which ultimately produced higher yields of
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protein per spot than that method in which the total slide is covered with the same mixture
[15]. At 30°C, an appropriate minimal rehydration of the printed cell-free extract compatible
with protein production was achieved using 3X SSC as the chamber well solution. Placing a
solution saturated with SSC salts in the chamber well failed to allow spot rehydration, and
using pure water led to an excessive hydration, and resulted in spot enlargement to the point
that they ultimately merged. In this manner, the volume of each rehydrated protein synthesis
reaction was controlled by chamber humidity. This improvement in yield using reduced
volumes compared to expression yields in the recommended solution conditions (IVTT
manufacturer's instructions) may be due to multiple-order reaction kinetics, in which
reaction rates increase exponentially in reduced volumes.

Since MALDI requires a conductive surface for proper desorption, we obtained
commercially-available ITO -coated glass microscope slides which were then coated with
the amine-reactive Codelink surface in collaboration with Surmodics; coating the ITO-glass
slides with the Codelink surface did not affect the surface conductivity of the slides (data not
shown). Preliminary experiments indicated MALDI detection was sensitive to residual ions
and polymers present in the cell-free extract, indicating that blocking was necessary. It was
also found essential to block residual active NHS-ester groups using on the slide surface
using Stabilguard buffer prior to printing the transcription/translation extract.

MALDI detection of expressed proteins

After in situ expression of proteins from the plasmids, and crystallization with matrix, the
presence of full-length proteins was successfully detected by MALDI (Figure 4). The m/z
profiles show discrete peaks at 28,000, 37,250, and 39,700 Da, indicating expression of
GFP, SLY2-GFP, and CusF-GFP, respectively. The mass differences of 9,250 and 11,700
Da between SLY?2-GFP, CusF-GFP, and GFP are consistent with insertion of SLY?2 and
CusF at the N-terminus of GFP. The peak at 23,800 probably represents the light chain of
the anti-GFP capture antibody, since it appears in the spectra of controls lacking plasmid,
and is absent from those of spots lacking capture antibody (Figure 4E). This is consistent
with observations using MALDI for analysis of microarrayed spots of an anti-Ras antibody
[16]. Intact capture antibody (MW ~140,000) or antibody-antigen complexes in the high
m/z range were not detected in the MALDI spectra. The reasons for this may be due to the
repulsive electrostatic forces between the antibody and antigen that are dominant in the gas
phase, and the covalent immobilization of the capture antibody may prevent desorption of
the intact antibody from the surface.

The major limitation in using this approach appears to be the expression of larger proteins.
We have evaluated a number of cDNA constructs that encode fusion proteins greater in size
than 40 kDa and have found that both the C-terminal GFP signal and MALDI signal
intensity are significantly reduced as compared to those fusion proteins that are smaller than
40 kDa. This problem is not likely due to this particular type of printing method, but rather a
function of the properties of the cell-free extract used to synthesize the proteins. Lower
yields of these larger constructs are also observed when they are expressed in solution
according to the manufacturer's instructions. It is anticipated that with further developments
in commercial in vitro transcription / translation mixtures, a more robust means of protein
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production will emerge that is less sensitive to product size, and that can then be used for
fabrication of protein microarrays containing these larger proteins.

Herein, we have described a multiple spotting technique to generate auto fluorescent protein
microarrays as a development tool for maximizing on-chip functional protein expression.
The amount of protein generated at each array element is quantified using a microarray
scanner, and the full-length protein products are detected using MALDI. The combined
technologies of protein self-assembly and MALDI can be used for high-throughput
screening of proteins for structure/ function determination, as theoretically every spot in the
array can contain expression cDNAs encoding different proteins. We anticipate that
advances in high-throughput protein expression and analysis such as those described here
will complement traditional protein microarrays which rely on antibody-based detection.
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Figure 1.
(A) Self-assembled protein microarray scheme using a multiple spotting technique. First,

Anti-GFP is printed on a conductive glass slide coated with an amine-reactive surface and
the slide is incubated in a humid chamber to allow for immobilization of the antibody. DNA
constructs with a T7 promoter and C-terminal GFP tag are printed at each microarray
element on top of the immaobilized antibody. Cell-free extract is printed on top of the DNA/
antibody spots and rehydration of the spots commences transcription, translation, and
capture of the full-length bait protein. (B) Rehydration of the microarray in a sealed chamber
forms separate protein synthesis reactions at each array element.
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Figure 2.

Qualitative assessment of the sensitivity of the MALDI system. MALDI sensitivity of a
microarray-printed dilution of BSA shows the limit of detection to be greater than 10 fmol
per spot.
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Figure 3.
Standard curve of GFP.

A printed dilution of GFP in a 7x7 grid for each subarray was used to generate a standard
curve to quantitate the amount of expressed GFP and GFP-constructs for the self-assembled
arrays.
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Figure 4.
MALDI spectra of self-assembled protein array elements. (A) Control spectra of spots

without the expression plasmid show artifact peaks from immobilized Anti-GFP. Spots
containing plasmids for expression of GFP (B), CusF-GFP (C), and SLY?2-GFP (D) show
peaks at the expected m/z values for full-length protein. (E) Spectra of array elements
without immobilized Anti-GFP show minimal binding of contaminants from the cell-free
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transcription/translation mixture. Arrows in B, C, and D indicate expression of GFP, CusF-
GFP, and SLY2-GFP, respectively.
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