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Abstract Combinatorial protein engineering for selection
of proteins with novel functions, such as enzymes and
affinity reagents, is an important tool in biotechnology,
drug discovery, and other biochemical fields. Bacterial
display is an emerging technology for isolation of new
affinity proteins from such combinatorial libraries. Cells
have certain properties that are attractive for directed
evolution purposes, in particular the option to use quanti-
tative flow-cytometric cell sorting for selection of binders.
Here, an immune library of around 107 camelid single-
domain antibody fragments (Nanobodies) was displayed on
both the Gram-positive bacterium Staphylococcus carnosus
and on phage. As demonstrated for the first time, the

Electronic supplementary material The online version of this
article (doi:10.1007/s00018-012-1179-y) contains supplementary
material, which is available to authorized users.

F. Fleetwood - S. Stahl - J. Lofblom (X))

Division of Molecular Biotechnology, School of Biotechnology,
KTH, Royal Institute of Technology, AlbaNova University
Center, 106 91 Stockholm, Sweden

e-mail: lofblom@kth.se

N. Devoogdt - M. Pellis - S. Muyldermans
Laboratory of Cellular and Molecular Immunology, Vrije
Universiteit Brussel, Pleinlaan 2, 1050 Brussels, Belgium

N. Devoogdt
Laboratory of In Vivo Cellular and Molecular Imaging, Vrije
Universiteit Brussel, Laarbeeklaan 103, 1090 Brussels, Belgium

M. Pellis - S. Muyldermans
Department of Structural Biology, VIB, Pleinlaan 2,
1050 Brussels, Belgium

U. Wernery
Central Veterinary Research Laboratory (CVRL),
PO Box 597, Dubai, United Arab Emirates

antibody repertoire was found to be well expressed on the
bacterial surface and flow-cytometric sorting yielded a
number of Nanobodies with subnanomolar affinity for the
target protein, green fluorescent protein (GFP). Interest-
ingly, the staphylococcal output repertoire and the binders
from the phage display selection contained two slightly
different sets of clones, containing both unique as well as
several similar variants. All of the Nanobodies from the
staphylococcal selection were also shown to enhance
the fluorescence of GFP upon binding, potentially due to
the fluorescence-based sorting principle. Our study high-
lights the impact of the chosen display technology on the
variety of selected binders and thus the value of having
alternative methods available, and demonstrates in addition
that the staphylococcal system is suitable for generation of
high-affinity antibody fragments.

Keywords Bacterial display - Combinatorial protein
engineering - Nanobodies - Phage display -
Recombinant antibodies

Introduction

Display technologies (e.g., phage display) are widely used
for selection of protein function. Phage display has revo-
lutionized the field of protein engineering, enabling
generation of fully human antibodies, efficient affinity
maturation, improvement of other properties such as sta-
bility and solubility [1] as well as the isolation of specific
affinity proteins based on non-immunoglobulin scaffolds
[2].

In addition to phage display, alternative display systems
such as cell surface display [3, 4] and ribosome display [5]
have been developed and investigated for similar purposes.
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The main difference between ribosome and phage display
is that transcription and translation in ribosome display is
performed in vitro, and the library size is hence not limited
by the transformation of DNA into cells. However, while
the means of producing the actual libraries is differing, the
procedure for selecting binders with ribosome and mRNA
display is basically identical to the capture and elution
principle that is generally employed when using phage
display.

In contrast, directed evolution involving cell surface
display is more different compared to phage display, typ-
ically relying on screening of combinatorial libraries for
identification of variants with desired function rather than
true selection. This is because cells, as opposed to phages,
are large enough to be detected in a flow cytometer,
enabling fluorescence-based analysis and sorting of dis-
played libraries [6, 7]. Another important property of cell
display is that recombinant proteins are expressed multiv-
alently on the surface, and together with the flow-
cytometric analysis, this provides means for quantification
of the relative affinity of each cell-displayed protein variant
for the target, which is the parameter that sorting is gen-
erally based upon. The use of flow-cytometric cell sorting
also provides excellent control and monitoring of the
selection process, as compared to other existing selection
techniques. In most flow cytometers it is also possible to
analyze multiple parameters simultaneously, providing
means for normalization of expression level [8, 9] and
engineering of crossreactivity [10, 11]. Cell display tech-
nologies have been developed and investigated using a
variety of different hosts and anchoring mechanisms, and
although mammalian cell-based systems have been repor-
ted [12-14], the most commonly used methods are
employing bacteria [3, 7, 15—17] or yeast [4, 18]. However,
although bacterial display is becoming increasingly popu-
lar, no direct comparison to phage display has been
reported so far.

We have developed a bacterial display system using
Gram-positive staphylococci for library purposes [17, 19].
The technology is based on the cell-wall anchoring domain
from staphylococcal protein A and surface expression on
the non-pathogenic strain Staphylococcus carnosus [20].
Gram-positive bacteria are well suited for recombinant
display and combinatorial protein engineering applications.
A single cell membrane and C-terminal anchoring mechanism
results in straightforward translocation of recombinant pro-
teins to the cell surface as well as functional display of large
proteins. The thick layer of peptidoglycan that is surrounding
the single cell membrane protects the cells in the harsh milieu
of the flow cytometer, leading to a remarkable cell viability
after cell sorting [19]. Previously, libraries based on Affibody
molecules [21], bispecific albumin-binding domains (ABDs)
[10] as well as peptide libraries derived from a wide variety
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of human proteins [19, 22, 23] have been successfully
displayed on S. carnosus and used for the generation of
new affinity reagents [17], affinity maturation [10, 24] as
well as for epitope mapping efforts [19, 22, 23]. In this
study, using an immune Nanobody library, we demonstrate
for the first time that the staphylococcal system is also an
excellent alternative for display of libraries derived from
antibody fragments and can hence complement phage
display and other methods in the protein engineering
toolbox.

Nanobodies are the variable domains (VHH) from
camelid heavy-chain only antibodies (HCAb). Nanobodies
have several attractive properties, such as small size
(15 kDa), a strict monomeric behavior and a generally
excellent stability, and since they are expressed naturally
without association to a light chain, the solubility is—on
average—higher compared to for example single-chain
variable domains from human antibodies [25]. These
properties facilitate for example the construction of mul-
tivalent formats (e.g., bispecific Nanobodies) as well as
production of large amounts of recombinant protein in
microbial systems [26], and Nanobodies have even been
reported to work intracellularly [27]. Due to the lack of
pairing of a VHH with a VL domain, the natural single-
domain format results in full functional diversity when
working with immune Nanobody libraries in display
applications [28]. The immune repertoire is hence covered
with a relatively moderate complexity library and sub-
cloning to most display formats is straightforward.
Working with immune Nanobody libraries also has the
advantage that an affinity maturation of the HCAb occurs
during the immunization of the camelid. It is therefore
expected that Nanobodies retrieved from such libraries will
have high affinity and specificity for the antigen, resulting
in that subsequent in vitro affinity maturation steps often
can be avoided. Isolation of high-affinity Nanobodies from
immune libraries has previously been performed using
phage display [29], ribosome display [30], yeast display
[31] and a bacterial-two-hybrid system [32], however, no
bacterial display system has been investigated so far for
this purpose. It has also been reported that display of other
antibody fragments (e.g., scFvs) on the outer membrane of
Escherichia coli is challenging and the staphylococcal
system might thus be a valuable bacterial complement to
phage and yeast display [15].

Here we report on the first antibody fragment library
displayed on Gram-positive bacteria. Using the same
immune Nanobody library generated towards green fluo-
rescent protein (GFP) on both the staphylococcal and
phage display platforms, we have investigated the outcome
from each selection strategy, revealing both similarities as
well as differences. Taken together, the results demonstrate
that the new Gram-positive selection system is a powerful
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complement to phage display for selection of high-affinity
antibody fragments. The fluorescence-based sorting of the
bacterial library also enriched Nanobodies with fluores-
cence-enhancing properties. Even though naturally
fluorescent targets are an exception, this indicates that cell
display in combination with fluorescence-activated cell
sorting (FACS) is a suitable technology for generating
binders that can modulate the spectral characteristics of
such targets.

Materials and methods
Construction of Nanobody library

The GFPplus antigen was expressed in bacteria and puri-
fied as described by Deschamps et al. [33]. A dromedary
(Camelus dromedarius) was immunized by six injections
of ~0.3 mg GFPplus in an equal volume of Gerbu adju-
vant (GERBU Biochemicals, Germany) at weekly
intervals. Three days after the last injection, anti coagulated
peripheral blood (50 ml) was collected and treated as
explained by Conrath et al. [29]. A phage display Nano-
body library was made in the vector pHEN4 as previously
described [29]. Briefly, lymphocytes were prepared on
Lymphoprep from 50 ml of blood, the total mRNA was
extracted from these lymphocytes (yielding between 100
and 250 pg) of which 50 pg was converted to cDNA using
dN6 as primer and Superscript II Reverse transcriptase in a
total volume of 100 pl. An aliquot of 3 pl was used to
amplify the Nanobody genes by standard PCR. The
amplified material was used to ligate into pHEN4 vector
and to transform house-made electrocompetent TG1 cells.

Selection of GFP-specific Nanobodies using phage
display

The Nanobodies from the library in pHEN4 were displayed
on phage and enriched for antigen binders in three rounds on
GFPplus coated in wells of microtiter plates as previously
described [29]. After the second and third round of panning,
up to 144 individual clones were randomly selected and
analyzed in a standard ELISA and the Nanobody gene from
the positive clones in the ELISA were amplified and sub-
jected to an RFLP analysis with Hinfl. The nucleotide
sequence of clones with a different RFLP pattern were
determined and converted to amino acid sequence.

Protein production and purification of GFP-specific
Nanobodies from the phage display selection

The phage display-derived Nanobodies (P-Nbs) were
amplified by PCR, digested with PstI and BstEIl (New

England Biolabs), and ligated into the pHENG6 vector [29]
for periplasmic expression. Plasmids were transformed into
E. coli RR1dM15 cells, prepared using QiaPrep kit (Qia-
gen, Valencia, CA, USA) according to the supplier’s
recommendations and transformed into E. coli WK6 for
expression. A single colony from each Nanobody was
inoculated to Tryptic Soy Broth (TSB) with 10 pg/ml
ampicillin and cultivated at 200 rpm overnight. An aliquot
of the overnight culture was inoculated to fresh TSB
medium with 10 pg/ml ampicillin and grown to
ODgpg = 0.6-0.9. Nanobody expression was induced by
addition of isopropyl f-p-1-thiogalactopyranoside (IPTG)
to a final concentration of 1 mM, and cultures were grown
at 30 °C and 200 rpm overnight. Cells were harvested by
centrifugation for 8 min at 8,000 rpm and 14 °C, resus-
pended in TES buffer (0.5 M sucrose, 0.2 M Tris—HCI,
0.5 mM EDTA) and incubated on ice at 200 rpm for 1 h.
Periplasmic content was released using osmotic shock by
addition of TES/4 buffer (TES buffer diluted 1:4) and
incubation on ice for 2 h. After centrifugation for 30 min at
8,000 rpm and 4 °C, the periplasmic extract was purified
by immobilized metal ion affinity chromatography (IMAC)
using PD-10 columns containing 1 ml of HisPur™ Cobalt
Resin (ThermoScientific, Rockford, USA). The Nanobod-
ies were eluted from the columns using PBS containing
0.5 M imidazole. Finally, potential multimers and salts
were separated from monomers by size exclusion chro-
matography (SEC) using a Superdex ™75 FPLC column
(GE Healthcare Bio-Sciences AB, Uppsala, Sweden) and
an AKTA explorer (GE Healthcare Bio-Sciences AB,
Uppsala, Sweden).

Characterization of GFP-specific Nanobodies
from the phage display selection

Purified Nanobodies were immobilized onto GLM chips
(Bio-Rad Laboratories, Hercules, CA, USA) by amine
coupling using a ProteOn XPR36 instrument (Bio-Rad
Laboratories) according to the manufacturer’s suggestions.
On each chip, one surface was used as a reference surface,
with no immobilized protein. For determination of kinetic
constants of the Nanobodies, SPR-based biosensor analysis
was performed using a ProteOn XPR36 instrument (Bio-
Rad Laboratories). Three different concentrations of eGFP
(MBL International) (10, 25, and 50 nM) were injected
over each chip. In all experiments PBST [PBS (10 mM
sodium phosphate and 150 mM sodium chloride) + 0.1 %
Tween 20] was used as a running buffer and 33 mM HCl
was used for regeneration of the chip surface. Response
signals were double referenced by subtraction of simulta-
neous responses from reference surface and a buffer
injection and obtained sensorgrams were thereafter fitted to
a Langmuir 1:1 binding model using the ProteOn Manager
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Software (Bio-Rad Laboratories). The GFP enhancing
effect for P-Nbs was determined as described by Kirchhofer
etal. [27].

Cloning and bacterial surface expression of phage
display-derived Nanobodies

Three of the GFP-specific Nanobodies selected by phage
display (P-Nbl, P-Nb3, and P-Nb6) were subcloned into
the staphylococcal display vector pSCZ1 [17] using the
restriction sites BamHI and Sall. The Nanobody sequences
were amplified by PCR using primers containing BamHI
and Sall sites, and digested with the same restriction
enzymes (New England Biolabs, Beverly, MA, USA). The
sequences were ligated into the staphylococcal display
vector pSCZ1 and transformed to E. coli RRIAM15 cells
[34]. The plasmids were prepared using a JETSTAR kit
(Genomed, Bad Oeynhausen, Germany), according to the
supplier’s recommendations and transformed in electro-
competent S. carnosus TM300 [20] as previously described
[35] and stored in 15 % glycerol at —80 °C.

Flow-cytometric analysis

Staphylococcal cells expressing the three different Nano-
bodies were cultured in TSB medium (Merck, Darmstadt,
Germany) with 10 pg/ml chloramphenicol for 16 h at
37 °C and 150 rpm. Cells were washed in 800 ul PBS (pH
7.4) with 0.1 % Pluronic F108 NF surfactant (PBSP; BASF
Corporation, Mount Olive, NJ, USA). Cells were pelleted
by centrifugation (3,500 x g, 4 °C, 6 min) and re-sus-
pended in 150 pl 200 nM eGFP (MBL International,
Woburn, MA, USA) and subsequently incubated at room
temperature with gentle mixing for 1 h. After the incuba-
tion, cells were washed twice in 200 pl PBSP and
incubated with 225 nM Alexa Fluor 647-human serum
albumin (HSA) conjugate (prepared as described previ-
ously [17]) for 30 min on ice under foil. The cells were
then washed in 200 pul PBSP and re-suspended in 200 pl
PBSP, and analyzed by flow cytometry using a FACS
Vantage SE (BD Biosciences, San Jose, CA, USA).

Cloning and sorting of the cell-displayed Nanobody
library

A representative fraction of the immune Nanobody library
cloned in pHEN4 was used as template to amplify the
Nanobody genes. The amplicons were inserted into the
staphylococcal vector pSCNbl. Plasmid pSCNbl is a
modified variant of the staphylococcal display vector
pSCZ1 [17], with a Nhel site introduced for insertion of
Nanobody-encoding gene fragments. The Nanobody
sequences were amplified by PCR using primers containing
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Xhol and Nhel sites, and digested with the same restriction
enzymes (New England Biolabs, Beverly, MA, USA). The
sequences were ligated into the staphylococcal display
vector pSCNb1 and transformed using electroporation to
E. coli SS320 [36]. Plasmids were prepared using a JET-
STAR kit (Genomed) and transformed to S. carnosus as
described previously [35]. The library was stored in 15 %
glycerol at —80 °C.

An aliquot of the library (corresponding to a number of
cells ten times the size of the library) was inoculated to
TSB with 10 pg/ml chloramphenicol and cultivated for
16 h at 37 °C and 150 rpm. A part of the overnight culture
was washed with 800 pl PBSP and cells were pelleted by
centrifugation (3,500 x g, 4 °C, 6 min) and resuspended in
1.4 ml of eGFP (MBL International) (starting with 200 nM
in the first sorting round and increasing the stringency
down to 10 nM in round 4) and incubated at room tem-
perature with gentle mixing for 2 h. Cells were thereafter
washed twice in 180 pl PBSP and incubated with 225 nM
Alexa Fluor 647-HSA conjugate for 45 min on ice under
foil. Finally, the cells were washed three times in 180 pl
PBSP and resuspended in 1.4 ml PBSP. The library was
then sorted using a FACS Vantage SE (BD Biosciences).
Cells were sorted into TSB medium and incubated for 1 h
with gentle mixing at 37 °C and then inoculated to 25 ml
TSB with 10 pg/ml chloramphenicol and cultured for 36 h
at 37 °C and 150 rpm. After the last round of sorting,
sorted cells were spread on agar plates containing 10 pg/ml
chloramphenicol and incubated for 24 h at 37 °C. Colonies
from the sorting were screened by PCR, and sequenced
using BigDye thermo cycle sequencing reactions and an
ABI Prism 3700 instrument (Applied Biosystems, Foster
City, CA, USA).

Subcloning, protein production, and purification

The Nanobody sequences selected for further character-
ization were subcloned into the pHENG6 vector and proteins
were produced and purified as described for the Nano-
bodies from the phage selection.

Biosensor analysis

The affinities of the purified GFP-specific Nanobodies from
the staphylococcal selection were determined using an
SPR-based biosensor assay, as described above for the
Nanobodies from the phage selection. HSA, human IgG
and transferrin were immobilized on different surfaces of a
GLM chip (Bio-Rad Laboratories) using amine coupling.
All seven staphylococcal display-selected Nanobodies
were injected over each surface in two concentrations (80
and 240 nM). As a positive control, an ABD was injected
over the HSA surface, Z,, (Affibody AB, Stockholm,
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Sweden) over the IgG surface and a transferrin-binding
Affibody molecule (Affibody AB) over the transferrin
surface.

GFP fluorescence enhancement analysis

In order to investigate the fluorescence modulating effects
of the selected Nanobodies, 300 nM of each Nanobody was
added to 100 nM of wtGFP (Millipore, Billerica, MA,
USA) in a NUNC F96 black microwell plate (Thermo-
Scientific, Rockford, USA), and the fluorescence intensity
was measured by scanning the plate using an LS400 Laser
Scanner (Tecan Group Ltd, Minnedorf, Switzerland)
instrument, and analyzing the intensity from each well
using the software Array-Pro Analyzer (version 4.5)
(Media Cybernetics, Bethesda, MD, USA). As a negative
control the BcIl10 Nanobody with a non-related specificity
was used.

Results
Rationale

In this study, an immune Nanobody library, targeting GFP,
was displayed on the surface of the Gram-positive bacte-
rium S. carnosus as well as on phage particles for isolation
of binders. The aim was to investigate if bacterial display
could be a complement to phage display since the selec-
tions are based on widely different principles. The rationale
for the selection of GFP-specific Nanobodies using phage
display and staphylococcal display is illustrated in Fig. 1.
Although the two strategies are clearly different (e.g., using
target in solution for bacterial display and immobilized
target for phage display), in this study we preferred to use
the standard procedures for selection that are currently
employed in our lab.

Phage display selection of GFP-specific Nanobodies

After raising an immune response against GFP in the
dromedary HCADb, we amplified the Nanobody gene frag-
ments by PCR and ligated the amplicon in the phage display
vector pHEN4 according to established protocols [29].
Transformation resulted in a library of 4 x 107 individual
transformants and colony PCR on randomly chosen clones
revealed that ~85 % of the transformants contained an
insert with the size of a VHH. After three rounds of panning
on GFP coated in wells of microtiter plates, and testing 144
individual clones in ELISA and RFLP analysis we retrieved
five groups of GFP-specific Nanobodies (named P-Nbl,
P-Nb2, P-Nb3, P-Nb5, and P-Nb6, respectively) (Online
Resource 1). Within one group, all binders share the same

amino acid sequence in their CDR3, and it is know that such
binders originate from the same B cell lineage and target the
same epitope on the antigen [37]. The amino acid sequences
of all binders revealed the framework-2 hallmark residues
of a dromedary VHH. It seems that all Nanobodies except
for P-Nb5 were derived from germline VHH belonging to
the subfamily 2a, the most frequently used VHH germline
[38]. The P-Nb3 contained an interloop disulfide bond as
occurs regularly in VHH; whereas the P-Nb5 of VHH
germline 4b had an extra disulfide bond between the CDR3
and the framework-2 (position 50, IMGT numbering)
(Online Resource 1).

Characterization of GFP-specific Nanobodies
from the phage display selection

After recloning the Nanobody genes in an expression vector
(pHENG [29]), the Nanobody proteins were expressed in
bacteria, extracted from the periplasm and purified by IMAC
and gel filtration (Online Resource 2 and 3). The affinities for
GFP were determined using an SPR-based biosensor assay.
The Nanobodies were immobilized by amine coupling to an
alginate chip surface using a ProteOn XPR36 instrument,
and three different concentrations of eGFP (MBL Interna-
tional) were injected over the surface for determination of the
kinetic parameters of the binding reaction. The equilibrium
dissociation constants (Kp) for GFP ranged from 0.5 to
42.5 nM (Table 1, Online Resource 4). In concordance with
the findings by Kirchhofer and colleagues [27], P-Nb5
(denoted “minimizer” or “GBP4” in the publication by
Kirchhofer et al., affinity of 0.5 nM) reduced the fluores-
cence of the antigen (Table 1).

Cloning and expression of GFP-specific Nanobodies
on the surface of S. carnosus

In order to investigate whether Nanobodies could be
functionally displayed on the surface of S. carnosus, the
genes encoding three GFP-binding Nanobodies selected by
phage display (termed P-Nbl, P-Nb3, and P-Nb6) were
subcloned into the staphylococcal display vector pSCNb].
The pSCNDI1 vector is based on the previously described
staphylococcal display vector pSCZ1 [17]. The Nanobody
gene fragments were ligated into pSCNb1 in fusion to an
albumin-binding protein (ABP), which is used for moni-
toring of the surface expression level and subsequent
normalization during FACS [9]. A schematic representa-
tion of a surface-displayed Nanobody is shown in Fig. 2a.
After transformation to electrocompetent staphylococci,
bacteria displaying the three different GFP-binding Nano-
bodies were analyzed by flow cytometry for verification of
functional display of the Nanobodies on the cell sur-
face. Cells were incubated with eGFP as well as with
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Fig. 1 Schematic illustrations of the display procedures used for
generation of GFP-binding Nanobodies. a Phage display. (I) The
immune Nanobody phagemid library is displayed on the surface of
bacteriophages. (II-III) After incubation with immobilized GFP,
unbound phages are washed away. (IV) Bound phages are then eluted,
and (V) used to re-infect bacteria in order to perform additional
selection rounds, or (VI) isolated for characterization of individual

fluorescently labeled HSA, and the target-binding signal
and the surface expression level were measured using flow
cytometry. All three of the phage-display derived Nano-
bodies were well expressed on the surface of S. carnosus
and showed a strong signal in the channel corresponding to
GFP fluorescence (Fig. 2b). The results hence suggest that
staphylococcal display might be an alternative for isolation
of Nanobodies from immune repertoires and encouraged
the construction of a bacterial-displayed Nanobody library.

@ Springer

clones. b Bacterial display. (I-1I) The Nanobody library is displayed
on the surface of S. carnosus cells, which are incubated with soluble
GFP and fluorescently labeled reporter protein. (III) Cells are then
sorted using flow cytometry with normalized gating. (IV) Positive
cells are amplified for additional sorting rounds or (V) isolated for
characterization of individual clones

Cloning and sorting of the Nanobody library

To evaluate the staphylococcal display system for selection
of binders from Nanobody libraries, the immune VHH rep-
ertoire from a GFP-immunized dromedary was amplified by
PCR, using the pHEN4 Nb library as a template, and sub-
cloned into the staphylococcal display vector pSCNb1. After
electroporation of the Nanobody library into S. carnosus, the
obtained library size was estimated to approximately 10’
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Table 1 Affinities and effect on GFP fluorescence

Nanobody Kp (nM) GFP enhancing effect (%)
S-Nbl 05+0.2 20 + 8
S-Nb2 0.25 £+ 0.15 47 + 11
S-Nb3 0.14 £+ 0.04 43 +7
S-Nb4 10.1 £ 1.2 20 + 4
S-Nb5 0.21 £+ 0.05 45+ 8
S-Nb6 13.8 + 2.2 45 £ 21
S-Nb7 31+03 86 £ 16
P-Nbl 3.2 +0.05 40
P-Nb2 425+13 8
P-Nb3 205 £ 1.0 1

P-Nb5 0.53 £ 0.05 —49
P-Nb6 422 +£ 54 5

Equilibrium dissociation constants (Kp) from SPR measurements
were determined in duplicates. GFP enhancing effects were deter-
mined in triplicates. The data is shown as mean = SD

The GFP enhancing effect for P-Nbs was determined as described by
Kirchhofer et al. [27]

transformants, covering a representative fraction of the VHH
repertoire of B lymphocytes from a 50-ml dromedary blood
sample [39]. To verify that the library was functionally
expressed on the staphylococcal surface, an aliquot of the
library was grown overnight, incubated with Alexa Fluor
647-HSA conjugate, and analyzed by flow cytometry. The
results showed that around 60 % of the population had

Nb

functional ABP expressed on the surface, which was in
accordance to the proportion of in-frame clones that were
identified by sequencing of the unsorted library (data not
shown). The library was thereafter sorted for four rounds
using eGFP as target and fluorescently labeled HSA for
surface expression monitoring and normalized gating
(Fig. 3). Visualizing the cell-displayed library in the flow
cytometer showed a significant enrichment of fluorescent
cells after each round, indicating that the isolation of eGFP-
binding Nanobodies was successful. The unsorted library
contained around 0.02 % binders and after the second sort-
ing, approximately 50 % of the cells in library were binding
to GFP (corresponding to an enrichment of around 2,500-
fold) (Fig. 3). In the last sorting round the population
appeared to consist of only GFP-binders, since the popula-
tion of highly expressed clones with low or absent target
binding had disappeared (Fig. 3).

DNA sequencing

Bacterial cells expressing isolated Nanobody clones from
the last sorting round were grown into colonies and the
Nanobody genes were amplified by PCR and sequenced.
Out of 178 sequenced clones, 27 different variants were
identified, of which 16 occurred more than once (Fig. 4,
Online Resource 1). All clones were derived from the VHH
germline 2a [38]. The sequences were grouped in a phy-
logenetic tree using Geneious software (Biomatters Ltd,

A B o3
= 0.25
| ]
|ABP 5
S 8 o021
;
(6]
(%]
e |
5 0.15
~ =
<O e
(0]
N 0.1
©
£
(o]
Z 0.05 [

—

P-Nb1

Fig. 2 Schematic picture over a cell-displayed Nanobody and flow-
cytometric analysis of cell-displayed Nanobodies selected by phage
display. a The Nanobody is displayed in fusion to a cell-wall
anchoring domain (XM) from staphylococcal protein A, and an
albumin-binding protein (ABP), which serves as a linker as well as for
binding of a reporter protein for expression normalization of the

P-Nb3 P-Nb6 Negative
control

(Zw)

signal in the flow cytometer. b Flow-cytometric analysis of cell-
displayed Nanobodies selected by phage display. Histogram showing
the surface expression normalized GFP fluorescence intensity on the
y-axis. All three Nanobody variants showed a high normalized signal
(GFP fluorescence/expression level) compared to the negative control
(Zwt)
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>

Surface expression level (FL-4)

Fig. 3 Sorting of the cell-displayed Nanobody library. Density plots
from the flow-cytometric sorting showing mean fluorescence intensity
(MFI) corresponding to GFP binding on the y-axis and MFI
corresponding to HSA binding (surface expression level) on the
x-axis. Four rounds of flow-cytometric sorting were performed using
normalized gating, with an enrichment of GFP-binding clones after
each round. In the first three rounds 200 nM GFP was used, and in the
last round 10 nM (shown in the figure), 50 nM (data not shown) or
200 nM GFP (data not shown) was used

Auckland, New Zealand), using the Jukes—Cantor genetic
distance model and neighbor-joining and six different
clusters of binders were identified (Fig. 4). Two of the
clusters were homologues to phage display-selected
Nanobodies (P-Nbl and P-Nb2). One cluster was domi-
nating the isolated repertoire, containing 19 unique variants
and differed from the homologous phage display-selected
variant (P-Nb2) in 2-9 amino acid positions. The other
homologous cluster differed in 1-3 positions from the
phage display-selected variant (P-Nbl). Notably, four
clusters were unique and had no similar counterpart in the
repertoire isolated by phage display (Fig. 4). Likewise,
three of the phage-display selected Nanobodies were not
found among the variants from the staphylococcal display
selection (P-Nb3, P-Nb5, and P-Nb6).

Flow-cytometric analysis of isolated binders

Seven of the variants from the flow-cytometric sorting
(S-Nbl, S-Nb2, S-Nb3, S-Nb4, S-Nb5, S-Nb6, and S-Nb7)
were selected for further characterization. This selection
was made in order to get a representation of sequences
evenly distributed in the tree. Before producing the anti-
body fragments in a soluble format, binding to eGFP was
verified by flow-cytometric analysis. Cells were labeled
with eGFP and HSA-Alexa Fluor 647 conjugate as
described above, and the mean fluorescence intensity was
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measured using flow cytometry. All variants showed a high
GFP-binding signal, demonstrating that the flow-cytomet-
ric sorting for isolation of GFP-specific Nanobodies had
been successful (data not shown).

Nanobody production, affinity determination
and specificity analysis

The seven variants selected for further characterization
were expressed in fusion to a C-terminal His-tag in the
periplasm of E. coli WKG6 cells and purified by immobi-
lized metal IMAC followed by SEC (Online Resource 2).
Analysis of the eluted fractions using SDS-PAGE demon-
strated proteins of the correct size with no detectable
contamination (Online Resource 3).

The affinities of the Nanobodies for eGFP were deter-
mined using an SPR-based biosensor assay. The
Nanobodies were immobilized by amine coupling to an
alginate chip surface using a ProteOn XPR36 instrument,
and three different concentrations of eGFP (MBL Inter-
national) were injected over the surface for determination
of the kinetic parameters of the binding reaction. The
obtained sensorgrams were fitted using non-linear regres-
sion to a monovalent binding equation using the ProteOn
software and the equilibrium dissociation constants (Kp)
were calculated from the rate constants (k,, and k). The
analysis revealed that four of the seven Nanobodies from
the staphylococcal selection had subnanomolar affinities
for eGFP, and the strongest binder a K, of around 140 pM
(Fig. 5a; Table 1, Online Resource 4). On average, the
binders from the staphylococcal selection had a Kp of
around 3 nM.

To investigate the specificity of the Nanobodies that
were isolated in the sorting, potential binding to three
different human proteins was analyzed in a biosensor
assay. Transferrin, HSA and IgG were immobilized on
three surfaces of a biosensor chip followed by injection of
the seven binders at two concentrations each (80 and
240 nM). To ensure functional immobilization of the
serum proteins, an ABD, the IgG-binding Z domain [40]
and a transferrin-specific Affibody molecule [41] were
included as positive controls. The results from the
biosensor experiment showed no binding of any of the
seven Nanobodies to the serum proteins (data not shown),
whereas the positive controls all bound to their respective
surface (Online Resource 4), hence strongly indicating that
the Nanobodies selected using staphylococcal surface dis-
play are specific for GFP.

GFP fluorescence enhancement analysis

In a previous article by Kirchhofer et al. [27], it was
reported that some GFP-specific Nanobodies modulate the
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P-Nb5 DVQLQESGGGSVQAGGSLRLSCAAS GDTFSSYS MAWFRQAPGKECELVS NILR-DGTT TYAGSVKGRFTISRDDAKNTVYLQOMVNLKSEDTARYYC AADSGTQLGYVGAVGLSCLDYVMDY WGKGTQVTVSS U
S-Nbl QVQLQESGGGSVQAGGSLRLSCAAS GYTYSRYC MGWFRQAPGKEREGVA AINTGDSST HYADSVKGRFTISQDNAKNMMYLQMNNLKPEDTAIYYC AADWGYCSGG------- LGMSDFGY WGQGTQVTVSS U

S-Nb21 QVQLQESGGGSVQAGGSLRLSCAAS GFAISNYC MGWFRQAPGKAREGVA AIDRGGGST YYADSVKGRFTISHDNAKNTMYLOMNELKPEDTAIYYC AATTLPLYAAIMAMTS-RSEADFDY WGQGTQVTVSS U
S-Nb7 QVQLQESGGGSVQAGGSLRLSCAAS GFSYSYYC MGWFRQAPGKEREGVA VISPGGGST YYADSVKGRFAISRDNAKNTVYLOMNSLKPEDTAIYYC AATTLPLYAAIMAMTS-RSEADFDY WGQGTQVTVSS
S-Nbll QVQLQESGGGSVQAGGSLRLSCAAS PYFSLRSC VAWFRQAPGKEREGVA AIFTSTGST YYADSVKGRFTISQDNA-NTVSLOMNSLKPEDAAMYYC AIEGRPMIGGPSCSM--GSPNSYTY WGQGTQVTVSS U+B

P-Nb3  DVQLQESGGGSVQAGGSLRLSCAVS GYTYSSYC VGWFRQAPGKEREGVA TINTAGGST YYADSVKGRFTISQDYAKNTVYLQOMNSLNPEDTAIYYC AARARSGVSC------- GNTYGYNY WGQGTQVTVSS U
P-Nbl DVQLQESGGGSVQAGGSLRLSCAAS GYIDSSYY LGWFRQAPGKEREGVA AITDGGGST YYADSVKGRFTISQDNAKNTVYLLMNSLKPEDTAIYYC AADPWGISTMTS----- LNREWYNY WGQGTQVTVSS X
S-Nb5  QVQLQESGGGSVQAGGSLRLSCAAS RYIDSNYY LGWFRQAPGKEREGVA AITDGGGST YYADSVKGRFTISQDNAKSTVYLLMNSLKPEDTAIYYC AADPWGISPMTS----- LNREWYNY WGQGTQVTVSS X
S-Nbl4 QVQLQESGGGSVQTGGSLRLSCAAS RYIDSSYY LGWFRQAPGKEREGVA AITDGGGST YYADSVKGRFTISQDNAKNTVYLLMNSLKPEDTAIYYC AADPWGISPMTS-----LNREWYNY WGQGTQVTVSS
S-Nb24 QVQLOESGGGSVQAGGSLRLSCAAS RYIDSSYY LGWFRQAPGKEREGVA AITDGGGST YYADSVKGRFTISQDNAKNTVYLLMNSLKPEDTAIYYC AADPWGISPMTS----- LNREWYNY WGQGTQVTVSS
S-Nb4  QVQLQESGGGSVQAGGSLRLSCAAS GNTVSRNY MGWFRQGPGKEREGVA TISPGGVIT DYADSVKGRFSISRDNAKNTVYLQOMNSLOPEDTAMYYC ATRPPGSWST------- RWDAGYND WGQGTQVTVSS U
P-Nb6  QVQLQESGGGSVQAGGSLRLSCVAS VDIYNLYS MGWFRQAPGKEREGIA NLGNGGIRT YYADSVKGRFTISQDKAKKTMYLQMNSLKPEDTAIYYC ATGRPFESYGRL-----VKPNEYAN WGQGTQVTVSS U
S-Nb26 QVQLQOESGGGSVQAGEALRLSCVGS GYTSINPY MAWFRQAPGKEREGVA AISSGGVYT YYADSVKGRFTISRDNAKNTMYLQMSSLKPEDSAKYYC AADFHRSGSWNVD----PLRYDYQH WGQGTQVTVSS X
S-Nbl5 QVQLQESGGGSVQAGGSLRLSCVGS GYTSINPY MAWFRQAPGKEREGVA AISSGGVYT YYAESVKDRFTISRDNAKNTVYLQMPSLKPEDSAKYYC AADFRRGGSWNVD----PLRYDYEH WGQGTQVTVSS
S-Nb6  QVQLQESGGGSVQAGEALRLSCVGS GYTSINPY MAWFRQAPGKEREGVA AISSGGVYT YYAESVKDRFTISRDNAKNTVYLQMPSLKPEDSAKYYC AADFRRGGSWNVD----PLRYDYEH WGQGTQVTVSS
S-Nbl7 QVQLQESGGGSVQAGEALRLSCVGS GYTSINPY MAWFRQAPGKEREGVA AISSGGVHT YFAESVKDRFTISRDNAKNTVYLQISSLKPEDSAKYYC AADFRRGGSWNVD----PLRYDYQH WGQGTQVTVSS
S-Nbl9 QVQLQESGGGSVQAGEALRLSCVGS GYTSINPY MAWFRQAPGKEREGVA AISSGGVHT YFAESVKGRFTISRDNAKNTVYLQISSLKPEDSAKYYC AADFRRGGSWNVD----PLRYDYQH WGQGTQVTVSS
S-Nb9  QVQLQESGGGSVQAGEALRLSCVGS GYTNINPY MAWFRQAPGKEREGVA AISSGGVIT EYADSVKGRFTISRDNAKNTMYLQMPSLKPEDSAKYYC AADFRRGGSWNVD----PLRYDYQH WGQGTQVTVSS
S-Nbl6 QVQLOESGGGSVQAGEALRLSCVGS GYTSINPY MAWFRQAPGKEREGVA AISSGGVYT YYADSVKGRFTISRDNAKNTMYLQMPSLKPEDSAKYYC GADFRRTGSWNVD----PLRYDYQH WGQGTQVTVSS
S-Nb2  QVQLQESGGGSVQAGEALRLSCVGS GYTSINPY MAWFRQAPGKEREGVA AISSGGVYT YYADSVKGRFTISRDNAKNTMYLQMPSLRPEDSAKYYC AADFRRSGSWNVD----PLRYDYQH WGQGTQVTVSS
S-Nb22 QVQLOESGGGSVQAGEALRLSCVGS GYTSINPY MAWFRQAPGKEREGVA AISSGGVYT FYADSVKGRFTISRDNAKNTMYLQOMPNLKPEDSAKYYC AADFRRSGSWNVD----PLRYDYQH WGQGTQVTVSS
S-Nbl2 QVQLQESGGGSVQAGEALRLSCVGS GYTSINPY MAWFRQAPGKEREGVA AISSGGVYT YYADSVKGRFTISRDNAKNTMYLHMPNLKPEDSAKYYC AADFRRSGRWNVD----PLRYDYQH WGQGTQVTVSS
S-Nb25 QVQLQESGGGSVQAGEALRLSCVGS GYTSINPY MAWFRQAPGKEREGVA AISSGGVYT YYADSVKGRFTISRDNAKNTMYLHMPNLKPEDSAKYYC AADFRRSGSWNVD----PLRYDYQH WGQGTQVTVSS
S-Nb23 QVQLQESGGGSVQAGEALRLSCVGS GYTSINPY MAWFRQAPGKEREGVA AISSGGVYT YYADSVKGRFTISRDNAKNTMYLQMPSLKPEDSAKYYC AADFRRGGSWNVD----PLRYDYQH WGQGTQVTVSS
S-Nb8  QVQLQESGGGLVQAGEALRLSCVGS GYTSINPY MAWFRQAPGKEREGVA AISSGGVYT YYADSVKGRFTISRDNAKNTMYLQOMPSLKPEDSAKYYC AADFRRGGSWNVD----PLTYDYQH WGQGTQVTVSS
P-Nb2  DVQLQESGGGSVQAGEALRLSCVGS GYTSINPY MAWFRQAPGKEREGVA AISSGGQYT YYADSVKGRFTISRDNAKNTMYLQMPSLKPDDSAKYYC AADFRRGGSWNVD----PLRYDYQH WGQGTQVTVSS X
S-Nb20 QVQLQESGGGSVQAGEALRLSCVGF GYTSINPY MAWFRQAPGKEREGVA AISSGGVYT YYADSVKGRFTISRDNAKNTMYLQMPSLKPEDSAKYYC AADFRRGGSWNVD----PLRYDYQH WGQGTQVTVSS
S-Nb1l0 QVQLQESGGGSVQAGEALRLSCVGS GYTSINPY MAWFRQAPGKEREGVA AISSGAVYT YYADSVKGRFTISRDNAKNTMYLQMPTLKPEDSAKYYC AADFRRGGSWNVD----PLRYDYQH WGQGTQVTVSS
S-Nb27 QVQLQESGGGSVQAGEALRLSCVGS GYTSINPY MAWFRQAPGKEREGVA AISSGGVYT YYADSVKGRFTISRDNVKNTMYLQOMPTLKPEDSGKYYC AADFRRGGSWNVD----PLRYDYQH WGQGTQVTVSS
S-Nbl3 QVQLQESGGGSVQAGEALRLSCVGS GYTSINPY MAWFRQAPGKEREGVA AISSGGVNT YYADSVKGRFTISRDNVKNTMYLQMPSLKPEDSAKYYC AADFRRGGSWNVD----PLRYDYQY WGQGTQVTVSS
S-Nbl8 QVQLOESGGGSVQAGEALRLSCVGS GYTSINPY MAWFRQAPGKEREGVA AISSGGVYT YYADSVKGRFTISRDNVKNTMYLQMPSLKPEDSAKYYC AADFRRGGSWNVD----PLRYDYQH WGQGTQVTVSS
S-Nb3  QVQLQESGGGSVQAGEALRLSCVGS GYTSINPY MAWFRQAPGKEREGVA AISSGGVYT YYADSVKGRFTITRDNVKNTMYLQMPSLKPEDSAKYYC AADFRRGGNWNVD----PFRYDYQH WGQGTQVTVSS

P-Nb5
S-Nb1 (1) |1
S-Nb21 (7)
S-Nb7 (1)
S-Nb11(1) |3
P-Nb3
P-Nb1
S-Nb5 (1) 4
S-Nb14 (2)
S-Nb24 (8)
S-Nbd (4) |5
P-Nb6
S-Nb26 (15)
S-Nb15 (2)
S-Nb6 (46)
S-Nb17 (1)
S-Nb19 (1)
S-Nb9 (2)
S-Nb16 (1)
S-Nb2 (18)
S-Nb22 (1)
S-Nb12 (3)
S-Nb25 (12)
S-Nb23 (5)
S-Nb8 (1)
P-Nb2
S-Nb20 (1)
S-Nb10 (2)
S-Nb27 (19)
S-Nb13 (1)
S-Nb18 (2)
S-Nb3 (20)

Fig. 4 a Amino acid sequence alignment of the Nanobodies retrieved
after phage display (P-Nb) and after staphylococcal display (S-Nb). All
clones are derived from VHH germline sub family 2a except for P-Nb5
that is from subfamily 4b [38]. After VDJ recombination, the genes have
evolved by somatic hypermutation (and possible PCR artifacts). The
clones that were unique for either phage display or bacterial display are
denoted U, those that were retrieved after both selections are denoted
X. Clone S-Nbll was also retrieved in a bacterial two hybrid
(intracellular) selection, denoted ‘B’. The cysteines in CDR1 and
CDR3 (or position 50 and CDR3) are highlighted in yellow. Remark-
ably, clones S-Nb21 and S-Nb7 have only one cysteine in their CDR1.
b Phylogenetic tree showing genetic distances between different

Nanobodies. S-Nb# denotes a Nanobody selected by staphylococcal
display and P-Nb# denotes a Nanobody selected by phage display
(indicated in blue). The Nanobodies that were selected for further
characterization are indicated in orange. The number of identical clones
is indicated after each name. The clusters are denoted cluster 1-6. The
cluster number is indicated next to each cluster. Two of the clusters
were homologues to phage display-selected Nanobodies (P-Nbl and
P-Nb2). One cluster was dominating the isolated repertoire, containing
19 unique variants. Four clusters were unique and had no similar
counterpart in the repertoire isolated by phage display. Three of the
phage-display selected Nanobodies were not found among the variants
from the staphylococcal display selection (P-Nb3, P-Nb5, and P-Nb6)
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Fig. 5 Biosensor affinity analysis and analysis of enhancement effect
on GFP fluorescence. a Representative sensorgram from SPR-analysis
of immobilized S-Nb2 binding to GFP, showing the response signal
as well as the fitted data. GFP was injected at concentrations ranging
from around 10-50 nM. Data is double referenced by subtraction of
simultaneous responses from reference surface and a buffer injection.
b Histogram showing the GFP fluorescence intensity when incubated
with respective Nanobody. Each Nanobody was incubated with a
threefold molar excess of wtGFP, and the fluorescence intensity was

fluorescence properties of GFP upon binding. It was also
demonstrated that in particular the enhancing effect on the
fluorescence could be exploited in a variety of assays [27].
Since the staphylococcal display system selects GFP-
binding Nanobodies based on the intensity of the fluores-
cence signal, we wanted to investigate if this was reflected
in their spectral-modulating properties. In order to deter-
mine the effect on the GFP fluorescence by the binding of
the Nanobodies, a threefold molar excess of each binder
was added to 100 nM of wtGFP (MBL International).
Fluorescence intensity was measured by scanning a 96-well
microplate using an LS400 Laser Scanner (Tecan). Inter-
estingly, the results revealed that all of the seven
Nanobodies indeed enhanced the intensity of GFP fluo-
rescence, with effects ranging from 20 up to 82 %
compared to the negative control Nanobody (Fig. 5b;
Table 1).
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measured by scanning a 96-well microplate using an LS400 Laser
Scanner (Tecan). The experiment was performed in triplicates. The
fluorescence enhancement effect was calculated as the mean fluores-
cence intensity obtained from wtGFP incubated with GFP-binding
Nanobody divided by the mean fluorescence intensity from wtGFP
incubated with the negative control Nanobody. All seven Nanobodies
enhanced the intensity of GFP fluorescence, with effects ranging from
20 up to 82 % compared to the control Nanobody

Discussion

Display of antibody fragment libraries have been reported
using a number of different systems, including several that
are based on microbial hosts such as phage, yeast and
E. coli. In this work, we have for the first time displayed an
antibody fragment library on the surface of a Gram-posi-
tive bacterium, followed by isolation of GFP-specific
binders using flow-cytometric sorting. The immune
Nanobody library, which comprises the single variable
domains (VHH) from heavy-chain only camelid antibodies
was found to be well expressed on the staphylococcal
surface and several subnanomolar affinity binders for GFP
were isolated by FACS. Phage display and staphylococcal
display selections of GFP binders from the same library
generated five and six different repertoires of binders,
respectively. Several variants with high sequence
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similarities belonging to two clusters were isolated from
both selections. Interestingly, both systems also generated
unique clones that were not found using the other tech-
nology. Four out of six clusters were unique for the
staphylococcal display and had no counterpart in the rep-
ertoire generated by phage display (Fig. 4). A Nanobody
from the third staphylococcal-derived cluster, S-Nb11, was
also selected using the bacterial-two-hybrid system [32].
Correspondingly, three of the five phage-display selected
Nanobodies (P-Nb3, P-Nb5, and P-Nb6) were not found
after the staphylococcal display selection. Notably, the
strongest Nanobody from the phage display selection
(P-Nb5, denoted ‘GBP4’ in Kirchhofer et al. [27]) has a
minimizing effect on the fluorescence of GFP [27], and was
potentially therefore not isolated by FACS. Comparison of
the affinities of homologous Nanobodies selected by
staphylococcal and phage display shows that a small
number of amino acid differences can have significant
effects on biochemical parameters. For example, the phage
display selected variant P-Nb2 had an affinity of 42.5 nM
and a GFP-enhancing effect of 8 %, whereas one of the
staphylococcal-display  derived homologues (S-Nb3,
belonging to the same sequence cluster as P-Nb2 but dif-
fering in six amino acid positions) had an affinity of around
0.14 nM and a GFP-enhancing effect of 43 %. The other
staphylococcal-display derived homologue (S-Nb2, which
differs in four amino acid positions) had an affinity of
around 0.25 nM and a GFP-enhancing effect of 47 %.
Similarly, the phage-display selected variant P-Nb1 had an
affinity of 3.2 nM, whereas the staphylococcal-display
derived homologue (S-Nb5, which differs in three amino
acid positions) had an affinity of 0.21 nM (but in this case
the GFP fluorescence enhancement was not drastically
affected). Since the staphylococcal display system selects
GFP-binding Nanobodies by the intensity of the fluores-
cence signal, it is likely that this system favors to select
binders with a GFP-enhancing effect. Indeed, all seven
analyzed Nanobodies from the staphylococcal selection
demonstrated an enhancing effect on the GFP fluorescence
(higher than 20 %), whereas only two Nanobodies from the
phage selection showed a fluorescence enhancing effect of
more than 20 %. Furthermore, no Nanobodies with a
minimizing effect on the GFP fluorescence were selected
using staphylococcal display. The bias in the FACS-based
selection might thus have an impact on the observed
differences in output. In addition, even though the staph-
ylococcal system appears to select for GFP-enhancing
Nanobodies, the affinities of the selected clones were also
higher on average compared to the Nanobodies derived
from phage display. It should be noted that if more clones
from each selection were to be sequenced, additional
rare candidates might probably be identified, thereby
potentially increasing the overlap between the repertoires.

Nevertheless, the study demonstrates that the dominating
candidates from the two selections are slightly different.

The data from this work show that both systems have
biases that result in different sets of binders depending on
which technology that is employed for the selection. In a
previously reported study, Burton and colleagues per-
formed a comparison of yeast and phage display for
selection of scFvs [42]. The authors discovered that several
binders that were isolated from the yeast library could not
be retrieved after phage display biopanning, and speculated
that this was mainly due to incorrect folding of scFvs in
E. coli [42]. It is possible that similar reasons prevent some
library members from being correctly expressed on the
surface of the staphylococci as well as on phages, hence
resulting in the observed differences in output repertoires.
However, although it is likely that the choice of host
influences the final functional library, it should also be
noted that the strategy and basics for isolating binders is
different in cell display and phage display, which probably
also have an effect on the outcome of the selection.
Nevertheless, whatever the underlying origin of the
observed differences is, the results suggest that parallel use
of a panel of display systems is valuable in order to isolate
the highest possible number of binders from a combina-
torial library. It also highlights the importance of choosing
a display system that is suitable for the target protein and
the purpose of the selection.

In summary, here we report on the first successful dis-
play of an antibody fragment library on Gram-positive
bacteria and the results demonstrate that the staphylococcal
system is a powerful technology for selection of high-
affinity Nanobodies from an immune library, and poten-
tially other antibody fragments as well. It should also be
noted that this is the first library based on a protein scaffold
that is dependent on correct disulfide pairing to be dis-
played on Gram-positive bacteria. Including the results
from this study, Nanobodies have now been displayed
using a number of different systems [29-32], indicating
that the format is relatively easy to express in a functional
manner in fusion to various surface-anchored proteins. This
is an attractive feature of a protein scaffold that is used in
combinatorial protein engineering, enabling an array of
technologies for generation of new high-affinity binders
and increasing the possibility of finding a candidate with
optimal properties.

Surprisingly few new microbial hosts for display of
antibody fragment libraries have been investigated during
the last decade and the work presented in this paper will
hopefully encourage other groups to investigate new
species for such purposes.
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