has to be protected against oxidation, this rate enhancement is
remarkable. Compared to the cysteine residue in BSA (k=
30 min~"'m™"), the reactivity of the scRD3 cysteine residue is
670-fold higher. Two scenarios appear plausible for the mech-
anism of the reaction of the antibody with 3. In the first, the two
different cysteine residues react in an ordered fashion. In the
second, the first reaction is followed by intramolecular disulfide
exchange between the two cysteine residues before the anti-
body reacts with another molecule of 3. To investigate which of
the two cysteine residues Cys® and Cys'®in the RD3 antibody is
the more reactive one and whether their reactivity is mutually
dependent, each was mutated to alanine to give the mutants
A2%RD3 and A219%RD3. The expression level for both mutants as a
Fab were significantly below that for wild-type RD3 antibody.
However, 0.16 mg of the A21%%RD3 mutant could still be isolated
from one liter of shake-flask culture whereas we were not able to
isolate sufficient amounts of the A2*RD3 mutant. The A?'°%RD3
mutant possesses 0.9 equivalents of free thiol per Fab and its
second-order rate constant for the reaction with 3 is 2.5 x
10°min~'m~". These data demonstrate that the presence of
both cysteines is important for the folding of the antibody and
that their reactivity is mutually dependent. The fact that the
mutant A?'%%RD3 possesses a higher reactivity than the less
reactive cysteine residue of wild-type RD3 antibody suggests
that Cys96 is the reactive residue.

In summary, this work represents an important step in our
efforts towards the generation of artificial DNA repair proteins.
The established in vitro selection system and the isolated clones
with reactive cysteine residues, in particular scRD3, open the way
for selections of antibody-based AGTs by using derivatives of the

type 1.
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The development of new anti-inflammatory drugs is currently
one of the great challenges in medicinal chemistry. Recently,
04f1- and 04p7 integrins were shown to be promising targets
for treating inflammatory and autoimmune diseases.** a4f37
integrins bind to the mucosal addressin cell adhesion molecule 1
(MAACAM-1) through their Leu-Asp-Thr sequence (LDT se-
quence) specifically and with high affinity.> ¢ An overexpression
of MAdCAM-1 occurs in mouse models of colitis, in human
inflammatory bowel disease (IBD), and in chronic inflammatory
liver disease.”® Recently, we and others were able to derive
peptidic 047 integrin antagonists from the natural LDT-binding
sequence.’" For the further development of nonpeptidic and
highly selective drugs, we identified the structural and functional
requirements of the LDT recognition sequence within a4f7
integrin antagonists by using several peptidomimetic variations
such as peptoids, azapeptides, and reduced amide bonds
(Scheme 1). An aromatic residue N-terminal to the LDT sequence

N terminus ———— C terminus

[e] Ry H (0] H
N, N
ANy e ey e
0 R, O
peptide peptoid
o R " 0 R y
N N. N.
A A
H H
o
azapeptide reduced amide bond

Scheme 1. Comparison of different peptidomimetics.
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Scheme 2. Recently published a4f37-integrin antagonists.

proved to be advantageous for biological activity, therefore we
also considered this position in our investigations.'> ™ In the
lead compounds 1 and 10 (Scheme?2), we systematically
substituted each amino acid within the XLDT sequence (X=
phenylalanine in 1, or isoquinoline-carbonyl in 10) by the
corresponding peptoid building block (Table 1).% '3 These
peptoid —peptide hybrids show different relative distances
between side chains with respect to their position on the
backbone. Furthermore, as a result of the presence of tertiary
amide bonds, the hydrogen binding characteristics of the
backbone are changed and the flexibility is increased.!' 1!

The incorporation of azaamino acids in compounds 1 and 10
(Table 2) maintains the hydrogen bonding characteristics of the
backbone. Theoretical studies suggest that azapeptides should
be more rigid than their conventional peptide counterparts.['6-'8
As a consequence, azapeptides have the potential to increase
activity and selectivity. Furthermore, the incorporation of
azaamino acids results in a decrease in the number of stereo
centers. The configuration of an azaamino acid lies roughly
between the p- and L-configuration of a normal amino acid."” 2%

To elucidate the importance of the
OH peptide backbone for the biological ac-
0 tivity of a4fp7-integrin antagonists, we
systematically reduced the amide bonds
in compounds 1 and 10 (Table 3). We also
solved the NMR spectroscopy structure of
the highly active cyclic peptide cyclo-
(Tic'-Leu-Asp3-Thr*-Asp3-p-Pro®) (2) in wa-
ter. In contrast to compound 1, com-
pound 2 contains tetrahydroisoquinoline-
3-carboxylic acid (Tic), which is a con-
strained mimic of Phe. As the flexibility of
the aromatic side chain is reduced in 2,
the orientation of the aromatic ring,
which is important for the biological activity, can easily be
determined.

To evaluate the biological influence of the modifications, we
used a cell adhesion assay. The integrin ligands MAdCAM-1 and
VCAM-1 were immobilized on tissue culture plates. The adhesion
of the lymphoid cell lines 38C13-B7 (0437, a4f31"9) and Jurkat

10

Table 2. Specific effects of peptidomimetics containing an azaamino acid on
a437- and a4f31-integrin-mediated cell adhesion to MAdCAM-1 and VCAM-1.1%!

Compound No. cell adhesion [%]

a4p7/ a4p7/ a4p1/

MadCAM-1 VCAM-1 VCAM-1
c(azaPhe-L-D-T-D-p) 14 25+1 58+7 89+5
c(F-azaLeu-D-T-D-p) 15 87+9 88+9 100+8
c(F-L-azaAsp-T-D-p) 16 106 £3 103+£12 99+5
¢(F-L-D-azaVal -D-p) 17 89+17 nt®! 102+8
Iquin-azaPhe-L-D-T-OHM 18 130+5 104+8 99+1
H-azaPhe-L-D-T-OH 19 95425 89+8 101+4
Iquin-azaLeu-D-T-OH! 20 92+12 96+2 99+8
Iquin-L-azaAsp-T-OH 21 103 £ 21 108 +10 102+4
Iquin-L-D-azaVal-OH! 22 131427 nt®! nt®!

[a] Cell adhesion is presented as a percentage of the medium control. The
data represents the mean values+ standard deviation for the three
experiments, each of which was repeated three times with a peptidomi-
metic concentration of 1 mgmL~". [b] nt=not tested. [c] Iquin =isoquino-
line-4-carbonyl.

Table 3. Specific effects of peptides containing a reduced amide bond on
a4f37- and a4f31-integrin-mediated cell adhesion to MAdCAM-1 and VCAM-1.12

Compound No. cell adhesion [%]

a4p7/ a4f7/ a4f1/

MadCAM-1  VCAM-1  VCAM-1
¢(FW(CH,NH)-L-D-T-D-p)™®! 23 13+£19 102+3 98+9
¢(F-LW(CH,NH)-D-T-D-p)®! 24 106+7 100£5 98+0
c(F-L-DW(CH,NH)-T-D-p)®! 25 114+£13 108 £2 9+7
¢(F-L-D-TW(CH,NH)-D-p)™®! 26 3619 95+5 78+19
1-Naphthyl®W(CH,NH)-L-D-T-OHF! 27 86+ 15 97+8 102+6
2-NaphthylW(CH,NH)-L-D-T-OH®! 28 122426 103£2 10341
Iquin-LW(CH,NH)-D-T-OH® 29 102+23 97+4 98+7
Iquin-L-DW(CH,NH)-T-OH® 30 81+4 106 £2 97+4

Table 1. Specific effects of peptidomimetics containing a peptoid building
block on a4f37- and a4f31-integrin-mediated cell adhesion to MAdACAM-1 and
VCAM-1.11
Compound No. Cell adhesion [%]

04f7/ 04f7/ a4f1/

MadCAM-1 VCAM-1 VCAM-1
¢(F-L-D-T-D-p) 1 3+4 38+20 72+10
c(Tic-L-D-T-D-p)1"" 2 941 nt nt
c(A-L-D-V-D-p)'" 3 40+7 nt nt
c(Nphe-L-D-T-D-p) 4 19+10 60+ 28 97+6
c(F-Nleu-D-T-D-p) 5 102+5 86+ 13 101£10
c(F-L-Nasp-T-D-p) 6 88+22 94412 ntt®!
c(F-L-D-Nval-D-p) 7 98 +£20 92419 106 £ 11
H,N-F-L-D-T-OH 8 98+0 66+8 100£2
H,N-Nphe-L-D-T-OH 9 87+15 87+16 97+6
Iquin-L-D-T-OH! 10 48 +29 81+4 ntt!
Iquin-Nleu-D-T-OH 1 1M0+£17 97+13 95+3
Iquin-L-Nasp-T-OH! 12 108 +4 96+3 9+7
Iquin-Nleu-Nasp-Nval-OH< 13 97 +£13 80+25 97 +5
[a] Cell adhesion is presented as a percentage of the medium control. The
data represents the mean values+standard deviation for the three
experiments, each of which was repeated three times with a peptidomi-
metic concentration of T mgmL~". [b] nt=not tested. [c] Iquin = isoquino-
line-4-carbonyl.

[a] Cell adhesion is presented as a percentage of the medium control. The
data represents the mean values+standard deviation for the three
experiments, each of which was repeated three times with a peptidomi-
metic concentration of 1 mgmL~". [b] W indicates the presence of a reduced
amide bond. [c] Iquin = isoquinoline-4-carbonyl.

576

© WILEY-VCH-Verlag GmbH, 69451 Weinheim, Germany, 2002

1439-4227/02/03/06 S 20.00+.50/0 ChemBioChem 2002, No. 6



cell adhesion /%

(4B 17, a4f37"9) were analyzed in the presence or absence of
the peptidomimetics at a final concentration of 1 mgmL-". The
results are summarized in Tables1, 2, and 3. The inhibitory
activities of the well-known 0437 integrin antagonists 1 and 10
were measured as a positive control. None of the tested
compounds inhibited the adhesion of a4f31-integrin-expressing
Jurkat cells to vascular cell adhesion molecule 1 (VCAM-1). This
test system thus showed that, if active, the tested compounds
were highly selective inhibitors for 047 integrin. In addition,
these results exclude potential toxic effects of the compounds.

The biological evaluation of the peptidomimetics revealed
that some cyclic compounds (4, 14, and 26) maintained their
biological activity and selectivity towards a4f37 integrins,
especially when modifications were N-terminal to the LDT
recognition sequence (Figure 1). The Phe' residue in cyclo-(Phe-

WodB7IMACAM-1 OudR7IVCAM-1T Bodl1/VCAM-1

100 4 E

80 -

were already able to substitute the Thr* residue in compound 1
by Val to give compound 3 without loss of activity.'"! Com-
pounds 4, 14, and 26 are selective for a4f37 integrins, with a
preference for inhibition of the o4p7-integrin—-MAdCAM-1
interaction. The IC;, values of the biologically active compounds
are shown in Table 4.

Table 4. IC;, values of a4f37-integrin antagonists.

Compound No. 1Cso [pM]
c(azaPhe-L-D-T-D-p) 14 61421
c(F-L-D-TW(CH,NH)D-p) 26 1374+48

In some cases the linear peptidomimetic is inactive, while the
corresponding cyclic peptidiomimetic is still active, as indicated
in Tables 1, 2, and 3. It seems reasonable to assume that
the LDT conformation in the ring is very close to the
bioactive conformation. For structure elucidation, we
used the highly active, constrained cyclic hexapeptide
cyclo-(Tic-Leu-Asp-Thr-Asp-p-Pro) 2. NMR spectroscopy

60

40

20

data were obtained in water at 300 K. Distance geometry
(DG) calculations?" 22 and molecular dynamics (MD)
simulations?® showed that p-Pro® occupies position i+
1 in a BII'-turn. ROE spectroscopy data suggested a flip of
the peptide bond between Asp® and Thr% which
. indicates that there might be at least two conformations.

4 14 26
c{Nphe-L-D-T-D-p} clazaPhe-L-D-T-D-p)

compound

Figure 1. Adhesion of 38C13-f37 lymphoid cell line (a4f37) and Jurkat cells (a4f31) to
microtiter plates coated with MAACAM-1 and VCAM-1 after incubation with antagonists.

The results are shown as the mean =+ standard deviation.

Leu-Asp-Thr-Asp-p-Pro) (1) could be substituted by the corre-
sponding peptoid building block Nphe (4) and the correspond-
ing azaamino acid azaPhe (14) and activity was retained. In
contrast, all N-terminal modifications in the linear compound
(10) resulted in completely inactive compounds (8, 9, 18, 19, 27,
28). The linear peptoid isoquinoline-3-carbonyl-Nleu-Nasp-Nval-
OH (13) also showed no activity. This supports the assumption
that not only the correct distances between the functional
groups are essential for biological activity of a4f7 integrin
antagonists, but that the peptide backbone may also influence
binding to the receptor. This hypothesis is also supported by the
fact that neither the linear compounds with a reduced amide
bond nor cyclo-(PheW(CH,NH)-Leu-Asp-Thr-Asp-p-Pro) (23)
showed any biological activity. Only the amide bond between
Thr* and Asp® in cyclo-(Phe-Leu-Asp-Thr®(CH,NH)-Asp-p-Pro)
(26) seemed to be nonessential. It is conceivable that the
importance of the other amide bonds in the cyclic peptides is
not only a result of interactions with the integrin, but also, or
even exclusively, that they are needed to stabilize the cyclic
structure through hydrogen bonds. The biological activity of
compound 26 also shows that besides of N-terminal modifica-
tions, some variations of the Thr* residue within the LDT
recognition sequence are also possible. In our previous work we

ChemBioChem 2002, No. 6 © WILEY-VCH-Verlag GmbH, 69451 Weinheim, Germany, 2002

c{F-L-D-T¥ (CHNH}-D-p}

The flip of the peptide bond between Asp® and Thr*
could clearly be observed after approximately 130 pico-
seconds of simulation time with a time-averaged dis-
tance restraints protocol?2¢l, The two conformations
were averaged and subsequently minimized to give the
structures depicted in Figure 2. The position of the
aromatic ring of Tic!, which is very important for the
biological activity, is nearly perpendicular to the peptide
ring.

Figure 2. Stereoplot of the solution structures of the two conformers of cyclo-
(Tic-Leu-Asp-Thr-Asp-p-Pro) (2). The structures were determined by a 300 ps
dynamics simulation with time-averaged distance restraints. b-Pro® occupies
position i+ 1 in a BII' turn. The spatial position of Tic' is the same in both
conformers, whereas the peptide bond between Asp® and Thr* is flipped.
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In summary, these results show that within the LDT recog-
nition sequence in 047 integrin antagonists the position of Leu
and Asp are invariant for common peptide modifications. Some
variations are possible in both the N- and C-terminal directions
from this core unit. NMR spectroscopy data indicate that the
C-terminal aromatic system, which is important for the biological
activity, should be perpendicular to the peptide backbone. The
biological data provide important information for the design of
novel and highly active 0437 integrin antagonists. Further efforts
to reduce the peptidic character of these peptidomimetics could
lead to drug candidates for the treatment of inflammatory
diseases.
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Faithful transfer of genetic information from one generation to
its offspring is crucial for the survival of any living species.
Genomic integrity relies greatly upon the ability of DNA
polymerases to efficiently catalyze selective DNA synthesis in a
template-directed manner."! Despite enormous efforts in struc-
tural and functional studies, the complex mechanisms by which
DNA polymerases ensure selective DNA synthesis are not fully
understood.> 3 Recently, we introduced a functional strategy to
monitor enzyme interactions that act on the sugar moiety of an
incoming triphosphate within the nucleotide binding pocket of
the Klenow fragment (Kf) of Escherischia coli DNA polymerase |
(exo~ mutant).®”! We found that the nucleotide insertion
selectivity of Kf~ is increased approximately hundredfold when
modified sugars 1b, ¢ (Scheme 1) are employed. This result
strongly suggests the involvement of steric constraints, which
act on the 2'-deoxyribose of an incoming nucleoside triphos-
phate in Kf~ selectivity processes.

R = a: H; b: CH3; ¢: CH,CH3; d : CH(CH3),

Scheme 1. Thymidine analogues used as steric probes in functional DNA
polymerase studies.

Further, new valuable insights into selective Kf~ interactions
with the sugar backbone in the minor groove were obtained
through site-specific incorporation of thymidines 2a-d into
primer template substrates.”! Herein, we investigate the inter-
play of Kf- with the 2'-deoxyribose moiety of the coding
nucleotide by using steric probes 2a-d in functional enzyme
investigations. This is a particularly intriguing topic since
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