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Understanding the structural basis for stabilization of
transition states in enzyme-catalyzed reactions is of funda-
mental importance. Such knowledge would help to improve
existing enzymes and to design new ones.[1, 2] High-resolution
structures have revealed important features at enzyme active
sites.[3, 4] However, identification of the key factors respon-
sible for the catalysis has proven to be difficult[5, 6] owing to the
complexity of interactions that obscure the underlying
mechanisms. This is the case for stabilization of transition
states involving a helices, for example. Although the ability of
the helices to stabilize negatively charged reaction intermedi-
ates and transition states has been well established,[2, 3, 7] the
origin of the charge stabilization is still uncertain.[3, 5]

Here we report results of density functional calculations
which reveal a large cooperative effect induced by the inter-
action of an anion with a peptide hydrogen bond network,
directly or through an imidazole (Im) molecule. The major
contribution to this cooperativity consists of nonadditive,
many-body effects that can not be reflected by the pair-wise
interactions of the charged ligand with the individual peptide
units involved, and that are closely associated with the
presence of the hydrogen-bond network. The increase of the
cooperative effect on going from a neutral to a negatively
charged ligand is sufficiently large that it could make an
important contribution to the catalysis by stabilizing the
charge formation along the reaction pathway in the enzyme-
catalyzed reactions. The mechanism proposed here, based on
the enhancement of cooperative hydrogen bonding, provides
a consistent interpretation for both the wide occurrence of
helices at enzyme active sites[3] and phosphate (sulfate)
binding sites[7] as well as their absence in some instances.[8±11]

In addition to the red needles described we obtained small
orange plates of another modification of 1 under different
reaction conditions. Furthermore, the red phase slowly
changes into a yellow one at low temperature. Thus inves-
tigations on the phase relations as well as efforts to solve the
formation mechanism of 1 are in progress.

Experimental Section

catena-Poly{[tetrakis(m-trifluoroacetato-kO,kO')dibismuth(Bi ± Bi)]-m-h6-
hexamethylbenzene} (1): A mixture of Bi(O2CCF3)3

[3b] (0.010 g, 0.18 mmol)
and freshly sublimed hexamethylbenzene (0.020 g, 0.12 mmol) in a sealed
Duran glass tube was heated to 100 8C in an aluminum block oven. Small
light yellow plates of Bi(O2CCF3)3 ´ 0.5C12H18 which initially grew at the
glass surface disappeared in the course of several weeks, while dark red
needles of 1 grew (0.019 g, 20.5 % isolated; a yellow-gray residue
remained). Elemental analysis calcd for (Mr� 1032.30) (%): C 23.1, H
1.7; found: C 22.1, H 1.8; MS (EI, 70 eV, 1.0 mA, QT� 220 8C): m/z
(%): 870 (9) [(1ÿC12H18)�], 757 (24) [(Bi2(O2CCF3)3)�], 644(7)
[(Bi2(O2CCF3)2)�], 531(6) [(Bi2(O2CCF3))�], 435 (8) [(Bi(O2CCF3)2)�],
418 (6) [Bi�2 ], 322(19) [(Bi(O2CCF3))�], 209 (50) [Bi�], 162 (57) [C12H�

18],
147 (100) [C11H�

15].
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Although the existence of a cooperative effect in peptide
and imidazole hydrogen bonding is known[12] and differential
cooperativities have been proposed for the interpretation of
other phenomena,[12b] such large p cooperativity and many-
body effects have not been detected and their role in enzyme
catalysis has not been discussed previously. The results of
quantum mechanical calculations also suggest that helices
with an aN-type distortion[13] at the N terminus may be even
more effective in the charge stabilization. The relationship
between the cooperative hydrogen bonding and low-barrier
hydrogen bonds[4] in enzyme catalysis is also discussed.

The model systems for peptide hydrogen bond networks
used in this study are given in Figure 1 a. They include

Figure 1. a) Model systems for peptide hydrogen bond networks used in
this study. The star designates the binding site. From left to right: NMF ´´´
(NMF)n, NMF ´´´ (GDA)n, and Im ´´´ (NMF)n. (GDA)n contains two hydro-
gen-bonded peptide fragments, fragments 1 and 2, that are separated by the
Ca carbon atoms. The initial structures of NMF ´´´ (GDA)n for geometry
optimizations were build from GDAs with (f,y)� (ÿ60,ÿ 50 8). The final
f and y angles for NMF ´´´ (GDA)n are (starting from the GDA next to
NMF): for n� 2, (f1,y1)� (ÿ83,ÿ 208) and (f2,y2)� (ÿ120,148); for n� 3,
(f1,y1)� (ÿ80,ÿ 24 8), (f2 ,y2)� (ÿ80,ÿ 24 8), and (f3 ,y3)� (ÿ115,10 8).
The f and y angles for NMF ´´´ (GDA ´ 2 H2O) ´´´ GDA (see text) are:
(f1,y1)� (ÿ86,ÿ 16 8) and (f2 ,y2)� (ÿ117,15 8). The geometry optimiza-
tions of NMF ´´´ (GDA)n lead to stable conformations in which the carbonyl
group of NMF forms only one hydrogen bond to the terminal NH group of
fragment 1 of (GDA)n. b) The processes used to determine the cooperative
effects (DDEn). Different definitions for the cooperativity have been used
in the literature. The cooperative effect defined here also includes the two-
body interactions of nonneighbors in addition to the many-body terms.
Top: NMF ´´´ (NMF)n is involved. Bottom: Im ´´´ (NMF)n is involved. The
process involving NMF ´´´ (GDA)n, NMF ´´´ 2 (H2O)6, and NMF ´´´ 2 (H2O)8

(not shown) are similar.

hydrogen-bonded N-methylformamide oligomers (NMF ´´´
(NMF)n, n� 1 ± 4) and NMF/GDA complexes (NMF ´´´
(GDA)n, n� 2, 3), where GDA stands for a glycine dipeptide
analogue.[14] We also use Im ´´´ (NMF)n complexes for which
the ªN-terminalº NMF in NMF ´´´ (NMF)n is replaced by
imidazole.

We consider the exchange processes illustrated in
Figure 1 b, where a neutral or anionic ligand (L) moves from
the NMF or Im binding site to the binding site in the
corresponding system with peptide hydrogen bond net-
work(s). The energy changes for the processes are referred
to as the cooperative effects (DDEn)[15] that are induced by the
ligand binding to the systems with the hydrogen-bonding
network. The effectiveness of the peptide hydrogen bond
networks in inducing cooperative effects is compared with
those induced by two stable water hexamers or octamers
(NMF ´´´ 2 (H2O)6 and NMF ´ 2 (H2O)8; see Figure 2 c).

The ball-and-stick representations for some of the systems
are plotted in Figure 2. Different procedures may be used for
the evaluation of the cooperative effects. The structures of all
the systems involved in the process may be optimized, and the
energies at these optimized geometries can then be used to
determine the DDE value. Alternatively, one can apply
certain structural constraints to some of the systems. Two
types of structural constraints have been considered in this
work, in addition to the full geometry optimizations. In
type A, the constraints are used only for the systems with a
ligand (e.g., L ´´´ NMF and L ´´´ NMF ´´´ (GDA)n). Here ge-
ometry optimization was performed for the ligand and the
NÿH bond interacting with the ligand, whereas the rest of the
structural parameters were fixed at the values found in the
corresponding systems without the ligand (e.g., NMF and
NMF ´´´ (GDA)n). In type B, the constraints are applied to the
systems without a ligand (e.g., NMF and NMF ´´´ (GDA)n), for
which only single-point calculations were performed at the
structures found in the corresponding systems with a ligand
(e.g., L ´´ ´ NMF and L ´´´ NMF ´´´ (GDA)n).

The DDEn values are listed in Table 1. The methods of
density functional theory[16] have been used in this study with
generalized gradient approximation functionals of the
Becke ± Perdew (BP) type. Three levels of calculation (BP/
DZVP, BP/6-311��G** and BP/6-311��G**//BP/DZVP)
have been performed, but only the BP/DZVP values are given
here since the DDEn values are not very sensitive to the basis
set and no new information was obtained. As is evident from
Table 1, for neutral ligands DDEn is only about ÿ1 to
ÿ2 kcal molÿ1, consistent with previous theoretical and ex-
perimental results.[12] In contrast, the cooperative effects are
much larger (ÿ7 to ÿ35 kcal molÿ1) for the cases involving
negatively charged groups, and they are not very sensitive to
the nature of the anions involved. Thus, there is a large
increase of DDEn in going from neutral to anionic ligands.
Introducing solvent molecules on HCOÿ

2 reduces DDE by
only about 2 ± 4 kcal molÿ1. The value of DDEn increases with
increasing size of the system (n), and the replacement of the
NMF interacting with the anions by Im leads to similar results;
a large cooperative effect was also observed when the NMF
molecule was replaced by CH3OH. We will call such hydro-
gen-bonding networks with the Im and/or hydroxyl extension
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augmented peptide hydrogen bond networks. Introducing two
water molecules to the two carbonyl groups of the first GDA
(NMF ´´´ (GDA ´ 2 (H2O) ´´´ GDA) has little effect on DDE.

The DDEn values obtained with the constraints of type B
are greater than those obtained with the constraints of type A
or with full geometry optimizations, as the systems of
hydrogen-bonding networks are better adapted for the anion.
This is especially true for the processes involving NMF ´´´
(GDA)n, where the cooperative effects obtained with the
type B constraints are considerably larger, by as much as

7 ± 15 kcal molÿ1 (only 2 ± 5 kcal molÿ1 for
the cases involving NMF ´´´ (NMF)n).

As can be seen from Figure 2 b, the major
structural difference for NMF ´´´ (GDA)n is
that with the constraints of type B the NMF
molecule interacts with both NH groups
from the next GDA, while it forms only one
hydrogen bond to the NH group from
fragment 1 in the optimized structure.
Thus, the presence of HCOÿ

2 and the
geometry optimization drive the NMF
molecule to interact with the second NH
group from fragment 2. To anticipate the
formation of the second hydrogen bond
with NMF, (GDA)n undergoes significant
structural changes. Such structural changes
are energetically unfavorable, as the ener-
gies of NMF ´´´ (GDA)n become higher
even with the compensation from the
formation of the second hydrogen bond
to fragment 2. Thus, the larger DDE values
are due to geometric relaxation which
allows the formation of two peptide hydro-
gen bond networks connected to NMF,
both of them being able to induce the
cooperative effect. The implication of this
finding to helix-charge interactions will be
discussed later. As can be seen from
Table 1, the two peptide hydrogen bond
networks of (GDA)n are far more effective
in inducing the cooperative effects than the
two water clusters; the DDE values are 6 ±
10 kcal molÿ1 larger than those obtained
with two (H2O)6 or (H2O)8.

The energies of the pair interaction of
HCOÿ

2 with its nonneighboring GDA or
peptide units in some complexes are listed
in Table 2; the fragment contributions are
also given for the processes involving
NMF ´´´ (GDA)2 using constraints of
type A, that is, without anion-induced
structural relaxation. The DDE values of
the fragments are additive in that the
cooperative effect obtained with (GDA)2

is basically the same as the sum of those
from its two fragments. Fragment 1 of
(GDA)2 makes a major contribution
(ÿ12 kcal molÿ1) to the total DDE value
(ÿ16.4 kcal molÿ1), while the contribution

from fragment 2 is considerably smaller (ÿ4.5 kcal molÿ1).
Table 2 shows that the sums of the energies for pair
interactions between nonneighbors are much smaller than
the corresponding DDE values in almost all cases; the only
exception involves NMF ´´´ [(GDA)2]frag2 (i.e., without a
peptide hydrogen bond network connected to the anion).
These analyses suggest that the many-body, nonadditive
effects make a major contribution to the observed strong
cooperativity and that the existence of peptide hydrogen bond
networks is very important for a large energetic effect.

Figure 2. Ball-and-stick representations for some of the systems. Hydrogen bonds are designated
by dashed lines. a) NMF ´´´ (NMF)3; b) NMF ´´´ (GDA)3; left: fully optimized structure; right:
the structure with constraints of type B. c) NMF ´´´ 2 (H2O)2n ; top: NMF ´´´ 2 (H2O)6; bottom:
NMF ´´´ 2 (H2O)8.

Table 1. Cooperative effects [kcal molÿ1] induced by the interactions of ligands with hydrogen-
bond networks.[a]

Hydrogen-bond DDEn

network
Ligand (L)

n� 1 n� 2 n� 3 n� 4

NMF ´´´ (NMF)n H2O ÿ1.1 ÿ1.7 ÿ1.8 ÿ1.9
HCO2H ÿ1.3
Im ÿ1.8
HCOÿ

2 ÿ9.9 ÿ 13.8 ÿ 15.9 ÿ 17.2
Imÿ ÿ9.2
CH3Sÿ ÿ9.0
H2POÿ

4 ÿ8.2
2H2O ´´´ HCOÿ

2 ÿ7.6 ÿ 10.7 ÿ 12.4
H2O ´´´ H2O ´´´ HCOÿ

2 ÿ6.8 ÿ 12.1
NMF ´´´ (NMF)n

[b] HCOÿ
2 ÿ8.6 ÿ 12.7 ÿ 14.4

NMF ´´´ (NMF)n
[c] HCOÿ

2 ÿ 11.7 ÿ 16.9 ÿ 19.1
NMF ´´´ (GDA)n HCOÿ

2 ÿ 22.4 ÿ 26.4
NMF ´´´ (GDA)n

[b] HCOÿ
2 ÿ 16.4 ÿ 20.3

NMF ´´´ (GDA)n
[c] HCOÿ

2 ÿ 29.2 ÿ 35.1
NMF ´´´ (GDA 2H2O) ´´´ GDA[b] HCOÿ

2 ÿ 16.4
Im ´´´ (NMF)n H2O ÿ1.1 ÿ1.6

HCOÿ
2 ÿ 10.1 ÿ 15.0

2H2O ´´´ HCOÿ
2 ÿ7.7 ÿ 11.7

NMF ´´´ 2 (H2O)2n HCOÿ
2 ÿ 16.3 ÿ 15.1

[a] BP/DZVP values. Except where otherwise noted, full geometry optimizations have been
performed. For most of the cases involving formate, one of the orbitals anti to the CÿH bond
interacts with NMF or Im; the only exception is the case involving H2O ´´´ H2O ´´´ HCOÿ

2 , where
one of the orbitals eclipsing the CÿH bond is used. For 2H2O ´´´ HCOÿ

2 , two water molecules
interact, respectively, with the two orbitals of formate eclipsing the CÿH bond. For H2O ´´´ H2O ´´´
HCOÿ

2 , one water donates two hydrogen bonds to the two orbitals anti to the CÿH bond and
another water donates one hydrogen bond to one of the orbitals eclipsing the CÿH bond.
[b] Constraints of type A applied (see text). [c] Constraints of type B applied.
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The results reported here suggest that peptide or augment-
ed peptide hydrogen bond networks could make an important
contribution to the charge stabilization through cooperative

interactions. The large DDE values will undoubtedly be
moderated in the real environment of the protein and will
depend on the mechanism of enzyme-catalyzed reactions so
that the exact contribution of the hydrogen-bonding networks
to the catalysis would have to be modified accordingly.
Nevertheless, the identification of strong interactions between
anions and hydrogen-bonded networks as an important factor
for enzyme structure and function allows us to offer detailed
insight into a number of structural features observed in the
neighborhood of active sites that are prepared, during the
folding process, for interactions with charged ligands or
intermediates. In the following we will summarize several
experimental results that can be attributed to such strong
cooperativity.

As a major component of protein secondary structure, a

helices provide a convenient way for arranging the peptide
hydrogen bond networks. The mechanism proposed here can
account for the observation that isolated peptide hydrogen
bond networks occur at enzyme active sites as well as at
phosphate (sulfate) binding sites even though no helix is
present. Serine proteases represent a well-known case which
suggests that the presence of a helix may not be a necessary
condition for the charge stabilization. For subtilisin, there is
an active-site helix, and, consistent with an earlier interpre-
tation based on the helix macrodipole,[3] the catalytic serine
residue (S221) is located at the N terminus of the helix with its
amide group involved in the oxyanion hole interactions
(Figure 3 a).[17]

Table 2. Energies of pair interactions between HCOÿ
2 and its nonneighboring

units as well as the fragment contributions of (GDA)2 [kcal molÿ1].[a]

System 1,3 1,4 1,5 Total DDEn

HCOÿ
2 ´ ´ ´ NMF ´´´ (GDA)2

[b] ÿ 7.6 ÿ 2.6 ÿ 10.2 ÿ 22.4
HCOÿ

2 ´ ´ ´ NMF ´´´ (GDA)2 ÿ 5.5 ÿ 2.1 ÿ7.6 ÿ 16.4
HCOÿ

2 ´ ´ ´ NMF ´´´ [GDA)2]frag 1 ÿ 3.7 ÿ 1.3 ÿ5.0 ÿ 12.0
HCOÿ

2 ´ ´ ´ NMF ´´´ [GDA)2]frag 2 ÿ 2.0 ÿ 1.0 ÿ3.0 ÿ4.5
HCOÿ

2 ´ ´ ´ NMF ´´´ (NMF)2 ÿ 3.9 ÿ 1.5 ÿ5.4 ÿ 12.7
HCOÿ

2 ´ ´ ´ NMF ´´´ (NMF)3
[b] ÿ 4.2 ÿ 1.6 ÿ 0.8 ÿ6.6 ÿ 15.9

HCOÿ
2 ´ ´ ´ NMF ´´´ (NMF)3 ÿ 3.9 ÿ 1.5 ÿ 0.8 ÿ6.2 ÿ 14.4

H2O ´´´ H2O ´´´ HCOÿ
2 NMF ´´´ (NMF)3

[b] ÿ 2.1 ÿ 1.4 ÿ 0.7 ÿ4.2 ÿ 12.1

[a] Except where otherwise noted, constraints of type A have been applied.
[(GDA)2]frag1 designates that fragment 2 of the system is removed from NMF ´´´
(GDA)2 (Figure 1 a) with the CaH2 groups replaced by hydrogen atoms. The
positions of the hydrogen atoms were optimized based on energy minimiza-
tions, whereas the rest of the structural parameters were fixed. Standard energy
decomposition techniques were used for estimating the through-space pair
interactions of the anion with its nonneighboring GDAs and peptide units. In
this approach, the energies of the ligand (L) and each of its nonneighboring
units are determined at their relaxed structures found in HCOÿ

2 ´ ´ ´ NMF ´´´
(NMF)n, HCOÿ

2 ´ ´ ´ NMF ´´´ (GDA)2, or HCOÿ
2 ´ ´ ´ NMF ´´ ´ [(GDA)2]frag1/frag2,

and these energies are used as the reference energies for the interactions. The
interaction energies are obtained for each pair of L and its nonneighboring unit
fixed at their positions according to the geometries found in the complexes.
[b] Full geometry optimization was performed for this complex. H2O ´´´ H2O ´´´
HCOÿ

2 is considered as a single unit.

Figure 3. Examples of peptide hydrogen bond networks at enzyme active sites. Hydrogen bonds are designated by dashed lines. a) Subtilisin Carlsberg
complexed with EGLIN-C.[17] The main-chain NH group of S221 interacts with EGLIN-C, and the carbonyl group of T220 is involved in a bifurcated 1 ± 4 and
1 ± 5 hydrogen bond in the active-site helix. b) 4-Hydroxybenzoyl-CoA (4-HBA-CoA) bound to 4-chlorobenzoyl-CoA dehalogenase.[8] An isolated peptide
hydrogen bond network and an active-site helix are involved in the stabilization of the transition state. The main-chain NH group of G114 interacts with
4-HBA-CoA, and the carbonyl group of G113 is involved in a bifurcated 1 ± 4 and 1 ± 5 hydrogen bond in the helix. The isolated peptide hydrogen bond
network involves the peptide linkage between G63 and F64 and that between A26 and L27; c) g-Chymotrypsin complexed with Ac-Phe-CF3.[9] Two isolated
peptide hydrogen networks are involved in the stabilization of the transition state. One involves the peptide linkages between M192 and G193 and between
G142 and L143, and the other involves the peptide linkages between D194 and S195 and between G196 and G197. d) Triosephosphate isomerase (TIM)
complexed with phosphoglycolohydroxamate (PGH).[19] The main-chain NH group of E97 donates a hydrogen bond to H95, and the carbonyl group of S96 is
involved in bifurcated 1 ± 4 and 1 ± 5 hydrogen bonds in an active-site helix.
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Such an active-site helix, however, is not present in the
chymotrypsin-related serine proteases. This difference can be
understood by considering cooperative effects involving
peptide hydrogen bond networks. Figure 3 c shows the active
site of a tetrahedral transition-state complex of chymotrypsin
with a peptidyl trifluoromethyl ketone (Ac-Phe-CF3).[9] Two
peptide hydrogen bond networks are connected to the
negatively charged oxygen atom of Ac-Phe-CF3 and are
involved in the oxyanion hole interactions. An isolated
peptide hydrogen bond network also exists at the active site
of the 4-chlorobenzoyl-CoA dehalogenase/4-HBA-CoA com-
plex,[8] where the NH group of F64 interacts with the benzoyl
moiety of 4-HBA-CoA; the carbonyl group within the same
peptide linkage forms a hydrogen bond to the main-chain NH
group of L27 (Figure 3 b). This hydrogen-bond network as
well as the one involving L143 in the chymotrypsin complex
do not belong to an individual helix, turn, or sheet. A previous
statistical survey[13] shows that this type of backbone hydrogen
bond represents only 5 % of the hydrogen bonds between
main chains in proteins. Thus, the occurrence of these peptide
hydrogen bond networks at the enzyme active sites might be
considered as rather uncommon. These structural data sup-
port the results from the quantum mechanical calculations
that suggest an important role of cooperative hydrogen-bond
networks (as opposed to the helix macrodipole per se) in the
charge stabilization. Isolated peptide hydrogen bond net-
works have also been observed to interact with phosphate
(sulfate) moieties in phosphate-binding (sulfate-binding)
proteins,[10, 11, 18] and a possible role of the hydrogen-bonding
networks in the charge stabilization has been suggested.[11]

Triosephosphate isomerase (TIM)[2, 19] represents an inter-
esting example where a ªrelayº of charge might be assisted by
the cooperative effect. It uses a neutral histidine residue
(H95) rather than the much more electrophilic imidazolium
ring to interact with the carbonyl oxygen atom of the
substrate; H95 is located at the N terminus of a short a helix
(Figure 3 d). As mentioned earlier, a neutral imidazole can
participate in cooperative hydrogen bonding and thus serves
as a simple extension of the peptide hydrogen-bond net-
work(s) from the helix. This extension could enhance the
cooperative effect, as suggested from the results on the model
systems. Moreover, if a proton or a partial proton transfer
from the histidine residue to the reaction intermediate or
substrate is involved,[2, 4, 19] the charge formation on H95 could
in turn be stabilized by a stronger cooperative effect induced
by the interaction of H95 with the helix. A similar discussion
can be made for citrate synthase (CS), where H274 located at
the N terminus of an a helix plays a similar role. Such a
strategy might also be used by other enzymes in which
cooperative hydrogen-bond networks are well positioned to
stabilize the charge formation along the reaction pathways
through an enhancement of cooperative hydrogen bonding.

As discussed earlier, a larger cooperative effect can be
induced if the carbonyl group of the peptide linkage
interacting with an anion (NMF in our model systems) is
involved in a bifurcated hydrogen bond with the amide groups
of two peptide units or hydrogen-bonded networks. There is a
frequent occurrence of aN-type distortion at the N terminus of
a helices[13 a] in which the carbonyl oxygen atom of residue 1 is

directed between the NH groups of residues 4 and 5 and
therefore involved in a bifurcated 1-4 and 1-5 hydrogen bond.
A survey[13a] of the crystal structures for twelve proteins shows
that there are 16 examples of the aN distortion among 50 a

helices. Based on the mechanism of cooperative hydrogen
bonding, it seems that the helices with the aN distortion might
be more effective in the charge stabilization, since two of the
peptide hydrogen bond networks can be used to induce the
cooperative effect. Such distortion exists widely in the active-
site helices. This can be seen from Figure 3, where the aN

distortion exists in all three active-site helices. The suggestion
proposed here also seems to be consistent with the appear-
ance of phosphate groups at the end of 310 helices even
without well-aligned peptide dipoles.[7 a]

It was recently proposed that low-barrier hydrogen bonds
play an important role in enzyme catalysis,[4] but the energetic
effects due to the formation of low-barrier hydrogen bonds
have not been well established.[6] For many of the cases where
a low-barrier hydrogen bond was suggested, there are actually
cooperative hydrogen-bond networks involved. They include
TIM, CS, and chymotrypsin, where H95, H274, and the NH
groups of G193 and S195 were proposed to form low-barrier
hydrogen bonds with the intermediates. Thus, it is possible
that the energetic stabilization might come from the cooper-
ative hydrogen bonding rather than the formation of low-
barrier hydrogen bonds per se.
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De novo protein design aims to mimic some of the
structural and functional properties of native proteins.[1±6]

One of the most intriguing hurdles in this rapidly growing
field is the complexity of the folding mechanism, that is, the
pathway by which a linear polypeptide chain adopts its unique
three-dimensional structure. To bypass this well-known pro-
tein-folding problem,[7±9] the concept of template assembled
synthetic proteins (TASP) was introduced, in which topolog-
ical template molecules direct the folding of covalently
attached peptide blocks into a predetermined packing ar-
rangement with a branched-chain architecture.[3, 10±12]

Recent progress in the synthetic methodology for assem-
bling peptides allows us now to access the full potential of the
TASP approach. For example, by conceptually separating the
structural and functional domains of native proteins, we have
recently proposed the use of topological templates as
structure-supporting scaffolds for the assembly of receptor
binding loops.[13] Here we extend the TASP concept of protein
design to the construction of proteinlike packing topologies
with multiply branched, oligocyclic chain architectures
(ªlocked-in foldsº). These synthetic macromolecules exhibit
unique physicochemical and folding properties and serve as
versatile scaffolds in protein design and mimicry.

As shown in Figure 1, the envisioned structural motif is
based on the principles of a molecular kit, in which building
blocks such as a helices, b sheets, and loops are assembled by
means of templates or spacer molecules to give covalently
cross-linked multiply bridged (ªlocked-inº) tertiary folds.
Folding into a predetermined three-dimensional structure is

Figure 1. Molecular kit approach in de novo protein design: helices,
b sheets, loops, and templates with chemoselectively addressable functional
groups (e.g., aldehyde and aminooxy groups; depicted as solid symbols) are
the constituents of a molecular kit. A variety of cheomoselective bond-
forming methods allows the assembly of these building blocks into locked-
in folds (LIF), and the folding problem of linear peptide chains can thus be
bypassed.

achieved by the enforced intramolecular association of
secondary structure forming peptide blocks to give highly
constrained tertiary folds of increased thermodynamic stabil-
ity. Most importantly, the large number of alternative folding
pathways and packing arrangements of linear polypeptide
chains is drastically reduced due to the confined conforma-
tional space. The proposed concept relies strongly on new
methodologies in synthetic peptide chemistry such as chemo-
selective ligation procedures[14±17] and orthogonal protecting
group techniques,[12] which allow the specific assembly of
unprotected peptide segments as building blocks according to
a molecular kit approach.

Our first aim was to mimic some structural and functional
features of a zinc finger motif (finger 1 of Zif268) by a locked-
in fold with an overall topology similar to that of the native
molecule. Zinc finger proteins contain one of the most
interesting structural motifs for the separation of structural
and functional domains[13] and for the modulation of DNA-
binding specificities.[18, 19] The consensus sequence Xaa2-Cys-
Xaa2±4-Cys-Xaa12-His-Xaa2±4-His-Xaa4 (Xaa represents varia-
ble amino acids)[20, 21] folds in the presence of ZnII ions into a
bba folded unit, which binds through its helical face to three
base pairs of the DNA. Multimeric zinc finger proteins
consisting of several zinc finger (Zif) modules play a key role
in controlling gene expression.[18, 19]

On applying the general concept of locked-in folds, the bba

framework of the Zif motif immediately suggests the use of a
strategy based on the principles of a molecular kit. The
constituent elements are a cyclic b-sheet template that mimics
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