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For efficient generation of high-affinity protein-based binding molecules, fast and reliable downstream
characterization platforms are needed. In this work, we have explored the use of staphylococcal cell surface
display together with flow cytometry for affinity characterization of candidate affibody molecules directly on the
cell surface. A model system comprising three closely related affibody molecules with different affinities for
immunoglobulin G and an albumin binding domain with affinity for human serum albumin was used to
investigate advantages and differences compared to biosensor technology in a side-by-side manner. Equilib-
rium dissociation constant (KD) determinations as well as dissociation rate analysis were performed using both
methods, and the results show that the on-cell determinations give both KD and dissociation rate values in a
very fast and reproducible manner and that the relative affinities are very similar to the biosensor results.
Interestingly, the results also show that there are differences between the absolute affinities determined with
the two different technologies, and possible explanations for this are discussed. This work demonstrates the
advantages of cell surface display for directed evolution of affinity proteins in terms of fast postselectional,
on-cell characterization of candidate clones without the need for subcloning and subsequent protein expression
and purification but also demonstrates that it is important to be aware that absolute affinities determined
using different methods often vary substantially and that such comparisons therefore could be difficult.

Specific binding proteins, e.g., antibodies, are becoming in-
creasingly important in almost all areas of life science, from
large-scale proteome projects (47, 49) to in vivo imaging (26,
31, 34, 50) and biotherapy (1, 10). To meet the increasing
demands, much effort has been put into developing and im-
proving different methods for the generation of such binders.
The generation is performed either in vivo through immuni-
zation of animals or in vitro using various combinatorial library
display systems. As new and more efficient methods have
emerged and the construction of extremely large combinatorial
libraries now is possible, the need for fast and reliable down-
stream characterization technologies is increasing. The bottle-
neck in the process of discovering novel binders is today just as
much in the characterization of the binding and biophysical
properties of the selected protein candidates as in the actual
selection process. A faster and less laborious characterization
method would allow for an increased number of candidates to
be analyzed, which also increases the probability of finding a
candidate with the required properties. Although phage dis-
play has been available for more than two decades (23, 32, 43),
it is still the in vitro selection method of choice for the majority
of laboratories working in the field of combinatorial protein
engineering. Nevertheless, today there are a number of more
or less established competing technologies, including, among
others, ribosome display (13, 21, 57), other cell-free selection

systems (3, 18, 28, 29, 41), protein complementation assays
(16), and various formats of cell display (4, 7–9, 14, 33, 56), all
with their respective advantages and disadvantages. We have
previously described a system for display of proteins and pep-
tides on the cell surface of the gram-positive bacterium Staph-
ylococcus carnosus (17, 36–39, 45, 51–55). The staphylococcal
display system has recently been improved for protein engi-
neering purposes (20), and optimization of the electroporation
protocol has increased the transformation frequency to ap-
proximately 106 transformants per transformation (19), en-
abling the construction of large displayed combinatorial pro-
tein libraries. A 58-amino-acid, three-helical-bundle protein,
derived from staphylococcal protein A (24), has been used as
a protein engineering scaffold, and the randomized and se-
lected affinity proteins are denoted affibody molecules (12, 26,
27, 30). The staphylococcal display system has been described
to expose approximately 10,000 recombinant surface proteins
per bacterium (2). Since the scaffold is of staphylococcal origin,
a staphylococcus-based system should increase the probability
of functional display on the cell surface.

The main advantage of cell-based display systems is that the
cell is large enough to be analyzed and sorted using flow
cytometry. In addition, the high polyvalency, with expression
levels from a few hundred to several hundred thousand pro-
teins displayed per cell (2), allows for sorting in a truly quan-
titative manner (5, 56). Furthermore, in phage display selec-
tions, elution of the binders from the target is typically
required to collect bound phages, and it is not evident that the
strongest binders are properly eluted. In addition to the many
advantages over phage display in the selection process, staph-
ylococcal cell display should offer the possibility to carry out a
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very rapid on-cell affinity determination to rank a large number
of selected candidates using flow cytometry, based on which a
few top candidates can be further characterized in more detail.
However, since the dominating in vitro selection system still is
phage display, where on-particle affinity determination is not
possible, the affinity of the majority of binders today is deter-
mined using surface plasmon resonance (SPR) technology (15)
and not on cells using flow cytometry. It is also known that
different affinity determination techniques often result in dif-
ferent absolute values of affinity, making direct comparisons
difficult. This is not necessarily a problem, since early in a
selection process the relative ranking among the different can-
didates is more crucial than the absolute affinity. Furthermore,
if the difference between two methods is reproducible and
known, this knowledge can be taken into account when a com-
parison is made. It is therefore important to investigate
whether a new method is reproducible and to determine any
differences in comparison to the benchmark technology.

In order to do this for the novel staphylococcal cell surface
display method, we have determined the equilibrium dissocia-
tion constants (KD) of three related affibody molecules (Zwt,
ZN28A, and ZK35A) (20) with affinity for human immunoglob-
ulin G (IgG) by cell display together with flow cytometry
and by biosensor analysis. Furthermore, the KD and the disso-
ciation rate constant (koff) of an albumin binding domain
(ABDwt) (44) for human serum albumin (HSA) have been
determined using both methods.

MATERIALS AND METHODS

Bacterial strains, vectors, and growth medium. Staphylococcus carnosus strain
TM300 (11) containing the surface display vector pSCX:Zwt, pSCX:ZN28A, or
pSCX:ZK35A (20) or pSC:ABDwt is hereafter denoted Sc:Zwt, Sc:ZN28A, Sc:
ZK35A, and Sc:ABDwt, respectively.

The surface display vector pSC:ABDwt was constructed from the surface
display vector pSCXm (55) in two steps. First, the coding sequence for the
albumin binding protein (55), which functions as a spacer and normalization tag,
was cleaved out from the parental vector pSCXm using the restriction enzymes
XhoI (Fermentas, Vilnius, Lithuania) and HindIII (Fermentas) and replaced
with the coding sequence for a head-to-tail dimer of the Zwt domain (24, 25). The
vector was thereafter digested with BamHI (Fermentas) and SalI (Fermentas)
and purified. The albumin binding domain (ABDwt) was amplified by PCR,
restricted with BamHI and SalI, and ligated into the vector using T4 DNA ligase
(Invitrogen, Carlsbad, CA) according to the supplier’s recommendations. The
plasmid was transformed into competent Escherichia coli RR1�M15 cells (35),
and the vector sequence was confirmed using DNA sequencing with BigDye
Thermo Cycle sequencing reactions and an ABI Prism 3700 instrument (Applied
Biosystems, Foster City, CA). Plasmid preparations were performed with the
JETSTAR kit (Genomed, Bad Oeynhausen, Germany) according to the suppli-
er’s recommendations, and the plasmid was thereafter transformed using elec-
troporation into electrocompetent S. carnosus TM300 cells as previously de-
scribed (19).

Tryptic soy broth (Merck, Darmstadt, Germany) supplemented with yeast
extract and 20 �g ml�1 chloramphenicol was used as the growth medium in all
further experiments.

Labeling of human IgG and HSA. Human IgG was biotinylated and purified
using the FluoReporter biotin-XX labeling kit (Invitrogen) according to the
manual. HSA was labeled with fluorophore using Alexa Fluor 647 succinimidyl
ester or Alexa Fluor 488 succinimidyl ester (Invitrogen) according to the sup-
plier’s recommendations. The concentration of labeled and purified IgG was
determined using the bicinchoninic acid protein assay kit (Pierce Biotechnology
Inc., Rockford, IL) according to the supplier’s recommendations. The concen-
tration of labeled and purified HSA was determined using amino acid analysis.

Preparation of cells for labeling. Cultures were inoculated with Sc:Zwt, Sc:
ZN28A, Sc:ZK35A, or Sc:ABDwt to an optical density at 578 nm of approximately
0.005 and incubated at 37°C and 150 rpm over night. After 16 h, 1 ml of each
culture was pelleted and resuspended in 1 ml phosphate-buffered saline (PBS)

with 0.1% Pluronic F108 NF surfactant (PBSP) (BASF Corporation, Mount
Olive, NJ) and diluted to an optical density at 578 of 1.0 in PSBP. Finally, 100 �l
was transferred to a new 1.5-ml tube for subsequent labeling and analysis.

Rapid on-cell affinity ranking of affibody molecules using flow cytometry. A
rapid affinity ranking of Zwt, ZN28A, and ZK35A was carried out by flow cytomet-
ric analysis of fluorescently labeled cells. Following preparation as described
above, pellets of Sc:Zwt, Sc:ZN28A, and Sc:ZK35A were resuspended in 1 ml PBSP
containing 4.9, 2.1, and 0.7 nM biotinylated human IgG. The cells were incubated
at room temperature for 1 hour with gentle mixing to reach equilibrium binding
and then washed in 100 �l ice-cold PBSP. Cells were resuspended in 100 �l PBSP
containing 1.25 �g ml�1 streptavidin (R-phycoerythrin conjugate) (Invitrogen)
and 225 nM Alexa Fluor 647 (HSA conjugate) and incubated for 40 min on ice
in the dark. After a last washing step in 100 �l ice-cold PBSP, cells were
resuspended in 300 �l ice-cold PBSP. The mean fluorescence intensity (MFI)
was measured using a FACS Vantage SE (BD Biosciences, San Jose, CA) flow
cytometer. The experiment was carried out in triplicates on different days, using
freshly prepared solutions.

Extraction and purification of surface-anchored proteins for immobilization
on Biacore chips. In order to obtain the cell wall-anchored affibody molecules
and ABDwt for immobilization on Biacore chips for kinetic analysis using SPR,
the proteins were produced and purified. The recombinant staphylococci, Sc:Zwt,
Sc:ZN28A, Sc:ZK35A, and Sc:ABDwt, were cultivated overnight, and the cells were
pelleted by centrifugation, resuspended in 10 ml PBS, and subjected to lyso-
staphin treatment (100 units; 2 h at 37°C) followed by sonication to release the
protein. The extracted cell wall proteins were purified using HSA affinity chro-
matography as described previously (46), and the purified proteins were analyzed
using 12.5% sodium dodecyl sulfate-polyacrylamide gel electrophoresis under
reducing conditions. The different proteins were immobilized to carboxymeth-
ylated dextran chips (CM5; BIAcore AB, Uppsala, Sweden) by amine coupling
using a Biacore 2000 instrument (BIAcore AB) according to the manufacturer’s
suggestions. On chip one, 500 Biacore resonance units (RU) of Zwt, ZN28A, and
ZK35A were immobilized to flow cells 2, 3, and 4, respectively, and with IgG as a
negative control on flow cell 1. On chip two, 400 RU of ABDwt was immobilized
to flow cells 3 and 4. The blank surface was treated like the other surfaces on the
chip but with no protein injected.

KD determination using SPR. SPR analysis was carried out using a Biacore
2000 instrument (BIAcore AB) to determine the KD of the three affibody mol-
ecules and the ABDwt. All experiments were performed using HEPES-buffered
saline (HBS) (10 mM HEPES, 0.15 M NaCl, 3.4 mM EDTA, and 0.005%
Surfactant P20 [BIAcore AB], pH 7.4) as running buffer and 10 mM HCl for
regeneration of the chip surface. A series of different concentrations of IgG (550,
413, 275, 138, 69, 34, 17, 8.6, 4.3, and 2.1 nM) were injected over the flow cells
of chip one with the immobilized affibody molecules, and different concentra-
tions of HSA (7,500, 2,500, 750, 500, 100, 50, 25, 1, and 0.75 nM) were injected
over the flow cells of chip two with the immobilized ABDwt. The injections were
performed in duplicates in a random order and at a flow rate of 20 �l min�1, and
the responses at equilibrium binding were collected. The entire experiment was
carried out in duplicates on different days, using freshly prepared solutions.

On-cell KD determination using flow cytometry. To determine the KD on cells
using flow cytometry, cells were prepared as described above and pellets of
Sc:Zwt, Sc:ZN28A, and Sc:ZK35A were resuspended in 1 ml PBSP containing
different concentrations of biotinylated human IgG (21, 14, 7, 4.9, 4.2, 2.1, 1.4,
0.7, 0.35, and 0.14 nM). The cells were incubated at room temperature for 1 hour
with gentle mixing to reach equilibrium binding and then washed in 100 �l
ice-cold PBSP. Cells were thereafter resuspended in 100 �l PBSP containing 1.25
�g ml�1 streptavidin (R-phycoerythrin conjugate) (Invitrogen) and incubated for
40 min on ice in the dark. After a last washing step in 100 �l ice-cold PBSP, cells
were resuspended in 300 �l ice-cold PBSP and kept on ice until flow cytometric
analysis. Cells displaying ABDwt were incubated with different concentrations of
Alexa Fluor 488 (HSA conjugate) (1,000, 126, 63, 32, 16, 7.9, 3.9, 2.0, 0.98, and
0.42 nM) for 1 hour at room temperature in the dark with gentle mixing to reach
equilibrium binding, followed by washing and resuspension in 300 �l ice-cold
PBSP. The MFI was measured using a FACS Vantage SE (BD Biosciences) flow
cytometer. The experiment was carried out in triplicates on different days, using
freshly prepared solutions.

Determination of koff using SPR. SPR analysis of the dissociation rate for the
ABDwt and HSA pair was performed by injecting HSA (250, 125, 63, and 31 nM)
in duplicates at a flow rate of 50 �l min�1 over the flow cells of chip two,
containing immobilized ABDwt. After association, the chip was washed for 15
min with HBS buffer and the dissociation response data were collected. The
entire experiment was carried out in duplicates on different days, using freshly
prepared solutions.

VOL. 73, 2007 STAPHYLOCOCCAL DISPLAY FOR AFFINITY DETERMINATIONS 6715



On-cell determination of koff using flow cytometry. To determine the dissoci-
ation rate for the ABDwt and HSA pair on cells using flow cytometry, cells were
prepared as described above and then resuspended and incubated in the dark at
room temperature in 1 ml 42 �M Alexa Fluor 488 (HSA conjugate) for 1 hour
at room temperature to saturate all binding sites. After washing with PBSP at
room temperature, cells were resuspended and incubated in 1 ml PBSP contain-
ing 420 �M of unlabeled HSA to avoid reassociation of the labeled HSA mol-
ecules to the ABDwt on the cell surface. To determine the dissociation rate of the
complex, samples were taken every 5 minutes for 45 min, and the MFI was
measured using a FACS Vantage SE (BD Biosciences) flow cytometer. The
experiment was carried out in triplicates on different days, using freshly prepared
solutions.

RESULTS

Model system. Three previously described recombinant
staphylococcal strains, denoted Sc:Zwt, Sc:ZK35A, and Sc:
ZN28A (20) (Fig. 1A) and expressing single-amino-acid mutants
of the protein A-derived Z domain with different affinities for
IgG, were used together with a newly constructed strain, Sc:
ABDwt. In the new strain, a 46-amino-acid-residue albumin
binding domain (ABDwt) (42, 44, 46), derived from strepto-
coccal protein G, was introduced into a modified variant of the
general surface display vector pSCXm. The newly constructed
strain, Sc:ABDwt, contains the cell wall-anchoring region from
staphylococcal protein A for functional display of the bacterial
domains (22, 40, 48, 55) but lacks the albumin binding protein

(42, 55), which is replaced by a head-to-tail dimer of Zwt

functioning as a spacer to minimize sterical hindrance from the
cell surface and as a surface expression normalization tag for
parallel monitoring of the surface expression level (Fig. 1B).
Functional cell surface expression of both the ABDwt and the
Zwt domain was verified using flow cytometry (data not
shown).

Rapid on-cell affinity ranking of affibody molecules using
flow cytometry. Briefly, for a rapid affinity ranking of the three
surface-displayed affibody variants, Zwt, ZN28A, and ZK35A,
cells were incubated with three concentrations of biotinylated
human IgG, followed by incubation with streptavidin (R-phy-
coerythrin conjugate) and Alexa Fluor 647 (HSA conjugate).
The MFI was measured using flow cytometry, and the signal
corresponding to the IgG binding (R-phycoerythrin, FL-2) was
normalized with the signal corresponding to the expression
level (Alexa Fluor 647, FL-4). The results show a clear ranking
of the three affibody molecules, with Zwt as the strongest
binder, followed by ZN28A and ZK35A as the weakest (Fig. 2),
which correlates with previously published data (6).

Extraction and purification of surface-anchored proteins for
biosensor analysis. The cell wall-anchored affibody molecules,
Zwt, ZN28A, and ZK35A, and ABDwt were extracted from the
cell wall by lysostaphin treatment and sonication of overnight
cell cultures followed by HSA affinity chromatography and
low-pH elution. Eluted fractions were evaluated by sodium
dodecyl sulfate-polyacrylamide gel electrophoresis under re-
ducing conditions, which showed that the extracted and affin-
ity-purified cell wall proteins were pure and that no degrada-
tion products were present (data not shown). The purified cell
wall proteins were then immobilized as follows on CM5 Bia-
core chips. On chip one, Zwt, ZN28A, and ZK35A were immo-
bilized, on one surface each, to a final response of around 500
RU. To account for unspecific binding, IgG was immobilized
on one flow cell surface, serving as a blank reference surface.
On chip two. ABDwt was immobilized on two of the flow cell
surfaces to a final response of around 400 RU. The blank

FIG. 1. (A) Schematic picture of the processed gene fusion prod-
ucts anchored to the cell wall in strains Sc:Zwt, Sc:ZN28A, and Sc:ZK35A
(20). Z* represents the three different single-amino-acid mutants, Zwt,
ZN28A, and ZK35A. PP, propeptide from Staphylococcus hyicus lipase;
Z, engineered IgG binding domain derived from staphylococcal pro-
tein A; ABP, albumin binding protein derived from streptococcal pro-
tein G and used as a normalization tag (20); X, charged repetitive
region derived from staphylococcal protein A, postulated to interact
with the peptidoglycan cell wall; M�, the processed and covalently cell
wall-anchored form of the M sequence of staphylococcal protein A.
(B) Schematic picture of the processed gene fusion products anchored
to the cell wall in the new strain Sc:ABDwt. ABDwt, albumin binding
domain derived from streptococcal protein G (44); Zwt, engineered
IgG binding domain derived from staphylococcal protein A and used
as a dimer for normalization, according to the previously described
principle (20).

FIG. 2. Histogram representation of the results from the rapid
on-cell affinity ranking of the three different affibody molecules, Zwt,
ZN28A, and ZK35A, using flow cytometry. y axis, MFI corresponding to
the IgG binding (FL-2) normalized to the MFI corresponding to the
surface expression level (FL-4). x axis, concentration of biotinylated
human IgG. Note that due to differences in signal intensities between
days, all MFIs within one experiment (performed on one day) are
normalized to the intensity corresponding to Zwt incubated with 4.1
nM human IgG. Error bars indicate standard deviations.
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surface was treated like the other surfaces on the chip but with
no protein injected.

Determination of KD of affibody molecules using SPR. In
order to determine the apparent KD of the affibody molecules
using SPR, different concentrations of IgG were injected over
the previously described chip one. The response at equilibrium
binding was collected for each concentration, and the data
were fitted to a monovalent binding model to determine the
apparent KD (Table 1; Fig. 3A and B). The results were in
accordance with the rapid on-cell relative ranking and also
with previously published data (Fig. 2) (6).

On-cell determination of KD of affibody molecules using flow
cytometry. The apparent KD of the affibody molecules were
determined on cells by immunofluorescent labeling of cells by
incubation with various concentrations of biotinylated IgG for
1 hour to reach equilibrium, followed by a washing step and
incubation with streptavidin (R-phycoerythrin conjugate). The
MFI was measured by flow cytometry, and the fluorescence
data were fitted, as for the SPR data, to a monovalent binding
model to determine the apparent KD (Table 1; Fig. 3C and D).
The results were reproducible and show that the relative values
of the KD obtained for Zwt, ZN28A, and ZK35A agree with the
rapid on-cell ranking (Fig. 2) and that the relative affinities are
very similar to the results obtained using SPR analysis (Table
1; Fig. 3A and B). However, the absolute affinities differ
around 40-fold between the two methods (Table 1).

Determinations of KD and koff of ABDwt using SPR. In order
to determine the KD of ABDwt using SPR, different concen-
trations of HSA were injected over the previously described
chip two. The response at equilibrium binding was collected
for each concentration, and the data were fitted to a monova-
lent binding model to determine the KD (Fig. 4A).

The koff of the ABDwt and HSA pair was determined using
SPR by applying different concentrations of HSA to the flow
cells of chip two. After association, HBS buffer was injected for
15 min for the collection of dissociation data. The data were
fitted to a first-order kinetic model to determine the koff for the
complex (Fig. 4B).

On-cell determinations of KD and koff of ABDwt using flow
cytometry. The KD of ABDwt were determined on cells by
immunofluorescent labeling of cells by incubation in various
concentrations of labeled HSA for 1 hour to reach equilibrium,
followed by a washing step. The MFI was measured by flow
cytometry, and the fluorescence data were fitted, as for the
SPR data, to a monovalent binding model to determine the KD

(Fig. 4C). The results were reproducible and show that the
values of the KD obtained for ABDwt are similar to the results

obtained using SPR analysis (Fig. 4A), but still with a sixfold
difference between the two methods.

To investigate the possibility of on-cell determination the
koff of the ABDwt and HSA pair using flow cytometry, Sc:
ABDwt cells were incubated in Alexa Fluor 488 (HSA conju-
gate) to saturate all surface-displayed binding sites. After
washing and incubation with unlabeled HSA to minimize re-
association, samples were taken at different time points and
the MFI was measured for each sample in the flow cytometer.
The data were thereafter fitted to a first-order kinetic model to
determine the koff of the ABDwt/HSA complex (Fig. 4D). The
results showed a high reproducibility and were in agreement
with the results obtained using SPR analysis (Fig. 4B), but they
did differ by around threefold.

DISCUSSION

In this study we have investigated the use of staphylococcal
cell surface display together with flow cytometry as an alter-
native to more traditional SPR technology (i.e., Biacore) for
rapid on-cell affinity determination of binding molecules pre-
viously selected from a staphylococcus-displayed combinatorial
protein engineering library. A model system consisting of three
affibody variants (Zwt, ZN28A, and ZK35A) with different affin-
ities for IgG and an albumin binding domain (ABDwt) with
affinity for HSA was used to compare the on-cell method with
the established SPR technology. The three affibody molecules
were expressed on the surface of S. carnosus cells using our
general surface display vector pSCXm, incubated with three
different concentrations of IgG, and analyzed in order to per-
form a very rapid ranking of the relative affinities. To avoid
biases due to cell-to-cell variations in surface expression levels,
a dual-labeling technique (described previously [20]) was em-
ployed for parallel monitoring of the expression levels of indi-
vidual cells and the subsequent normalization of the binding
signal. The normalized fluorescence intensities showed an af-
finity ranking that was in accordance with previously published
data. This result is of significant importance, since the ability to
perform a rapid affinity screen, with few target concentrations,
of a large set of candidate binders obtained from a cell surface-
displayed protein library is essential to obtain a high through-
put in the binding analysis. After the initial ranking, the affin-
ities were determined directly on the cells by incubating the
cells with different concentrations of the target followed by
flow cytometric analysis. The equilibrium mean fluorescence
intensities were then fitted using nonlinear regression to a
monovalent binding model, and the apparent KD were calcu-
lated. All experiments were performed in triplicates and
showed a very high reproducibility. In order to compare the
results to those of the well-established SPR technology, the
different affibody variants were extracted from the staphylo-
coccal cell wall using enzymatic digestion, purified, and immo-
bilized on a Biacore chip surface. Producing and purifying the
affibody molecules in this manner minimized variability be-
tween the methods due to differences in production host and
fusion environment. Equilibrium data were collected and fitted
to the binding model using the same software as for the flow
cytometry data. Interestingly, when comparing the affinities
obtained using the two methods, a 40-fold difference was ob-
served. However, the difference was highly reproducible for all

TABLE 1. KD determined both on cells using flow cytometry
and by SPR

Binding pair
KD (nM [mean � SD]) KD ratio

(SPR/on cells)SPRa On cellsb

Zwt/IgG 92 � 6 2.1 � 0.3 43
ZN28A/IgG 104 � 2 2.8 � 0.8 37
ZK35A/IgG 169 � 4 3.7 � 0.8 46

a Performed in duplicate on different days with duplicates in each run.
b Performed in triplicate on different days.
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three affibody variants, making the relative order and ratios
almost identical for the two methods. The rather large differ-
ence between the absolute affinities observed here may have
several possible explanations. First, the proteins on the Biacore
chip surface have been extracted, purified, and immobilized,
and there is a risk that at least a portion of the proteins has lost

some binding functionality. Furthermore, since the proteins
are immobilized using amine coupling chemistry, resulting in a
random orientation on the chip surface, a number of proteins
will obtain a conformation not optimal for target binding. In
contrast to the Biacore system, when analyzing the staphylo-
coccus-derived affibody molecules on cells using the anchoring

FIG. 3. Determination of the KD for three different affibody molecules (Zwt, ZN28A, and ZK35A). (A) Determination of KD values using SPR
analysis. Sensorgrams show the response after injection of 10 different concentrations of IgG. (B) Binding isotherms, with the response at
equilibrium from the SPR analysis on the y axis and the IgG concentration on the x axis. The solid line is the equation obtained from fitting the
data to a monovalent binding model. (C) On-cell determination of KD values for the three different affibody molecules using flow cytometry.
Histograms showing the IgG binding signal after incubation with 10 different IgG concentrations and flow cytometric analysis. (D) Binding
isotherms, with the MFI from the flow cytometric analysis on the y axis and the IgG concentration on the x axis. The solid line is the equation
obtained from fitting the data to a monovalent binding model.

6718 LÖFBLOM ET AL. APPL. ENVIRON. MICROBIOL.



system from staphylococcal protein A, it is more likely that
they are displayed in a functional manner. In addition, the
affibody variants bind to an epitope on the Fc part and thereby
have two possible binding sites per IgG molecule. This will lead
to avidity effects, which are more or less pronounced depend-
ing on the conformation and density of the proteins on the
surface. In order to determine how large a part of the overall
difference between the methods was due to avidity, the ABDwt

and HSA pair, a binding pair with true monovalent binding,
was analyzed using both techniques. As expected, the differ-
ence was now much smaller, approximately sixfold, confirming
that the avidity effect accounted for a large part of the differ-
ence when analyzing the affibody/IgG pairs. The observed dif-
ference in absolute affinity is not surprising, since differences
between alternative techniques are known to be common due
to the possibilities discussed above. However, it is easier to
underestimate than to overestimate an affinity due to loss in
functionality, and a higher affinity would therefore more often
be closer to the affinity of the fully functional pair. In either
case, most important are that the technique is robust and
results in a reproducible output that can accurately rank a large
set of candidates and that the difference from another tech-
nique is known when a comparison is made. Finally, to show
the versatile use of the cell display platform for binding anal-
ysis of selected binders, an experiment was performed with the
ABDwt and HSA pair to determine the koff of the binding

reaction. The results were again compared to results obtained
with the SPR technology, showing a threefold lower dissocia-
tion rate using the on-cell technique, in accordance with the
previous KD determinations. This also indicates that the dif-
ferences between the two techniques affect the association rate
as much as the dissociation rate of the reaction. The possibility
of performing on-cell determinations of the koff and thereby
also be able to calculate the association rate constant is very
useful for thorough characterization of interesting binders.

In conclusion, we have shown that our staphylococcal
surface display system is a very rapid and useful platform for
characterizing selected affinity proteins directly on the cells
without any need for subcloning, protein production, and
purification. In addition, to increasing the throughput even
more, the system would easily be amenable to automation
using liquid handling robots together with multiwell plates
and analysis using a plate-reading spectrofluorometer. The
results presented here show that staphylococcal surface dis-
play has several advantages over phage display, not only in
the actual selection process but also in the time-consuming
downstream characterization part. Ultimately, it is hoped
that the increased number of selected clones that it will be
possible to analyze with our cell display method will lead to
a higher success rate in the discovery of novel affinity pro-
teins.

FIG. 4. Determination of both KD and koff for ABDwt. (A) Determination of KD using SPR analysis. Binding isotherms show the response at
equilibrium from the SPR analysis on the y axis and the HSA concentration on the x axis. The solid line is the equation obtained from fitting the
data to a monovalent binding model. (B) Determination of koff values using SPR analysis. Dissociation data from the four different concentrations
were fitted to a first-order kinetic model. (C) On-cell determination of KD using flow cytometry. Binding isotherms show the MFI from the flow
cytometric analysis on the y axis and the HSA concentration on the x axis. The solid line is the equation obtained from fitting the data to a
monovalent binding model. (D) On-cell determination of koff values using flow cytometry. The MFI from the flow cytometric analysis on the y axis
is plotted against time on the x axis. The solid line is the equation obtained from fitting the data to a first-order kinetic model.
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