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To find a suitable ligand froma complex antigen system is still
a mission to be accomplished. Here we have explored a novel
“library against proteome” panning strategy for ligand screen-
ing and antigen purification from a complex system using
phage-displayed antibody technology. Human plasma pro-
teome was targeted for phage library panning. During the pro-
cess, the panning was carried out in solution, using a biotin/
streptavidin beads separation system, for three rounds. Nine
monoclonal phages, bound tightly to a number of unknown
plasma proteins, were selected from the last round, six of which
were directly employed as cross-linked matrices to purify their
corresponding antigens from the plasma. The proteins isolated
by G5 and E1 matrices were identified as amyloid protein and
apolipoprotein A-I precursor, respectively. The results demon-
strated that it was feasible to simultaneously obtain a number of
ligand phages for various antigens, including low abundant pro-
teins in a non-comparative proteome-wide system.

Human plasma proteome is themost important field for pro-
teomic research, clinical diagnosis, and treatments. Since the
Human Proteome Organization Plasma Proteome Project
started, thousands of human plasma proteins and peptides have
been characterized at a high or low concentration in various
methods such as two-dimensional liquid chromatography-tan-
dem mass spectrometry. However, large quantities of plasma
proteins still remain to be purified and characterized. In the
present study, we aimed at a rapid purification and character-
ization method for unknown proteins in a whole proteome
using a “library against proteome” panning strategy and cross-
linked antibody phages.
Affinity technologies, which offer a one-step increase in

purity and concentration of target molecules, remain as the
most attractive method available for protein purification (1, 2).
However, the traditional methods to generate affinity ligands
such as monoclonal antibodies and synthetic compounds are
expensive and time-consuming, which limit the application of
affinity technologies (3, 4). Fortunately, the advances in phage
display technology are providing a highly efficient and inexpen-
sive way to acquire affinity ligands (5–7). In a phage-display
library, ligands are displayed on the virion surface. By panning a
library, phages with specific ligands against any given targets

can be isolated from a large pool of candidates. Moreover,
ligands with desired affinity can be obtained by either optimi-
zation of panning strategy or affinitymaturation after the initial
selection (8, 9).
Conventionally, the targets of phage panning were purified

proteins, whereas simultaneous screening on complex antigens
with a phage librarywas a relatively new concept.One approach
was to use the subtractive selection among a few comparative
systems such as cells or cellular extracts (10–11). Another
approach was to pre-isolate complex proteins with two-dimen-
sional electrophoresis before the panning (12). Recently a
“library against library” strategy was developed combining one
phage library with another library (such as the yeast-displayed
system), as reported previously (13). However, screening
through a proteome-wide system was rarely reported. In the
present study, we have introduced a rapid procedure for phage-
based panning through a non-comparative natural proteome-
wide system. Different from the traditional panning strategies
described above, we targeted human plasma proteome for the
ligand screening strategy (also called the “library against pro-
teome” strategy).
To overcome the difficulty in antigen characterization for

each positive binder, we have adopted a new technique of
phage cross-linking for our panning process. Usually, after a
specific phage clone is isolated from the library, its ligand
fragment is separately produced and immobilized to a sup-
port matrix for further use. However, in 1998, a new tech-
nique was developed to make soluble phages into an insolu-
ble aggregate by directly cross-linking pVIII capsid proteins
of filamentous phages (14) with cross-linkers. As the specific
ligand is genetically fused on the phage surface, the aggre-
gate serves as an effective affinity absorbent to purify the
target antigen. Because of the high efficiency of library
screening and the convenience of phage amplification, the
direct availability of phage particles as affinity materials will
represent a considerable reduction in cost, time, and efforts
for proteins purification, and therefore facilitate high-
throughput purification.We havemodified the cross-linking
approach to further reduce the cost.
In our strategy (Fig. 1), panning was carried out in solution

using biotin/streptavidin beads. In each round of panning,
phage particles with specific ligands bound to plasma proteins
were enriched. Multiple ligands to various targets could be
obtained simultaneously during the same round of phage
library screening. In contrast to the difficulty in isolating anti-
gens, monoclonal phage antibodies could be easily achieved by
plating on dishes. Individual clones were picked up from the
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repertoire and cultured. The specificity of mono-phages for
antigen proteins was examined by ELISA,2 and then positive
mono-phages were prepared as cross-linked matrices to purify
the corresponding antigen from plasma proteome. Purified
antigens were identified with peptide sequence tag technology
by matrix-assisted laser desorption/ionization time-of-flight &
time-of-flight mass spectrometry (MALDI-TOF/TOF).
Our work has explored a new strategy of phage library pan-

ning on a whole proteome to obtain various specific ligands for
their targeted antigens. To reduce the inherent bias of plasma
proteome in the panning process, human serum albumin
(HSA) and immunoglobulin G (IgG), which make up over 70%
of the proteome altogether in mass, were mostly removed from
the system before the biopanning.

EXPERIMENTAL PROCEDURES

Removal of HSA and IgG from Human Plasma by Affinity
Chromatography—The human plasma sample was from the
Jiangsu Province Blood Bank (Nanjing, China). Abundant HSA

and IgG in the human plasma sample were removed by affinity
chromatography with Cibacron Blue 3GA (6% cross-link bead
agarose, Sigma) and Protein A-Sepharose 4B (prepared by our-
selves). Briefly, 1 ml of the human plasma sample was diluted
with 1 ml of the equilibration buffer (10 mM Tris-HCl, pH 7.6)
and then loaded onto the dye-ligand Cibracron-Blue 3GA col-
umn equilibrated by 10 column volumes of the equilibration
buffer at room temperature as reported previously (15). The
flow-through part was collected and then loaded onto the Pro-
tein A column, meanwhile the part of eluate from the dye-li-
gand columnwas collected with the elution buffer (10mMTris-
HCl, 1.5 M NaCl, pH 7.6). A similar separation procedure was
applied to the Protein A column as described above. Respec-
tively, the flow-through part was collected, and the eluate was
obtained with 100 mM glycine, pH 2.5, and then neutralized by
1 M Tris, pH 7.4. The final flow-through part was named
HPP/HSA&IgGminus.
Biotinylation of HPP/HSA&IgGminus—HPP/HSA&IgGminus

should be biotinylated for the panning in liquid phase. 20 �l of
10 mM EZ-Link� Sulfo-NHS-LC-Biotin (Pierce) was added to 1
ml of HPP/HSA&IgGminus in phosphate-buffered saline (PBS),
pH 7.4, and mixed well. The biotinylation was accomplished
when the mixture stood at 4 °C for 2 h. The free biotin reagent
was then removed by dialysis in PBS, pH 7.4, at 4 °C. The effi-
ciency of the biotinylation was determined as follows. The bio-

2 The abbreviations used are: ELISA, enzyme-linked immunosorbent assay;
MALDI, matrix-assisted laser desorption ionization time-of-flight; TOF,
time of flight; HSA, human serum albumin; PBS, phosphate-buffered
saline; scFv, single-chain antibody variable fragment; pfu, plaque-
forming unit(s); MOPS, 4-morpholinepropanesulfonic acid; NHS,
N-hydroxysuccinimide.

FIGURE 1. Schema of the library against proteome panning strategy. A, biotinylation of protein antigens in the plasma proteome. B, the panning process
in the liquid phase started. The biotinylated antigens were mixed with the phage library. C, phages bound to different biotinylated antigens were separated by
streptavidin beads from dissociative ones. D, elution and enrichment of antigen-bound phage particles. E, eluted phages were amplified to a secondary library
for the next round of panning. F, monoclonalization of eluted phages from the final round of panning by plating on dishes. G, hundreds of mono-phages were
picked and cultured. Their specificity to the proteome was examined by ELISA. H, positive mono-phages were selected and amplified. Different filamentous
mono-phages were cross-linked to insoluble aggregates with the cross-linker glutaraldehyde. I, different cross-linked phages were used as affinity matrices to
isolate the corresponding unknown protein antigens from the proteome. J, identification of the isolated proteins from different phage matrices with
MALDI-TOF/TOF.
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tinylated sample was filtered sufficiently by the ImmunoPure�
immobilized streptavidin settled gel (Pierce). The efficiency
was calculated by measuring the protein concentration in the
sample before and after the filtration.
Panning of the Phage Library—The human single fold single-

chain antibody variable fragment (scFv) library (Tomlinson
I�J) was a semi-synthetic single-chain human VH�V� library
constructed with randomCDR2 and CDR3 primers, which was
a gift from Medical Research Council, UK. Using this scFv
library and KM13 helper phage, a modified biopanning proto-
col was employed as previously described (16–18). Briefly, 0.5
ml of the biotinylated HPP/HSA&IgGminus and 0.5 ml of the
original library (0.25ml of I library plus 0.25ml of J library, 1013

pfu/ml)weremixedwell and rotated for 4 h at 4 °C.Themixture
was then added to 200 �l of ImmunoPure� immobilized
streptavidin settled gel and incubated with mixing for 2 h at
room temperature. The gel was washed with PBS, pH 7.4, with
centrifugation for 5 times. After dissociative proteins and non-
specific phages were washed away, phage particles bound to the
protein beads complex were digested by 500 �l of 1 mg/ml
trypsin with shaking for 10 min at room temperature. 250 �l of
the digested phages was used to infect 1.75 ml of freshly pre-
pared Escherichia coli TG1 (A600 � 0.6) cultured in the 2�TY
medium (0.5% NaCl, 1.6% Tryptone, 1% yeast extract, w/v).
After incubation at 37 °C for 30 min, the infected TG1 was
plated on the TYE dish (0.8% NaCl, 1% Tryptone, 0.5% yeast
extract, 1.5% agar, w/v, with 100 �g/ml ampicillin) and incu-
bated at 37 °C overnight. One the next day all the clones were
collected with 2 ml of 2�TY, 50 �l of which were cultivated in
25 ml of 2�TYmedium with 100 �g/ml ampicillin. After incu-
bation for 1 h at 37 °C, the culturewas rescued by 40�l of KM13
helper phage (1012 pfu/ml), and then incubation was continued
at 37 °C for 30 min and was spun down at 3,000 � g for 10 min.
The pellets were cultivated in 100 ml of 2�TY medium with
100 �g/ml ampicillin and 50 �g/ml kanamycin and incubated
at 30 °C overnight. On the next day the culture was centrifuged
at 11,000 � g for 10 min, and the supernatant was mixed with
one-fourth volume of polyethylene glycol/NaCl (20% polyeth-
ylene glycol 6,000, w/v, 2.5 MNaCl) and stood on ice for 2 h. The
mixture was centrifuged at 11,000 � g for 10 min, and the pel-
lets were dissolved in 2 ml of PBS to make a secondary library
for the next round of biopanning. The panning was done after
three rounds.
Monoclonal Phage ELISA—Selected phage clones from the

third round of digestion were cultivated and amplified sepa-
rately. Each mono-phage culture supernatant was added into
micro-wells that were coatedwithHPP/HSA&IgGminus and the
negative control, respectively, and then blockedwith 3% bovine
serum albumin, w/v. After incubation for 1 h at room temper-
ature and washing with PBS containing 0.2% Tween 20 three
times, the positive binders were detected by using horseradish
peroxidase-conjugated anti-M13 antibody (anti-M13/HRP,
Amersham Biosciences) and 3,3�,5,5�-tetramethylbenzidine
substrate (KPL, Gaithersburg, MD). Phage clones were consid-
ered to be positive if their ELISA signals on HPP/
HSA&IgGminus were 3-fold higher than that on the negative
control.

Preparation of Cross-linked Phages andOptimization of Con-
ditions for Cross-linking—Phage particles were cross-linked
according to the previous method with a revision (14, 19).
Briefly, 1 ml of mono-phages (3 � 1013 pfu/ml) in coupling
buffer (pH 3–10, the standard coupling buffer used for further
studywas 100mMMOPS-HCl, pH 7) weremixedwith 150�l of
glutaraldehyde (up to 23.4 �M). To this mixture, 150 �l of 50%
polyethylene glycol 6000 (w/v) was added andmixed. The mix-
ture was rotated overnight at room temperature. Unreacted
aldehydic groups of glutaraldehyde were quenched by adding 8
ml of 1 M ethanolamine-HCl (pH 9) and 890�l of 5 MNaCl, and
the mixture was shaken for 2 h at room temperature. Cross-
linked phages were then spun down and washed with Tris-
buffered saline at least five times by centrifugation. The final
pelletswere suspended inTris-buffered saline containing 0.02%
NaN3 and stored at 4 °C.
To achieve effective cross-linking, the conditions for phage

cross-linking were optimized. Instead of NHS-dextran (14,
glutaraldehyde was used as the cross-linker in this study, and
the solution containing amino groups should not be used. A
broad range of cross-linking conditions, including buffer pH
(3.5–9), glutaraldehyde (23.4 nM to 2.34 mM), and phage parti-
cles (�3.6 � 1011pfu/ml) was tested. The amount of cross-
linked phages was determined spectrophotometrically, and the
cross-linking ratio was calculated under each condition.
Purification of Human Plasma Proteins by Cross-linked

Phages—10 ml of HPP/HSA&IgGminus was mixed with the
insoluble cross-linked phages prepared from 20 ml of soluble
phages (1013 pfu/ml), and the mixture was rotated at 4 °C over-
night. After washing with Tris-buffered saline containing 0.2%
Tween 20 five times at least, the adsorbed proteins were eluted
from cross-linked phages by 100 mM triethylamine or 100 mM

HCl then neutralized by 1 M Tris, pH 7.4, and examined in
SDS-PAGE.
Identification of Unknown Protein Antigens by MALDI-TOF/

TOF—The unique unknown protein bands of different eluates
in SDS-PAGE gel were cut off and then identified by MALDI-
TOF/TOF (Beijing Proteome Research Center). Briefly, the
procedures of tryptic in-gel digestion and MALDI-TOF/TOF
were done according to the previous protocol (20–22). The
results of MALDI-TOF/TOF were searched with the Mascot
engine (Matrix Science, available on-line). The search results
with scores � 55 were considered to be significant. Unless oth-
erwise stated all chemicals mentioned above used in this work
were purchased from Sigma and were of the highest purity
available.

RESULTS

Removal of HSA and IgG from Human Plasma—Fresh
human plasma passed through the Cibacron Blue 3GA column
and then Protein A column. Both the flow-through and eluate
were collected and examined by SDS-PAGE (Fig. 2). The results
showed that the amount of HSA or IgG was reduced signifi-
cantly. The human plasma sample with HSA and IgG removed
was named as HPP/HSA&IgGminus.
Biotinylation of HPP/HSA&IgGminus—The sample of HPP/

HSA&IgGminus was biotinylated with biotin reagents. The effi-
ciency of biotinylation was 91.6% as determined using the pro-
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tein quantification in the sample before and after the
streptavidin bead filtration (Table 1).
Library Panning and Ligand Identification by ELISA—The

panning of scFv library Tomlinson I�J that targeted HPP/
HSA&IgGminus was conducted in liquid phase based on the bio-
tin/streptavidin system. Phage clones bound to dissociative
plasma proteins were steadily enriched and titered after three
rounds of screening (two orders of magnitude increase in
recovery), which suggested no need for further panning (Table
2). Nine phage clones from the last round were selected by
ELISA for their affinity to HPP/HSA&IgGminus (Fig. 3), includ-
ing clone F4, which also showed specific binding to the negative
control as the nonspecific control.
Optimization of Conditions for Cross-linking—Various cross-

linking conditions were explored, in which the optimal condi-

tion for cross-linking was neutral pH, the molar ratio of glutar-
aldehyde to phage pVIII subunits (3000 pVIII subunits per
phage particle) should be higher than 0.27. The concentration
of phage particles was less important. When the concentration
decreased by 125-fold (from 4.5 � 1013 pfu/ml to 3.6 � 1011
pfu/ml), the cross-linking efficiency decreased only by 43%,
from 95% to 52% (Fig. 4). For the rest of the study, a large batch
of phage matrix was made by using 23.4 �M glutaraldehyde as
the cross-linker, MOPS as the coupling buffer, and the phage
concentration of 3 � 1013 pfu/ml at pH 7, which led to a less
intensive cross-linking with molar ratio 0.27.
Identification of Plasma Antigens Purified by Cross-linked

Phages—Six selected positive clones were amplified and made
into cross-linked phagematrices to purify proteins fromhuman
plasma as affinity chromatography beads. The eluates from
phagematrices were visualized for protein bands by Coomassie
Blue staining on SDS-PAGE (Fig. 5). As shown in Fig. 5, two
unique protein bands in the eluates of G5 and E1, respectively,
were picked and cut off from the gels for the identification by
MALDI-TOF/TOF (Beijing Proteome Research Center). They
were finally identified to be Amyloid protein (Mr 29,767) and
Apolipoprotein A-I precursor (Mr 30,758) (score � 61, p �
0.05). Additionally, they were confirmed withWestern blotting
using their corresponding antibodies (data not shown).

DISCUSSION

Our data demonstrated that monoclonal phage-displayed
scFv ligands specific for human plasma proteins could be
quickly screened from a phage display library using the library
against proteome strategy. The selected plasma protein-spe-
cific phages could be directly used as affinity matrices by cross-
linking for the isolation of corresponding proteins from the
complex. This approach represents an efficient way to prepare
affinity ligands for multiple antigens in a proteome, even with-
out any actual purification of antigens.
Comparedwith the conventional procedures for ligand prep-

aration such as monoclonal or polyclonal antibody and chemi-
cal synthesis/screening, phage library display is much more
powerful. Therefore, many efforts are aimed at applying phage

FIGURE 2. Significant reduction of HSA and IgG in human plasma.
A, human plasma was loaded onto the Cibacron Blue 3GA column. The flow-
through and eluate were visualized by Coomassie Blue staining, respectively.
Lane 1 shows the flow-through part and lane 2 the eluate part, mostly HSA.
B, the flow-through part of Cibacron Blue 3GA column was loaded onto the
Protein A column. The final flow-through and the new eluate were visualized
by Coomassie Blue staining, respectively. Lane 1 shows the final flow-through
part and lane 2 the new eluate part, mostly IgG heavy chain. The figure shows
that the amount of HSA and IgG in the final flow-through was reduced
significantly.

TABLE 1
Biotinylation efficiency was determined by protein quantification
before and after the streptavidin beads filtration

Mean protein
concentration Volume Biotinylation

efficiency

�g/ml ml %
Before filtration 1066.2 0.2 91.6
After filtration 23.8 0.75 91.6

TABLE 2
Enrichment of antigen-specific phages in the panning

Round 1 2 3

Phage applied (pfu) 1.6 � 1013 1.5 � 1012 6.9 � 1013
Phage eluted (pfu) 7.8 � 108 1.4 � 109 7.3 � 1010
Recovery (eluted/applied) 4.9 � 10�5 9.3 � 10�4 1.0 � 10�3

FIGURE 3. Identification of plasma proteins-specific mono-phages by
ELISA. Different monoclonal phage culture supernatants were used as the
first antibody against the plasma proteins and the negative control. The bind-
ing of each mono-phage was detected by anti-M13/HRP and 3,3�,5,5�-tetra-
methylbenzidine. KM13 helper phage was used as a negative binding control.
The figure shows eight significantly positive mono-phage clones among hun-
dreds of tests and one nonspecific clone F4.
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library for ligand identification (23, 24). However, strategies of
panning on a complex antigen system were always under stud-
ies in contrast to ligand screening against one individual anti-
gen. As reported here, we applied a phage-displayed scFv
library for panning on a whole proteome. Our results showed
the validity of the library against proteome strategy and the
potential in high-throughput ligand screening. In this study,
panning was carried out in solution to maintain the natural
conformations of plasma proteins to the greatest extent. As a
result, the clones bound to proteins with artificial conforma-
tions when antigens were immobilized on a solid matrix were
avoided (16).
Although phage library-derived ligands were extensively

studied (23, 25, 26), employing phage particles directly as
affinity ligands was a relatively new concept. In the present
work, phage-displayed scFv fragments were cross-linked to
serve as affinity matrices for a favorable alternative, com-
pared with phage-displayed peptides or wild-type phages as
reported before (14, 19, 27). The matrices were strong
enough to become support materials as well as appropriate
ligands for affinity purification. Cross-linked phage matrix
has great advantages over phage ligands immobilized on a
support matrix. First, the outcome of cross-linking provided
a phage density at least one order of magnitude higher than

that of non-cross-linking (data not shown). Second, cross-
linking would reduce nonspecific binding to target proteins,
as the charged functions of phage capsid proteins were
blocked by glutaraldehyde. Thirdly, cross-linked phages
were muchmore stable than non-cross-linked phages; there-
fore, they had higher resistance to eluants (data not shown).
Last but not the least, the use of cross-linked phages rather
than commercial beads as affinity matrix reduced the cost of
affinity purification evidently.
We applied glutaraldehyde rather than NHS-dextran as the

cross-linker not only for the difference in their prices, but also
for their molecular sizes. Although plasma samples are pre-
treated to remove the abundant plasma proteins such as HSA
and IgG, they usually remain in larger quantities in the samples.
Their molecular masses are higher than 50 kDa. In this study,
we were “fishing” ligands for plasma proteins with low abun-
dance. To avoid the interference from the abundant proteins,
we chose glutaraldehyde as the cross-linker simply to limit the
inner space of the phage matrices, compared with NHS-dex-
tran (�139 NHS groups on each dextran chain). However, this
also explainedwhy two antigens obtainedwith thismethod had
molecular masses of �30 kDa. The cross-linking reagents with
different sizes should be used to obtain the ligands for all sizes
of plasma proteins.

FIGURE 4. Optimization of conditions for cross-linking. A broad range of conditions was considered to effect the cross-linking. A, the effect of pH on
cross-linking was tested. The cross-linking was conducted in different coupling buffers: 1 M citric acid, pH adjusted to 3–5.5 with NaOH; 1 M MOPS, pH adjusted
to 7– 8 with NaOH; 1 M NaHCO3, pH adjusted to 8.5–10 with HCl or NaOH. The linker and phage concentration used were 23.4 �M and 3 � 1013 pfu/ml,
respectively. In the figure, neutral pH showed an optimal cross-linking. B, the effect of molar ratio on cross-linking was tested. This experiment was conducted
in MOPS, pH 7, and with fixed phage concentration (3 � 1013 pfu/ml). In the figure, the concentration of glutaraldehyde varied from 23.4 nM to 2.34 mM,
corresponding to the molar ratio of glutaraldehyde to phage pVIII subunits from 2.7 � 10�4 to 27. The molar ratio 0.27 showed the best cross-linking. C, the
effect of phage concentration on cross-linking was tested. The experiment was conducted in MOPS, pH 7, and with the linker concentration fixed (23.4 �M)
while the phage concentration varied from 3.6 � 1011 to 4.5 � 1013. In the figure, the cross-linking result shows a less significant variation.
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Our data confirmed another way to screen panels of phage
ligands simultaneously on a proteome-wide scale, as antici-
pated (28–29), which made the phage-based affinity technol-
ogy a valuable tool for the proteomics research. Comparedwith
the proteomics technologies currently available such as the
shotgun method, our approach could be used not only to char-
acterize the target antigens but also to obtain the corresponding
specific phage ligands both in phenotype and genotype. In the
present work, two important plasma antigens, amyloid protein
and apolipoprotein A-I precursor, were purified from human
plasma proteome alongwith their specific ligands in both forms
of DNA and protein (data not shown). The results implied that
using our method any proteins known or unknown that were

difficult to be isolated could be enriched, purified, and identi-
fied from a complicated proteome. It is expected that more
ligands specific for plasma proteins will beminedwhenwe con-
tinually improve the fishing conditions as using different sizes
of cross-linkers. In fact, this approach should be also suitable
for non-proteinmolecules. It could serve as a platform for high-
throughput purification and ligand screening.
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FIGURE 5. Protein isolation from plasma proteins by cross-linked
phages. Positive mono-phages were made into cross-linked matrices to
isolate corresponding plasma proteins. The results were visualized by
Coomassie Blue staining. A, two clones were eluted with 100 mM triethyl-
amine. The figure shows, from left to right, the flow-through (lane 1 is F3
and lane 2 is G5), the eluate (lane 3 is F3 and lane 4 is G5), and as a negative
control, the Tris-buffered saline flow-through (lane 5 is F3 and lane 6 is G5).
In the G5 eluate, one unique band appeared with an approximate molec-
ular mass of 25–30 kDa (as indicated by the arrow). B, four clones were
eluted with 100 mM HCl. The figure shows the part of the eluate of the four
clones (lanes 1 and 2, D9; lanes 3 and 4, E1; lanes 5 and 6, E9; and lanes 7 and
8, F4). In the E1 eluate, one unique band appeared with an approximate
molecular mass of 30 kDa (as indicated by the arrow).
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