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Orbital Steering in the Catalytic 
Power of Enzymes: Small 

Structural Changes with Large 
Catalytic Consequences 

Andrew D. Mesecar, Barry L. Stoddard, Daniel E. Koshland Jr. 

Small structural perturbations in the enzyme isocitrate dehydrogenase (IDH) were made 
in order to evaluate the contribution of precise substrate alignment to the catalytic power 
of an enzyme. The reaction trajectory of IDH was modified (i) after the adenine moiety 
of nicotinamide adenine dinucleotide phosphate was changed to hypoxanthine (the 
6-amino was changed to 6-hydroxyl), and (ii) by replacing Mg2+, which has six coor- 
dinating ligands, with Ca2+, which has eight coordinating ligands. Both changes make 
large (lo-= to changes in the reaction velocity but only small changes in the 
orientation of the substrates (both distance and angle) as revealed by cryocrystallo- 
graphic trapping of active IDH complexes. The results provide evidence that orbital 
overlap produced by optimal orientation of reacting orbitals plays a major quantitative 
role in the catalytic power of enzymes. 

Hypotheses analyzing and quantifying the 
factors that contribute to catalytic power 
have been proposed (1-4), but definitive 
experimental work supporting these hy- 
potheses has been scant. Present-day devel- 
opments in x-ray crystallography, such as 
time-resolved Laue and cryotrapping, local- 
ized mutaeenesis. and molecular orbital cal- - 
culations, provide opportunities to find cor- 
relations between theory and experiment. 
We have applied these new methods to 
make changes in the enzyme isocitrate de- 
hydrogenase (IDH), which performs a well- 
known reaction (5) (Eq. I), 

Mg2' 
Isocitrate + NADP -+ oxalosuccinate 

Mg2' 
+ a-ketoglutarate + NADPH + C 0 2  

(1) 
has a known three-dimensional structure 
(6), has a well-developed kinetic mecha- 
nism (7), and has transient intermediates 
whose structures have been observed by 
time-resolved x-ray crystallography (8). We 
have perturbed the reaction trajectory of 
the enzyme in several ways to test whether 
small changes in the trajectory could have 
large effects on the catalytic efficiency (Fig. 
1). 

nicotinamide hypoxanthine dinucleotide 
(NHDP) complex, IDH-isocitrate-Mg2+- 
NHDP. The reaction involved alteration of 
one of the substrates, nicotinamide adenine 
dinucleotide phosphate (NADP), that is 
modified at a position distant from the 
catalytic reaction center (Fig. 2). The sec- 
ond complex studied, IDH-isocitrate-Ca2+- 
NADP, involved substitution of the nor- 
mal divalent metal (Mg2+), which is in a 
position near to the trajectory of the react- 
ing groups but not on the path of hy- 
dride transfer, with Ca2+. The structures of 
both of these active Michaelis com- 
plexes were solved with cryocrystallo- 
graphic trapping methods, and these struc- 
tures were compared to that of a complex of 
a Y 160F mutant, IDH-isocitrate-Mg2+- 
NADP, which has been solved by time- 
resolved x-ray crystallography (8). We de- 
fine these three complexes as the Mg2+- 
NHDP, Ca2+-NADP, and Mg2+-NADP 
quaternary complexes. The small structural 
changes observed for the aforementioned 
complexes are shown to be correlated to the 
large reductions in their catalytic rates. 

Small trajectory changes via substrate 
modification. The first perturbation in the 

hydride transfer trajectory of IDH was made 
by replacing the NH, group at the 6 posi- 
tion of the normal substrate NADP with an 
OH group producing NHDP (Fig. 2). The 
6-OH group of the hypoxanthine shown 
undergoes enol-keto tautomerization and is 
lareelv in the 6-keto form. This substitution 
occurs at a position that is >12 A and 21 
bond lengths away from the hydride that is 
transferred and has no effect on the AGO of 
the reaction. The data from kinetic studies 
with NHDP as a substrate show that such a 
substitution results in a dramatic decrease 
in the velocitv of the reaction as reflected 
by the ratio of the turnover numbers for the 

- 
where kcat,NHDP/kcar,NADP - 

3.8 x (Table 1). In addition, there is 
also a large decrease in the second-order 
rate constant (kcat/KM), where the ratio of 

(kcar.NHDP~KM.NHDP)/(kcar.NADP~MMNADP is 
8 x - - -  

In order to show that such decreases in 
the reaction velocity are not due to decreas- 
es in the binding energy of the substrate, 
protein residues that are directly involved 
in binding NADP were mutated site specif- 
ically. Mutation of Lys344 to Met and Ty1345 
to Phe, residues involved in binding NADP 
through its 2' phosphate (Figs. 3 and 4), 
increases the KM values for NADP to 390 
and 750 FM respectively, values compara- 
ble to that of NHDP. However, the cata- 
lytic rates remain unchanged at 85 sec-l. 
Such results indicate that a decrease in 
binding energy for the substrate is not the 
reason for the decrease in the catalytic rate 
in the case of NHDP, and that the orien- 
tation (distance and angle) of NHDP is a " .  
major factor in the decreased catalytic rate. 

To correlate directly the reduction in 
the catalytic rate with structural perturba- 
tions, we used cryocrystallography (9) to 
trap active IDH in an intermediate state 
prior to hydride transfer. The fully active 
quaternary complex, Mgf+-NHDP, diffracts 
to high resolution (1.9 A) under cryogenic 
conditions. The phosphate backbone, the 
ribose, nicotinamide, hypoxanthine, and 
adenine rines of the cofactor. as well as 
isocitrate a id  metal, have observable and 
well-formed crystallographic electron den- 
sities (Fig. 3A and Table 2). The resulting 
complex provides distances and angles for 
the hydride transfer trajectory (Table 3). 

The first steady-state IDH reaction stud- Fig. 1. Orbital steering in 
ied under catalytic turnover was that of the enz~me-atal~zed reactions 
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The structure of the active quaternary 
Mg2+-NHDP complex (Fig. 4) was com- 
pared to the active Mg2+-NADP and Ca2+- 
NADP quaternary complexes as well as to 
the binary IDH-NADP complex (8, 10). 
The modification of the adenine ring in 
NADP to a hypoxanthine ring in NHDP 
causes the nucleotide to rotate by approxi- 
mately 25 degrees about a rotation axis 
between the N7 and N9 nitrogens of the 
purine ring. The rotation caused a displace- 
ment of the ajtered atoms (N1 and 06) by 
1.1 and 1.3 A, respectively. The rotation 
and movement of the nucleotide was prop- 
agated along the entire phosphate back- 
bone of the cofactor as a small translation, 
with a root-mean-square (rms) deviation of 
all atoms of approximately 0.8 A. As a 
result, the ribose sugar ring that adjoins the 
nicotinamide moiety was rotated slightly in 
its binding site although its previously iden- 
tified interactions with protein atoms were 
preserved (Figs. 3 and 4). The small move- 
ment of this sugar ring in turn was propa- 
gated to the nicotinamide ring, which shift- 
ed by approximately 2.5 A relative to its 
position in the Mg2+-NADP complex (Fig. 
4). This movement is mostly lateral (in the 
plane of the ring) and causes the distance of 
the hydride donor-acceptor pair to increase 
by 1.55 A (a coylent carbon-carbon bond 
distance is 1.54 A)  and the angles of ap- 
  roach to deviate between 10" to 20" from 

substrates or metals for the active site (Ta- 
ble 1). The very low catalytic activity of the 
Ca2+-NADP enzyme complex allowed its 
three-dimensional structure to be solved by 
cryocrystallography. 

As with the Mg2+-NHDP quaternary 
complex, the crystals of the calcium com- 
plex diffracted to 1.9 A resolution, and the 
electron density for the cofactor, isocitrate, 
and Ca2+ is clearly observable and inter- 
pretable (Fig. 3B). The structure of the 
calcium complex reveals an even smaller 

but detectable effect on the orientation 
(distance and angle) of the nicotinamide 
ring at the active site in comparison with 
the Mg-NADP quaternary complex struc- 
ture (Fig. 4). The six-coordinate geometry 
of magnesium, in which the oxygen ligands 
are in a nearly optimal octahedral geometry 
in both the Mg2+-NADP and Mg2+-NHDP 
complexes, is illustrated for the Mg2+- 
NHDP complex (Fig. 5A). The coordina- 
tion positions of Mg2+ are normally occu- 
pied by two oxygens from isocitrate, two 

the more in-line geometry observed for the 
NADP structures (Table 3). 

Trajectory perturbations triggered by 
metal coordination. To demonstrate further 
how small perturbations in the hydride 
transfer trajectory can lead to large decreas- 
es in catalytic rate, we took advantage of 
the preferred coordination number of diva- 
lent metals for ligands (1 1 ) and substituted 
Ca2+ for Mg2+ in the reaction. Magnesium 
and calcium are both considered to be 
"hard" Lewis acids, but magnesium prefers 
to coordinate to six ligands in protein struc- 
tures, and calcium prefers to coordinate to 
seven or eight ligands (1 1). Substituting 
Ca2+ for Mg2+ in the IDH reaction lowers 
the enzymatic rate by a factor of approxi- 
mately 2.5 x lov3 and does not significant- 
ly alter the relative binding afffinities of the 

5 3 N~O-z:O-z:OwN P P UNb 
0 
II 

-0-y-0 OH HO OH 
Fig. 3. Electron density diierence maps for the bound, cryotrapped quaternary complexes at 1.9 A 
resolution, contoured at 2.0 a. (A) Final simulated annealing omit F,-F, map of NHDP, isocitrate, and 

0' Mg2+ calculated in X-PLOR (22) with coordinates for wild-type IDH after final positional refinement for 
NADP R8 = NH2 the phase and map calculation. Coordinates for the bound cofactor and substrate were not included in 

NHDP R8 = OH the calculation. Only features of density within 2.0 A of the cofactor and substrate atoms (yellow) are 
displayed for clarity. The unlabeled yellow spheres correspond to the metal-bound waters. (8) Difference 

Fig. 2. Schematic illustration of NADP and NHDP. Fourier map calculated in an identical manner for a cryotrapped complex of NADP, isocitrate, and Ca2+. 
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oxygens from the protein amino acid side 
chains of Asp 283 and Asp 307, and two 
oxygens from water molecules that are well 
ordered (low thermal factors) and clearly 
observable in the electron density (Fig. 3). 
Substitution of Ca2+ for Mg2+ causes an 
inner coordination s~here  rearraneement of 

L, 

the two water molecules and increases the 
coordination number o f  Ca2+ to 8 wi th an 
approximate pentagonal bipyramid geome- 
try (Fig. 5B), similar to Ca2+ coordination 
in proteinase K and thermitase (12). The 
movement of the waters into new coordi- 
nation positions occurs through a process in 
which calcium picks up two additional li- 

gands from Asp311 by forming a direct bi- 
dentate coordination wi th the side chain 
carboxylate oxygens that are hydrogen- 
bonded to the water molecules in the Mg2+ 
ligation sphere (Fig. 5A). The rearrange- 
ment c!uses calcium to move approximate- 
ly 1.4 A from the position normally occu- 
pied by Mg2+ and in a direction that allows 
one o f  the calcium-bound water molecules 
to form a hydrogen bond wi th the backbone 
carbonyl of Th238. The movement also 
places calcium above the plane formed by 
Mg2+, and the oxygens of the a-carboxylate 
and p hydroxy of isocitrate, reminiscent o f  
iron moving out of the plane o f  the heme 

Table 1. Steady-state kinetic parameters for IDH complexes. lsocitrate dehydrogenase kinetics were 
measured at 25OC and in 100 mM tris buffer, pH = 7.8, by monitoring the production of either NADPH 
or NHDPH. The molar extinction coefficients used for both NADPH and NHDPH were 6220 M-I cm-l. 
Reaction times for the Mg2+ and Cd2+ NADP complexes were complete in under 2 min, whereas 
reactions with NHDP and Ca2+ were monitored for at least 1 hour in order to measure the slow kinetic 
rates. The concentration of enzyme was kept low in order to maintain a steady-state concentration of 
reactants and to treat total ligand concentrations as free. Michaelis constants and k,, values were 
obtained by fitting initial velocity data to the Michaelis-Menten equation. 

IDH-isocitrate Cation radius Redox potential k,, K, or K, K,' kcat 

complex ( 4  (mv (sec-') (PM) (PM) 

'The extremely slow rates of IDH catalysis with either NHDP or Ca2+ allows the determination of their inhibition 
constants (K,). Both NHDP and Ca2+ are linear competitive inhibitors. tAfter exhaustive attempts to remove 
contaminating metals from substrates, buffers, water, and the enzyme with Chelex-100 and Bio-Rex chelating resins 
and disks, background activity in the absence of any added metal was measured at 0.1 sec-l. With the use of the K, 
and kc, values for Mg2+ activation, a contaminating metal concentration of 0.02 pM Mg2+ or roughly 0.5 ppb is 
calculated as a possible source for the activity. This made the measurement of the Ca2+ rate an upper limit of 0.2 sec-I 
because the rates were scattered around that of the background 550% in the Ca2+ concentration range of 0 to 50 
pM. $Relative to the wild-type Mg-isocitrate-NADP complex. 

upon deoxygenation in hemoglobin (1 3). 
The small yet tangible movement of calci- 
um results in an adjustment of isocitrate, 
NADP, and the side chains of the aspartate 
residues, thereby decreasing the distance 
be twep  the hydride donor-acceptor pair by 
0.55 A and altering the attacking and di- 
hedral angles (Table 3). 

T o  test whether the velocitv chanees " 
observed for the complexes studied were a 
result of the coordination eeometrv and not  

L, 

attributable to a difference in the atomic 
radii 9f the metal (the radius of Mg2+ i s  
0.65 A, whereas the radius of Ca2+ i s  0.99 
A), we determined the kinetics of the 
Cd2+-catalyzed reaction. Cadmium h%s 
practically the same qdius as Ca2+ (0.97 A 
compared wi th 0.99 A) ,  but Cd2+ prefers a 
six-coordinate, octahedral ligand geometry 
similar to that o f  Mg2+, whereas Ca2+ does 
not  (11). The Cd2+-catalyzed rate of the 
enzvme i s  eaual to the fast rate of the small. 
~~~+-catal;zed enzyme instead of the very 
slow rate of the similarly sized and differ- 
ently coordinated Ca2+ (Table 1). The ho- 
mologous pig heart enzyme is also not  acti- 
vated bv Ca2+ and is twice as active in the 
presence of Cd2+ than in the presence of 
Mg2+ (14). Structural evidence for six co- 
ordinate octahedral symmetry of the Cd2+ 
and Mg2+ ligation sphere was obtained by 
'l3Cd and 25Mg NMR studies (15). 

These results emphasize the impor- 
tance o f  small perturbations in making 
major changes in the catalytic power o f  
enzymes and organic reactions and sup- 
ports the theory of orbital steering (2), 

Fig. 4. Superpositions (23) of various IDH com- 
plexes, including isocitrate-Mg2+-NHDP (green) 
and isocitrate-Ca2+-NADP (pink), Y16OF-IDH- 
isocitrate-Mg2+-NADP (blue) solved by time-re- 
solved Laue crystallography (8), and IDH-NADP 
(yellow) (70). In (A) the rotation of the adenine ring, 
which occurs on mutation to a hypoxanthine de- 
rivative, is evident and differs from both the Mg2+- 
and Ca2+-NADP structures. The driving force be- 
hind this movement appears to be the formation 
of a pair of interactions between the 0, carbonyl 
oxygen and two separate protein atoms in the 
nucleotide binding cleft at 3.0 A to the E-nitrogen 
of His339 and 3.3 A to the backbone nitrogen of 
Asn352. These interactions are aligned in the plane . 
of the electron pairs of the sp2-hybridized 0, ox- 
ygen when the ring is rotated, as described 
above, with bond angles through the oxygen of I 
130" and 95", respectively. In addition, the N1 nitrogen of hypoxanthlne nng Backbone movement of residues 340 to 344 (ribbon representation), ob- 
is in contact with the side chain oxygens of Asn352 and Asp392. The hypo- served in the Laue structure, is most likely due to the room temperature 
xanthine nucleotide ring is hindered from rotating further in the pocket to dynamics of the protein under steady-state turnover (8). (B) An expanded 
completely optimize these interactions by the packing of protein atoms view of the nicotinamide rings and isocitrate, as well as the hydride transfer 
against both faces of the purine ring, and by the electrostatic interactions paths (1 to 1 ', 2 to 2', 3 to 3'). The nicotinamide ring for the NADP in the 
between the ribose phosphate and and kgzg2', which serve to further binary IDH-NADP complex is not observable in the electron density (7 0). 
anchor the nucleotide. However, the distances between that same phos- Placing the hydride donor atom (C2 of isocitrate) closer to its acceptor atom 
phate and two neighboring tyrosines that bind NADP (345 and 391) have (C4 of the nicotinamide ring) does not accelerate the rate of the reaction; it 
increased by approximately 1.4 Aeach, whereas the contacts to the arginine actually decreases the rate of the reaction, indicating that orientation (angle) 
residues are preserved. These changes in distance presumably contribute to makes a major contribution to the catalytic rate. 
the decrease in the binding affinity of this compound as compared to NADP. 
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which postulated that a major factor in distance is closer but the rate is decreased. that the catalytic power of enzymes de- 
These results in an active enzyme give rives in large part from the ability of the 

experimental support to the hypothesis enzyme to direct a trajectory that maxi- 
the catalytic power of an enzyme is that it 
arranges the trajectory so that the balance 
between maximizing the overlaps of at- 
tractive (bonding) orbitals and minimiz- 

Table 2. Data processing and refinement statistics. Crystals of wild-type IDH were grown as described 
(6) and transferred to a mother liauor consistina of 40 Dercent saturated ammonium sulfate. buffered at 

", 

ing the overlaps of repulsive (nonbond- 
ing) orbitals is optimized. These effects on 
the reaction of a hydride ion, one of the 
atoms that might be expected to be less 
susceptible to orientation effects, suggest 
that larger atoms may show even larger 
catalytic effects. Of course, the contribu- 
tion of orbital steering to the enormous 
catalytic power of any one enzyme will 
vary with, and depend on, both the par- 
ticular reaction tvDe (condensation versus 

p~ 7.5 with 100 mM tris that was supplemented with the components of two separate soaks [(i) 100 mM 
isocitrate, 50 mM Mg2+, 500 mM NHDP; (ii) 100 mM isocitrate, 50 mM Ca2+, 500 mM NADP). The 
soaks each proceeded for 2 hours, and the crystals were then transferred stepwise to the same 
solutions, either A or B, further supplemented with 10, 20, and 30 percent glycerol, respectively, for 10 
min each. The crystals were mounted in a rayon loop and directly flash-cooled in liquid nitrogen and were 
then transferred to a stream of dry nitrogen gas at -1 85°C for data collection (18). One crystal was used 
for each data set collected. All data were collected at bearnline XI 2-C at Brookhaven National Labo- 
ratory, with a MAR phosphor image plate detector mounted on a Kappa-axis goniometer (Enraf- 
Nonius), which allows complete data sets to be collected. Data were processed and scaled with DENZO 
and SCALEPACK (19). Based on data processing and refinement, the space group and unit cell 
parameters are P42,2, with a = b = 102.4 A and c = 150.6 A, as previously reported for IDH 
flash-cooled crystals (20). Thea and b axes shrink by nearly 3 percent relative to room temperature, and 
a molecular replacement sea~ch was used to position the models (21), which were then refined with 
X-PLOR (22). All data to 1.9 A resolution were included in the final refinement. After refinement of the 
protein, the substrate, divalent cation, and nicotinamide nucleotide cofactors were manually built into 
(F,-Fja,, difference Fourier maps using QUANTA (Molecular Simulations), and refinements were 
continued. The final working and free R factors for each complex were 0.188 and 0.220 for the 
Mg2+-NHDP complex and 0.191 and 0.21 5 for the Ca2+-NADP complex. 

,. . 
hydrolysis versus decarboxylation) and on 
the particular enzyme (isocitrate dehydro- 
genase versus alcohol dehydrogenase ver- 
sus hydroxysteroid dehydrogenase, and the 
like). Thus, in many ways the hydride 
transfer reaction is the toughest test of the 
orbital steering concept and these results 
support the original theoretical deduction. 
Incidentally, in relation to the proposition 
that the closeness of approach of the re- 
acting atoms is the only determining fac- 
tor in the reactivity rate (3), the closeness 
is in the order Ca2+-NADP > MgZ+- 
NADP > MgZ+-NHDP unlike the cata- 
lytic rates that are in the order MgZ+- 
NADP > Ca2+-NADP > Mg2+-NHDP. 
Moreover, analyses of the geometrical re- 
lations in the hydride transfer trajectories 
of the three IDH complexes studied (Ta- 
ble 3)  indicates that the hydride transfer 
angle (N-C4-H) is < 180' and not on-line 
at 180". Attack angles in model hvdride 

NHDP- NADP- NADP- 

isocitrate-Mg2+ isocitrate-Ca2+ isocitrate- 

(wild type) (wild type) Mg2+ 
(Y16OF1(8) 

Reaction trapping 
Data collection 
Wavelength (A) 
Resolution (A) 
Reflections 

Total (n) 
Unique (n) 

Completeness (%) 
R s m *  

Rmfinemmtt 

RWS 
Root-mean-square deviation 

Bond distance (A) 
Bond angle (A) 

Flash-cooling 
Monochromatic 

1.40 
1.9 

Flash-cooling 
Monochromatic 

1.40 
1.9 

Steady-state 
Polychromatic 

0.7-1.5 
2.5 

" 
transfer reactions and in dehydrogenase 
reactions have been calculated by various 
computational methods and in most cases 
the N-C4-H angle was calculated to be 
<180° (1 6) as is observed in the above 
structures of IDH. Analvses of the struc- 

'R,, = Initial overall R factor (on intensities) between all symmetry-related reflections in the final merged data set. R = 

1, (1) - 1 I ,  (1 j tR,,,,e,, = Zj I (Fo (1) - F, (j))l/Zj (Fp (j)); SR,, is the overall agreement 
between measured and calculated structure factor ampl~tudes as defined In (22), monitored for a random sampling of 
5 percent of the total reflections that were withheld from all stages of refinement. 

tures of other hydride transferring en- 
zymes, either modeled ternary complex 
structures from their ex~erimental binam 
complex structures or from inhibitor or 
product ternary complexes, also support 
our data that hydride transfer occurs at 
angles different fzom 180" and at distances 
between 3 to 5 A (1 7). 

If it is argued that the major factor in the 
decrease in reactivity (lo4) of NHDP is the 
increased distance relative to NADP, then 
it would have to be argued that the change 
of reactivity of CaZ+ versus Mg2+ would 
have to be a very large increase in reactivity Fig. 5. Coordination geometry of Mg2+ and Ca2+ in the active IDH quaternary complexes (A) IDH- 

isocitrate-Mg2+-NHDP and (B) IDH-isocitrate-Ca2+-NADP. Mg2+ (dark blue sphere) is shown coordi- 
nated (yellow lines) in an octahedral arrangement to its six first-sphere ligands, isocitrate, Asp283', 
Asp307, and water (light blue spheres). Asp3' hydrogen bonds to the two water molecules. Ca2+ (dark 
pink sphere) is shown coordinated in an approximate pentagonal bipyramid (blue lines) geometry to its 
eight first-sphere ligands, isocitrate, Asp283', Asp307, Asp3' l ,  and water. ThP38 forms a hydrogen bond 
with one of the water molecules that is 2.32 A away. (C) A superposition (23) of the two complexes 
illustrates the small movements that occur at the active site that lead to a large decrease in catalytic 
activity between the two complexes. 

due to a closer distance and an extremely 
large decrease due to Door orientation. It is 
moie reasonable to a'ssume that both the 
orientational overlap and the distance over- 
lap play major roles in both examples but 
with a more clear-cut quantitative assign- 
ment in the metal ion case because the 
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Table 3. Distances and angular geometries of hydri(e transfer in the IDH-catalyzed reaction. Two sets 
of trajectory geometries, including both distances (A) and angles ("), are defined for the IDH reaction 
trajectory. 

A Nicotinamide ring B Nicotinamide ring 

C0,- '., co; 
" H;;~~,,OH I 

I lsocitrate R 
I 

lsocitrate R 

A, set 1 B, set 2 
IDH (dl) (44 Dihedral* (d,) Dihedral* Reaction 

ratet 
C4-H N-C4-H N-C4-H-C, C4-C, N-C4-C, N-C4-C,-O,,, (set-') 

(A) ("1 (") (4 ("1 (") 

'The dihedral angles are represented by the dashed I~nes, iThe wild-type Mg-NADP complex reaction rate is 85 
sec-l. $From the structure of the Y16OF-IDH solved by time-resolved Laue x-ray crystallography (8). 

mizes the orbital steering contribution to 
catalysis. T h e  results are a forerunner of 
the more accurate calculations and exper- 
iments that we can expect from applying 
similar tools to  evaluating the factors in- 
volved in the catalytic power of enzymes 
and the design of new catalysts. Moreover, 
these results suggest that  small structural 
changes may be important in  biological 
and chemical processes such as allosterism, 
signal transduction, molecular recogni- 
tion, and biocatalysis (enzymes, ribozymes, 
and catalytic antibodies). Consideration 
of orbital steering factors in these process- 
es may aid in  their being understood and 
may prove useful for increasing the cata- 
lytic power of suboptimal catalysts, chang- 
ing specificity of reactions for synthesis of 
novel compounds and pharmaceuticals, 
and for boosting the biodegradative poten- 
tials of organisms. 
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