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Abstract
We have created a novel enzyme reactor using electric field-mediated orientation and
immobilization of proteolytic enzymes (trypsin/chymotrypsin) on biocompatible PVDF
membranes in a continuous flow-through chamber. Using less than 5 minutes, this reactor in
various enzyme combinations can produce enhanced rapid digestion for standardized prototypic
proteins, hydrophilic proteins and hydrophobic transmembrane proteins when compared to in-
solution techniques. With improved digestive efficiency, our reactor improved the overall
functional analysis of lipid raft proteomes by identifying more closely functionally linked proteins
and elucidated a richer set of biological processes and pathways linked to the proteins than
traditional in-solution methods.
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With advances in data confidence using the statistical analysis of increased sample
replicates, high-throughput mass spectrometry (MS)-based shotgun proteomics has the
potential to transit from a discovery technology to a declarative scoring process [1–4]. Such
advances would greatly facilitate the creation of global and dynamic views of simultaneous
functional protein interactions in biological settings. One of the most challenging steps in
high-throughput format experiments is the rapid and efficient generation of peptides for such
MS-based proteomics analysis. The challenges are particularly stringent for membrane
proteins regulating central nervous system transmission as they demonstrate poor
solubilization, low abundance and relative paucities of tryptic cleavage sites, e.g. ligand-
gated ion channels or G protein-coupled receptors (GPCRs), which are usually under-
represented in the MS discovery process [5].
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Less specific proteases such as proteinase K [6], elastase[7] and pepsin[8] have been used
for the proteomic analysis of such under-represented proteins. Non-specific proteases can
produce large numbers of peptides but have demonstrated a low degree of specificity for
local sites in certain structural motifs [9]. Specific protease digestion in a high-throughput
format for under-represented membrane proteins is highly desirable for rapid sample
processing, targeted cleavage, and fast database interrogation. To fulfill such requirements,
immobilized enzyme reactors (IMERs) with specific proteases have the potential to provide
rapid and enhanced digestion, which is also essential to the automation, reproducibility,
efficiency of protein identification and improved proteomic coverage. IMERs rely upon
efficient immobilization of functional enzymes to a variety of solid supports: resin beads,
membranes, the inner surface of fused silica capillaries and monolithic materials. IMERs
can be generated using several mechanisms including sol-gel entrapment [10], layer-by-
layer assembly [11], covalent binding or physical adsorption [12]. IMERs have
demonstrated excellent processing properties with high enzymatic activity and are highly
synergistic with high-throughput MS analysis.[13] Traditional strategies for IMER
preparations however are extremely time-consuming and involve many steps that may
degrade enzyme bioactivity. Moreover, extraction of biologically-relevant MS data for
under-represented transmembrane (TM) proteins is often difficult compared to extraction of
soluble protein data using current technology.

To address these issues, we describe a rapid, efficient and facile strategy to achieve
functional enzyme immobilization at the surface of a biocompatible PVDF membrane using
electric-field-orientation (EFO: the details of the setup are in Supplementary data under
“Materials and Methods”, Figure S1 A–D and Figure S2) [14–16]. Using a controllable
electric field, enzyme dipoles can be fixed at the surface of the biocompatible membrane in
a continuous flow-through chamber within only 15 minutes. Due to our rapid reactor
generation, we can employ proteolytic enzymes in their most active formats. When
dissolving trypsin in ABC (ammonium bicarbonate) as compared to acetic acid for
immobilization, we observed substantial increases in BSA sequence coverage from 26%
(acetic acid) to 94% (ABC) (data not shown). This elevated coverage is suggestive that the
resultant conformation of an immobilized enzyme is crucial for its function. Dissolution and
immobilization of an enzyme at its pH optimum may help to sustain suitable conformation
and charge properties for active protein digestion. Although the use of proteolytic enzymes
in their inactive forms may decrease enzyme autolysis, the rapid preparation process of
EFO-IMER and increased stability from immobilized enzymes may attenuate the possibility
of enzyme autolysis. Another advantage of the EFO-IMER process is the ability, through its
simple and rapid physical construction, to accommodate multiple endoproteases in one
reactor. This aspect can then increase digestion efficiency in a rapid and reliable manner
using multiple ambient temperatures.

To demonstrate the experimental usefulness of our EFO-IMER, we first employed the
prototypic protein BSA (bovine serum albumin). BSA (1 mg/mL) was used to test the
efficiency of EFO-IMER-immobilized trypsin at multiple infusion rates. We performed all
MS analyses for resultant digests on multiple LXQ or LTQ mass spectrometers
(ThermoFinnigan), essentially as described previously[17] (supplementary Methods). As
judged by SDS-PAGE and LC-MS/MS analysis of BSA peptides, we determined that the
optimized flow rate for chamber digestion was 2 μL/min (Figure S1E). The reproducibility
for the immobilization of the target protease(s) could be precisely controlled by input
enzymes concentration, electric field strength and application time (n=5, CV=2.1%). Our
results demonstrated that the enzyme was very stable. Using BSA, we found that the CV of
BSA coverage was <5% within one day (n=6), and we achieved a CV <22% within 10 days
(n=10). No significant cross-contamination was found after thorough washing with ABC.
Since non-specific cleavages and missed cleavages are very important for successful protein
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ID generation, we compared trypsin efficiency on these two aspects between in solution and
after immobilization on PVDF membranes, aided by EFO. The presence of peptides with
non-specific cleavages was 16% in the EFO-IMER based dataset and 30% in the in-solution
dataset, suggesting that rapid digestion facilitated specific digestion. These two methods
yielded similar percentages of missed cleavage sites in the total set of identified peptides
(Figure S3). It is interesting to note that a much better coverage as well as more peptides
could be identified using EFO-IMER. To test whether the EFO-IMER was compatible with
chaotropic agents, we used 8M urea to reconstitute BSA. The coverage in this condition was
86% using the EFO-IMER, compared to 67% using in-solution digestion, suggesting that the
EFO-IMER can also work with chaotropic agents of high concentration.

Indicating the flexibility of our EFO-IMER system, i.e. it easily accommodated multiple
endoproteases in a single reactor. We next assessed its performance, side-by-side, with in-
solution protocols using trypsin, chymotrypsin and a mixture of trypsin and chymotrypsin
respectively (Figure S2A). We used chymotrypsin as a model protease because it can
produce more proteolytic peptides from membrane proteins than other individual proteases
due to its hydrophobic cleavage sites [18, 19]. To compare and illustrate resultant peptide
information, we designed a 6-set Venn diagram software program (VENNTURE) and a
sequence alignment program (using C++), to visualize the unique and overlapping peptides
generated from our multiple applied digestive methods (Figure S2B, S2C). We tested
multiple digestive paradigms comparing standard digestive techniques to our EFO-IMER,
using both trypsin and chymotrypsin. The EFO-IMER reactor configuration employing
trypsin and chymotrypsin produced the highest number of detected peptides (155) and the
best sequence coverage (94%) of BSA, compared to the other 5 paradigms tested (Figure
S2A, S2C) (n=3, CV<5.6%). Using an additional prototypic protein, α-casein, we also
observed a similar superiority of the EFO-IMER process compared to standard digestive
techniques (Figure S3A–C). EFO-IMER-derived peptide mixtures were also efficiently
handled by standard LC MS/MS systems, as well as commonly used database search
algorithms. As different digestion methods can create idiosyncratic peptide outputs, the
integration of results from multiple preparative processes could lead to greater sequence
coverage and eventually a deeper biological appreciation of the input sample (Figures S2C,
3C).

We next employed a protein prototype from a group (transmembrane proteins) commonly
under-represented in MS analysis. Bacteriorhodopsin, a heptahelical TM protein, was
chosen as an archetypical hydrophobic and poorly digestible protein to further assess EFO-
IMER digestive efficiency and its range of applicability. EFO-IMER-mediated digestion of
bacteriorhodopsin, compared to classical overnight in-solution digestion, resulted in a
greater number of recovered peptides, a higher sequence coverage and a greatly reduced
processing time (EFO-IMER, 0.5h; in-solution, 18h: Figure 1). As many important TM
proteins usually demonstrate a low abundance, compared to cytosolic proteins, we also
investigated the ability of the EFO-IMER to assist analysis of multiple protein levels of
bacteriorhodopsin. The EFO-IMER demonstrated an ability to efficiently extract protein
information from considerably lower bacteriorhodopsin levels than the in-solution process.
EFO-IMER-mediated digestion of a 1 mg/mL concentration of bacteriorhodopsin yielded 57
unique peptides (83% coverage, 80% hydrophobic peptides) compared to only 3 peptides
(10% coverage, 0% hydrophobic peptides) recovered using in-solution digestion of 1 mg/
mL bacteriorhodopsin. EFO-IMER-mediated digestion of 0.1 or 0.01 mg/mL
bacteriorhodopsin yielded 22 peptides (41% coverage, 60% hydrophobic peptides) and 1
peptide (9% coverage, 100% hydrophobic peptides) respectively, while no peptides were
recovered from in-solution digestion of these lower bacteriorhodopsin concentrations. We
reasoned that hydrophobic peptides generated after proteolysis would not be retained on the
PVDF membranes of the chamber and could be efficiently analyzed by LC-MS/MS. One of
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the possible reasons for this is, that after enzyme immobilization with the aid of EFO, the
surfaces of PVDF were saturated by enzymes and were changed from hydrophobic to
hydrophilic. Therefore some hydrophilic proteins, instead of hydrophobic proteins, could be
lost during the EFO-IMER process.

We also compared the EFO-IMER with a proprietary immobilized trypsin (Promega, Cat.#
V9012). Sequence coverage of digested bacteriohodopsin was only 12% using immobilized
trypsin compared to 82% using EFO-IMER immobilized with trypsin and chymotrypsin.
There are several possible reasons for this interesting result: more homogeneous
immobilization aided by EFO; more active enzyme due to fresh preparation in the EFO-
IMER format; and more efficient cleavage of membrane proteins by the combination of
trypsin and chymotrypsin.

While the proteomic-MS analysis of prototypic proteins is aimed at generating maximal
accuracy of peptide identification and coverage, the extraction of biologically-relevant
functional data is the main priority for MS-based proteomic analysis of complex biological
samples [20]. We therefore investigated whether the EFO-IMER could facilitate the
enhanced extraction of biologically-relevant data from proteomic analyses of highly
complex, hydrophobic protein extracts. We used neuronal lipid rafts as model samples.
Lipid rafts are small, high-density lipid areas of the plasma membrane that contain multiple
signaling proteins crucial for synaptic neurotransmission [21]. Their high hydrophobicity
and relatively low protein content pose significant problems of solubilization, digestion and
data extraction, which may hinder proteomic-MS investigation of the important membrane
proteins present in lipid rafts [22]. Lipid rafts were extracted from mouse cortex and the
presence of the neuronal lipid raft marker, flotillin-1, in fractions was assessed (Figure S4).
Flotillin-rich fractions (fractions 2–5) were then pooled for each individual animal (n=3).

Using EFO-IMER or in-solution digestion protocols, we were able to identify multiple
proteins from cortical lipid raft extracts (Table S1, S2 and S3). The functional signaling
relevance of the extracted protein data for both scenarios was then directly compared using
multiple complementary un-biased bioinformatic techniques (Figure S5). Using ProtParam
(http://expasy.org/tools/protparam.html) to calculate the grand average of hydropathy
(GRAVY), the EFO-IMER-derived protein set, possessed more proteins with a higher
GRAVY score than the in-solution process. Mean scores for the total extracted proteins and
the positive or negative GRAVY-scoring proteins demonstrated a significantly greater
hydrophobicity of the EFO-IMER-derived protein set compared to the in-solution set
(Figure 2A–C). While the EFO-IMER process identified a greater number of proteins with a
greater hydrophobic nature than the in-solution process, we did however identify a greater
‘total’ number of proteins with the in-solution process. Therefore, with respect to the nature
of the extracted proteins the in-solution process identified proteins with a more hydrophilic
nature compared to the EFO-IMER. One possible explanation for this may be the relative
depletion of the more common hydrophilic proteins from the EFO-IMER chamber due to
their physical interaction with the considerable area of hydrophilic surfaces of the reaction
chamber (facilitated by enzyme saturation) compared to that which may occur with in-
solution digestion. Future reduction of this ‘hydrophilic’ protein loss, via chamber volume
reduction, or different protein enrichment techniques may therefore assist future IMER
preparation.

Lipid rafts, in-part, act to recruit and stabilize the functional interactions between membrane
proteins crucial for synaptic neurotransmission. We next investigated the functional biases
of EFO-IMER- or in-solution-derived protein sets using a novel data-mining process, as
described previously [23,24], i.e. latent semantic indexing (LSI: GeneIndexer, Computable
Genomix). LSI allows the relative quantitative measurement of the correlation of identity of
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multiple proteins in a set with a given input text interrogation term. We noted that more
proteins from the EFO-IMER versus in-solution datasets were implicitly correlated
(correlation score ≥ 0.1 is considered indicative of an implicit correlation) with membrane-
focused interrogation terms such as ‘HYDROPHOBIC’, ‘LIPID’, ‘LIPID RAFT’,
‘TRANSMEMBRANE’ and ‘SYNAPSE’ (Figure 2D). Using Gene Ontology-cellular
component (GOcc) analysis to identify the subcellular compartments where the constituents
of the EFO-IMER or in-solution dataset proteins are most statistically likely (p<0.05) to
reside, we noted that considerably more membrane-related GOcc term groups were more
strongly populated by the EFO-IMER dataset compared to the in-solution extracted dataset
(Figure 2E). We next compared the structural and functional grouping of these different
extracted datasets using NIH-DAVID (Database for Annotation, Visualization and
Integrated Discovery version 6.7: (http://david.abcc.ncifcrf.gov/home.jsp) to interrogate the
SwissProt/Uniprot Protein Information Resource (PIR: http://pir.georgetown.edu/) group
keywords databases. Using these analyses of the EFO-IMER or in-solution extracted protein
datasets, we found that EFO-IMER-mediated extracts were able to better generate protein
datasets indicative of trans-synaptic areas and cellular signaling processes (Figure 2F). Post-
synaptic lipid rafts contain many important signaling proteins and a considerable number of
these hydrophobic raft proteins are receptors. We therefore assessed whether the EFO-IMER
or in-solution extracted raft datasets demonstrated any transmembrane receptor-signaling
bias. Using Ingenuity Pathway Analysis to study the enrichment of receptor-signaling
pathways generated by either EFO-IMER or in-solution protein sets we noted a strong bias
in the receptor-based relationships between the two experimental datasets (Figure S6). The
EFO-IMER-extracted dataset possessed a much more profound receptor-signaling footprint
(greater number and higher scoring receptor-controlled signaling pathways), compared to a
similar analysis of the in-solution protein set (Figure S6). Using these multiple, un-biased,
integrative bioinformatic analyses, our data suggests that extraction of protein datasets using
the EFO-IMER process yields datasets that are more representative of the input sample and
that display a greater biologically-relevant functional output than classical in-solution
techniques.

In conclusion, we have employed the EFO-IMER to enhance digestion of hydrophilic (BSA,
α-casein) and hydrophobic prototypic proteins (bacteriorhodopsin). In addition we have
shown that EFO-IMER-mediated processing can extract more useful biologically-relevant
and biologically-representative data from complex hydrophobic protein mixtures (lipid
rafts). The streamlined EFO-IMER-based sample preparation workflow is compatible with
automation and may assist future high-throughput proteomic analysis of under-represented
protein groups. This could benefit biomarker verification and validation using targeted mass
spectrometry or a label-free method for biomarker detection.

Supplementary Material
Refer to Web version on PubMed Central for supplementary material.
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Figure 1.
A) Proportional Venn diagram illustrating the number of isolated peptides and percentage
coverage of bacteriorhodopsin digestion using EFO-IMER or in-solution digestion by LC-
MS/MS analysis and MASCOT database searches. B) Representative chromatograms of in-
solution-digested bacteriorhodopsin (upper panel) or EFO-IMER-digested bacteriorhodopsin
(lower panel) indicating the considerably greater peptide extraction from the hydrophobic
protein.
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Figure 2.
ProtParam, GeneIndexer, GO-cellular component term protein set analysis and PIR keyword
analysis. GRAVY scores were generated for each protein in the EFO-IMER (white bars) or
in-solution (black bars) digestion of murine cortical neuron raft extracts. A) Mean (±
standard error) GRAVY scores for all raft proteins extracted using both digestion techniques
(statistical significance calculated with un-paired two-tailed Student’s t-test: GraphPad
Prism v.5). B) Mean (± standard error) GRAVY scores for accumulated proteins from each
extraction technique that possessed net positive GRAVY scores. C) Mean (± standard error)
GRAVY scores for accumulated proteins from each extraction technique that possessed net
negative GRAVY scores. D) GeneIndexer (Computable Genomix) was employed generate
interrogation term-specific subsets of proteins from the primary input EFO-IMER or in-
solution datasets. Correlation of input proteins with interrogation terms (in capitals, 1–5)
required at least two interrogation term cross-correlations with an implicit correlation score
of ≥ 0.1. Interrogation term (1–5) correlation for protein sets from EFO-IMER- (white bar)
or in-solution- (black bar) derived datasets. For each membrane-related interrogation term
(1–5) the subsets of correlated proteins were greater for the EFO-IMER process compared to
in-solution. E) Gene Ontology cellular component (GOcc) analysis of EFO-IMER (white
bars) or in-solution (black bars) digestion protein datasets. Magnitude of GOcc term
population (1–16) was measured by hybrid score ((−log10 enrichment probability (p)) x
enrichment ratio). GOcc terms with a higher hybrid score for the EFO-IMER-derived
compared to in-solution-derived protein set (1–12) are highlighted in red. GOcc terms that
were significantly populated to a greater extent by the in-solution-derived protein set (13–
16) are denoted in grey. F) SwissProt/UniProt protein information resource (PIR) group
analysis of EFO-IMER- or in-solution digestion-derived protein sets from cortical lipid rafts.
A hybrid score ((−log10 enrichment probability (p)) x enrichment ratio) was generated for
each specific significantly-populated group. PIR groups were then clustered according to
functional relationships indicated by horizontal bars.
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