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Differential detergent fractionation (DDF), which relies on detergents to sequentially extract proteins
from eukaryotic cells, has been used to increase proteome coverage of 2D-PAGE. Here, we used DDF
extraction in conjunction with the nonelectrophoretic proteomics method of liquid chromatography
and electrospray ionization tandem mass spectrometry. We demonstrate that DDF can be used with
2D-LC ESI MS? for comprehensive cellular proteomics, including a large proportion of membrane
proteins. Compared to some published methods designed to isolate membrane proteins specifically,
DDF extraction yields comprehensive proteomes which include twice as many membrane proteins.
Two-thirds of these membrane proteins have more than one trans-membrane domain. Since DDF
separates proteins based upon their physicochemistry and subcellular localization, this method also
provides data useful for functional genome annotation. As more genome sequences are completed,
methods which can aid in functional annotation will become increasingly important.
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Introduction

The aim of expression proteomics is to obtain comprehen-
sive cellular protein expression profiles. However, whole cell
proteomics is challenging. First, the dynamic range of proteins
within eukaryotic cells varies by as much as 10%! second,
physicochemical properties of cellular proteins are very dif-
ferent. Traditionally, two-dimensional (2D) polyacrylamide gel
electrophoresis (PAGE) systems have been used for expression
proteomics.? However, many hydrophobic proteins are poorly
soluble in electrophoresis buffers and are under-represented
in gels.3 Nonelectrophoretic proteomics, based on liquid chro-
matography and electrospray ionization tandem mass spec-
trometry (LC ESI MS?), may have advantages on expression
proteomics and be complimentary to gel-based methods.* Poor
membrane-protein solubility may be circumvented with LC ESI
MS? because separation can be based on the physiochemical
properties of more soluble peptides, derived from protease-
digestion, rather than the intact poorly soluble precursor
proteins themselves. Membrane proteomics is important be-
cause the plasma membrane is a cell’s primary interface for
interacting with its environment; membrane proteins direct
processes involved in cell adhesion, cell-cell communication,
proliferation and differentiation. In addition, organelle mem-
brane proteins are essential for intracellular signaling. The
importance of membrane proteins is clear from genome
analyses. One-third of all currently described genes code for
membrane proteins.>® One-half of the mass of the plasma
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membrane is protein, and this proportion is even greater in
internal organelle membranes.”

A separate issue is that identification and annotation of open
reading frames lags behind genome sequencing. Methods that
aid in the elucidation of protein function, structure, localization,
and expression kinetics would greatly assist functional genome
annotation.®® Protein separation based on subcellular fraction-
ation defines a protein’s cellular location and can be used to
help infer its function. Differential detergent fractionation
(DDF) has been used as a rapid, practical method of subfrac-
tionating eukaryotic cells prior to 2D-PAGE to increase the
visualized proteome.!* DDF uses a series of different detergents
to sequentially extract cellular proteins while keeping the cell
architecture intact. We use a chicken B-lymphocyte system to
demonstrate how DDF combined with LC ESI MS? can be used
to obtain functional information about proteins. We have
adapted DDF for use immediately prior to LC ESI MS? expres-
sion proteomics. Proteins are first isolated using DDF and then
are digested into smaller, more soluble, peptides.

Using DDF in conjunction with 2D LC ESI MS?, we achieved
comprehensive cellular proteomes including a large proportion
of membrane proteins. Few membrane proteins were found
in more than one DD fraction and presence in multiple
fractions creates a “DDF profile” that represents a protein’s
subcellular localization. Specific DDF profiles were generated;
each contained proteins with specific characteristics. We used
the specific DDF profiles of proteins, for which large amounts
of data exists, to suggest functions for poorly described proteins
with the same DDF pattern. Using DDF, almost twice as many
membrane proteins were identified when compared to metha-
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Table 1. Properties of Detergents Used in DDF
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Detergent name, description
(supplier, product #)

Digitonin, mild non-ionic
(Sigma, D-141)

Structure
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B-0O-Xyose : B-0-Glucose :H-D-Gahctose —0
'
1 =301
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Triton-X-100, non-ionic
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Tween-40, non-ionic HO(C H CHoO S(DCHzC Hz¥OH
(Sigma, P-1504)
0" CH(OCHLC HuOH 0
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CH,0(CH,CH, O CHCHO  — C—C Hy(CHo)AC Hy

Sum of nHxhy+z= 20

Sodium Dodecyl Sulfate (SDS), anionic
(Sigma, L-4509)

nol extraction.!! We show that DDF is a simple method of pre-
fractionation for LC ESI MS? expression proteomics, facilitates
functional genome annotation, allows analysis of proteins with
multiple transmembrane domains (TMD), and isolates a larger
proportion of membrane proteins than other commonly used
isolation methods.!!!?

Materials and Methods

Lymphocyte Isolation. Chicken Bursa of Fabricius B-cells
were used to prepare a pure preparation of 102 cells for DDF.
Bursas were collected from five 21-day-old Ross 508 chickens
and bursal B-cells isolated as previously described.!® For the
comparison of different extraction methods, chicken peripheral

i

0

blood lymphocytes (PBL) were used. PBL were isolated from
15 mL of chicken blood using Histopaque-1077 (Sigma, St
Louis, MO). Cells were counted using a haemocytometer and
three samples, each containing 6 x 107 cells, were used.
Protein Extraction by DDF. DDF sequentially extracts
proteins from intact cells using a series of detergents while
preserving cell architecture. Table 1 shows the properties of
each detergent used in DDF. Low retention tubes (Thermo-
Electron Corporation; San Jose, CA) were used throughout. The
first detergent, digitonin, interacts with cholesterol to form
pores in the cell membrane and extract soluble proteins from
the cytosol.!* Triton X-100 solubilizes membrane and organelle
proteins and a combination of deoxycholate (DOC) and Tween
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40 extract the soluble nuclear fraction. Nuclear matrix proteins
and the more insoluble proteins are solubilized using SDS. DDF
was used to isolate proteins from bursal B-cells. DDF was done
as previously described!’ but seven additional digitonin washes
were used. Cytosolic proteins were extracted by sequential 30
min incubation in cytosolic DDF buffer containing digitonin
and the membrane fraction collected by incubating the cells
in 10% Triton X-100 DDF bulffer for 30 min and then removing
the soluble protein. Nuclear DDF buffer containing deoxycho-
late was added to the remaining samples and the cell pellets
frozen to disrupt the nucleus prior to homogenization. Nuclear
proteins were collected from the resulting soluble fraction and
the sample aspirated through an 18 gauge needle and treated
(37 °C, 1 h) with a mixture of DNase I (50U; Invitrogen, Carlsbad
CA) and RNase A (50 mg; Sigma-Aldrich, St Loius, MO) to digest
intact nucleic acids. The remaining pellet was solubilized in
DDF bulffer containing 5% SDS. To confirm that the majority
of the cytosolic proteins were extracted the protein samples
were analyzed by SDS-PAGE. A 10% volume sample of each of
the fractions was separated on a 10% denaturing acrylamide
gel and the proteins visualized by Coomassie blue.

Membrane Protein Isolation Using SDS Only. Cells were
centrifuged (520 x g, 10 min, 4 °C) and the pellet resuspended
in 5% SDS (w/v), 10 mM sodium phosphate buffer, pH 7.4. The
sample was freeze—thawed several times to enhance protein
solubilization. The solution was then passed through an 18
gauge needle 5 times to shear genomic DNA then treated with
DNase I and RNase A as above.

Membrane Protein Isolation Using Carbonate Fraction-
ation—Methanol Extraction. Membrane proteins were also
isolated using a methanol extraction procedure.!! Briefly, PBLs
were incubated in ice cold 0.1 M carbonate buffer, pH 11.0 to
remove soluble proteins.’ Integral membrane proteins were
then extracted by addition of 50 mM ammonium bicarbonate
and 60% methanol to disrupt the phospholipid bilayer. The
resulting protein mixture was digested for MS by the direct
addition of sequencing grade modified porcine trypsin (Pro-
mega; Madison, WI) at a 1:50 (w/w) ratio of trypsin:protein.

Trypsin Digestion and 2D-LC ESI MS2. For each of the
above procedures, equal amounts of protein were precipitated
with 25% tricholoroacetic acid to remove salts and detergents.
Protein pellets were resuspended in 0.1 M ammonium bicar-
bonate, 5% HPLC grade acetonitrile (ACN), reduced (5mM DTT,
65 °C, 5 min), alkylated (10 mM iodoacetamide, 30 °C, 30 min)
and then trypsin digested until there was no visible pellet
(1:50 w/w 37 °C, 16 h). Peptides were desalted using a peptide
microtrap (Michrom BioResources, Inc., Auburn, CA) and
eluted using a 0.1% triflouroacetic acid, 95% ACN solution.
Desalted peptides were dried in a vacuum centrifuge and
resuspended in 20 uL of 0.1% formic acid. LC analysis was
accomplished by strong cation exchange followed by reverse
phase liquid chromatography coupled directly in line with ESI
ion trap MS. Samples were loaded into a liquid chromatography
gradient ion exchange system containing a Thermo Separations
P4000 quaternary gradient pump (ThermoElectron Corpora-
tion; San Jose, CA) coupled with a 0.32 x 100 mm BioBasic
strong cation exchange column. A flow rate of 3uL/min was
used for both SCX and RP columns. A salt gradient was applied
in steps of 0, 5, 10, 15, 20, 25, 30, 35, 40, 45, 50, 57, 64, 71, 79,
90, 110, 300, and 700 mM ammonium acetate in 5% ACN, 0.1%
formic acid and the resultant peptides loaded directly into the
sample loop of a 0.18 x 100 mm BioBasic C18 reverse phase
liquid chromatography column of a Proteome X workstation
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(ThermoElectron). The reverse phase gradient used 0.1% formic
acid in ACN and increased the ACN concentration in a linear
gradient from 5% to 30% in 30 min and then 30% to 65% in 9
min followed by 95% for 5 min and 5% for 15 min.

The spectrum collection time was 59 min for every strong
cation exchange step. The LCQ Deca ion trap mass spectrom-
eter was configured to optimize the duty cycle length with the
quality of data acquired by alternating between a single full
MS scan followed by three tandem MS scans on the three most
intense precursor masses (as determined by Xcalibur mass
spectrometer software in real time) from the full scan. The
collision energy was normalized to 35%. Dynamic mass exclu-
sion windows were set at 2 min, and all of the spectra were
measured with an overall mass/charge (m/z) ratio range of
200—2000.

Protein Identification. Mass spectra and tandem mass spec-
tra were used to search subsets of the nonredundant protein
database (nrpd) downloaded from the National Center for
Biotechnology Institute (NCBI; 06/14/04) using TurboSEQUEST
(Bioworks Browser 3.2; ThermoElectron). For most of this work,
we restricted our analysis to an avian subset of the nrpd (AVIAN
DB; search terms: chicken, gallus, cornix, aves, turkey, and
ostrich NOT plant, yeast, bacteria, virus). However, the draft
chicken genome is poorly annotated and very few internal cell-
ular proteins were present in the AVIAN DB. We therefore used
a nonavian-vertebrate subset of the NR protein database (NAV
DB; search terms: mammal, Homo, Rattus, Mus, fish, and
excluding the terms used to create the AVIAN DB) to identify
more internal cellular proteins. Gene ontology (GO) lists were
downloaded from AMIGO (http://www.godatabase.org/cgi-bin/
Amigo/go.cgi) for the following cellular compartments: nucleus
(GO:0005634), endoplasmic reticulum (G0O:0005783), Golgi
apparatus (G0:0005794) and mitochondrion (G0:0005739).
Trypsin digestion was applied in silico to AVIAN DB and NAV
DB and including mass changes due to cysteine carbamido-
methylation and methionine oxidation. The peptide (MS pre-
cursor ion) mass tolerance was set to 1.5 Da and the fragment
ion (MS?) mass tolerance was set to 1.0 Da. Peptide matches
were considered genuine if they were > 6 amino acids and
consistent with described X correlation and ACn values.!®

Protein Analysis. Using TurboSEQUEST peak areas of the
MS? fragment ions were calculated and summed for each
identified protein. The sum of the areas under the curve for
each peptide was calculated to obtain a relative semiquanti-
tation value for each protein. When a protein was detected in
more than one detergent fraction, the quantitation values were
normalized with respect to the largest value to determine the
relative amounts of protein found in each sample.

Each protein was classified with respect to its cellular com-
ponent and biological process using GO annotation.!” When
no GO annotation was available, proteins were annotated man-
ually based on literature searches and closely related homo-
logues (determined by BLASTP).!'®* EMBL Bioinformatic Har-
vester 19 was used to determine GO annotation terms for homo-
logues and these terms were ascribed to the avian proteins.
Avian proteins that had no close homologue were analyzed
using tools provided by the EXPASy Proteomics Server,?? PSORT
I1,! and SOSUI ?? and DAS 23 TMD prediction tools.

Chicken Plasma Analysis. Immunoglobulins (Igs) were
depleted from 150 L of pooled plasma sample from 14 Ross x
Ross 6-week-old broiler chickens by affinity adsorption chro-
matography using protein A/G (USB Corporation). The plasma
was diluted with an equal amount of phosphate buffered saline
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total  dig2 dig-8  dig® dig10 TX

Figure 1. Silver stained SDS-PAGE of bursal B-cell DD fractions.
Proteins extracted by sequential digitonin washes are compared
to total cell proteins and proteins extracted using Triton X-100.
Total = total protein; dig = digitonin wash; TX = Triton X-100
wash.

(PBS;150 mM NaCl, 10 mM sodium phosphate, pH 8.0) and
incubated (30 min on ice). Immunoglobulin-depleted plasma
was separated from the protein A/G beads by centrifugation
(200 x g). The beads were washed three times with 5 volumes
of PBS, and the washes were pooled with the immunoglobulin-
depleted plasma. The diluted immunoglobulin-depleted plasma
sample was then precipitated using trichloroacetic acid and
resuspended in 10 mM HCO3 NH4, 5% ACN, pH 7.5. The
samples were then digested with modified porcine trypsin and
analyzed using 2D-LC ESI MS$? as described above except the
salt gradient was in steps of 10, 23, 37, 51, 70, 99, 300, and 700
mM ammonium acetate (Sigma-Aldrich) in 5% ACN, 0.1%
formic acid.

Results

Different Proteins are Isolated from Different Detergent
Fractions. Cells were depleted of abundant cytosolic proteins
by repeated washes in digitonin buffer. To confirm that we were
depleting abundant cytosolic proteins, equivalent amounts of
digitonin and Triton X-100 washes were compared using 10%
SDS-PAGE. By the eighth wash most cytosolic proteins were
removed (Figure 1).

The MS? data from each of the DDF samples were analyzed
using the AVIAN DB subset and the resulting proteins, classified
with respect to their subcellular location, are shown in Figure
2. We found a 4-fold increase in the membrane proteins
identified from the Triton X-100 fraction, when compared with
the digitonin fraction (Figure 2).

Although DDF reportedly extracts proteins based on their
subcellular location,?*?> we found membrane proteins were
isolated using each of the detergent buffers (Figure 2). However,
very few are extracted in more than one fraction (Figure 3). A
total of 67 membrane proteins were identified using the AVIAN
DB, and only 16.4% were found in more than one detergent
fraction. The properties of these proteins are shown in Table
2, along with the total numbers of peptides identified and the
percent protein coverage by those peptides. Protein function
(GO biological process) and subcellular localization (GO cellular
component) are also included. We examined the structure and
localization of these membrane proteins in more detail to
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Figure 2. Cellular categorization of proteins identified from
different bursal B-cell DD fractions. Proteins from each detergent
extraction are classified based upon GO cellular component.
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Figure 3. Distribution of membrane proteins identified from
different bursal B-cell DD fractions. Very few membrane proteins
are found in more than one detergent fraction.

determine if a protein’s DDF pattern related to its physio-
chemical properties and expression pattern within the cell.

Membrane Proteins are Fractionated by DDF on the Basis
of Their Number of TMD and Subcellular Localization. Plasma
membrane proteins are isolated by different detergents based
upon the number of TMD they contain. The average TMD score
for proteins identified from the digitonin fraction is 1.7, while
this score increases to 2.9 for the Triton X-100 fraction, 3.0 for
the DOC-Tween fraction, and 3.4 for SDS isolated membrane
proteins. We found that proteins annotated as membrane-
associated tended to be isolated with the digitonin buffer, for
example, annexin A2 is a membrane associated protein that
localizes in the lamina beneath the plasma membrane and this
protein was identified from the digitonin fraction. Triton X-100
typically isolates plasma membrane receptors with 1-3 TMD
while DOC isolates integrins and cadherins, as well as some
membrane proteins that are predicted to have up to 7 TMD
(e.g., acetylcholine receptor). The largest TMD proteins identi-
fied from DDF were in the SDS fraction and these include ion
transporters which are expressed in the plasma membrane as
well as proteins from organelles, such as SERCA3.

In addition to the plasma membrane, many cell organelles
have lipid membranes. By including proteins identified from
the NAV DB, we obtained lists of proteins GO-annotated to
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Table 2. Membrane Proteins Identified by DDF
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#Peptides %peptide

Gl # Protein #TMD Identified coverage
113128 Muscarinic acetylcholine receptor M4 7 8 36.4
113949 Annexin A2 0 9 375
114380 Sodium/potassium-transporting ATPase alpha-3 chain 7 23 51.1
119359 Endoplasmin 1 35 70.0
124950 Integrin alpha-8 1 13 265
124958 Integrin alpha-V (Vitronectin receptor alpha subunit) 2 16 314
127513 IgM 1 18 85.7
231487 Neuronal acetylcholine receptor 6 6 20.7
345659 Connexin-56 4 12 60.0
462150 GABA receptor 5 7 269
542694 Gamma-aminobutyric acid A receptor gamma 1 chain 5 8 286
627334 Protein-tyrosine-phosphatase (EC 3.1.3.48), receptor 1 28 389
633796 CPE-FGFR 1 5 62.5
1042020 GABA type C receptor rho 2 (RACK1) 5 3 16.7
1070476 Epidermal growth factor receptor 2 37 59.7
1184241 Bu-1 1 8 571
1478410 AVT receptor 7 1 100.0
1536804 Immunoglobulin lambda chain 0 1 20.0
1621232 HEMCAM 3 12 36.4
1706627 Ephrin type-A receptor 5 1 30 60.0
1708864 LDL receptor-related protein 1 (LRP) 1 66 262
2134296 C-Delta-1 2 15 395
2134427 Transforming growth factor beta receptor type Il 1 1" 324
2313049 C-Serrate-2 1 22 349
2498677 Neuropilin-1 2 16 34.0
3023428 Cadherin-10 1 9 19.1
3243095 Putative chemokine receptor 7 5 294
4323233 Cadherin 3 2 222
4884676 Receptor tyrosine kinase 5 25 36.8
5725448 CHUNK-1 3 1" 458
5921704 Voltage-dependent L-type calcium channel alpha-1S 12 7 58.3
6448447 Mitochondrial carrier homolog 2 (Mtch2) 3 8 50.0
6708125 Cone p i pendent sodit Icium exchanger " 6 240
8133188 Voltage-dependent anion channel (Porin-2) 12 12 75.0
8928354 Sortilin-related receptor 1 24 247
10241574 Teneurin-2 1 37 243
11245468 Type | inositol triphosphate receptor 6 13 61.9
12229805 Ephrin type-B receptor 3 1 22 415
13161045 Integrin alpha 3A subunit 1 5 10.9
13431348 Cadherin-6 1 9 205
14043015 Death receptor 6 2 22 59.5
14210853 OL-protocadherin 1 12 240
15076564 ChB1 2 7 28.0
17366584 Cadherin-7 2 8 195
18203648 SERCA3 10 46 78.0
18266871 Neuronal acetylcholine receptor 10 6 222
20140635 Transferrin receptor protein 1 1 19 422
22775582 ATP/ADP antiporter 6 22 733
23194254 Sidekick-1 1 26 26.8
29242837 MHC class Il antigen 1 6 66.7
29372484 Bombesin-like peptide receptor subtype 3.5 6 6 35.3
37962275 Leptin receptor 2 14 246
38045635 Integrin beta-5 2 29 54.7
38372283 Neurofascin 1 23 303
45382353 Interferon alpha/beta receptor 1 2 8 242
45382793 CD40-homologue 2 3 231
45383039 Vanilloid receptor-like protein 5 18 40.0
45384050 Neuron-glia cell adhesion molecule (Ng-CAM) 1 9 136
47604958 CD8 alpha chain 1 5 a7
50737406 PREDICTED: similar to desmoglein 4 1 16 276
50737409 PREDICTED: similar to Desmoglein 2 1 15 268
50749252 PREDICTED: similar to ADAM 8 1 12 46.2
50749938 PREDICTED: similar to ADAM 9 1 16 333
50750371 PREDICTED: similar to integrin alpha-4 subunit 1 17 246
50761482 PREDICTED: similar to gp130-like monocyte receptor 2 8 216
50787137 PREDICTED: similar to teneurin-4 2 5 385
52138677 R-cadherin 1 " 275

DDF GO:BP GO:CC

T G-protein coupled receptor protein signaling pathway integral to membrane

D development plasma membrane; soluble fraction
S cation transport integral to membrane

T/TD  protein folding plasma membrane; endoplasmic reticulum
S cell-matrix adhesion integral to membrane

S cell-matrix adhesion integral to membrane

DIT immune response membrane fraction

TD ion transport integral to membrane

TD cell communication integral to membrane

TD/S  gamma-aminobutyric acid signaling; chloride transport integral to membrane

S gamma-aminobutyric acid signaling; chloride transport integral to membrane

S cell surface receptor linked signal transduction integral to membrane

membrane
integral to membrane

DIT protein amino acid phosphorylation
TD/S  ion transport

S transmembrane receptor protein tyrosine kinase signaling integral to membrane

™ function unknown membrane

DT G-protein coupled receptor protein signaling pathway integral to membrane

T membrane associated immune response

T cell adhesion membrane

D transmembrane receptor protein tyrosine kinase signaling integral to membrane

D/TD/S endocytosis integral to membrane; coated pit
S cell communication membrane

TD transmembrane receptor protein Ser/Thr kinase signaling integral to membrane

L cell communication membrane

TD cell adhesion integral to membrane

TD homophilic cell adhesion integral to membrane; gap junction
T G-protein coupled receptor protein signaling pathway integral to membrane

S homophilic cell adhesion integral to membrane

TD transmembrane receptor protein tyrosine kinase signaling membrane

D/TD/S function unknown membrane

S calcium ion transport integral to membrane

T transport inner mitochondrial membrane
S ion transport integral to membrane

TD/S  anion transport mitochondrial outer membrane
D lipid transport; enmdocytosis membrane

D cell adhesion integral to membrane

S calcium ion transport membrane

TD transmembrane receptor protein tyrosine kinase signaling integral to membrane

S cell-matrix adhesion integral to membrane

S homophilic cell adhesion integral to membrane

S apoptosis integral to membrane

TD homophilic cell adhesion membrane

s function unknown membrane

S homophilic cell adhesion integral to membrane

T/TD/S calcium ion transport integral to membrane

S ion transport integral to membrane

S endocytosis integral to membrane

TD/S  mitochondrial inner membrane mitochondrial transport

membrane

integral to membrane

integral to membrane

integral to membrane

integral to membrane

integral to membrane

integral to membrane

membrane

integral to membrane

integral to membrane

integral to membrane

integral to membrane;

integral to membrane; intercellular junction
integral to membrane

integral to membrane

integral to membrane

integral to membrane

integral to plasma membrane; extracellular
integral to membrane

receptor activity

antigen presentation, exogenous antigen

G-protein coupled receptor protein signaling

cell surface receptor linked signal transduction
cell-matrix adhesion

cell adhesion

receptor activity

immune response ; apoptosis

cation transport

cell adhesion

immune response

homophilic cell adhesion

homophilic cell adhesion

proteolysis and peptidolysis

proteolysis and peptidolysis; protein kinase cascade
cell-matrix adhesion

transmembrane receptor protein tyrosine kinase signaling
cell adhesion receptor activity; immune response
homophilic cell adhesion

4o =4 —~
wogog-dvwovoooogddon-o

Key: D, digitonin; DDF, differential detergent fraction; Gl #, Genbank accession number; GO:BP, Gene Ontology biological process; GO:CC, Gene Ontology cellular compartment; S, sodium dodecylsulfate; T, friton X-100; TD, tween 40 deoxycholate.

localize to specific subcellular structures. We analyzed 22
mitochondrial proteins, 13 ER proteins, and 34 proteins from
the nucleus and show that organelles also have specific
fractionation patterns. Proteins specific to the ER, for example
calreticulin and SERCA1, are isolated from both Triton X-100
and DOC. Triton X-100 buffer specifically isolates proteins
from the mitochondria. Of the 22 mitochondrial proteins we
identified, 20 were isolated in the Triton X-100 fraction. The
exceptions are Porin-2 (gi:8133188) and ATP/ADP antiporter
(gi:22775582). Both Porin-2 and ATP/ADP antiporter are identi-
fied in more than one DDF.

Membrane Proteins Found in More Than One Fraction
Have Multiple Subcellular Locations. Several membrane
proteins were identified in more than one detergent fraction.
For each of these proteins, the relative amount from each
detergent fraction was quantified (Figure 4). Also included in
Figure 4 are several proteins with well documented cellular
distributions, which serve as markers for the different subcel-
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lular compartments. The most striking example of this is hsp70,
a ubiquitous chaperone protein which was isolated from all
four detergent fractions. Since DDF compartmentalizes well-
characterized proteins based on subcellular location, we can
use this technique not only to isolate proteins but also as a
tool to define protein location and infer some function. As
examples, our data shows that both the arginine vasotocin
receptor (AVTR, gi:1478410) and the chick pigment epithelium
derived-fibroblast growth factor receptor (CPE-FGFR gi:633796)
proteins were identified from both digitonin and Triton X-100
fractions. These two proteins have the same DDF profile as IgM,
suggesting that they exist as both a soluble and membrane
bound form. Proteomic analysis of chicken plasma confirmed
that both AVTR and CPE-FGFR exist as soluble forms.

DDF Defines Multiple Classes of Nuclear Proteins. Deter-
gent fractionation of nuclear proteins (NPs) has two levels of
complexity. First, many of the proteins that function in the
nucleus at some stage may be present in the cytoplasm (e.g.,
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Figure 4. DDF profiles for membrane proteins extracted by more
than one detergent buffer. Hsp70 and histone H1.11R are
included as examples of proteins that were identified from each
of the detergent fractions.

NF«B) and can thus be found in all the fractions. In the second
case are NPs whose location is reported to be solely in the
nucleus. We defined three classes of these nuclear-restricted
NPs based on the detergent fractions in which they were iso-
lated: (i) only in the DOC fraction, (ii) only in the SDS fraction,
and (iii) in both DOC and SDS. Proteins isolated in DOC only
are predominately transcription factors, while those preferen-
tially isolated by SDS are bound to nucleic acids such as small
nuclear ribonucleoproteins that form part of the spliceosome
complex. Histones are closely associated with DNA, but al-
though they are more abundant in DOC and SDS fractions, they
were also extracted by digitonin and Triton X-100.

DDF Compares Favorably with other Methods for Isolating
Membrane Proteins. We tested the ability of two different
extraction methods to isolate membrane proteins compared
to DDF. Proteins were extracted from PBL because they can
be more easily collected than bursacytes. The most proteins
were identified from DDF, and this sample also contained the
highest proportion of membrane proteins (Figure 5a). When
membrane proteins are analyzed by number of TMD, DDF
provided the most comprehensive coverage. (Figure 5b).

Discussion

It is almost axiomatic that a completely sequenced and well-
annotated genome is fundamental for doing proteomics.
However, many sequenced genomes are released with only
preliminary annotation and functionally annotating these
genomes is becoming an increasingly important issue. Even
the human and mouse genomes require much more functional
annotation. The work we present here demonstrates the
converse, that proteomics can also be used to functionally
annotate genomes. We purposely used relatively poorly func-
tionally annotated chicken genome as a model.

Another proteomics challenge is to compile comprehensive
proteomes when cell proteins are expressed over a very wide
dynamic range. This problem is 2-fold: First, many proteins
are genuinely present at very low levels within the cell; second,
many proteins are difficult to detect because, although they
may be abundant, they may not be easy to isolate. One
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Figure 5. Comparison of DDF and other membrane extraction
methods. Proteins were identified from equal numbers of PBLs
extracted using either DDF, detergent or methanol. (A) Total
number of proteins and membrane proteins for each extraction
method. (B) Membrane protein distribution by predicted TMDs
for each of the extraction methods.

approach to identifying less abundant proteins from a complex
mixture in nonelectrophoretic proteomics is to pre-fractionate
the complex sample prior to MS analysis, most commonly using
LC. DDF is another deconvolution step prior to LC. Further-
more, by using different detergents, DDF efficiently isolates
hydrophobic membrane proteins. Taken together, this means
that DDF helps to compile comprehensive proteome coverage.
But proteomics requires more than just a list of cell proteins;
we demonstrate here that DDF is not only able to isolate
proteins efficiently but that by isolating proteins using DDF
we can get information on where the proteins are expressed
within the cell.

DDF is efficient at extracting membrane proteins because it
first removes the more abundant cytosolic proteins and it relies
on the properties of more than one detergent to extract proteins
from the cell. Proteins that are not soluble in one detergent
may be solubilized by another. As shown in Figure 1, after eight
digitonin washes there are significantly fewer proteins extracted
and amounts of the most abundant soluble proteins are absent
or greatly reduced. Detergents have been reported to interfere
with ESIL.?627 These studies analyzed proteins directly from 2D-
PAGE, a procedure which uses considerably more detergent
than that used in DDF. Furthermore, DDF detergents are re-
moved after the proteins are digested into more soluble pep-
tides. Our results show that the method we used must remove
enough of the detergent so that we still get appropriate peptide
ionization.

DDF yields electrophoretically distinct protein samples
which, when analyzed using 2-D PAGE, represent subcellular
compartments.'®?42> We show that this partitioning is not as
distinct when fractions are analyzed using LC ESI MS? mem-
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brane proteins were identified from each detergent fraction
(Figure 2). Although we expected membrane proteins to parti-
tion in the Triton X-100 fraction — and indeed this fraction
shows a 4-fold increase in membrane proteins when compared
with the digitonin fraction—the proportion of membrane pro-
teins identified in subsequent fractions is also significantly
higher than those identified from the digitonin fraction. Since
one of the advantages of using DDF is that we would be able
to infer functional information about a protein based on its
subcellular location, we analyzed this partitioning effect of DDF
further.

While membrane proteins are isolated from each detergent
fraction, few (16.4%) are isolated from more than one fraction;
each detergent isolates a specific subset of membrane proteins
(Figure 3). Membrane proteins isolated solely from the digi-
tonin fraction typically contain only a single TMD or are only
peripherally associated with the plasma membrane. For ex-
ample, annexin A2 is located in the lamina near the plasma
membrane and it appears that when digitonin interacts with
cholesterol it can also extract proteins loosely associated with
the plasma membrane. The general trend for isolation of
membrane proteins is that each sequential detergent step
extracted proteins with an increasing number of TMD. This is
probably a direct consequence of the increasing strength of
detergents used in the sequential washes. Digitonin inserts into
the phospholipid bilayer to create pores; Triton X-100 strips
proteins from membranes; and SDS dissociates protein com-
plexes and solubilizes most proteins. Notably when membrane
proteins with a low number of TMD (<5) were isolated solely
from the DOC and SDS fraction they were integrins, cadherins
and cell adhesion molecules. Since these molecules are in-
volved with cell adhesion, they form strong interactions with
other cells or extracellular matrix proteins.

As well as the plasma membrane proteins, there are many
organelle membrane proteins which, based on published data,
should be isolated in the Triton X-100 fraction.!® We determined
that the majority of mitochondrial proteins are isolated solely
from the Triton X-100 fraction. The exception was mitochon-
drial proteins with multiple TMD (discussed further below).
Unlike mitochondrial proteins, ER specific proteins are isolated
from both the Triton X-100 fraction and the DOC fraction. This
is intuitive as the ER is an extensive membranous network that
can be closely associated with the nuclear membrane.

Proteins GO-annotated to localize to the nucleus also had a
complex DDF pattern. Essentially these proteins are in one of
three groups: proteins were either isolated solely in the DOC
buffer or the SDS buffer or were isolated by both of the deter-
gent buffers. The DOC buffer isolated predominantly soluble
transcription factors while the SDS buffer isolated mostly small
nuclear ribonucleoproteins and centromere-associated pro-
teins. It is likely that proteins tightly associated with chromo-
somal DNA cannot be extracted until the SDS buffer is added
(after treatment with DNase I and RNase A). Similarly, nuclear
ribonucleoproteins that are specifically associated with the
membrane-bound spliceosome complexes are also isolated
using the SDS buffer. Not surprisingly proteins associated with
the splicosome were identified in the SDS fraction. Some
transcription factors were present in both the DOC and SDS
fractions. This may relate to how intimately they were bound
to the DNA.

We found that generally proteins were isolated from deter-
gent fractions based on TMD number and subcellular localiza-
tion. However, some proteins were isolated by more than one
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detergent buffer. For each membrane protein found in more
than one detergent fraction, the relative amount detected in
each detergent fraction was quantitated by calculating peak
areas for the fragment ions. ESI MS results in a signal which is
directly proportional to the concentration of the analyte.?8
While it is not possible to obtain absolute values for analyte
concentration without spiking the sample with a known
reference, relative values for a protein can be determined by
measuring the difference in peak areas between different
sample runs?*3° even in complex peptide mixtures.?! By deter-
mining the relative quantities of each protein, it is possible to
calculate the proportion of protein extracted using each dif-
ferent detergent.

For each protein detected in more than one fraction, we
analyzed the proportion of that protein in each fraction (Figure
4). Detection of protein in more than one fraction may be a
“carry-over” effect. However, none of these proteins fit the
profile we would expect if this were the case; we do not see
the majority of the protein in an early detergent extraction
followed by decreases in the subsequent fractions. Instead the
distribution of a protein across the different fractions, its “DDF
profile”, is a “fingerprint” for its subcellular expression. For
example, the ubiquitously expressed chaperone hsp70 is found
in all four detergent fractions while IgM, which has both a
soluble and a membrane form, can be identified from both the
digitonin fraction and the Triton X-100 fraction. A typical DDF
profile for a histone protein (histone H1.11R, gi:121901) shows
that, although present in all detergent fractions, it is more
abundant in the DOC and SDS fractions. We would expect
histones to be identified from DOC and SDS fractions just as
other proteins that are intimately associated with DNA. How-
ever, histone proteins are expressed in cells at very high levels
“and it is likely that we are detecting histones from cells actively
undergoing mitosis. We would expect digitonin and Triton
X-100 to extract histones from mitotic cells since the histones
are present in the cytosol as part of the chromatin.

To determine whether DDF profiles could predict subcellular
localization, we compared three proteins with similar profiles:
IgM, AVTR, and CPE-FGFR. IgM exists as both membrane
bound and soluble forms; we speculated that AVTR and CPE-
FGFR would similarly have membrane bound and soluble
isoforms. CPE-FGFR is a novel chicken fibroblast growth factor
receptor homologous to human FGFR3. FGFR3 is also ex-
pressed as a soluble form?®? suggesting CPE-FGFR is also likely
to have a soluble isoform. Conversely, the AVTR is predicted
to have 7 TMD.?® AVTR has the highest amino acid identity
with the membrane-bound mammalian vasopressin receptor
2. However, while AVTR and mammalian vasopressin receptor
2 share some common functions,**~3¢ AVTR is also involved in
avian oviposition.’” We detected AVITR and CPE-FGFR in
chicken plasma.

Two proteins, for which little structural or expression data
exists, extend this theory further: Sidekick-1 and CHUNK-1.
Sidekick-1 was first isolated from Drosophilia®*® and homologues
to Sidekick-1 have subsequently been reported in human,
mouse and chicken.?® Transmembrane prediction programs?*23
predict 1—3 TMD for Sidekick-1 (depending on which program
is used). Analysis of intracellular signaling motifs using PSORTII
indicates that Sidekick-1 is cytosolic. Since Sidekick-1 was
isolated solely from the digitonin faction it is less likely that
sidekick-1 has 3 TMD, although it may be a membrane
associated protein or a single TMD protein expressed on the
plasma membrane. Similarly, TM-prediction programs vary in
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the number of TMD they predict for CHUNK-1. Protein
structure prediction is based upon known motifs and proteins
which have a similar homology, and their success rate improves
iteratively as more proteins with a known structure are entered
into the protein databases. CHUNK-1 has no homology with
any protein in the nrpd, making protein prediction results for
this protein less reliable. Combining these prediction results
with what is known about CHUNK-1's DDF profile can only
aid in the elucidation of CHUNK-1 structure and function.
CHUNK-1 is a protein that has a very similar DDF profile to
CD91 (Figure 4). CD91 is a type I membrane protein that is
cleaved into two noncovalently associated protein chains
after it is inserted into the plasma membrane and CHUNK-1
may be associated with the plasma membrane in a similar
fashion.

Endoplasmin (gi:119359) and the calcium pump protein
SERCAS3 (gi:18203648) have DDF profiles typical for ER localiza-
tion. ER proteins were isolated from both the Triton X-100 and
DOC fractions. The transferrin receptor has been used as a
marker for the endosomal compartment and we have isolated
this protein from the SDS fraction. In addition, the GABA
receptor shown in Figure 4 refers to the y-4 subunit, a unique
isoform expressed in chickens which has closest homology to
the y-2 subunit. The y-2 subunit has been shown to cycle
through perinuclear endosomes, localizing with the transferrin
receptor. Since the y-4 subunit is isolated from both DOC and
SDS, we expect that it too may cycle through the perinuclear
endosomal compartment.

Several other proteins that are isolated by both the DOC and
SDS detergent buffers are shown in Figure 4. The first of these,
RACK1 (gi:5174447), is a cytoskeletal scaffolding protein, so we
would expect it to be isolated in the SDS fraction with other
cytoskeletal proteins. It is also identified from the DOC fraction;
this is expected because it is part of a complex that recruits
several transcription factors and must also be localized to the
nucleus. Porin-2 and ATP/ADP antiporter are both mitochon-
drial proteins. Unlike other mitochondrial proteins we identi-
fied, these proteins were not isolated in the Triton X-100 frac-
tion. Porin-2 contains 12 TMD which span the outer mitochon-
drial membrane while the ATP/ADP antiporter contains 6 TMD
and localizes to the inner mitochondrial membrane. Mitochon-
drial proteins with a large number of TMD are not extracted
by Triton X-100 but by the subsequent detergents. This effect
is more pronounced for proteins which localize to the inner
mitochondrial membrane, as they may not be extracted until
the outer membrane is solubilized by the detergents.

Our data suggests that each DDF step is selective for different
parts of the cell. We realize that, in common with all current
proteomics techniques, we are only identifying a subset of all
proteins present in the cell. However, all of the well character-
ized proteins in our data set were present in the appropriate
fraction. Also previous DDF analysis by 2-D PAGE!??425 sup-
ports our assertion that DDF is a good predictor of subcellular
localization. Since DDF can aid in the localization of proteins,
then it follows that it can also aid in GO assignments. The
purpose of GO is to ensure consistent terminology for gene
products across species. This allows us to compare evolution-
arily conserved homologues and make predictions about their
structure, function and expression. Because DDF can provide
information about a protein’s subcellular localization, it is
another tool in the gene annotation process.

Finally, high salt washes combined with methanol extraction
efficiently isolate membrane proteins.'! Since many membrane
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proteins with multiple TMD were identified using DDF, we
compared DDF with methanol extraction. Although similar
percentages of proteins with multiple predicted TMD were
identified using DDF and methanol extraction (66% and 60%
respectively), twice as many membrane proteins were identified
by DDF in total (Figure 5). Furthermore, DDF provided more
comprehensive coverage in terms of numbers of TMD.
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