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Abstract: This report presents the computer-assisted design of a molecular
switching element, in which a molecular switch regulates the enzymatic activity
of Ribonuclease A (RNasc A). The molecular switch, an appropriately modified
amino acid residue, is constructed with an electron donor group and an clectron
acceptor group, connected 1o one another with a conjugated double bond bridge.
The switching mechanism is based on the azonium-hydrazo tautomerization, by
which a charge separation induced in the excited state causes a rearrangement
of the molecular electronic structure, resulting in the exchange of locations of
single and double bonds. This rearrangement of bonds leads to different three-
dimensional conformations of the switch. Using the electrostatically driven
Monte Carlo (EDMC) method and the empirical conformational energy progam
for peptides (ECEPP/3) potential energy function, we carried out an exhaustive
search of the conformational space of the switching element. The results of
these calculations reveal two sets of conformations: in one set the access to
the active site of the enzyme is preferentially blocked, while in the other sct
the active site is preferentially accessible. Integration of the designed element
into biochemical logic gates operating under the rules of threshold value, and
experimental implementation of this system, are considered. © 1996 Elsevier
Science Limited
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1 INTRODUCTION

By a currently accepted definition (Birge, 1994),
molecular electronics is a multi-disciplinary area
in which molecular systems are employed for
coding. manipulation and retrieval of information.
Accordingly, the logic gates involved, as well as
their constituent switching elements, are molecu-

*To whom correspondence should be addressed.

lar species and molecular assemblies. As part of
this undertaking, bio-molecular electronics relies
on the use of biological molecules and, in so
doing, takes advantage of their most unique
characteristics and specific modes of action.
Theoretical and experimental evidence is
accumulating about the ability of biomolecular
systems to carry out logic-type operations (Lotan
et al., 1993; Tuchman, 1993; Adleman, 1994;
Birge, 1994, 1995; Tuchman et «f., 1994; Bray,
1995; Sivan, 1995). Thus, for example, we have
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previously described the design of enzyme-based
logic gates (ENLOGs)* working under the rules
of Boolean algebra (Lotan er «/.. 1993; Tuchman,
1993:; Tuchman ef «l.. 1994:; Sivan, 1995). More
recently (Adleman, 1994), it was shown that one
can envisage a sequence of DNA manipulations
for which critical performance characteristics,
such as operation speed, energy efficiency and
information storage density, far exceed those
reached even by the currently available supercom-
puters. These manipulations can thus be used for
solving highly complex mathematical problems.

In order to accommodate the particular features
of biological computations properly, as well as
to take full advantage of its high complexity and
capability, appropriate mathematical frameworks
are being developed. In this respect. representa-
tive examples are the bio-algebras, described
recently (Reischer & Simovici, 1990). Obviously,
even such computations are subject to fundamen-
tal physical constraints and/or limitations. parti-
cularly to the ones of thermodynamic origin
(Margolus. 1992: Adleman. 1994).

For the experimental implementations of some
of the concepts related to biological computing
and biochemical logic gates, enzyme-based mol-
ecular switching elements (ENMOSEs)+ are ideal
as basic components. For them to carry out their
predetermined function under defined environ-
mental conditions. efficient techniques for their
rational design must be developed. To reach this
goal, molecular mechanics. conformational analy-
sis and statistical thermodynamics  procedures
are appropriate.

We are currently involved in a research pro-
gram aimed at designing ENMOSEs in which
enzymic activity can be switched ON and OFF
by outside controllers., such as optical signals.
For this purpose. we focus on the use of enzymes
in which a particular amino acid residue is
replaced by an appropriately designed amino acid
derivative. This derivative is chosen so that the
outside optical signal will cause it to undergo a
predictable conformational change which. in turn,
will afffect the biological activity of the enzyme.
Thus, when such an amino acid derivative is

* An ENLOG is a multi-component assembly contain-
ing ENMOSEs. capable of performing logic operations
of Boolean or other types.

t An ENMOSE is an enzyme into which a MOS was
built, capable of performing as a component of
ENLOG:s.
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incorported in the enzyme, it performs as the
molecular switch (MOS)* component of the
ENMOSE.

Previously (Ashkenazi, 1992; Lotan et al.,
1993), we have used some basic molecular mode-
ling approaches and designed ENMOSEs involv-
ing lysozyme and a-chymotrypsin. The MOS
moieties employed there function on the principle
of soliton propagation, and operate between two
stable conformations, both of the ground state
type. The switching act involves a ‘stroke’ of an
appropriately  designed arm (the molecular
switch). Similar phenomena, such as muscle con-
traction and cell movement (Spudich, 1994), and
the function of an allosteric enzyme (Joseph et
al., 1990) and of the trans-membrane Na* channel
gate (Catterall. 1993), were suggested as being
involved in these natural systems.

In the present study. we extend these design
activities and use Ribonuclease A (RNase A) as
the working enzyme. This choice was prompted
by the fact that RNase A can be cleaved selec-
tively by subtilisin (Richards & Wyckoff, 1973)
to yield two fragments, both enzymically inactive:
the S-Peptide {(amino acid residues 1-20) and the
S-Protein (amino acid residues 21-124). Under
appropriate conditions, these two fragments can
be reassembled to form an enzymically active
complex (Richards & Wyckoft, 1973). Thus,
when a suitably located, yet non-essential amino
acid residue. is identified in the S-Peptide frag-
ment, its substitution by an appropriately designed
MOS is realistically feasible. even using only the
currently available techniques of peptide chemis-
try. These unique features of RNase A make it
a most appropriate system for the task considered.

The previous studies (Ashkenazi. 1992; Lotan
er al., 1993) are extended here for two principal
reasons: to provide a basis for implementing the
concept of soliton-based switching; and to use
the most advanced procedures for molecular
mechanics computations, thereby allowing us to
consider systems of higher complexity. Thus,
unlike in the previous study. the MOS is built
here from an electron donor and an electron
acceptor group. connected to one another by
means of a conjugated double bond bridge. Fur-

* A MOS is a modified amino acid residue, built into
the enzyme. and specially designed for carrying out
ON-OFF switching operation of the enzymatic activity,
as directed by an outside signal.
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thermore, the switching process involved relies
here on the operating principles of the ‘push—pull
polyenes’, displaying non-linear optical character-
istics (Roth, 1986, 1987; Gohring et al., 1987,
Blanchard-Desce et al., 1988; Roth et al.. 1989;
Shen er al., 1990; Lehn, 1991, Buckley, 1992).
A charge-separated form (i.e. the excited state)
is induced by an outside optical signal, leading to
an intramolecular rearrangement of the electronic
structure, and to interchange in the locations of
single and double bonds. It is the latter that is
the main cause for the desired conformational
change occurring in the MOS.

The basic mechanism of the process described
above can be expressed either in terms of an
electron transter from donor to acceptor
(Effenberger ez al., 1988: Maier et al., 1989;
Slama-Schwok er al., 1990; Effenberger & Wollf,
1991), or in terms of soliton propagation, i.e.
creation of positively and negatively charged soli-
tons out of the electron-hole pair photogenerated
in the conjugated double bond bridge (Su &
Schrietfer, 1980; Roth, 1986, 1987; Yu, 1988:
Roth er al., 1989; Bredas er al., 1990; Bartolo,
1992). The electric dipole moment induced in the
charge-separated excited state thus attained leads
to a structure higher in energy relative to the
gound state. Since this excited state is metastable,
spontaneous decay to the ground state will occur.
However, by appropriate molecular design of the
system, one can stabilize the polarized excited
state (Buckley, 1992), and thereby delay its spon-
taneous decay. Thus, for example, based on
experimental results obtained with a variety of
dye molecules (Griffiths, 1976; Fabian & Hart-
man, 1980; Zollinger, 1987; Peters & Freeman,
1991), it appears that stability of the polarized
excited state can be enhanced by using a strong
electron donor and a strong electron acceptor,
where the donor strength is given approximately
by the first ionization potential of the moiety
involved, and the acceptor strength is indicated
by the pertinent Hammet constant. Alternatively,
stabilization can be achieved by incorporating
aromatic residues adjacent to the donor and
acceptor, or by extending the conjugated double
bond bridge connecting these two moieties. After
attaining the situation in which both the ground
state and the excited state are stable entities,
switching back and forth from one to another
can be promoted by illumination at appropriate
wavelengths (Roth et al., 1989), thereby achieving
the desired control of the switching timing.

Molecular switch for biochemical logic gates

When a reversible interchange of a single
bond—double bond location is induced in a MOS
moiety, interconversion of the latter between two
tautomeric forms—a ground state and an excited
state—takes place. This reversible process may
be associated with an equally reversible confor-
mational change, but only if the potential energies
for the two tautomers differ from one another,
and also if an energetically accessible confor-
mational path exists between the two confor-
mations.

The molecular switch designed in this study
contains a hydrazo moiety, and the operation of
this MOS relies on an azonium-hydrazo type
tautomerization in the electronic structure of this
functional group. This is associated with a planar-
to-pyramidal change in the geometry of one of
the nitrogen atoms involved, and this leads to a
change in the three-dimensional conformation of
the MOS. Azonium-hydrazo tautomerizations
have been shown to take place in a number of
dye compounds (Zollinger, 1961, 1987; Allen,
1971; Patai, 1975; Griffiths, 1976; Gordon &
Gregory, 1983), for which the relative stabilities
of the two extreme forms could be controlled by
solvent polarity and temperature, as well as by
the presence of appropriate chemical substituents
in the molecule. Therefore, when an azonium (or
hydrazo) moiety is present in an appropriate
location in the MOS, promotion of the above-
mentioned tautomerization will cause the tilting
of one part of the MOS relative to the the other
part. Such a process is now thought to occur also
in natural bio-systems.

In this part of our studies, computer modeling
was carried out to design a molecular switching
element based on RNase A. This ENMOSE is
intended to operate between two forms: one in
which the active site of the enzyme is blocked
and, therefore, enzymic activity cannot be
expressed (the OFF form), and another form in
which the active site of the enzyme is not blocked
and, therefore, the protein functions as an active
enzyme (the ON form). The detailed structural
moieties built into the MOS component of this
ENMOSE were chosen to allow for the desired
conformational change, by taking into accunt the
specific structure of the active site of the enzyme
and the location of the MOS in the protein. As
for the stabilization of the metastable excited
state, a variety of approaches~—such as incorpor-
ation of aromatic rings and a sufficiently long
conjugated double bond bridge between donor
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and acceptor—were used. Finally, we report here
an exhaustive search of the conformational prefer-
ences of the ENMOSE considered.

For building the MOS in the RNase A mol-
ecule, the position of residue ALA 4 in the S-
Peptide fragment was selected as the most appro-
priate one. The selection was based on both the
location and the orientation of this particular resi-
due relative to the active site of the enyzme.

2 METHODS

2.1 General approach

The design of the MOS (i.e. of the modified
amino acid residue), the choice for its location
with respect to the active site of the enzyme, and
the final design of the ENMOSE rely on the
extensive use of molecular modeling techniques.

The choice of the detailed structure of the
MOS component of the ENMOSE was made
according to the following general considerations:

(a) relatively strong electron donor and
acceptor groups, an aromatic moiety such
as a phenyl group, and an extended polyene
bridge between donor and acceptor should
be incorporated, in order to enhance the
stability of the excited state;

(b) the length of the polyene bridge should be
such as to provide sufficient blocking of
the active site of the enzyme when the
MOS is in the ‘closed’ position (i.e. in the
ground state);

(c) a five-membered ring is to be included in
the MOS, in order to provide it with the
conformational rigidity required for this
section of the molecule, as well as with
the desired orientations relative to the
active site, both in the ‘open’ and in the
‘closed’ states.

2.2 Basic data

Bond lengths and bond angles for each tautomer
of the molecular switch were obtained from crys-
tallographic data on model compounds (Trotter,
1960; Fan & Lin, 1965; Tsukuda et al., 1969;
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Wong, 1978; Allen er al.. 1983, 1991; Ahmed,
1984; Enders et al., 1986; Fischer et al., 1988;
Keefer, 1988; Valle er al., 1988; Toniolo et al.,
1989; Hesse & Jansen, 1990a, b). The rotational
barriers associated with some bonds were taken
from previously reported values (Mannschreck &
Koelle, 1967; Kalinowski & Kessler, 1973; Testa,
1977 Lister et al., 1978; Armstrong & Walker,
1987; Lambert & Takeuchi, 1992). Partial charges
were calculated by using the CNDO method
(Pople & Segal, 1966), and are given in Table Al
of the Appendix. Initial models for both ground
and excited states of the switch were built with
these geometrical parameters by using the Biosym
Insight-1I software. Finally, a model of the RNase
A molecule was provided by Dr Sehkar Talluri
(personal communication). This model was built
by adapting the X-ray structure to one satisfying
ECEPP/3 geometry (Momany er al., 1975; Néme-
thy er al., 1983, 1992; Sippl et al., 1984), ie.
having standard bond length and bond angles.

Molecular modeling studies on the ENMOSE
considered here were carried out in several stages.
Initially, models for the two forms of the molecu-
lar switch were generated from crystallographic
information and refined using the program Insight
IT (Biosym Inc.). Figure 1 shows the atomic con-
nectivity for the hydrazo tautomer. The atomic
coordinates of these models were used to con-
struct the data files for the ECEPP program,
with the computed partial charges being listed in
Table Al of the Appendix. The bonds for which
explicit torsional terms were included and their
corresponding torsional parameters are listed in
Table A2 of the Appendix.

2.3 Conformational search and energy
evaluation

To test the validity of the design of the MOS,
we carried out a conformational search using the
EDMC method and the ECEPP/3 potential energy
function. In this search, it was assumed that the
ENMOSE would remain enzymically active, i.e.
the ENMOSE would still adopt the native-like
structure of RNase A. Consequently, the search
was directed to identify energetically favorable
conformations of the ENMOSE that are also com-
patible with a native-like conformation.

The ECEPP/3 (Momany et al., 1975; Némethy
et al., 1983, 1992; Sippl et al., 1984) program
was used to generate the structures of the mol-
ecules considered, and to evaluate their confor-
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Molecular switch for bicchemical logic gates

Fig. 1. Atomic connectivity and atom names in the molecular switch (hydrazo tautomer). Inset. an enlarged view
of part of the structure.

mational energies. Energy minimizations were
carried out with the gradient-based secant uncon-
strained minimization solver (SUMSL) algorithm
of Gay (Gay, 1983). Conformational searches
were carried out with the EDMC method
(Ripoll & Scheraga, 1988, 1989; Ripoll et al.,
1995). This procedure is used for iteratively
searching the conformational hyper-surface of
polypeptide molecules. The multiple-minima
problem is surmounted by following a confor-
mational ~ pathway  representing  successive
improvements over an initial conformation. A
parallel version of the algorithm has recently been
implemented (Ripoll er al., 1995) on the Kendall
Square Research KSR1 computer at the Cornell
Theory Center. Most of the calculations described
in this report were carried out with this parallel
code. During the EDMC runs, the standard-
geometry backbone of the protein was kept fixed,
and only the side-chain dihedral angles of the
switch and of residues in the neighborhood of
the active site, i.e. LYS1, GLU?2, THR 3,
ALAS, ALA6, LYS7, ARGI10, GLUII,

LYS 41, ASN67, GLN 69, ASN 71, GLU 111,
VAL 118 and HIS 119, were allowed to vary. In
accordance with our assumption that the
ENMOSE should retain a native-like structure,
the conformations of buried side chains, such as
those of residues PHE 8, HIS 12, THR 45 and
PHE 120, that would probably be involved in
crucial interactions, were kept fixed.

3 RESULTS AND DISCUSSION

After the MOS positioning decision was made,
its detailed structure was delineated, and is shown
in Figure 2. The hydrazo tautomer is the ground
state, while the azonium tautomer is the excited
state. Upon illumination of the hydrazo form at
an appropriate wavelength, an electron transfer
takes place from the donor (the hydrazo group)
to the acceptor (the carbonyl group in the benzo-
quinone moiety). As a result, a charge-separated
structure (i.e. the excited state) is obtained in
which the azonium and the phenolate moieties
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Fig. 2. Molecular switch based on azonium-hydrazo
tautomerization. The two low-energy forms are shown
separately in (a), and (in stereo) superimposed in (b).
The side chains are shown in an extended conformation.
For convenient comparison, the backbone atoms are
displaved in the same conformation; hence the swing
of the side chain by approximately 30° can be noted.

thus produced now carry the positive and negative
charges, respectively. This process is associated
with a conformational change at the ring nitrogen,
the latter changing from a pyramidal sp® con-
figuration in the hydrazo tautomer to a charged,
planar sp? configuration in the azonium tautomer.
The final outcome is a tilting movement of the
polyene bridge relative to the five-membered ring
(see Figure 2(b)).

Information concerning the torsional barriers
was incorporated at this stage. The constructed
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models show that, due to the azonium-hydrazo
tautomerization, a swing of the polyene arm of
about 30° (assuming an extended conformation
for both forms) is achieved (see Figure 2(b)).
This displacement of the arm was consistent with
our main objective.

The next stage was to generate a model with
the MOS incorporated into the protein. Using the
standard-geometry model of RNase A, residue
ALA 4 was replaced by the ‘closed’ (hydrazo)
structural state of the MOS with its side chain
in an extended conformation. The initial values
of the backbone dihedral angles of the new resi-
due were selected to satisty the following con-
ditions: (a) to be compatible with the right-handed
a-helical structure prevailing in this region of the
protein; and (b) to avoid severe atomic overlaps.
This initial conformation of the ENMOSE was
then subjected to energy minimization, using the
ECEPP/3 potential energy function. Since the
objective of this calculation was to relieve the
remaining atomic overlaps originating from the
amino acid substitution of ALA 4 by the chosen
MOS. only those dihedral angles corresponding
to the backbone of residues 1-12 were allowed
to vary.

During the subsequent conformational searches,
the entire set of backbone dihedral angles that
resulted from the calculation mentioned above
was kept fixed. This decision was based on the
assumption that the modified enzyme molecule
should still fold into a native-like conformation.
Figures 3(a) and (b) display the open (azonium)
and closed (hydrazo) conformations of the
ENMOSE, assuming extended conformations for
the MOS side chain. Under these conditions, the
hydrazo and the azonium tautomers can be
viewed as functioning as the ‘closed’ (i.e. enzyme
inactive) and ‘open’ (i.e. enzyme active) states,
respectively.

Subsequently, a conformational search of the
ENMOSE was carried out using the EDMC
method. During these runs, 62 side-chain dihedral
angles, corresponding to residues in the neighbor-
hood of the active site of the enzyme (i.e. side-
chain dihedral angles of residue nos 1, 2, 3, 4,
5,6, 7, 10, 11, 41, 67, 69, 71, 111, 118 and
119), were considered as variables. All the con-
formational search runs, eight for the “open’ state
and five for the ‘closed’ state, were started from
randomly chosen values for the variable dihedral
angles, with the exception that two runs were
started from the extended side-chain confor-
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Fig. 3. Representative conformations for the ‘closed’ (hydrazo) state (panel a) and ‘open’ (azonium) state (panel
b) of the ENMOSE designed in this study. The C* trace of the X-ray crystallographic data (Nachman et al., 1990)
for RNase A (EC 3.1.27.5) displayed here has been colored as follows: blue ribbon for the B-sheet regions, light
blue ‘worm’ for turns, and green ribbon for the a-helical regions. The amino-terminus (N) and carboxyl-terminus
(C) of the protein are also indicated. The catalytic residue HIS 12 is shown in orange. Residue ALA 4 has been
replaced by the molecular swiich, shown in red. For clarity, a dotted line (black) was drawn to indicate the active
site region (groove) of the enzyme.

Fig. 4. Ensembles of conformations for the ‘open’ and ‘closed’ states of the ENMOSE. Two sets of points,
representing the position of the oxvgen atom (0.) at the tip of the molecular switch, are superimposed on Fig. 3(b).
These positions correspond to conformations accessible for the switch, as calculated with the EDMC program. The
purple and yellow dots represent the ‘open’ and -‘closed’ conformations, respectively, of the molecular switch. The
green-vellow worm corresponds 1o the ECEPP-generated structure for RNase A (fixed bond lengths and bond
angles). This structure is shown for comparison, superimposed onto the one obiained by X-ray crystallography.



G. Ashkenazi et al.

mations of both states of the MOS. A total of
29.000 conformations were energy-minimized
during this study. The set of local minima
accepted by the EDMC procedure in each run
was collected for further analysis. These confor-
mations were merged into two pools, one for
each state of the molecular switch. The lowest
ECEPP/3 energies identified for the ‘open’ and
‘closed” states of the switch were -972 and
—956 kcal/mole, respectively. Figure 3 illustrates
representative ‘closed’ and ‘open’ states of the
ENMOSE designed in this study. The additional
analysis of the EDMC results was carried out to
determine the statistical probability of occurrence
for each of the two states of the molecular switch.
For this purpose. we considered all conformations
of each tautomer whose energies were within a
30 kcal/mol range trom the lowest-energy ones.

Figure 4 shows the structure of the ENMOSE
and, superimposed. the positions of the oxygen
atom (O,) at the tip of the molecular switch for
all conformations within a 30 kcal/mole range
from the lowest energy ones located for each
tautomer. It can be seen that, for most cases in
the ensemble of ‘closed” conformations, the oxy-
gen atom is indeed located in close proximity to
the HIS 12 residue in the active site. On the other
hand. in the ensemble of ‘open’ conformations,
the oxygen atom is found mostly in positions
further removed from HIS 12.

Obviously, for the particular ENMOSE con-
sidered in this study, we do not have only two
limiting states (i.e. ‘open’ and ‘closed’) of the
MOS. Instead, we have two ensembles of states.
one ‘preferentially open’ and the other one ‘pret-
erentially closed’. However, this situation can
nevertheless be handled by any logic gate
operating under the rules of threshold value and,
from this point of view, ENLOGS are no excep-
tion (Lotan et «l., 1993; Tuchman, 1993: Tuch-
man et al., 1994). For such gates (and these are
their most general and most useful form), it is
sufficient for the two states to be operationally
different from one another, i.e. to be detected as
such by the output measuring system.

It can thus be concluded that the concepts and
calculation procedures described above are indeed
basic techniques for the design of molecular
switching elements and, accordingly, of enzyme-
based logic gates. In the future, we will
implement the results of such calculations with
experimental tests.
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4 CONCLUSIONS

This study illustrates the concepts and approaches
employed in the design of enzyme-based molecu-
lar switching elements, as well as the pertinent
computational methodologies. In addition, results
such as the ones obtained here provide the
required guidelines for experimental implemen-
tation of ENMOSEs.

ACKNOWLEDGMENTS

We thank G. Némethy and A. Liwo for helpful
discussions, C. Faerman for retrieval of crystallo-
graphic information from the Cambridge Data
Base, S. Talluri for a standard-geometry model
of RNase A, and R. Gillilan for a copy of his
Chemistry Modules for the program Data
Explorer (IBM) and for his help in the preparation
of the figures. We also acknowledge with thanks
partial financial support for this research provided
by a Fulbright fellowship to one of the authors
(G. A)), by NSF (DMB90-15815) and NIH (GM-
14312) grants (to H. A. S.), and by grants from
the L. and D. Sherman Research Fund. from the
Archie Micay Biomedical Research Fund, from
the Fund for the Promotion of Research at the
Technion and trom the Technion Otto Meyerhof
Biotechnology Laboratories established by the
Minerva Foundation, Federal Republic of Ger-
many (to N. L.).

The simulations in this work were carried out
on the KSRI and IBM ES 9000 computers at the
Cornell Theory Center, which is funded in part
by the National Science Foundation. New York
State, the IBM Corporation, the National Insti-
tutes of Health, and members of its Corporate
Research Institute.

REFERENCES

Adleman, L. M. (1994). Molecular computation of
solutions to combinatorial problems. Science. 266.
1021-1024.

Ahmed. F. R. (1984). Structure and absolute configur-
ation of (=)-3-(I—cyclopropylmethyl-3-isobutyl-3-
pyrrolidinyl)phenol hydrobromide. Acra  Cryst..
C40. 1423-1425.

Allen, F. H., Davies, J. E., Galloy. J. J.. Johnson. O..
Kennard. O., Macrae. C. F., Mitchell. E. M., Mit-
chell, G. F., Smith, J. M. & Watson, D. G. (1991).



Biosensors & Bioelectronics

The development of versions 3 and 4 of the Cam-
bridge structural database system. J. Chem. [Inf.
Comput. Sci.. 31, 187-204.

Allen, F. H.. Kennard. O. & Taylor. R. (1983). System-
atic analysis of structural data as a research tech-
nique in organic chemistry. Acc. Chem. Res., 16,
146-153.

Allen, R. L. M. (1971). Colour Chemistry. Appleton-
Century-Crofts. New York, NY.

Armstrong, D. R. &  Walker. G. T. (1987). The
electronic  structure  of  CH,NCH,, CH-NNH-,,
CH,NOH and CH.NF. /. Molec.  Struct.
(Theochem). 149, 369-389.

Ashkenazi. G. Biochemical molecular logic systems:
structure and function, M.Sc. Thesis, Technion-
Israel Institute of Technology, Haifa, Israel. 1992.

Bartolo, B. D. (1992). Optical Properties of Excited
States in Solids. ed. NATO ASI Series. Plenum
Press. New York. NY, Vol. 301.

Birge, R. R. (1994). Introduction to molecular and
biomolecular electronics. In Molecular and Biowo-
lecular Electronics. Advances in Chemistry Series
Vol. 240, ed. R. R. Birge. American Chemical
Socicty, Washington, DC, pp. 1-14.

Birge. R. R. (1995). Protein-based computers. Sci. Anr..
272(3), 90-95.

Blanchard-Desce, M., Ledoux, 1., Lehn. J. M. & Zyss,
J. (1988). Push—pull polyenes and carotenoids: syn-
thesis and non-linear optical properties. J. Chem.
Commun., 7137-739.

Bray, D. (1995). Protein molecules as computational
elements in living cells. Nature, 376, 307-312,
Bredas, J. L., Meyers. F. & Heeger. A. J. (1990).
Conjugated polymers: on the parallel between the
electrical conduction mechanism and the nonlinear
optical response. In Organic Molecules for Nonlin-
ear Optics and Photonics, NATO ASI Series. ed.
J. Messier. F. Kajzar &  P. Prasad. Kluwer

Academic, Dordrecht: Vol. 194, pp. 23-35.

Buckley, A. (1992). Polymers for nonlinear optics. Adv.
Mater., 4, 153—158.

Catterall, W. A. (1993). Structure and modulation of a
Na+ and Ca++ channels. Aan. N.Y. Acad. Sci..
707, 1-19.

Effenberger, F., Schlosser, H., Bauerle, P., Maier, S.,
Port, H. & Wolf, H. C. (1988). Synthesis and
optical properties of terminally substituted conju-
gated polyenes. Angew. Chem. Int. Ed. Engl., 27,
281-284.

Effenberger, F. & Wolf. H. C. (1991). Terminally
substituted conjugated polyenes: synthesis and
energy transfer properties. New J. Chem., 15,
117-123.

Enders, D., Papadopoulos, K., Rendenbach, B. E. M.,
Apple, R. & Knoch, F. (1986). Assymetric Michae!
addition via SAMP-/RAMP-hydrazones anti-
diastereo and enantioselective  synthesis  of

Molecular switch for biochemical logic gates
3.4-disubstituted-5-oxo-alkanoates. Tetrahedron
Letr., 27, 3491-3494.

Fabian, J. & Hartman, H. (1980). Light Absorption of
Organic Colorants. Springer, Berlin,

Fan, H. F. & Lin, C. C. (1965). The crystal structure
of Cucurbitine Perchlorate and the absolute con-
figuration of the Cucurbitine molecule. Acta Phys.
Sin.. 21, 253-262.

Fischer, H., Schmid, J. & Riede. J. (1988). pu-

benzylidenbis(pentacarbonylwolfram)-komplexe:
thermolyse und reaktionen mit  alkinen. /.
Organomet. Chen.. 355, 219-230.

Gay. D. M. (1983). Algorithm 611. Subroutines for
unconstrained minimization using a model/trust-
region approach. ACM Trans. Math. Software. 9.
503-524,

Gohring. W.. Roth S. & Hanack. M. (1987). Synthesis
of polyenes with electron donor and electron
acceptor groups. Svath. Met., 17. 259-262.

Gordon. P. F. & Gregory. P. (1983). Organic Chemistry
in Colour. Springer, Berlin.

Griffiths, J. (1976). Colour and Constitution of Organic
Molecules. Academic Press. New York, NY.
Hesse. V. W. & Jansen. M. (1990a). Die struktur eines
a-silylierten SAMP-hydrazones. Acia Cryst.. C46.

1949-1951.

Hesse, V. W. & Jansen, M. (1990b). Die struktur cines
a-thiolierten SAMP-hydrazones. Acra Cryst.. C46.
1947-1949.

Joseph, D.. Petsko. G. A. & Karplus. M. (1990). Anat-
omy of a conformational change: hinged lid motion
of the triosephosphate 1somerasc loop. Science.
249. 1425-1428.

Kalinowski, H. O. & Kessler, H. (1973). Fast isomeriz-
ations about double bonds. In Topics in Stereoch-
emistry, ed. N.L. Allinger. E.L. Elicl, & S.H.
Wilen. Wiley. New York. Vol. 7. pp. 295-383.

Keefer, L. K. (1988). A symmetrically hydrogen-
bonded “binitrosamine cation” produced on pro-
tonation of N-nitrospyrrolidine. J. Am. Chem. Soc.,
110, 3701-3702.

Lambert. J. B. & Takeuchi. Y. (1992). Cvclic Organ-
nitrongen Stereodynamics. VCH. Weinheim.
Lehn. J. M. (1991). From molecular recognition towards
information and single processing at the supramol-
ecular level. In Frontier in  Supra-molecular
Organic Chemistry and Photochemistry, ed. H. .
Schneider and H. Durr. VCH, Weinheim: pp. 1-28.

Lister, D. G., MacDonald. J. N. & Owen. L. (1978).
Internal Rotation and Inversion. Academic Press,
New York. NY.

Lotan. N., Ashkenazi, G.. Tuchman, S.. Nehamkin,
S. & Sideman, S. (1993). Molecular bioelectronics
materials. Molec. Cryst. Lig. Cryst., 236, 95-104.

Maier, S. T., Port, H., Wolf, H. C., Effenberger F. &
Schiosser, H. (1989). Energy transfer through con-
jugated polyenes. Synth. Met., 29, ES17-E524.

93



G. Ashkenazi et al.

Mannschreck. A. & Koelle, U. (1967). Internal rotation
about the = C-N bond in enamines and the =
N-N bond in hydrazones. Tetrahedron Len., 10,
863-867.

Margolus. N. (1992). Fundamental physical constraints
on the computational process. In Nanotechnology:
Research and Perspectives, ed. B.C. Crandall & J.
Lewis. MIT Press. Boston. MA, pp. 199-213.

Momany. F. A., McGuire, R. F.. Burgess, A. W. &
Scheraga, H. A. (1975). Energy parameters in poly-
peptides. VII. Geometric parameters, partial atomic
charges, non-bonded interactions, hydrogen bond
interactions and intrinsic torsional potential for the
naturally occurring amino-acids. J. Phys. Chem.,
79. 2361-2381.

Nachman, J.. Miller, M. Gilliland, G. L., Carty, R..
Pincus, M. & Wlodawer, A. (1990). Crystal struc-
ture of two covalent nucleoside derivatives of ribo-
nuclease A. Biochemistry. 29, 928-937.

Némethy. G., Gibson, K. D., Palmer, K. A., Yoon, C.
N.. Paterlini. G.. Zagari. A.. Rumsey. S. & Scher-
aga, H. A, (1992). Energy parameters in polypep-
tides. 10. Improved gecometrical parameters and
nonbonded interactions for use in the ECEPP/3
algorithm with application lo proline-containing
peptides. J. Phys. Chem., 96, 6472-6484,

Némecthy, G., Pottle, M. S. & Scheraga, H. A. (1983).
Energy paramecters in polypeptides. 9. Updating
ol geometrical parameters, non-bonded interactions
and hydrogen bond interactions for the naturally
occurring  amino-acids.  J. Phyvs.  Chem., 87,
1883-1887.

Patai. S. (1975). The Chemistry of the Hydrzo, Azo
and Azoxy Groups. Wiley, New York,

Peters, A. T. & Freeman, P. (1991). Color Chemistry:
The Design of Organic Dves and Pigments. Elsev-
ier, Amsterdam.

Pople. J. A. & Secgal. G. A. (1966). Approximate
self-consistent molecular orbital theory. [1I. CNDO
results for AB, and AB; systems. J. Chem. Phys.,
44, 3289-3296.

Reischer, C. & Simovici, D. A. (1990). Bio-algebras.
Proc. 20th Symposium on Multiple-valued Logic.
IEEE Computer Society Press, Washington, DC,
pp. 48-53.

Richards, F. M. & Wyckofl, H. W. (1973). Atlas of

Molecular Structure in Biology, ¢d. D.C. Phillips &
F.M. Richards. Clarendon, Oxford, Vol. 1, Ribonu-
clease S.

Ripoll, D. R.. Pottle, M. S.. Gibson, K. Scheraga, H.
A. & Liwo. A. (1995). Implementation of the
ECEPP algorithm, the Monte Carlo minimization
method, and the electrostatically driven Monte
Carlo method on the Kendall Square Research
KSR computer. J. Comp. Chem., 16, 1153-1163.

Ripoll. D. R. & Scheraga. H. A. (1988). On the mul-

94

Biosensors & Bioelectronics

sis of polypeptides. II. An electrostatically driven
Monte Carlo method—tests on poly (L-alanine).
Biopolymers, 27, 1283-1303.

Ripoll, D. R. & Scheraga, H. A. (1989). On the mul-
tiple-minima problem in the conformational analy-
sis of polypeptides. IIl. An electrostatically driven
Monte Carlo method—tests on enkephalin. J. Prot.
Chem., 8, 263-287.

Roth, S. (1986). Polyene chains in molecular elec-
tronics. Z. Phys. B. - Condensed Matter, 64, 25-29.

Roth, S. (1987). Polyene chains in molecular elec-
tronics. Svath. Mer., 21, 51-55.

Roth, S., Mahler, G., Shen. Y. & Coter. F. (1989).
Molecular electronics of conducting polymers.
Svath. Mer., 28, C815-C822.

Shen, Y. Q.. Gohring, W., Hagen, S. & Roth, S. (1990).
NMR and Pariser—Parr—Pople investigations of
donor—acceptor substituted polyenes. J. Mol. Elect..
6. 31-36.

Sippl, M. I, Némethy, G. & Scheraga. H. A. (1984).
Intermolecular potentials form crystal data. 6.
Determination of empirical potential for O-
H- - -O=C hydrogen bonds from packing configur-
ations. J. Phvs. Chem., 88, 6231-6233.

Sivan. S., Biochemical logic systems in molecular clec-
tronics, M.Sc. Thesis, Technion-Israel Institute of
Technology, Haifa, [sracl, 1995.

Slama-Schwok, A.. Blanchard-Dess. M. & Lehn, J. M.
(1990). Intramolecular charge transfer in donor—
acceptor molecules. J. Phvs. Chem.. 94, 3894—
3902.

Spudich, J. A. (1994). How molccular motors work.
Nature, 372, 515-518.

Su, W. P. & Schrieffer, I. R. (1980). Soliton dynamics
in polyacetylene. Proc. Natl. Acad. Sci. USA. 77,
5626-5629.

Testa, B. (1977). Principles of Organic Stereochemistry.
Dekker. New York, NY.

Toniolo, C., Crisma, M., Valle, G.. Bonora, G. M.,
Polinelli, S., Becker, E. L., Freer, R. J., Rao, R.
B., Balaram, P. & Sukumar, M. (1989). Confor-
mationally restricted formyl methionyl tripeptide
chemoattractants: a three-dimensional  structure-
activity study of analogs incorporating a C-Alpha-
Alpha dialkylated glycine at position 2. Pept. Res.,
2, 275-281.

Trotter, J. (1960). A three-dimensional analysis of the
crystal structure of p-benzoquinone. Acta Cryst.,
13. 86-95.

Tsukuda, Y., Sato, T., Shiro, M. & Koyoma, H. (1969).
Structure of showdomycin: X-ray analysis of N-
methylbisdeoxocyclo-showdomycin acetonide hyd-
robromide. J Chem. Soc. B: Phys. Org. 4, 843-848.

Tuchman, S., Biochemical systems for molecular logic
elements, D.Sc. Thesis, Technion-Israel Institute of
Technology, Haifa, Israel. 1993.

Tuchman. S., Sideman, S., Kenig, S. & Lotan, N.



Biosensors & Bioelectronics

(1994). Enzyme based logic gates controlled by
outside signals: principles and design. In Molecular
Electrones and Molecular Electronic Devices, ed.
K. Sicnicki. CRC Press. Boca Raton. FL. Vol 111
pp. 223-238.

Valle, G.. Crisma, M. & Toniolo. C. (1988). Lincar
oligopeptides. 188, Crystallographic  characteriz-
ation of the conformation of the T-aminocyclopen-
tane-l-carboxylic acid residue in simple deriva-
tives. Can. J. Chem.. 66, 2575-2582.

Wong, R.Y. (1978). (3E.SZ.77)-8-(diphenylmethyl
ene)amino-3,5.7-octatrien-2-one. Acta Cryst.. B34,
3482-3484.

Yu. L. (1988). Solitons and Polarons in Conducting
Polvmers. World Scientific, Teaneck. NJ.

Zollinger. H. (1961). Azo and Diazo Chemistry: Ali-
phatic and  Aromatic  Compounds.  Interscience.
New York, NY.

Zollinger, H. (1987).  Color-Chemistry: - Svatheses.
Properties and Applications of Organic Dves and
Pigiments. VCH, Weinheim,

APPENDIX
Table A2. Torsional parameters™ assigned to

bonds in the side chains of both tautomers of
the molecular switch

Bond U2 theal/mole)
Hydrazo Azonimum
antomer raiomer

N,-N. 0-00 35.00

N.-C, 29.30 2.5

C,—C, 3-58 21-50

C,-C, 21-50 3.58

C-C 358 2150

C-C; 21-50 3.58

C-C, 358 2150

C.-C, 21-50 358

C,-C, 3.58 2150

C,.-C, 13-00 245

*The form of the ECEPP/3 torsional potential
function, U, used in this study 1s:
U., =Uy2)(l —cos nth), where U, (in
kcal/mole) was taken from the literature (sce
Section 2-2) using experimental data on model
compounds; # 1s the value of the dihedral
angle associated with the bond: n defines the
symmetry of the barrier. In all cases. we used
n=2. This value takcs into consideration the
nature of the bonds involved. and the elec-
tronic structure of the atoms involved in
thesc bonds.
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TABLE Al. Computed CNDO charges (in
¢.s.u.) for the two tautomers of the molecular

switch
Atom name* Hydrazo AZonium
tautomer tautomer
N —0-356 —0-356
H, 0-176 0-176
C, 0-045 0-039
C -0-034 -0-036
C.» 0-085 0192
C 0-450 0-450
O -0-384 —()-384
H,, (0:035 0-037
H,, 0-035 0-037
H.,- 0-029 0-043
H,. 0-029 0-043
C, 0-090 0-133
N, —0-247 —0-259
H, 0-038 0-032
H, 0-038 0-032
Ne 0-190 0-012
C, 0-100 —0-146
H, 0-045 0-057
C, -0-080 0-095
H, 0-058 0-057
C, 0-001 —0-154
H, 0-061 0-052
C -0-050 0-074
H, 0-046 0-041
C, —0-044 —0-151
H; 0-047 0-057
C, -0-029 (0-068
H, 0-054 0-042
C, -0-072 -0-161
H, 0-058 0-069
C 0-019 0-095
H,, 0-056 0-048
C, ~0-101 -0-183
C, -0-002 0-038
C- 0-001 0-013
H,, 0-059 0-041
H,- 0-059 0-041
C,. —0-135 —0-148
Ch» -0-140 -0-119
Hy, 0-078 0-069
H,.- 0-078 0-069
C. 0-288 0239
0. -0-295 —0-394

*See Figure 1 for designation of atom names.
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