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AbstractAbstractAbstractAbstract    

Bacterial △5-3-ketosteroid isomerase (KSI) is one of the most 
proficient enzymes catalyzing the isomerization of a variety of △5- 
ketosteroids to △4-ketosteroids at a diffusion-controlled rate. Because 
of the simplicity of the reaction, the enzyme mechanism has been intensively 
studied as a prototype to understand enzyme-catalyzed C-H bond cleavage. 
Asp38 (pKa ～4.7) has been identified as the general base abstracting the 
steroid C4β-proton (pKa ～12.7) to form a dienolate intermediate. A key 
and common enigma regarding the proton abstraction is the question of how 
the energy required for the unfavorable proton transfer can be provided 
at the active site of the enzyme, and/or how the thermodynamic barrier can 
be drastically reduced to meet the fast reactivity. In order to provide 
sound ground for answering this question, the interaction between the 
active site and a reaction intermediate analogue was clearly elucidated 
along with mutational and NMR study. A LBHB formation in the course of the 
reaction appears to contribute crucially to the enormous rate enhancement. 

 
IntroductionIntroductionIntroductionIntroduction    

    
 Although the chemical nature of catalytic mechanisms are well 

understood for many enzymes, how enzyme are able to accelerate reaction 
rates enormously, in many cases up to the rate of encounter between enzyme 
and substrate, still remains a contentious issue. To explain the catalytic 
power of enzymes, several different physical and chemical reasons have been 
put forward, including the desolvation hypothesis, binding entropy, 
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orbital steering, dynamic effects, tunneling, low-barrier hydrogen bond 
(LBHB), and enzyme preorganization as reviewed recently (1) and references 
therein.  

 
Of these, the proposal that LBHB play a role in enzyme catalysis 

has been a controversial issue in the recent past as reviewed by Cleland 
et al. (2). As proposed, LBHBS are distinguished from normal hydrogen bonds 
(H-bonds) by equal proton sharing between the two heteroatoms, unusual bond 
strength (some 10-20 kcal mol-1), and abnormal physicochemical properties. 
When the ApKa between the two heteroatoms is near O, the hydrogen can be 
attached to either one, and thus the barrier between the two hydrogen 
positions becomes lower. LBHBS were first observed in the gas phase samples, 
such as hydrogen fluoride ([FHF]-1) that exhibit energies of formation as 
high as 31 kcal mol-1 with H-bond distance less than 2.5 (3,4). In low 
dielectric organic solvent, unusual physicochemical properties have been 
observed for a number of H-bonds between two groups with an equal pKa. These 
include highly deshielded 1H nuclear magnetic resonance (NMR) [> 16 parts 
per million (ppm)], low isotopic fractionation factors (5), and isotope 
effects on infrared stretching frequencies (4). The most unambiguous 
identification of LBHB was claimed to be the detection of unusual NMR 
chemical shift (δH) for a participating proton (6). The characteristic 
resonances have been also detected in proteins including serine proteases 
(7), aspartate aminotransferase (8), and KSI (9,lO).  

 
Bacterial KSI from Pseudomonas putidi (PI, putida isomerase) is an 

ideal system for probing the structural and theoretical basis for a 
diffusion-controlled reaction due to the simplicity of the reaction, 
relatively easy purification of wild-type and mutant enzymes, and the 
availability of a wide variety of inhibitors. The enzyme, composed of 131 
amino acids forming a homodimer in solution, catalyzes at a 
diffusion-controlled reaction rate the conversion of △5- to △4-3- 
ketosteroid via a dienolate intermediate (Fig. 1). KSI from Pseudomonas 
testosteroni (TI, testosteroni isomerase), a homologous enzyme sharing 34% 
sequence identity with PI, has been extensively studied for more than 40 
years. It has been firmly established by site-directed mutagenesis and 
structural analyses that Asp38 (TI numbering throughout the text) serves 
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as a base for abstracting the C4β-proton while Tyrl4 and Asp99 serve for 
stabilizing the developing negative charge on C3 oxygen by providing 
H-bonds to the dienolate intermediate (11-16). Both PI and TI exhibits an 
unusually deshielded 1H resonance, characteristic of the formation of a LBHB, 
upon binding of a reaction intermediate analogue dihydroxyequilenin, 
equilenin, or estradiol 17  -hemisuccinate (10,17).  

 

 
 
Figure 1. Proposed catalytic mechanism of KSI. The intermediate is 
stabilized by one LBHB and one short H-bond. The LBHB is shown by thick 
dotted lines and a proton in the middle of the two oxygen atoms. 
 

 
Figure 2. Dimeric structure of KSI viewed roughly along the molecular 
two-fold axis.  
 

We have determined the crystal structures of the enzymes and their 
various mutants in complex with an inhibitor at sufficiently high 
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resolutions to conclude along with NMR experiments that both KSI share the 
same enzyme mechanism involving the formation of a LBHB between the Tyrl4 
OH and dienolic intermediate. The detailed interactions identified 
crystallographically were used as a basis for mutational analysis of the 
enzymes. These studies underscore the catalytic role of the LBHB in the 
fast reactivity of the enzyme. 

 
Results and DiscussionResults and DiscussionResults and DiscussionResults and Discussion    

    
Structures of KSI.Structures of KSI.Structures of KSI.Structures of KSI. The structures of both KSls are a conical closed barrel 
formed by a highly curved β-sheet and three α-helices (Fig. 2). The open 
end of the structure forms the entrance to the deep active site cavity, 
which tapers off to a blocked wall which is inaccessible from the other 
narrow end. The two critical catalytic residues, Tyrl4 and Asp99, are close 
to each other and located deep in the active site cavity, while Asp38 is 
located near the midpoint of the cavity (Fig. 2). The most prominent feature 
of the active site is its highly apolar nature, which results from being 
lined by 22 non-polar amino acid side chains (15) and constitutes a 
favorable environment for the binding of steroid substrates. The Asp99 side 
chain, surrounded by the apolar side chains of Phe80, Phe82, Pr097, Phe101, 
Metl12, and Alal14, is believed to have an unusually elevated pKa of 9.5 
to account for the sharp decrease in enzyme activity at pH = 9.5 (18) and 
for the presence of a group with pKa of 9.5 near Tyrl4 as indicated by 
fluorescence titration (19).  
 
InhibitorInhibitorInhibitorInhibitor----Binding Modes.Binding Modes.Binding Modes.Binding Modes. We have determined the structure of PI complexed 
with equilenin, a reaction intermediate analogue. 

 

The inhibitor was bound to the active site in a mode that explains much 
of the biochemical and mutational data accumulated regarding this enzyme  
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Figure 3. Stereo view of equilenin-binding to TI. Asn38 is labeled as Asp38. 
Electron density (2.26Å) was calculated with the final refined structure 
and contoured at 1.2σ. The program O (21) was used to produce the figure. 
Ancillary residue Tyr55 is shown that is involved in a H-bond with the Tyrl4 
OH.  
 
(Fig. 3). In the structure determination, the D38N mutant enzyme was used 
because the mutation mimic the protonated Asp38 in the transition state 
and binds steroid compound more strongly than the wild-type enzyme. The 
Asn38 side chain is located above the β-face of the steroid, with its  
Nδ2 atom within 3.6 Å of both the C4 and C6 atoms of equilenin. This 
explains the stereospecific proton transfer between the two positions. The 
side chains of both Tyrl4 and Asp99 are within H-bonding distance of the 
C3 oxygen of the inhibitor. Thus, these two residues should stabilize the 
developing negative charge on the C3 oxygen of the steroid substrate by 
providing H-bonds directly during the course of the reaction. Consistently, 
the mutations Y14F and D99A result in 50,000-fold (20) and 5,000-fold (14) 
decreases in kcat, respectively. The high pKa of Asp99 and its direct 
interaction with the inhibitor indicate that the bound inhibitor is in the 
anion form (pKa ～9.0) (17), since the pKa of the Tyrl4 OH and the Asp99 
COOH is ～11.6 (19) and 9.5, respectively.  
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Figure 4. 1H NMR spectra of P. putida KSIs. (A) Free D38N, pH = 7.5(B) D38N 
+ equilenin, pH =8.5. Each sample contained 10 mg of protein and a saturating 
amount of steroid in a solution made up of 0.45 ml of 10 mM phosphate buffer 
and 0.05 ml of dimethyl sulfoxide-d6 in which equilenin was predissolved. 
Peak c, which changes position with pH change, is assigned to an imidazole 
NH proton of a histidine residue. At pH = 7 the peak is indistinguishable 
from peak b.  
 
Participation of a LBHB.Participation of a LBHB.Participation of a LBHB.Participation of a LBHB. A salient feature of the active site environment 
of both KSIs is that the two H-bonds are surrounded completely by 22 apolar 
side chains and steroid inhibitor except for an ancillary residue Tyr55, 
which is involved in a H-bond with Tyrl4 OH (15). These side chains are 
blocked from bulk solvent, resulting in zero solvent accessibility. In the 
apolar milieu, both D38N mutant KSIs exhibit an abnormally downfield 
shifted 1H resonance (> 16.5 ppm) upon binding of an analogue of the 
dienolate intermediate (Figure 4) (10,17). By the comparison of the 1H NMR 
spectra of D38N, D38N/D99L, and D38N/Y14F mutant Pls (Fig.4), the resonance 
were assigned unequivocally to the Tryl4 OH engaged in a LBHB with oxyanion 
of the inhibitor (10). Mutations of Y14F and D99L in PI result in 2,000-fold 
and 98-fold decrease in kcat, respectively(15), Iike those of the 
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corresponding mutations in TI. We obtained crystal structures of  
D38N/Y14F and D38N/D99L mutants in complex with equilenin at 2.8 and 1.9 
Å resolution to confirm that the active site structure do not change by 
the mutations. Therefore, the LBHB of Tyrl4 provides a major contribution 
to the catalytic power of the enzyme.  
 

In conclusion, the high resolution structures of KSI in complex with 
equilenin and NMR spectroscopic evidence indicate that both Tyrl4 and Asp99 
are directly involved in the stabilization of the dienolate intermediate, 
and that Tyr14 provides an LBHB to the intermediate in the highly apolar 
milieu of the active site, which is critical for the stabilization of the 
reaction intermediate. 
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