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Expression of recombinant proteins often takes advantage of peptide tags expressed in fusion to allow easy
detection and purification of the expressed proteins. However, as the fusion peptides most often are flexible
appendages at the N- or C-terminal, proteolytic cleavage may result in removal of the tag sequence. Here, we evaluated
the functionality and stability of 14 different combinations of commonly used tags for purification and detection of
recombinant antibody fragments. The tag sequences were inserted in fusion with the c-terminal end of a domain
antibody based on the HEL4 scaffold in a phagemid vector. This particular antibody fragment was able to refold on the
membrane after blotting, allowing us to detect c-terminal tag breakdown by use of protein A in combination with
detection of the tags in the specific constructs. The degradation of the c-terminal tags suggested specific sites to be
particularly prone to proteolytic cleavage, leaving some of the tag combinations partially or completely degraded. This
specific work illustrates the importance of tag design with regard to recombinant antibody expression in E. coli, but also
aids the more general understanding of protein expression.

Introduction

Recombinant antibody technology has become an increasingly
important tool in biotechnology due to its versatile application.
Today, recombinant antibodies can be generated in vitro by
applying various display systems that allow for the selection of
high affinity binders to virtually any type of antigen.1 One of the
most common display formats for recombinant antibodies is
phage display using filamentous phage. In phage display, a for-
eign protein is expressed in fusion with one of the phage capsid
proteins by cloning the foreign DNA sequence into the phage
genome. This allows for a physical coupling between the pheno-
type (the fusion protein) and the genotype (the DNA inside the
virion encoding the fusion protein); which again allows for high
throughput selection of desirable properties of the fusion protein
from a library of billions of variants.2 Numerous antibody frag-
ment libraries for phage display have been created, and the

creation of new libraries continues as knowledge and technology
expands the possibilities.3-10 Improvements concern stability and
functionality of the various antibody fragments themselves, regu-
lation of the expression, the fusion partner utilized in the display
system and not least the peptide tag sequences applied (Fig. 1).

After applying phage display to select antibody fragments, the
function of the soluble antibody (antibodies expressed without
the phage fusion protein) must be validated. Expression of solu-
ble antibody usually requires time-consuming subcloning of
selected clones into expression vectors. To circumvent this, phag-
emid libraries have been created with an amber stop codon
between the antibody and the phage fusion protein. This facili-
tates fast and easy production of antibody either as phage anti-
body fusion (by using an amber suppressor strains) or as soluble
antibody (when expressing in a non-suppressor strain).11

To take full advantage of the ability to express soluble anti-
bodies without subcloning, it is essential that the library is
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designed with appropriate peptide tags on the antibody side of
the amber stop codon. The tags used for a library can be pivotal
both with regard to purification of soluble antibody and the
detection of the recombinant antibody. The human c-Myc tag
(myc-tag) is an example of a well-known tag that has been used
in a variety of antibody libraries for screening purposes.12,13

When antibodies containing a variable heavy chain of the gene
segment family VH3 is used, purification and detection can often
be facilitated by the use of staphylococcal protein A.14,15 The use
of protein A for purification does, however, entail acid elution,
which can cause problems with regard to stability.16 Also the use
of protein A for detection and immunostaining can often be
problematic because protein A is able to bind a large variety of

immunoglobulins.17 There are numer-
ous tags available for purification and
detection, but there are significant dif-
ferences between tags with regard to
protein purity, protein yield and
cost.2,18 One of the more cost effective
tags is the poly-histidine tag (his-tag),
which has been used several times in
phage displayed libraries. Another possi-
bility could be the use of a biotin accept-
ing sequence like the AviTag, which is a
15 amino acid peptide sequence that
can be biotinylated by the biotin ligase.
Some of the advantages of this tag are
that the biotinylation process can be
made to work in vivo during expression,
it is very specific, and binding by strep-
tavidin (or avidin) is known to be in the
sub-picomolar range. The strength of
the streptavidin biotin binding makes it
very attractive for immobilization onto
solid supports. In combination with bio-
tinylation of the recombinant protein, it
is often necessary to cleave off the Avi-
Tag, e.g., during purification. By insert-
ing the recognition sequence cleaved by
a specific protease, release becomes pos-
sible. One such protease is the tobacco
etch virus (TEV) protease.19,20

Because it can be difficult to predict
how tags behave in a given setting, the
tag combinations need to be tested for
functionality and possible proteolysis
during expression in the relevant host
strain.21 It is well known that E. coli con-
tains several proteases that can degrade
recombinant protein expressed in the
bacteria.22,23 Tsp is a periplasmic serine
protease that degrades protein from the
C-terminal end based on the recognition
of the C-terminal residues. A range of
amino acids are substrates for Tsp when
placed at the C-terminal, but there is a

preference for substrates with non-polar carboxyl termini and pref-
erably at least 2 alanines out of the 3 C-terminal positions. The
proteolytic activity of Tsp works as an endopeptidase that cleaves
preferentially 8 amino acids before the C-terminal. Tsp is promis-
cuous with regard to cleavage site, but alanine, serine and valine
are often found on either side of the digested peptide bond. The
site of cleavage for Tsp often results in a new recognizable carboxy
terminus, which leads to consecutive degradation.24

To evaluate the functionality and the level of degradation of
tags, western blotting is the method of choice. It is generally
accepted that linear epitopes are detected in protein gel blot,
although several studies have confirmed that this is not always
the case.25,26 Some conformational epitopes can be detected in

Figure 1. The structure of immunoglobulin G in space-filling and cartoon representation with light
and heavy chain colored in green and blue, respectively. Lower panel illustrates crystal structures of
the antibody fragments FAB (fragment antigen-binding), scFv (single-chain fragment variable) and
single domain antibody. A peptide tag of approximately 30 residues is illustrated at the c-terminal of
the domain antibody. The immunoglobulin structure used in this figure is based on the RCSB Protein
Data Bank entry 1igt.
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western blots if reducing agents are omitted in the sample prepa-
ration.25,27 This indicates that the intramolecular disulphide
bonds (for some antigens) can serve to maintain essential epitope
integrity and thereby enable detection by conformational bind-
ers. On the contrary, it has been reported that detection of linear
epitopes can be obstructed by incomplete denaturation or high
renaturation propensity of antigens during protein gel blotting,
which makes it difficult to detect internal linear epitopes.28

Here, we demonstrate that a domain antibody based on the Hel4
scaffold can be detected by protein A in western blots due to its abil-
ity to refold following denaturation. This antibody was used to test
14 different c-terminal fused tag combinations for functionality,
degradation and influence on the functionality of the antibody. Pro-
tein A was used for the purification of expressed antibody constructs,
allowing us to assay the influence of the various tags on the output of
functional protein and level the breakdown of C-terminal tags. We
further demonstrate that Tsp is involved in the proteolytic degrada-
tion of the C-terminal tags and that the amino acid composition is
relevant for the level of degradation.

Results

A total of 14 different combinations of the myc-tag, his-tag,
AviTag and TEV protease recognition site were constructed
(Table 1). The different constructs were tested for functionality

in display from phage and production of free soluble antibody. A
single domain antibody clone (8H) previously selected from a
library based on the stable HEL4 VH3 scaffold, was used as
model antibody.29 Phage particles were produced in TG1 using
the KM13 helper phage for packaging. The results show that the
tag sequence does not have any major influence on the display of
the antibody from phage (Fig. 2). For constructs containing a
TEV protease recognition site, digestions of packaged phage par-
ticles were made to determine whether TEV site was accessible
for digestion when located between the antibody and the phage
protein III. The samples treated with TEV protease had the anti-
body portion of the antibody-pIII fusion protein cleaved off.
Thus, the TEV recognition site is readily accessible in all the
TEV site-containing constructs (Fig. 3). The efficiency of in vivo
biotinylation was determined by protein gel blot using streptavi-
din-HRP for detection. The results show that in vivo biotinyla-
tion is not occurring on antibodies purified from the
supernatant, while antibody trapped in the pellet was in vivo bio-
tinylated (Fig. 4A). Detection of the antibody with anti-his anti-
body, showed that the full sized tag was present on both the
antibody from pellet and the supernatant (Fig. 4B). To get an
estimate of the degradation level of the antibodies not fused to
phage protein III, antibody from all the different constructs were
expressed in HB2151 from the pHEN1 vector. The antibodies
were purified from the supernatant by protein A affinity chroma-
tography. Coomassie staining of the purified antibodies showed

Table 1. Schematic overview of peptide tag construct investigated for stability. The NotI restriction site denotes the c-terminal end of the model antibody.
The different peptide tags and linker sequences are given in single letter code. Sizes given in the table are including the model domain antibody
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that there were several bands below the expected size of the anti-
bodies (Fig. 5A). To determine the identity of the lower bands,
western blots were made using protein A-HRP to detect for the
presence of antibody. The results show that antibody was present
in the lower bands indicating degradation of the protein was
occurring (Fig. 5B). To determine whether degradation were
occurring in the C-terminal tag region the presence of His-tag
was examined using protein gel blot on all the constructs contain-
ing his-tag. The absence of some bands indicated that the tag
region was being degraded (Fig. 6). To determine if the break-
down occurred in the supernatant and whether increased degra-
dation occurred as expression time increased, expressions from
TG1 was performed with construct A5:HA. The A5:HA TG1
cultures were incubated for either 3.5 hours, 10.5 hours or
22.5 hours after IPTG induction, and then antibody was purified
by protein A affinity chromatography. As the ratio between the
bands corresponding to full size and degraded antibody appears
to be independent of expression time, the degradation is likely
to occur in the cytoplasm or the periplasmic compartment
rather than in the medium (Fig. 7).

A large number of different proteases are expressed by the
bacteria and substantial efforts have gone into creation of bacte-
rial strains in which proteases are knocked out or inactivated by
mutation. By searching the literature and applying online

sequence analysis tools such as the MER-
OPS peptidase database (http://merops.
sanger.ac.uk/) the amino acid sequence
of the tags utilized in this study were
analyzed. We identified one potential
protease that could be responsible for the
degradation, namely the Prc protease
also known as Tsp protease. The A5:HA
construct was transfected into the E. coli
strains KS1000 in which the Prc protease
was inactivated by mutation To compare
the tag degradation from KS1000 the
same construct was expressed in TG1,
CAG597 and ER2738. Antibody was
purified from supernatant using protein
A affinity chromatography (Fig. 8).

The robustness of detecting domain antibody in western blots
using HRP conjugated protein A, was further verified using 4 of the
constructs, either with or without reducing agent in the sample
buffer. The protein gel blots were blocked for 2 hours before incu-
bating with protein A-HRP. The membrane was then stripped and
blocked again, followed by incubation with Anti-c-Myc antibody to
verify that the protein was indeed present (data not shown).

Discussion

We designed 14 different library tag combinations that we
tested for display on phage particles (Table 1). All tag constructs
gave similar display levels when compared to existing scFv and
dAb libraries in western blots (Fig. 2). The constructs containing
TEV sites were investigated to determine whether these were
functional (Fig. 3). The TEV sites were accessible by protease in
all the constructs.

Figure 2.Western blot analysis with anti-pIII antibody were made in order to compare the display lev-
els of the different constructs with another single domain library (Garvan) and a scFv library (Tomlin-
son). The KM13 helper phage was also included as a reference for the pIII size. Intensities of the lower
bands compared to the upper bands give the ratio of displayed pIII-proteins and pIII-fusion proteins.
Similar display ratios are observed for all constructs including the Garvan library, whereas, the Tomlin-
son library had lower display. The phage concentrations were normalized so the same amount of
phage were loaded in each lane.

Figure 3. Western blot analysis with anti-pIII antibody confirms the
accessibility of the TEV site located within the tag sequence on the pIII-
fusion protein. Phages produced with tag construct A2:TA, A4:TAH and
A6:THA gives bands corresponding to the size of pIII-fusion protein.
After incubation with TEV protease the fusion proteins are cleaved off
and only pIII without fusion protein is present.

Figure 4. Western blot of in vivo biotinylated antibody detected with
HRP conjugated streptavidin (A) and western blot detected with HRP
conjugated anti-his antibody (B). The biotin accepting sites of constructs
A7:IAH, B3:AM and C2:AH are not biotinylated in vivo when the antibody
is directed to the periplasm. However, the pellet fraction does contain in
vivo biotinylated antibody. Purified antibody from the A7:IAH construct
detected with anti-his antibody (B) revealed that the terminal his-tag
was intact on both antibody from the pellet and the supernatant. Thus,
establishing that the AviTag is present, as it is flanked by the his-tag. The
A7:IAH supernatant samples were purified from the same expression
batch and loaded in same concentration.
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The A7:IAH, B3:AM and C2:AH constructs were tested for
their biotinylation capacity. Construct A7:IAH was designed to
match a previously published tag that had been used for in vivo
biotinylation.30,31 The streptavidin-HRP protein gel blot shows
that in vivo biotinylation of the Avitag does happen in the anti-
body located in the pellet. No in vivo biotinylation could be
detected in antibody purified from the supernatant (Fig. 4A).
The Avitag was, however, present on the antibody purified from
the supernatant, as, following the purification, the c-terminal his-
tag, flanking the Avitag, could be detected (Fig. 4B). In vitro
biotinylation of the samples revealed that the AviTag on anti-
body from the supernatant was functional (data not shown).
These results show that in vivo biotinylation is very inefficient
when protein is directed to the periplasmic compartment by a
leader peptide. This is likely due to the cytoplasmic localization
of the biotin ligase, which as a consequence is only able to bioti-
nylate proteins while these are in the cytoplasm.32 We suspect
that the dAb are less effectively biotinylated compared to larger
fragments due to their smaller size, and thereby faster

translocation to the periplasm. The smaller size of the dAb impli-
cates that a C-terminal AviTag stays a shorter time in the cyto-
plasm than the corresponding C-terminal AviTag of a larger
fragment. As reported in both Thie et al. and Cloutier et al., in
vivo biotinylation should be feasible using the A7:IAH tag con-
struct on scFv.30,31

To test the functionality and stability of the tags on soluble
antibodies, expression was induced from the phagemid in a non-
suppressor E. coli strain. Incubating the induced cultures for

Figure 5. Degradation of the c-terminal tag sequence analyzed by SDS-PAGE (A) and protein gel blot detected with protein-A HRP (B). In each lane of the
SDS-PAGE and the western blot 4 mg and 1 mg of HB2151 expressed and purified antibody was loaded, respectively. All the constructs showed to be
prone to degradation at specific positions leaving distinct breakdown patterns in both the SDS-PAGE and protein gel blot analysis.

Figure 6. Western blot analysis of all the His-tag containing constructs
with anti-His antibody, showed different amount of degradation. Equal
amounts of protein were loaded in the lanes and the western blots
were developed using the same exposure times.

Figure 7. Analysis of proteolytic breakdown of c-terminal tag sequence
and expression time by Coomassie blue stained SDS-PAGE. Construct A5:
HA expressed for 3.5, 10.5 and 22.5 hours in TG1 were purified and equal
amounts were loaded in each lane. Upper band corresponds to full
length antibody plus tag sequence. Lower band corresponds to antibody
without tag sequence and the intermediate bands correspond to par-
tially degraded protein.
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more than 12 hours led to a considerable buildup of antibody in
the supernatant where less bacterial protein contaminants are
present.33,34 Protein A purification of expressed protein showed
that most of the tag constructs suffered from considerable break-
down because clearly visible bands appeared in the Coomassie
staining below the expected full-size antibody (Fig. 5A). Reduc-
ing or increasing expression times did not seem to have an influ-
ence on the level of degradation (Fig. 7). The A5:HA construct
was purified from the medium by binding to protein A sephar-
ose. Hence, the protein analyzed in Fig. 7 had been subjected to
equal amount of proteolytic degradation in the cytoplasm and
the periplasmic compartment before it leaks out into the
medium. This indicates that the breakdown did not occur in the
medium. This is not surprising, as the concentration of endoge-
nous proteases in the periplasm is high compared to the medium.

The Hel4 domain antibody is known to fold very efficiently.
We therefore tried to determine if our dAb antibody could be
detected by protein A after western blotting. The results showed
that the dAb was clearly detected by protein A, thus showing that
the antibody was refolding after blotting onto the membrane
(Fig. 5B). This resembles the method of far-western, except no
denaturation/renaturation step is needed.35 The purified anti-
body could be detected using protein A-HRP whether or not
reducing agent had been added to the sample.. When reducing
agent was omitted the antibody could clearly be detected after
just 4 hours incubation ( Fig. S1). When reducing agent was
included, development overnight was needed to obtain weak sig-
nals indicating that refolding of the domain antibody was signifi-
cantly promoted by the internal disulfide bond(data not shown).

The D domain of Protein A is binding to a non-linear epitope
on the variable region of the heavy chain, which means that the
antibody must be folded in order for protein A to recognize it.36

The above experiments show that antibody fragments are capable
of refolding or partially refolding on the membrane after protein
gel blotting. This is in line with what has previously been
reported about the folding characteristics of the Hel4 antibody
and VH3 gene family containing scFv.37,38

These results showed that the breakdown was the result of ter-
minal degradation. It was further indicated that the tags were
cleaved at specific sites, as the Coomassie staining and the protein
A western blot gave rise to well-defined bands. The purified pro-
tein was subsequently subjected to protein gel blotting and
detected with anti-his tag antibody. This confirmed that the deg-
radation was happening at the C-terminal tag region (Fig. 6).
When comparing the results from anti his-tag western with the
results from the protein A western, it appears that some tags give
less signal than could be expected from the amount of protein
present. Especially the detection of A4:TAH with anti-his anti-
body (Fig. 6) showed to be problematic. Only a weak band could
be observed after prolonged exposure time (data not shown).
This could be due to degradation within the his-tag, but it is
more likely a consequence of the placement of the his-tag and the
resulting accessibility of the tag to the detection antibody. As
increased expression time did not seem to increase degradation,
we suspect the degradation to happen in the cytoplasm or in the
periplasm before the protein leaks out into the supernatant
(Fig. 7), Based on the observed degradation pattern giving rise to
distinct bands, the degradation was furthermore expected to be
caused by proteolytic degradation. There did not seem to be
notable differences between the constructs when displayed on
pIII, indicating that the C-terminal composition of the protein
had an influence on the degradation. The tail-specific protease
Tsp (also known as Prc) seemed to be a good candidate with
regard to this assumption.24 To test if Tsp was implicated in the
degradation of the tag constructs, we used the KS1000 strain,
which has a deletion of the Tsp gene.39 Protein expressions of the
A5:HA tag construct from different strains were compared
(Fig. 8). TG1 and ER2738 showed to have equal ratio between
antibody with full size tag sequence and completely degraded tag.
These strains are commonly used for M13 phage display library
creation and screening due to their high transformation effi-
ciency. Because these 2 strains are not protease-deficient, the
heavy degradation of the tag sequence observed in Fig. 8 was
expected. On the contrary, CAG597 is defective in stress-induced
proteases at high temperatures. Although CAG597 showed lower
levels of tag degradation compared to TG1 and ER2738, the
highest improvement in the yield of antibody with full-sized tag,
was observed when the expression was made in the KS1000. The
degradation was, however, only reduced and not completely
eliminated, which is not surprising as a wide range of other pro-
teases both cytoplasmic and periplasmic exists in E. coli.21c There
are several other proteases that recognizes their substrates based
on the composition of the carboxy terminus, and the location of
especially non-polar residues has been linked to the susceptibility
of proteolysis of proteins in E. coli 40c

Comparing the differences in degradation of the tag con-
structs, the level of degradation is less pronounced for C2:AH
compared to the very similar A3:AH construct. This is likely

Figure 8. Coomassie blue stained SDS-PAGE with construct A5:HA
expressed in 4 different E. coli strains. The antibodies were purified and
normalized. KS1000 is defective in the tail-specific protease (Tsp),
CAG597 is defective in stress-induced proteases at high temperature
and ER2738 is a commonly used strain in phage antibody display (pro-
vided with the Ph.D. Phage Display Kit). KS1000 showed to have the least
amount of degradation compared to the other strains.
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due to the differences in C-terminal residues and the residues
between the tags. Both A5:HA and B1:HA give rice to 2 dis-
tinct bands in the anti-his detected western blot (Fig. 6).
Because AviTag is the terminal tag of the protein, the upper
bands corresponds to full size protein and the lower bands cor-
responds to protein with partially or completely degraded Avi-
Tag. However, B1:HA appears to have fewer bands from
degradation than A5:HA, which indicates that there is an
effect of changing the C-terminal residue and the amino acids
between the tags. B2:HM is less degraded than B3:AM, indi-
cating that the AviTag might be problematic due to degrada-
tion. This is further underscored when comparing the
degradation with C1:M to A1:A and B4:THM to A6:THA
(Fig. 5). Due to the small size of the TEV recognition site, it
is difficult to conclude whether there is degradation of B5:T
or not, there is, however, a tendency for more degradation
when the TEV recognition site is included in combination
with other tags. The his-tag and the myc-tag do not appear to
visibly increase the level of degradation, as can be seen from
the B2:HM construct. Interestingly, A7:IAH was the only con-
struct that did not give rise to a band corresponding to anti-
body without tag sequence at approximately 13 kDA (Fig. 5).
Instead the lowest band observed corresponds to antibody
with IgA hinge, indicating that this rigid proline-rich region is
a pore substrate for proteases. The protease resistance of pro-
line-rich regions has been observed previously and could be
the consequence of a fixed backbone confirmation preventing
degradation by more promiscuous proteases.41

For proteases with endopeptidase activity, like Tsp, the
sequence within the tag region is important for the digestion effi-
ciency. There is most likely also an effect of the distance from the
C-terminal to the first accessible cleavage site in the tag sequence.
As tag sequences in general are fairly small peptide motifs recog-
nized by antibodies without any particular structure, they will
inherently also be accessible to proteases. There does, however,
seem to be more degradation when AviTag and the TEV site are
included and less so when his-tag and myc-tag are included with-
out the other 2 sequences. The length of the tag region seems to
influence the amount of degradation, with longer tags giving
more degradation (Fig. 5). The construct C2:AH was designed
to reduce the degradation by removing superfluous amino acids
between the tags and thereby make the tag sequence smaller. Fur-
thermore, C-terminal amino acids were changed to charged
bulky amino acids because this should generally reduce the recog-
nition by C-terminal specific proteases like Tsp.21,42 Based on the
data presented here, we conclude that there is an effect from the
carboxy terminal residues on the level of degradation. More work
is warranted to further elucidate the exact mechanisms behind
this specific degradation.

Materials and Methods

Bacterial strains
TG1: E. coli K12 strain D(lac-proAB) supE thi hsdD5/F’

traD36 proACBlacIq lacZDM15 (Source Bioscience). HB2151:

E. coli K12 strain ara D(lac-proAB) thi/F’ proACBlacIq
lacZDM15 (Source Bioscience). CAG597: E. coli K12 strain )F¡

lacZ(am) pho(am) tyrT[supC(ts)] trp(am) rpsL(StrR) rpoH(am)
165 zhg::Tn10 mal(am)) (New England Biolabs). ER2738: E.
coli K12 strain (F´proACBC lacIq D(lacZ)M15 zzf::Tn10(TetR)/
fhuA2 glnV D(lac-proAB) thi-1 D(hsdS-mcrB)5) (New England
Biolabs). KS1000: E. coli K12 strain (F’ lacIq lacC proC/ ara
D(lac-pro) D(tsp)D D(prc)::KanR eda51::Tn10(TetR) gyrA
(NalR) rpoB thi-1 argE(am)) (New England Biolabs).

Expression and purification of recombinant protein
Expression of soluble antibody was done by transformation of

HB2151 electrocompetent cells with plasmid DNA from the 14
constructs. Protein expression was induced by addition of IPTG
at OD600 D 0.7–0.9 and cultures were incubated for 18 hours at
30⁰C in shaking incubator (200 rpm). When performing in vivo
biotinylation arabinose and biotin were added at the time of
induction. Prior to protein purification from the bacterial expres-
sion medium, the cultures were centrifuged at 4000 RCF for 30
minutes with subsequent sterile filtration of the supernatant
(0.45 mm syringe filters). Antibodies were purified by means of
HiTrap protein A HP columns (GE Healthcare, Cat.No.17–
0402–01) according to manufacturer’s protocol. Protein concen-
trations were measured using a Nanodrop 1000 spectrophotome-
ter (Thermo Fisher Scientific).

SDS-PAGE, Western blotting and reagents
SDS-PAGE were run on precast 12% Bis-Tris SDS polyacryl-

amide gels (Bio-Rad, Cat.No.345–0124). Gels were run in XT
MES buffer using Precision plus dual color (Bio-Rad) for deter-
mining protein sizes.

Western blots were blocked in 2% MPBS and incubated with
the appropriate detection agent diluted in 2% MPBS. Western
blots were then washed 3 times in PBS and protein was visualized
using ECL Prime reagent (GE Healthcare, Cat.No.RPN2232).
When blots were developed using multiple detection agents, the
blots were treated with Restore protein gel blot stripping buffer
(Thermo Fisher scientific, Cat. No. 21059) to remove the previ-
ously used detection agent. For detection of tagged dAb, the fol-
lowing were used: Horseradish peroxidase (HRP)-conjugated
mouse anti c-Myc antibody clone 9E10 (Aarhus University core
facility), HRP conjugated mouse anti-his antibody (Sigma-
Aldrich, Cat.No.A7058–1VL), and HRP-conjugated protein A
(Life technologies, Cat No. Ten–1023).

Construction of tags
To construct the tags, a combinations of the following primers

were used in PCR A1-A5; Forward A1, A2, A5 and Reverse A1,
A3 (Table S1). The PCRs was run using either of the plasmids
pMCSG15 or pMCSG16 as template.20 The PCR products
were double-digested with NotI and BglII and gel purified on a
1% agarose gel followed by electroelution in Spectra/Por 12–
14,000 kDa dialysis tube (Spectrum laboratories, Cat. No.
132700), phenol extraction and alcohol precipitation of the
DNA, all procedures according to standard protocol.43 An anti-
body clone called 8H previously selected in the lab from a
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domain antibody library kindly supplied by Dr. Daniel Christ at
the Garvan Institute (Sydney, Australia) was used for testing the
tags. A BglII site were introduced in the pHEN111 vector by site
directed mutagenesis PCR just after the myc-tag by using the
Forward BglII and Reverse BglII (Table S1). The modified vector
was double-digested with NotI and BglII, gel purified and elec-
troeluted. The constructs A1 to A5 were created by ligating the
PCR tag combination products into the prepared vector. The A6
construct was made in the same way using the A5 vector as tem-
plate and the primers; Forward A6 along with Reverse A1
(Table S1). The A7 construct was synthesized at Mr. Gene (Mr.
Gene, Regensburg, Germany) and placed in the vector. The tag
of A7 was replicated from a previously published paper showing
successful in vivo biotinylation.30 All tag sequences of the con-
structs, except A7 were verified by sequencing using the LMB3
primer (Table S1). To make the B1-B5 and the C2 constructs,
forward and reverse oligonucleotides for each tag were ordered
with an overlapping sequence (Table S1). The overlapping
sequences were designed to have a melting temperature of ca.
60⁰C. The 2 matching oligonucleotides for each of the 5 reac-
tions were paired 1:1 and mixed together in a PCR reaction mix
with Taq polymerase. Second strand synthesis was carried out in
a thermocycler. In the PCR, each oligonucleotide works both as
a template and a primer. In the PCR program, the annealing
temperature was set to 54⁰C. The 5 PCR products were double-
digested with NotI and BlpI restriction enzymes and gel purified
as previously described. The C1 tag was identical to the original
pHEN1 tag (Table S1).

In vitro enzymatic biotinylation
In vitro biotinylation of antibodies was carried out using com-

mercial BirA biotin ligase enzyme with corresponding buffers
(Avidity, Cat.No.EC 6.3.4.15), according to product protocol,
unless otherwise specified.

TEV digestion
TEV digestion was carried out using a 1:50 molar ratio

between phage particles and TEV enzyme. The TEV enzyme was
a kind gift from Dr. Gregers Rom Andersen, Department of
Molecular biology and Genetics at Aarhus University.
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