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Fig. 1. Direct ELISA with (A) mAb M2 and (B) mAb M5 on peptides coated onto microtiter plates.

no. 15). Remarkably, in MDYKDDDDK residue D7
seems not to be critical for binding M5 (cf. Table 1, no.
8 and Table 2, no. 15 with Table 3, nos. 5 and 10).

The role of the negatively charged Ds in the ‘DDDD-
K’-region in binding mAbs M1, M2 and M35 was investi-
gated using various combinations of alanine and/or lysine
replacements. Most of these multiple replacements did not
result 1n a dramatic decrease of binding to mAb Ml
(+Ca’") (Table 2, 5-15). Binding to M1 (—=Ca*") was often
increased, 1.e. the binding was often no longer calcium
dependent (Table 2, 5-15). Binding to mAbs M2 and M5
was often decreased (Table 2, 5-195).

The group of previously identified FLAG peptide
variants having the consensus sequences DYKXKX and
DYKEKXXXDD (X =various residues allowed; cf. Ref.
9) were equally well recognized by M1 (+Ca**) and M1
(—Ca*") and were not recognized by mAbs M2 and M5
(Table 2, nos. 24 and 25).

Of a group of 50 semi-random peptides with the con-
sensus sequence DYKXXXXX (X =a randomly chosen
residue), most were recognized by M1 (+Ca*") and/or M1
(—Ca*"). Only four of these peptides were recognized by
M2 and none were recognized by M5 (Table 4).

optical density

MDYKAFDNL (ng)

The sensitivity in ELISA of the original FLAG peptide
for M1 (—Ca*") was decreased compared to that for M1
(+Ca?") (Table 1, no. 1). Most of the variants gave a
similar difference in sensitivity. However, peptides for
which the sensitivity in ELISA for mAb M1 did not
depend on the presence of Ca** are some of the random
peptides (Table 4, nos. 17, 25 etc.), the DYKXKX and
DYKEKXXXDD consensus peptides (Table 2, nos. 24
and 25) and most of the multiple alanine/lysine replace-
ment variants (Table 2, nos. 5-15).

Variants of the second FLAG peptide MDYKDDD-
DK, containing an additional amino-terminal methionine,
were also synthesized and tested (Table 3). Although MD-
YKDDDDK was not recognized by mAb M1, some of
the varnants were, albeit with lower binding activity (Table
3, nos. 8 and 16—18). The latter variants were not recog-
nized by mAbs M2 and M35. Other variants of MDYKD-
DDDK were only recognized by M2 (Table 3, no. 14) or
were only recognized by M2 and M3 (Table 3, no. 6, etc.).

The peptides DYKDDDDK, MDYKDDDDK, MDF-
KDDDDK and MDYKAFDNL were also synthesized,
purified and used in standard microtiter ELISA tests, in
dotting immuno assays and in competitive ELISA tests.

B S 1

a? ' £y y \O
MDYKDDDDK (ng)

Fig. 2. Dotting immuno-assay with mAb M2. The peptides were coated from 500 to 16 ng/ul/dot. Each dot was approximately 0.03 cm” in size.
The antibody concentration was 0.15 pg/ml. The optical density is shown in arbitrary units.
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TABLE 3
REPLACEMENT ANALYSIS OF MDYKDDDDK

No. Sequence mAb

012 3456 728 M1+ Ml- M2 M35

1 MDYKDDDDK 0.1 0.1 1.6 2.3
2 MDYK[AIDDDK 0.1 0.1 0.2 0.7
3 MDYKDI|A|IDDK 0.1 0.1 0.9 04
4 MDYKDDJA|DK 0.1 0.1 02 2.2
5 MDY KDDDJA]K 0.1 0.1 1.4 3.1
6 MDY KDDD D[A] 0.1 0.1 1.7 2.6
7 MDYK[K|[DDDK 0.2 0.2 1.5 06
8 MDYKD[K|DDK 1 0.9 2.8 1.1
9 MDYKDDEK|DK 0.3 0.3 0.2 24
10 MDYKDDD[K]K 02 02 22 3

11 MD[FIKDDDDK 0.1 0.1 0.1 3.5
12 MDY[R|IDD D DK 0.1 0.1 0.1 3.1
13 MDIFR|DDDDK 0.1 0.1 0.1 3.2
14 MDYK[AF|D[NL] 01 01 26 01
15 MDYKDDD[AA] 0.1 0.1 0.8 1.9
16 MDY KDJ[AA A]K 1 0.1 0.1 0.1
17 MDY KDJ[AAKIK 1.1 04 0. 0.1
8 MDYKDMHMRL| 08 01 01 0l

Values correspond to O.D. (at 405 nm); mAb M1+ 1 pg/ml (1 mM
CaCl,); mAb M1—: 1 pg/ml (no CaCl,); mAb M2: 1 pg/ml; mAb M5:

> ng/ml.

With mAb M2 the sensitivity of MDYKAFDNL 1n the
microtiter ELISA, the pin ELISA and in the dotting
Immuno assay was increased approximately 10-fold com-
pared to that of MDYKDDDDK (Figs. 1A and 2). With
mAb M5 the sensitivity in ELISA of MDFKDDDDK
(Y2 replaced by F) was increased approximately 10-fold
compared to that of MDYKDDDDK (Fig. 1B). With the
same sequences, similar results were obtained in the pin
ELISA, 1.e. a 10-fold difference in sensitivity was also
observed (for example, cf. Table 3, no. 1 with no. 11).

A competitive ELISA, in which the peptides DY KDD-
DDK, MDYKDDDDK and MDYKAFDNL were coated
onto microtiter plates and competed for binding mAb M2
with soluble DYKDDDDK, MDYKDDDDK or MDY-
KAFDNL, showed that the binding activity of peptides
linked to a carrier not necessarily correlates with the
binding activity of the peptides in solution (Table 5).
Regardless of which peptide was coated, the soluble pep-
tides DYKDDDDK and MDYKDDDDK had IC,,’s that
were approximately 10-fold lower than the IC,, obtained
with soluble MDYKAFDNL. Furthermore, when MDY-
KAFDNL was coated, all IC., values were approximately
50-100-fold higher than when DYKDDDDK or MDYK-
DDDDK were coated (Table 3).

Discussion

Identification of critical residues
In the pin ELISA 1t was found that the free o-amino

group and residues D1, Y2 and K3 are most critical for
binding mAb M1 (+Ca*"). This indicates that DYK, with
a free amino group, is the dominant epitope for M1. In
the absence of Ca*, all signals were weaker and the pres-

TABLE 4
SEMI-RANDOM REPLACEMENT ANALYSIS OF DYKDDD-
DK
No. Sequence mADb
1 2 3 4 35 6 7 8 MIl+ Ml- M2 M5

] DYKTYQRT 2.4 2.2 0.1 0.1
2 DYKVWMDD 2.1 0.7 0.3 0.1
3 DYKQSCFEFT 2.4 1.7 0.1 0.1
4 DYKQTALN 2.6 1.7 0.1 0.1
5 DYKRTDWC 2.6 0.9 0.9 0.1
6 DYKVVDDR 2.1 1.9 1.4 0.1
7 DYKDWHQG 1.6 0.4 0.2 0.1
8 DYKVMEVD 1.8 1.3 0.2 0.1
9 DYKWVYGA 1.8 1.1 0.1 0.1
10 DYKSQARP 1.1 1.4 0.1 0.1
11 DYKWEQLP 1.8 1.3 0.3 0.1
12 DYKWGMY K 1.9 2 0.1 0.1
13 DYKKMAHQ 1.7 2.3 0.1 0.1
14 DYKVMFWL 1.9 ] 0.1 0.1
15 DYKAKYVKZC 2.7 2.1 0.] 0.1
16 DYKVCIWN 2.1 0.6 0 0.]
17 DYKEQKAH 24 2.6 0.1 0
18 DYKGWYTK 1.8 1.6 0.1 0
19 DY KQGVEFWI 2.9 1.8 0.] 0
20 DYKQIKES 1.9 1.5 0.1 0
21 DYKADLWI 2.2 1.9 0.1 0
22 DYKPLMDE 0.7 0.3 0.4 0
23 DYKQVQVP 1.7 2.2 0.1 0
24 DY KEAKKK 1.3 1.5 0.1 0
25 DYKDHMRYL 2.1 2.6 0.2 0
26 DYKFHNTA 2 2.1 0.6 0
27 DYKTMQHL 2.1 0.7 0.1 0
28 DYKGTVFYG 2.2 1.9 0.1 0
29 DYKCLCLP 2.3 0.6 0.1 0.1
30 DYKCDHHM 1.8 0.7 0.1 0.1
31 DYKIVNAH 1.4 1.6 0.1 0.1
32 DYKTDOQYL 2.1 1.6 0.1 0.]
33 DYKHILDNS 1.6 0.9 I.5 0.1
34 DYKICVPY 1.8 0.9 0.1 0.1
35 DYKEFVPG 2.1 2.2 0.1 0.1
36 DYKTI1IYPYV 2 2.4 0.1 0.1
37 DYKMLWYN 2.1 1.8 0.1 0.1
38 DYKHNNYN 1.8 0.4 0.1 0.1
39 DYKKMYNR 2.4 1.7 0.1 0.1-
40 DYKWFPMG 2.2 0.3 0.1 0.]
4] DYKERRHH 2.6 1.5 0.1 0
42 DYKVLNTIL 2.5 2.2 0.1 0
43 DYKSRYS S 2.1 2.1 0.1 0
dd DYKDMYZCA 1.9 0.7 0.1 0.1
45 DYKAFDNL 1.8 1.3 2.1 0.1
46 DYKDHNYG 1.8 0.4 0.3 0.1
47 DYKVCWEG 1.8 0.8 0.3 0.1
48 DYKPLILSE 0.8 0.5 0.1 0.1
49 DYKAGFWR 2.2 2.5 0.1 0.1
50 DYKPFWYVR 1.5 0.4 0.1 0.1

Values correspond to O.D. (at 405 nm); mAb M1+: 1 pg/ml (1 mM
CaCl); mAb M1-: 1 ug/ml (no CaCl,); mAb M2: 1 pg/ml; mAb MS5:
5 pg/ml.



TABLE 5
COMPETITIVE ELISA WITH mAb M2

No. Peptide coated onto microtiter plate
(1 nmol/100 ul/well/4 h)

Peptides in solution

1 D Y kK
2 M D Y K
3 M D Y K

> O U

D
D
F

v
Z O U

K
K
L
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DYKDDDDK MDYKDDDDK MDYKAFDNL
0.08 £0.02 0.06 £0.01 0.65£0.06
0.15£0.02 0.2210.07 1.83+0.51
9.48+£0.23 8.00+0.89 75.0£5.65

Values correspond to 1C,, (UM); the concentration mAb M2 was 0.15 ug/ml.

ence of D7, and to a lesser extent D4, was also required.
These findings are in good agreement with previous studies
in which synthetic and recombinant peptides were used.
A free a-amino group, residues D1, Y2 and K3 and, n
the absence of Ca®, residues D4 and D7, were found to
be most critical for binding mAb M1 [5,8,9].

For mAb M2, it was found that residues Y2 and K3
and to a lesser extent D1 and D6 are most critical. These
findings are also 1n good agreement with previous studies,
in which the phage-display technology and NMR spectro-
scopy were used. Residues Y2 and K3 and to a lesser
extent D1 and D6 were found to be most critical for
binding mAb M2 [17-19].

For mAb MS5, 1t was tound that residues D1, D4 and
D5 and to a lesser extent Y2 are most critical. To our
knowledge, phage-display or biophysical studies with mAb
M35 have not been done. Consensus sequences for recogni-
tion of mAbs M1, M2 and M3 are shown in Fig. 3.

The role of Ca’* in binding mAb M1I

Recently, the role of Ca** in the binding of mAb M1
to DYKDDDDK has been investigated in detail. Resi-
dues D1, D4 and especially D7 seem to be strongly in-
volved in Ca** binding [5,9]. We obtained a similar result
(ct. Table 1). It has been postulated that, in the absence
of Ca*, a positively charged residue such as K in DYKA-
KE ‘replaces’ the Ca** and as a result makes the binding
of these peptides to mAb M1 calcium idependent [9].
This possibility 1s supported by our results obtained with
the 50 semi-random peptides (Table 4). Many of the semi-
random peptides that bind mAb M1 in a calcium-inde-
pendent manner contain a positively charged residue 1n the
‘DDDDK’ region (Table 4, nos. 1, 6, 12, 13, 17, 24, 25, 43
and 49). However, not all peptides that bind mAb M1 1n
a Ca*-independent manner contain a positively charged
residue in the ‘DDDDK’ region (Table 4, nos. 23, 35, 36
etc. and Table 2, nos. 8 and 9). The dependence on Ca*™
of the binding of mAb M1 to the original FLAG peptide

anti-FLAG M1 (+CaCl,)
anti-FLAG M1 (-CaC(l,)

anti-FLAG M2
anti-FLAG M5

may indicate that the antibody recognizes a particular
conformation which 1s populated only in the presence of
Ca”". The results discussed above suggest that in the ab-
sence of the charged ‘DDDD’ cluster, this ‘productive’
conformation may be sufficiently populated as well. It is
also possible that some sort of electrostatic repulsion
exists between mAb M1 and DYKDDDDK. The addi-
tion of Ca** or the replacement of the ‘DDDI’ cluster
would neutralize this electrostatic repulsion.

Differential and selective binding to tag sequences

It can be envisaged that tag sequences that bind only
on¢ or two of the anti-FLAG mAbs may be used to
discriminate between cross-reacting proteins [19] or to
separately detect, quantify and purify two or three differ-
ent co-expressed proteins and/or subunits. For example,
In a co-expression experiment of two proteins, one tagged
with a FLAG peptide that is recognized by mAbs M2
and M5 (but not by M1) and the other tagged with a
FLAG peptide that 1s recognized by mAbs M2 and M1
(but not by M3) could be first detected together, quan-
tified and purified with mAb M2 and secondly separately
detected and quantified with mAbs M1 and M5. Another
interesting application is in the study of protein process-
ing. If the DYKD sequence follows a signal cleavage site,
e.g. for bacterial transport [8], only the product can be
recognized by mAb M1. It may be useful to define other
sequences that can selectively mark the precursor, to
follow both species on a Western blot.

Before discussing such tag sequences, we must address
the question whether the binding activity of the tag se-
quences 1n the pin ELISA corresponds to the binding ac-
tivity in detection and separation techniques such as Wes-
tern blots and affinity purification. We believe this to be
the case. First, the results obtained with the pin ELISA,
the microtiter ELISA and the dotting immuno assay do
not differ dramatically (Tables 1-4 and Figs. 1 and 2).
Second, the critical residues that were 1dentified using the

HoN-DYK.....
HoN-DYKD. .D.
. =DYK..D..
. =DY..DD..

Fig. 3. Cntical residues mvolved mn binding mAbs M1, M2 and M35. Dots indicate noncritical positions.
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A Crude cell extract

mAb M2

H,N- MDYKDDDDA
H2N-DYKAFDNL—| protein-2‘

mAb M35 mAb M1

Simultaneous detection, quantification
and purification of two proteins

Separate detection, quantification
and purification of two proteins

B Crude cell extract

I Detection, quantification and
purification of precursor protein

v

mAb M2

signal cleavage site -DYKAFDNL

Detection, quantification and
purification of mature protein

mAb M1

H,N-DYKAFDNL

Fig. 4. Examples of putative applications of the new FLAG peptide variants. (A) Simultaneous and separate detection, quantification and
purification of two expressed proteins or subunits; (B) separate detection, quantification and purification of the precursor and the mature form
of a particular protein. H,N-MDYKDDDDA 1s only recognized by mAbs M2 and M5, H,N-DYKAFDNL is only recognized by mAbs M2 and
M1; DYKAFDNL (without amino-terminal a.-amino group) 1s only recognized by mAb M2; H,N-DYKAFDNL is only recognized by mAbs M1

and M2 (cf. Tables 1-4).

pin ELISA correspond well with those identified using
various other techniques [5,8,9,17-19]. Whatever tech-
nique was used, the presence of the right combination of
critical residues seems to determine binding to the anti-
FLAG mAbs. Thus, from these data obtained with syn-
thetic peptides it seems possible to suggest the newly
described tag sequences as selective affinity tags.

Peptides that bind mAb M1 but do not bind mAbs M2
and M5 include DYKDAAAK, DYKKKKKK (Table 2,
nos. 6 and 12) and the DYKXKX and DYKEKXXXDD
consensus sequences (Table 2, nos. 24 and 25). These
peptides do not bind M2 or M5, probably because resi-
dues D4, D5 and/or D6 have been replaced (cf. Fig. 3).

Peptides that bind mAb M2 but do not bind mAbs M1
and M5 were initially not found. However, when 50 semi-
random peptides with the consensus sequence DY KX XX-
XX were synthesized (X = various residues allowed), it
was found that only 4 of these 50 peptides bind mAb M2.
These four peptides have the consensus sequence DY KX-
XDXX (X =various residues allowed) (Table 4, nos. 3, 6,
33 and 45). It was found that lengthening of one of these
peptides to MDYKAFDNL resulted in a peptide that
only binds mAb M2 (Table 3, no. 14). An important
advantage of this peptide 1s the fact that 1t starts with the
translational start residue methionine, 1.e., there 1s no
additional need to fuse a specific cleavage site to the
amino terminus of the FLAG sequence (cf. Refs. 10-12).
The peptide MDYKAFDNL does not bind mAbs M1 or
M35, probably because the o-amino group and residues
D4 and/or D5 have been replaced (cf. Fig. 3).

Peptides that bind mAb M5 but do not bind mAbs M1
and M2 include MDFKDDDDK and MDYRDDDDK
(Table 3, nos. 11 and 12). Using a set of peptides in which
individual residues were replaced by a structurally related
one, 1.e. D by E, Y by F and K by R, it was found that
peptides containing F2 and/or R3 only bind mAb MS5.
Since Y2 and K3 are critical for binding mAbs M1 and
M2, peptides containing F2 and/or R3 are not recognized
by these mAbs (cf. Fig. 3).

Peptides that bind mAbs M2 and M5 but do not bind
mAb M1 include MDYKDDDDK and MDYKDDDDA
(Table 3, nos. 1 and 6). These peptides do not bind mAb
M1, probably because the a-amino group has been re-
placed (cf. Fig. 3). Various other peptides that contain the
consensus sequence MDYKDDDXX also only bind mAbs
M2 and M35 (Table 3).

Peptides that bind mAbs M1 and M2 but do not bind
mAb M3 include DYKAFDNL and DYKHLDNS (Table
2, nos. 20-23). These peptides do not bind mAb MS5,
probably because the residues D4 and/or DS have been
replaced (cf. Fig. 3).

Peptides that bind mAbs M1 and M35 but do not bind
mAb M2 were not found. Combining the important resi-
dues described above, it seems difficult to design such
peptides.

Peptides that bind mAbs M1, M2 and M5 include the
original peptide DYKDDDDK and some of the peptides
in which individual amino acids were replaced by struc-
turally related amino acids (Table 1, nos. 1 and 13-17).
These peptides contain most of the critical residues for all



three mAbs. Another peptide that binds mAbs M1 and
M2 and, to a lesser extent, mAb M5, was MDYKDKD-
DK (Table 3, no. 8). This peptide has the advantage that
1t starts with the translational start residue methionine.

The sensitivity in ELISA of mAb M1 for MDYKDK -
DDK was increased compared to that of MDYKDDD-
DK (Table 3, cf. no. 1 with no. 8). This 1s consistent with
recent data showing that, compared to DYKDDDDK,
the peptide DYKDKD has a significantly increased affin-
ity for mAb M1 [9].

Two examples of a putative application of the new
FILAG peptide variants are shown in Fig. 4. The exam-
ples include simultaneous and separate detection of two
co-expressed proteins (Fig. 4A) and separate detection of
the precursor form and the mature form of a partlcular
protein (Fig. 4B).

Improved tag sequences

Previously, 1t has been shown that the sensitivity in
ELISA for mAb M1 can be improved significantly using
variants of the FLAG peptide. For example, the sensitiv-
ity 1n Western blots of DYKDE attached to the amino
terminus of mAbs was 1ncreased sixfold over the original
FILLAG sequence [8]. Furthermore, 1n competitive ELISAS
many new peptides were 1dentified that showed a 10- to
100-fold 1ncreased activity [9]. Our study revealed addi-
tional new peptides for which the sensitivity 1 direct
ELISA for mAbs M2 and M35 was increased 10-fold.
With mAb M2, the sensitivity in ELISA of peptides inclu-
ding MDYKAFDNL was increased 10-fold over that of
MDYKDDDDK (Fig. 1A). With mAb M35, the sensitiv-
ity in ELISA of peptides including MDFKDDDDK and
MDYRDDDDK was increased 10-fold (Fig. 1B).

To obtain more insight in the binding affinity of some
of the above described new FLAG peptide variants, com-
petitive ELISAs were performed with three peptides rec-
ognized by anti-FLLAG M2. The first two peptides, DYK-
DDDDK and MDYKDDDDK, are the original two
FLAG peptides. The third peptide, MDYKAFDNL, was
identified using the semi-random library. This third pep-
tide showed a 10-fold improved binding activity in three
different types of direct ELISAs (pin ELISA, microtiter
ELISA and the dotting immuno assay; cf. Figs. 1 and 2).
Surprisingly, 1t was found that MDYKAFDNL as a sol-
uble peptide has a much lower binding activity. In sol-
ution the peptides DYKDDDDK and MDYKDDDDK
had IC,,’s that were 10-fold better than that of MDYKA-
FDNL (Table 5). Recently it has been shown that a rela-
tively ‘unstructured’ conformation of synthetic peptides
can be stabilized by immobilization of the peptide on a
carrier [20,21]. This would explain the increased recogni-
tion of mAb M2 and MDYKAFDNL when synthesized
or coated onto a solid phase. It would also explain the
high IC.’s obtained when MDYKAFDNL 1s coated
(Table 5). A high binding affinity between mAb M2 and
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solid-phase MDYKAFDNL would require much more
soluble peptide to obtain 50% inhibition of binding.

An important question 1s whether MDYKAFDNL or
any of the other i1dentified new variants can be used suc-
cessfully as affinity tags. We think this to be the case,
because affinity tags are fused to a carrier. This resembles
the way 1n which the peptide i1s presented to the mAb in
the pin ELISA, 1.e. the carboxy terminus of the peptide is
covalently linked whereas the rest of the peptide is “free’
in solution. However, actual usage of these peptides in ex-
pression systems will show whether this is indeed the case.

Conclusions

Using the pin ELISA binding of mAbs M1, M2 and
M35 to variants of the FLAG peptide epitope, tags were
investigated. Since the selectivities in ELISA are 1n good
agreement with the binding activity found using various.
other techniques, we postulate that the selective and dif-
ferential recognition properties of the new tag sequences
reported here may be used to separately detect, quantify
and purify co-expressed recombinant proteins. In addi-
tion, our studies show that the way in which a peptide is
presented to an antibody, e.g. linked to a pin, coupled to
a microtiter plate or to nitrocellulose paper, or as soluble
peptides, may strongly contribute to the binding activity
observed between peptides and their antibodies.
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