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Introduction 
Understanding the mechanisms by which enzymes 

catalyze chemical reactions is a fundamental problem 
in theoretical chemistry as well as in biochemistry. 
Valuable mechanistic information may, in appropriate 
cases, be derived from detailed knowledge of the 
structure of reacting species along the reaction path. By 
extrapolating from these ground-state structures it 
should eventually be possible to obtain estimates of 
transition-state structures for the individual bond- 
breaking and bond-making processes. Since the re- 
acting species represent transients that are not directly 
accessible by experiment, their structures need to be 
deduced by starting from appropriate structural and 
kinetic information. This is usually done by molecular 
modeling using molecular mechanics or molecular dy- 
namics procedures. The starting information for these 
procedures is of two kinds: (1) Structure of enzyme- 
inhibitor complexes and of enzyme derivatives. Obvi- 
ously, these stable enzyme species are not themselves 
catalytically competent, but have the capacity to serve 
as reference species from which the deduction proce- 
dure can start. (2) Kinetics describing structure- 
function relationships. To be applicable in the molec- 
ular modeling procedures, this kinetic information must 
be expressed in terms of interactions occurring between 
protein and substrate. However, deducing the structure 
of reacting species on the basis of exploiting these two 
kinds of information turned out to be a very difficult 
endeavor even when highly sophisticated computer- 
aided methods were used. On the basis of our work 
concerned with understanding enzyme catalysis from 
the stereochemical point of view, we developed a new 
design tool that is expected to greatly facilitate this 
deduction procedure and that is particularly well suited 
to combine with the experimentally available structural 
information. 

The new design tool is developed from generalization 
about the preferred angles of attack by nucleophiles on 
carbonyl carbon and about preferred conformations of 
the reacting species. Such stereoelectronic concepts 
have been long known in organic chemistry but have 
found only reluctant acceptance in biochemistry. We 
now want to make use of these concepts by way of 
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exploiting their properties to express intrinsic reaction 
requirements and to design a specific intrinsic reaction 
module (IRM) for each of the considered reacting 
species. These IRMs are incorporated into the modeled 
structures as individual structural entities belonging 
partly to the enzyme and partly to the substrate. 

With trypsin as model enzyme, this Account describes 
how IRMs are used in combination with information 
on protein-substrate interactions to deduce the struc- 
ture of the four reacting species on the reaction path 
to the acyl enzyme. With the aim of obtaining insight 
into the molecular events taking place during reaction, 
the resulting changes of the IRMs are related to the 
conformational adaptability of the protein. 

The Reaction in Summary 
The structure of peptide substrates is formulated as 

shown in Figure 1.' The amino acid residues are la- 
beled Lxl, Lx2, ... on the N-terminal side and Lyl, Ly2, ... 
on the C-terminal side. The substrate is cleaved be- 
tween Lxl and Lyl. A tetrapeptide, for example, is 
composed of the four amino acid residues Lxl, Lx2, Lyl, 
and Ly2, and the corresponding side chains are labeled 
Rxl, Rx2, Ryl, and Ry2, respectively. Individual atoms 
obtain the index of the amino acid residue they belong 
to: for example, C and N of the peptide bond to be 
cleaved and Ca of L,, are formulated as Cxl, Nyl, and 
Czl, respectively. In shortened form and for all peptide 
substrates equally, X-CO- is used for the N-terminal 
acyl part (X part) and -NH-Y for the C-terminal 
leaving-group part (Y part). 

The structure of trypsin is known to high precision,2i 
there exists a wealth of kinetic in f~rmat ion ,~-~  and it 
has a well-defined mechani~m.~*'@-l~ The trypsin-cat- 
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Figure 1. Peptide substrate nomenclature. The arrows indicate 
the bond to be cleaved. 
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Figure 2. Schematic diagram showing the molecular events 
taking place during reaction. Proton transfer is assumed to involve 
the full catalytic triad. The two processes accompanying inter- 
conversion of the two tetrahedral intermediates are (1) inversion 
at NyI and (2) in-out movement of imidazole (indicated by curved 
arrow). 

alyzed reactions can be divided into two acyl transfer 
steps (Figure 2). In the first acyl transfer, X-CO- is 
transferred from the peptide to 01g5, and H-NH-Y of 
the cleaved peptide substrate is released. In the second 
acyl transfer, X-CO- is transferred from the acyl en- 
zyme to water, forming free enzyme and X-COOH. 
Taking into account that the enzyme makes use of the 
catalytic triad Ser-195 (OIg,), His-57 (W& and N6,',), and 
Asp-102 (one of the 06102),16-18 nucleophilic attack by 
0 7 9 5  on the carbonyl is accompanied by the transfer of 
the proton from 0 1 9 5  to N$. Whether the proton at Ni; 
is transferred to one of the 06102 (as assumed in Figure 
2) or whether charge interaction between the two parts 
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occurs remains an open question and is not of impor- 
tance for the arguments presented in this Account. 
With the associated decomposition of the thus formed 
tetrahedral intermediate, proton displacement takes 
place in reverse, with the proton being transferred from 
N$ to the Nyl. 

As discussed in detail p rev io~s ly , l~*~ Delongchamps's 
stereoelectronic t h e ~ r y ~ l - ~ ~  requires that the lone-pair 
orbital a t  Nyl assumes an antiperiplanar position with 
respect to the newly forming 0-C bond, thereby di- 
recting the proton located at N toward N$. Since N$ 
is occupied by the proton it hadiccepted from OIg5, this 
requirement results in two-proton interference. In the 
next step, the proton at N$ should be transferred to 
N,,, a process that cannot directly take place due to said 
orientation of the proton at Nyl. Both these structural 
relationships, therefore, require that Nyl undergoes in- 
version. As we had also pointed out previously,20 since 
NZ is too far from Nyl for the proton to be transferred, 
the imidazole must move from a position in which it is 
hydrogen bonded to 01g5 to one in which it is hydrogen 
bonded to the Nyl. Thus acyl enzyme formation in- 
volves two tetrahedral intermediates whose intercon- 
version is accompanied by two complementary pro- 
cesses, (1) inversion of Nyl and (2) movement of imid- 
azole from an in-position into an out-position. 

Our experiments with chymotrypsin using N- 
acetylphenylalanylsarcosine amide as substrate-ana- 
logue inhibitoP provided a first confirmation of the 
applicability of this mechanistic scheme: the methyl 
group replacing the proton at the Nyl comes too close 
to the imidazole ring, thereby preventing formation of 
the tetrahedral intermediate. Crystallographic and 
NMR experiments with porcine pancreatic elastase 
using the hexapeptide Thr-Pro-nVal-NMeLeu-Tyr- 
Thr24 show in convincing structural detail how such an 
N-methyl group interferes with the imidazole. In both 
cases, the reaction is blocked at a stage close to the 
starting enzyme-substrate complex. 

Intrinsic Reaction Modules 
The stereoelectronic concepts used for designing the 

IRMs are based on three kinds of effects: (1) Primary 
electronic effects as a result of n-r* interactions. These 
effects are due to the delocalization of electron pairs 
between amide nitrogen or ester oxygen and the car- 
bonyl group forming the conjugated system of the 
amide or ester function, respectively. (2) Secondary 
electronic effects as a result of n-a* interactions. Ac- 
cording to Des longchamp~,~~-~~ these effects are due to 
the preferred orientation of the specific a C-N or a C-0 
bond of the tetrahedral intermediate antiperiplanar to 
the lone-pair orbitals on the other two heteroatoms. (3) 
Directionality in the approach of a nucleophile, Nu, on 
carbonyl and in the ejection of a leaving group from the 
tetrahedral intermediate. According to Biirgi and 
D ~ n i t z , ~ ~ ~ ~  preferred approach occurs a t  a Nu.-C=O 
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angle of 100-110’ and in the r-orbital plane of the 
carbonyl group. In the reverse molecular event, Le., 
ejection of a leaving group, the corresponding direc- 
tionality is thought to be applicable. 

The way we want to make use of these concepts 
consists in producing an IRM for each of the considered 
species along the reaction path. These structural en- 
tities include two types of atoms, which may be part of 
substrate or protein. The atoms that either are directly 
involved in bond breaking and making and/or undergo 
hybridization changes are called reacting atoms. They 
constitute the actual “transposers” of the electronic 
effects, and their function along the entire reaction path 
is independent of the species considered. The react- 
ing-atom structure of an IRM is based on the a-bond 
skeleton and made in accord with the above-mentioned 
electronic effects. Deviations in bond and torsion angles 
due to the presence of heteroatoms are not considered 
at the present stage.2s The thus-resulting topographical 
features are propagated to the residual part of the 
considered species via atoms which are “slaved” by the 
reacting atoms and are called satellite atoms. Such 
atoms are fixed in their position within the IRM 
whenever their neighboring reacting atoms (reacting 
atoms to which they are bound) are constrained due to 
primary and/or secondary electronic effects. Since 
these constraints vary from species to species, the IRMs 
may contain different satellite atoms. 

The structural linkage between the IRM and the re- 
sidual part of the considered species is primarily af- 
fected by the spatial arrangement of the atoms located 
a t  the periphery of the IRM (reacting or satellite 
atoms). This positional determinant combines with the 
directional determinant defined by the bonds leading 
from the IRM to the connecting atoms on the side of 
the residual part of the species. The bonds to the 
connecting atoms are conformationally restricted as 
dictated by the IRM and are contained in a conic sur- 
face with its peak at  the corresponding atom located a t  
the periphery of the IRM. In each IRM, such conic 
surfaces are visualized by circles approximating the 
geometric loci of the connecting atoms. Depending on 
the constraints effective a t  the neighboring reacting 
atom (as stated above), an atom functioning as a sat- 
ellite atom in one IRM may appear as a connecting 
atom in another. The IRMs concerning the species of 
the first acyl transfer are depicted in Figure 3 (the 
species of the second acyl transfer are structurally re- 
lated). They are all projected in the Ox1-CXl direction. 
This unifying orientation takes into account that the 
Cxl-Oxl bond is common to both tetrahedral interme- 
diates and defines the direction of attack of the nu- 
cleophile and ejection of the leaving group. 

In the IRM for the starting species of the process 
(IRM l), 0Tg5 is acting as nucleophile to attack the 
carbonyl from the Re side. The reacting atoms CHI, Oxl, 
and NY1 together with the satellite atoms CXal and C” 
are located in one plane, the plane of the peptide bond.’ 

is a t  a distance of 2.8 A from Cxl, and the 0 9 5  ... 
C 4  angle is set at 107’. The chosen o1g5--Cx1 distance 
is supposed to relate to a displacement of Cxl from the 
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Figure 3. Intrinsic reaction modules (IRMs) projected along the 
Ox1-Cx1 axis. Open-ended lines signify lone pair orbital axes, and 
dotted lines signify directions of nucleophile attack or leaving-atom 
ejection. The circular geometric loci of the connecting atoms 
appear as ellipses at the corresponding neighboring atoms. 

plane of its three-bonded atoms Nyl, C;,, and Oxl of 
about 10% of the distance observed in the tetrahedral 
intermediates (distance at  which directionality of bond 
making starts to be operative). Cfg5 is not intrinsically 
fixed and therefore appears as a connecting atom. The 
geometric loci of the connecting atoms are visualized 
by circles around Czl, Cg,, and 01,,. 

In the IRM for the first tetrahedral intermediate 
(IRM 2), the reacting atoms show tetrahedral geometry. 
This geometry in principle is dictated by the antiperi- 
planar arrangement of a lone-pair orbital a t  Oxl and Nyl 
relative to the CX1-01,, bond and a t  Oxl and OXg5 rela- 
tive to the Cxl-N bond (secondary electronic effects). 
As a result of tkese requirements, all reacting and 
satellite atoms have a tendency to adopt the geometry 
of a diamond lattice with slightly altered bond lengths 
due to the presence of the heteroatoms. Such geometry, 
however, would lead to severe steric congestion a t  Cfg5 
and C$. Since the antiperiplanar arrangement of the 
critical lone-pair orbital a t  Nyl and Oxl relative to the 
newly formed Cx1-01g5 bond also plays a role in lowering 
the energy of the transition state of nucleophilic attack, 
this requirement is the more important one, and Cfg5 
is thought to release the strain by rotation about the 
cx1--01g5 bond. Thus, as in IRM 1, Cfg5 is not intrin- 
sically fixed and appears as a connecting atom. The 
connecting atoms are the same as in IRM 1. 

In the IRM for the second tetrahedral intermediate 
(IRM 3), the reacting and satellite atoms tend to adopt 
the strained geometry of the diamond lattice for the 
same reasons as in IRM 2. But now Cg, is more likely 
to release the strain since the antiperiplanar arrange- 
ment of the critical lone-pair orbitals at Org5 and Oxl 
relative to the breaking Cxl-Nyl bond also helps to lower 
the energy of the transition state of bond breaking. In 
analogy to IRM 2, therefore, Cpl is not included in the 
IRM and appears as a connecting atom. The geometric 
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loci of the connecting atoms are visualized by circles 
around Cfl, Cfg5, and Nyl. 

In the IRM for the final species, the product of the 
process during which the Cxl-Nyl bond is broken (IRM 
4), the reacting atoms C Oxl, and 0yg5 together with 

plane of the ester bond. N is at a distance of 2.8 A 
from Cxl, and the Ny1.--C=d angle is set a t  107'. This 
geometry is chosen in analogy to IRM 1. Cyl is not 
intrinsically fixed and therefore, as in IRM 3, appears 
as a connecting atom. The connecting atoms are the 
same as in IRM 3. 
General Modeling Strategy 

For deriving the structure of the considered reacting 
species, the information contained in the IRMs is to be 
combined with the structural information available 
from appropriate reference species. It is evident that 
such a combination of information can only be achieved 
when the system is subjected to a conformational ad- 
aptation procedure. Direct mutual adaptation of both 
informational components, however, is very difficult to 
achieve, particularly as dependable information on 
conformational energy changes concerning the protein 
backbone and the IRM is scarce. We circumvent this 
problem by application of a stepwise procedure in which 
geometric constraints are given a leading function. 

A first step aims at structures that are characterized 
by a bias in favor of either the IRM or the protein. In 
both these biased structures, the protein backbone and 
the IRM bond angles remain unchanged. IRM-biased 
structures are obtained by adapting the protein to fully 
rigid IRMs. These structures have the valuable prop- 
erty of disclosing where and in which direction during 
adaptation the protein has to change its conformation 
as dictated by the IRM. Protein-biased structures are 
the result of adapting the protein to fully flexible IRMs. 
They disclose where and how far IRM torsion angles 
need to be changed as dictated by the protein with fixed 
backbone. The two types of biased structures mark the 
topographic limits within which protein conformational 
changes can take place when the structure-forming 
capacity of the IRMs is being balanced with that of the 
protein. In a second step, mutual adaptation of IRM 
and protein leads to balanced structures. This final 
modeling step can thus be performed within a clearly 
defined topographic framework. In these balanced 
structures, the protein backbone and IRM bond angles 
are both allowed to undergo controlled changes. 

As a critical measure for the functional competence 
of the modeled structures, we use kinetically derived 
information on protein-substrate interactions. This 
information is topographic in nature and consists in the 
detailed specification of the kinetics-based nonbonded 
interaction pairs. Modeling then is performed on the 
basis of the criterion that kinetics-based and model- 
created interactions should conform as far as possible. 
This interaction criterion becomes particularly impor- 
tant when the protein backbone and the IRM bond 
angles are allowed to change. Methods and data con- 
cerning the kinetic investigations with substrates of 
systematically varying structure and the derivation of 
the information on the protein-substrate interactions 
are published e l s e ~ h e r e . ~ ? ~ ~ . ~ ~ ~ ~  

satellite atoms Cfl and c 1 g 5  B1' are located in one plane, the 
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Table I 
Relevant Torsion Angles and Distances Pertaining to the Two 

Tetrahedral Intermediates as Obtained by Reaction of 
Ac-Arg-Ala-NHz with Trypsin 

1st tetrahedral 2nd tetrahedral 
intermediate intermediate 

geometric Darameters bias (substructure 2) (substructure 3) 
CxI-Ol95-cf95-c?95 IRM + 1100 
Nyl-Cd-O&5-Cf, IRM +goo 

OIg5-CA-Ny&!I IRM -60" 

protein +llOo 

protein +77' 

protein -70' ' 
Cf9,-CG1 distance IRM 2.8 A 

protein 2.8 A 

+1100 
+107' 
+60° 
+680° 
-900 
-89' 
2.8 A 
2.9 A 

"The critical IRM torsion angles of the protein-biased structures. 

The BPTI (bovine pancreatic trypsin inhibitor) com- 
plex of trypsin2 is chosen as the appropriate reference 
species for the starting species and the first tetrahedral 
intermediate. It fixes the side chain of His-57 with the 
imidazole in the in-position. Fixation of the side chain 
of His-57 with the imidazole in the out-position for the 
second tetrahedral intermediate and for the final species 
is achieved on the basis of the structure of diisopropyl 
fluorophosphate inhibited (DIP-inhibited) trypsin.5 To 
start with, the IRMs and the residual parts of the 
substrates are built into the structures of the respective 
reference species from which all nonprotein atoms had 
previously been removed. Assembling these compo- 
nents is achieved with the aid of the connecting atoms. 
The models were generated on an Evans and Suther- 
land PS 300 instrument using the program FROD0.33 
The program YETP served for adaptation of the biased 
structures and the program AMBER35 for adaptation of 
the balanced structures. 

For the purpose of demonstrating the essentials 
concerning the modeling procedure and the information 
that can be gained, the considered system is extensively 
simplified. The main arguments concerning the geo- 
metric constraints can be discussed with a focus on the 
near vicinity of the IRMs. The thus-considered parts 
of the modeled structures are composed of the side 
chains of Ser-195 and His-57 representing the protein 
and Cfl and C;, representing the substrate. Two types 
of torsion angles are differentiated: IRM torsion angles 
with all four atoms belonging to the IRM (e.g., Og5- 
Cxl-Nyl-C;l in the first tetrahedral intermediate) and 
torsion angles with less than four atoms belonging to 
the IRM (e.g., Ny1-Cx1-0~g5-C~g5in the first tetrahedral 
intermediate). The two types of torsion angles are used 
to describe the deviation from ideal diamond-lattice 
geometry with the aid of Newman projections. Among 
the protein-substrate interactions, the repulsive in- 
teraction consisting in steric congestion at Cfg5 and C;l 
is chosen to illustrate the modeling procedure. Sub- 
structures 2 and 3 representing, respectively, the first 
and the second tetrahedral intermediate with Ac-Arg- 
Ala-NH2 as the substrate are discussed as examples. 
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A 

Dutler and Bizzozero 

B 

Figure 4. Stereodiagrams of substructures 2 (A) and 3 (B). Open-ended lines signify orbital axes, and small circles signify hydrogen. 

The resulting geometric parameters are summarized in 
Table I. 

Modeled Structures  
The IRM-biased structures allow full expression of 

the structure-forming capacity of the IRMs and hence 
are particularly useful to demonstrate the main lines 
of thought. The two considered substructures, both 
viewed in the same direction, are shown in Figure 4. 
The relevant conformational changes accompanying the 
adaptation processes are visualized in the Newman 
projections of Figure 5. In substructure 2, the steric 
congestion at Cfg5 and C;, is released by rotation about 
the Cx1-0195 axis of approximately +30' away from 
ideal diamond-lattice geometry (Figure 5A). The re- 
sulting conformation (Table I) has the following con- 
sequence: it leads to a reduction of steric congestion 
of the proton at N,! (intrinsically forced to appear on 
the side facing the imidazole) with N;"7 of imidazole in 
the in-position and with the proton being transferred 
from Org5 to N$ (Figure 4A). In substructure 3, the 
steric congestion at Cfg5 and C;i is responsible for ro- 
tation about the Crl-Nyl axis of approximately -30' 
away from ideal diamond-lattice geometry (Figure 5B). 
This conformational change (Table I) has the conse- 
quence that the lone-pair orbital at NY1 (after inversion) 
now points toward NE of imidazole in the out-position, 
as required for proton transfer from N$ to NY1 (Figure 
4B). 

The protein-biased structures are characterized by 
fully flexible IRMs, and hence the conformational 
changes involve rotations about both the Crl-0195 and 
the Cxl-N axes. In substructure 2, the steric con- 
gestion at 6kg5 and C;i results in rotations about the two 
axes away from ideal diamond lattice geometry of, re- 
spectively, +17' and -10'. Interestingly, the smaller 
rotation concerns the IRM torsion angle Org,- 
Cxl-Nyl-C;l (Table I). In substructure 3, the corre- 
sponding rotations are, respectively, +8' and -29'. 
Here the difference in the extent of rotation is some- 
what more pronounced. It is again the rotation con- 
cerning the IRM torsion angle that is the smaller one; 

A 

c;, 

B 
Figure 5. Newman projections of substructures 2 and 3. On the 
left are shown the conformations with ideal diamond-lattice ge- 
ometry and on the right those with the geometry of the IRM- 
biased structure. (A) Substructure 2 (first tetrahedral interme- 
diate) projected along the Cx1-O195 axis. (B) Substructure 3 
(second tetrahedral intermediate) projected along the Cxl-Nyl axis. 
The critical steric congestion is indicated by the double-headed 
arrows, and its decrease by rotation about the pertinent axis is 
indicated by the single-headed arrows. Open-ended lines signify 
lone pair orbital axes. 

in this structure, the IRM torsion angle is Nyl-Cxl- 
01g5-Cfg5 (Table I). 

The final step leading to the balanced structures 
involves release of the conformational restriction caused 
by the fixed IRM bond angles and the rigid protein 
backbone. Controlled changes in these two structural 
features provide the conformational freedom necessary 
for further optimizing the protein-substrate interac- 
tions. Both considered reacting species show an as- 
tonishingly small difference in the IRM- and protein- 
biased structures with respect to the two considered 
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A B 

Figure 6. Analysis of the conformational changes occurring upon 
proceeding from substructure 2 (A) to substructure 3 (B). The 
Newman projections along the Cx1-O195 axis in addition contain 
NZ of imidazole in the respective in- and out-positions. The 
arrows indicate the movemenh occurring during transformation. 
Open-ended lines signify lone pair orbital axes. 

torsion angles (Table I). These geometric parameters, 
therefore, are expected to undergo small changes only; 
their main function in the process is to mark the limits 
within which the conformational changes can take 
place. Modeling of these balanced structures is cur- 
rently under investigation. 
Conformational Changes Occurring during 
Reaction 

The IRM-biased structures are used to obtain first 
insight into the molecular events taking place during 
reaction. The step proceeding from the first to the 
second tetrahedral intermediate is chosen as an example 
to demonstrate how to perform this comparative con- 
formational analysis. The envisaged characterization 
of movements is best carried out by using Newman 
projections along the cx1-01g5 axis showing rotation 
about the Cxl-Nyl axis in the near side view. Since the 
changes in the torsion angle Cx1-Or95-Cfg5-C~g5 (Table 
I) are negligible, the in-out movement of imidazole can 
be taken care of by including in the Newman projec- 
tions the corresponding Ni: positions. The analysis of 
the movements then comprises Cil, C;l, and W& and is 
expressed in terms of rotations and translations relative 
to the cx1-01g5 axis with a fixed org5-cfg5 axis. 

The two Newman projections in Figure 6 reveal the 
following movements upon proceeding from substruc- 
ture 2 (Figure 6A) to substructure 3 (Figure 6B): (1) 
Cil rotates clockwise in a plane perpendicular to the 
CX1-Org5 axis; (2) C;l rotates clockwise and translates 
antiparallel to the Cx1-0195 axis and radially toward this 
axis; (3) N$ rotates clockwise and translates antiparallel 
to the Crl-01g5 axis (from the in- to the out-position) 
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and radially away from this axis. With respect to the 
main concern of this conformational analysis, namely, 
to obtain information on how the protein framework 
conforms to the movements of Cil and CGl, this reaction 
step chosen as an example turns out to be a particularly 
favorable one. The derived movements suggest that 
there might exist a coupling between the movement of 
N$ on the side of the protein and either Ctl or C;l (or 
both) on the side of the substrate. Imidazole is incor- 
porated in a hydrogen-bonding system reaching from 
the amido N of Ala-56 and His-57 on one end, across 
Asp-102, to the 0’ of Ser-214 on the other end. In- 
terestingly, Ser-214 is among the amino acids essentially 
responsible for the interactions with the X part of the 
substrate, forming together with Trp-215 and Gly-216 
a section of a @-pleated sheet.8 This chain of bonds and 
interactions well supports the suggestion that the 
movement of imidazole is coupled with the movement 
of the satellite atom Ctl. 

Concluding Remarks 
The modeled structures obtained by adapting the 

protein to rigid and flexible IRMs (IRM-biased and 
protein-biased structures, respectively) show a small 
difference in the geometric parameters considered 
(primarily two types of torsion angles); this result ap- 
plies to both tetrahedral intermediates. Apparently the 
protein “knows” about the stereoelectronic effects and 
orients the substrate so as to optimally obey the in- 
trinsic reaction requirements inherent in the IRMs. 
Comparison of the two tetrahedral intermediates reveals 
that their interconversion involves significant specific 
changes in the geometric parameters considered. The 
source of this phenomenon appears to reside in the 
occurrence of strain (e.g., steric congestion at Cfg5 and 
CGl) as a consequence of obeying the intrinsic reaction 
requirements. In principle, the protein could compen- 
sate for this strain by better binding. Judged from our 
modeling results this is not the case; rather, the protein 
undergoes IRM-dictated conformational changes. We 
think that these marked structural and reaction-dy- 
namic features will lead to new aspects in designing 
inhibitors. They should also contribute to the devel- 
opment of new viewpoints concerning the evolution of 
serine proteases. 
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