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ABSTRACT: Phosphoribosyltransferases (PRTases) are enzymes involved in the synthesis of purine, pyrimidine, 
and pyridine nucleotides. They utilize a-~-5-phosphoribosyl- 1-pyrophosphate (PRPP) and a nitrogenous 
base to form a P-N-riboside monophosphate and pyrophosphate (PPi), and their functional significance in 
nucleotide homeostasis is evidenced by the devastating effects of inherited diseases associated with the 
decreased activity and/or stability of these enzymes. The 2.6-A structure of the Salmonella typhimurium 
orotate phosphoribosyltransferase (OPRTase) complexed with its product orotidine monophosphate (OMP) 
provides the first detailed image of a member of this group of enzymes. The OPRTase three-dimensional 
structure was solved using multiple isomorphous replacement methods and reveals two major features: a 
core five-stranded a/@ twisted sheet and an N-terminal region that partially covers the C-terminal portion 
of the core. PRTases show a very high degree of base specificity. In OPRTase, this is determined by steric 
constraints and the position of hydrogen bond donors/acceptors of a solvent-inaccessible crevice where the 
orotate ring of bound OMP resides. Crystalline OPRTase is a dimer, with catalytically important residues 
from each subunit available to the neighboring subunit, suggesting that oligomerization is necessary for 
its activity. On the basis of the presence of a common PRPP binding motif among PRTases and the similar 
chemistry these enzymes perform, we propose that the a/P core found in OPRTase will represent a common 
feature for PRTases. This generality is demonstrated by construction of a model of the human hypoxanthine 
guanine phosphoribosyltransferase (HGPRTase) from secondary structure predictions for HGPRTase and 
the three-dimensional structure of OPRTase. 

Nucleotide synthesis and salvage depend on the action of 
phosphoribosyltransferases, a group of enzymes that utilize 
the ribose 5-phosphate donor a-~-5-phosphoribosyl- 1 -pyro- 
phosphate (PRPP) and a nitrogenous, generally aromatic base, 
in the presence of a divalent metal ion, to form an N-riboside 
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monophosphate and pyrophosphate (PPI). Members of this 
group play an essential role in both de nom and recycling 
pathways of purine, pyrimidine, and pyridine metabolism, as 
well as in the biosynthesis of histidineand tryptophan (Musick, 
1981). The importance of these enzymes in nucleotide 
homeostasis is apparent from the clinical consequences of 
PRTase malfunction. Congenital deficiency of hypoxanthine 
guanine PRTase results in hereditary gout or, in cases of severe 
deficiency, in mental retardation associated with Lesch-Nyhan 
syndrome (Stout & Caskey, 1989). A rare inborn defect of 
the orotate OPRTase domain of UMP synthase is linked to 
one form of hereditary orotic aciduria that may also result in 
mental retardation (Suttle et al., 1989). 

Comparisons of the primary structures of the PRTases have 
revealed the conservation of only a short stretch of 12-13 
residues. These similar sequences in most cases contain two 
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adjacent carboxylate residues, flanked by hydrophobic residues 
and followed by four residues containing mostly small side 
chains, of which one or more is a glycine (Hersey & Taylor, 
1986). In OPRTase from Salmonella typhimurium, the 
sequence is 120VMLVDDVITAGT131. Interestingly, a similar 
stretch of amino acids has also been identified in the primary 
structure of PRPP synthetase (Hove-Jensen et al., 1986). On 
the basis of its presence in both PRPP synthetase and the 
PRTases, this sequence has been proposed to represent a PRPP 
binding motif (Hersey & Taylor, 1986; Hove-Jensen et al., 
1986). The need for structural information on this group of 
enzymes has led several groups to calculate secondary structure 
predictions and to hypothesize that PRTases have a common 
tertiary structure that includes a region of repeating a-helices 
and @-strands at the amino terminal end of the protein (Argos 
et al., 1983). On the basis of this theory, a three-dimensional 
structure has been predicted for human HGPRTase which 
describes sites for substrate binding and clinically important 
mutations (Wilson et al., 1983; Stout & Caskey, 1989). 

We have used the 213-residue S.  typhimurium OPRTase 
as a model to understand the structural basis for catalysis by 
this group of enzymes. Orotate phosphoribosyltransferase 
catalyzes the OMP-forming step in de nouo pyrimidine 
nucleotide biosynthesis (Scheme 1). A survey of sequences 
in GenBank, EMBL, and the Swiss Protein data bases reveals 
a total of 13 OPRTase sequences, which represent divergent 
species, including Gram-negative and -positive bacteria, fungi, 
insects, and mammals, with sequence identities ranging 
between 30% and 95%. S. typhimurium OPRTase has been 
sequenced (Scapin et al., 1993), overexpressed in E. coli, and 
purified to homogeneity. Its kinetic mechanism (Bhatia et 
al., 1990) and crystallization (Scapin et al., 1993) have been 
reported. The enzyme catalyzes the formation of OMP and 
PPi from orotate and PRPP, in the presence of Mg2+, in a 
freely reversible reaction. We now report the three-dimen- 
sional structure of S.  typhimurium OPRTase with bound OMP 
to 2.6-A resolution. Thesestudies reveal the functional enzyme 
to be a symmetric dimer. The core structure of OPRTase has 
a fold similar to the a/@ nucleotide binding domain of many 
dehydrogenases. A crevice, formed between the C-terminal 
end of this a/@ core and an additional structure located at the 
protein's N-terminus, serves to bind the orotate ring of OMP. 
The location of the secondary structural elements found for 
OPRTase is different from what has been previously predicted 
(Argos et al., 1983), in that the a/@ fold begins nearer to the 
middle and not at the N-terminal end of the protein. We 
have used the structure of OPRTase along with a recently 
reported algorithm for predicting secondary structure (Rost 
& Sander, 1992) to build a new model of human HGPRTase. 

EXPERIMENTAL PROCEDURES 

Crystallization. Crystals of OPRTase were grown using 
the hanging drop vapor diffusion method, as previously 

OMP 

described (Scapin et al., 1993). The crystals are tetragonal, 
space group P41212, with unit cell parameters a = b = 48.4 
A, c = 210.50 A, and a = @ = y = 90.0'. There is one 
monomer per asymmetric unit. The solvent content of these 
crystals is -53%, and they diffract to better than 2.3-A 
resolution. Two derivatives [ KzPtC14 and p-(ch1oromercuri)- 
benzenesulfonate, PCMBS] were used to solve the structure. 
The platinum derivative was collected after a native crystal 
was soaked overnight in 5 mM K2PtC14 in 30% PEG 4000, 
100 mM Hepes, pH = 7.5, 10 mM OMP, and 0.05% NaN3. 
The mercury derivative was obtained by pre-reacting the 
protein (15 mg/mL in 100 mM Hepes, pH = 7.5, and 0.05% 
NaN3) with a 4-fold molar excess of PCMBS for about 30 
min at 4 OC and then crystallizing the complex under the 
same conditions that gave native crystals. Crystals of the 
OPRTasePCMBS complex were tetragonal and isomorphous 
( a  = b = 48.2 A, c = 210.2 A) with the native form and could 
then be used in the MIR procedures. 

Data Collection and Processing. All data sets were collected 
on a Siemens multiwire area detector, using a Rigaku RU- 
200 rotating anode X-ray source operating at 55  kV and 85 
mA. Data were reduced using the Siemens package XEN- 
GEN (Siemens Analytical X-ray Instruments, Inc., Madison, 
WI) on a Silicon Graphics Iris computer. For the native data 
set, the R-merge on intensities was 6.2% to 2.5-A resolution 
for 6389 reflections (-60% complete). The platinum de- 
rivative had an R-merge on intensities of 7.2% for 6630 
reflections to 2.7-A resolution. For the OPRTase-PCMBS 
data set, the R-merge on intensities for 8648 reflections to 
2.4-A resolution was 8.4%. 

Structure Determination. The crystal structure of OPRTase 
was determined using multiple isomorphous replacement 
(MIR) data collected from the twoderivatives described above. 
Table 1 summarizes the statistics for phase determination. 
The heavy atom positions (as calculated from difference 
Patterson maps) were refined by an iterative series of phase 
refinement, using the package PHASES (W. Furey, VA 
Medical School and University of Pittsburgh, Pittsburgh, PA), 
running on a Silicon Graphics Iris computer. The anomalous 
scattering contribution of the mercury derivative was used to 
assign the absolute configuration of the molecule (Blundell 
& Johnson, 1976). These data produced a mean figure of 
merit of 0.550 for 6280 phased reflections with F > l a  
(including anomalous scattering in the phase calculation for 
the mercury data set). Solvent flattening (Wang, 1985) 
procedures, as implemented in PHASES, were used to further 
improve the MIR phases. From the resulting electron density 
map, a partial polyalanine model was built using the program 
TOM, a derivative of FRODO (Jones, 1985), displayed on a 
Iris Graphics workstation. An extensive series of "combined" 
electron density maps (i.e., maps obtained combining MIR 
phases and model-based phases) were used to trace the 
complete model, with exclusion of five residues located in a 
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ment was colle 

lity, allowing us to improve the model and to include 
the bound OMP and water molecules. In the last stage, the 

t-squares positional and temperature factor refinement as 
et al., 1988) was used, with 
6 - ~ 4  resolution. The current 

refined model includes 16 17 of the 1660 non-hydro 
atoms, 77 solvent molecules, and the bound subst 
The refined structure has a conventional R-factor of 17.6%, 

are 0.02 A and 2S0,  respectively. 
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143 

FIGURE 1 : Ribbon diagram of the three-dimensio cture of S. 
typhimun phosphoribosyltransferase. The N-terminal hood 
domain (1 including helices A-1 and A-2, extends across 
the upper the figure. The C-terminal helices A-6 and A-7 
(dark blue) are seen behind the hood structure. The a//3 nucleotide 
binding fold (medium blue) occupies the lower portion of the figure. 

OMP substrate is shown as a ball-and-stickmodel. Figures 

IPT (Kraulis, 1991). 
were prepared with the molecular graphics p 

weak electron density, and a sat 
achieved. These five residues are 
structure. The second half of this a/@ structure is formed of 
the remaining three parallel@-strands (€3-3, Val 120-Asp 125, 

layer that surrounds the C-terminal portion of the @-sheet 
and the hood. The location of these last two helices suggests 

der Waals interactions exist betw 
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0 of A-6. In add a1 side of the ,&sheet. This location 
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interactions between these regions may 
of the hood. 

The OPRTase Dimer Is Formed on a Perfect 2- fold 

solution (Bhatia et a1 
the OPRTase monom 
he presence of this di ) are found within the 

y a 2-fold symmetry axis, corre- 

he other subunit. The absence of 
side chains in A-3 allows for the 
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FIGURE 3: Stereo diagram of the OMP binding site in OPRTase. Residues that are involved in the OMP binding are displayed. The residue 
labeled #99 is from the adjacent subunit of the dimer. 

separate enzyme, UPRTase. The hydrogen bond network 
involving orotate-N3 and -04 provides interactions that serve 
to enhance binding of pyrimidine over pyridine nucleotides. 
Additional substrate discrimination comes from steric con- 
straints imposed by the shape of the crevice that are best 
visualized in a surface representation of the binding site (Figure 
4). The location of the orotate-C5 in the tightly packed 
crevice, near Arg 156 and the protein backbone, precludes the 
binding of bulky 5-substituted bases. The specificity of the 
S. typhimurium enzyme produces a 1 0-fold higher catalytic 
efficiency for orotate over its methyl ester, arising largely 
from an increase in K m ,  with only a minor reduction in k,, 
(Bhatia & Grubmeyer, 1993). This result is consistent with 
steric constraints and the presence of hydrogen bond inter- 
actions between the orotate carboxylate and the main-chain 
amide nitrogen of Lys 26. Uracil, which lacks a C6 substituent, 
exhibits a k,,/Km value for S. typhimurium OPRTase lo6- 
fold lower than orotate and exhibits a steady-state K m  value 
100-fold higher than orotate. It seems likely that these large 
changes are the result of unproductive binding modes of the 
uracil ring associated with rotational and lateral movement 
permitted in the absence of the anchoring interactions involving 
the carboxylate of the base and residues of the crevice. 

The 02’ and 03’ hydroxyl groups of the bound OMP are 
located in a solvent-accessible region of the binding site. The 
two ribose hydroxyls hydrogen bond only with the r-amino 
group of Lys 26, a highly conserved residue. This interaction 
was previously postulated from chemical modification studies 
(Grubmeyer et al., 1993). The ribosyl ring oxygen and the 
5’ oxygen are within hydrogen-bonding distance of the side- 
chain oxygen of Thr 128, which is also conserved among 
OPRTases. The 5’-phosphate is located within a pocket 
formed by residues comprising the C-terminal portion of the 
PRPP binding motif (Val 126-Thr 131). Thr 128 and Thr 
13 1 interact with the 5’-phosphate through their side-chain 

oxygens. Additional hydrogen bonds occur between the 
backbone nitrogens of the six residues of the pocket and the 
oxygens of the phosphate. The side chain of Lys 73, a residue 
conserved among bacterial and fungal OPRTases, extends 
across the active site depression such that the €-amino group 
is within hydrogen-bonding distance (3.4 A) of the phosphate 
moiety. An additional favorable binding interaction may be 
provided by the positive dipole of a-helix A-4 (Arg 134-Gln 
141), which is in close proximity to (- 3 A) and pointed toward 
the 5’-phosphate. Despite the fact that the nucleoside 
orotidine, which lacks this phosphate, binds with only a 100- 
fold higher Kd than OMP, it fails to serve as a substrate for 
the enzyme (Dessen, 1993; C. Grubmeyer, unpublished 
material): this finding suggests that the 5’-phosphate may 
play a critical role in catalysis. There is still uncertainty about 
the functional role of the two conserved aspartic acids, Asp 
124 and Asp 125. In the structure of the OPRTase-OMP 
complex, the two residues do not interact with groups of the 
bound substrate. In the electrostatic potential surface rep- 
resentation of the active site (Figure 4) the side chain of the 
two aspartic acids clearly forms a large, negatively charged 
area, located below the bound OMP. It is possible that their 
negative charge may help to stabilize a positive charge 
developed during the enzyme-catalyzed reaction, as discussed 
below. 

OPRTase binds OMP and PPi randomly before catalysis 
of the reverse reaction (Bhatia et al., 1990). The OMP- 
enzyme complex was crystallized in the absence of PPi. 
Inspection of the structure does not reveal any likely PPi binding 
sites in the immediate region of the OMP. Two residues, Lys 
100 and Lys 103, have been shown by chemical modification 
studies to be involved in PPi group binding (Grubmeyer et al., 
1993). Lys 100 is located at the end of P-strand B-2, several 
angstroms from the OMP binding site, as seen in Figure 3. 
The lack of order in the surface-exposed loop containing Lys 
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FIGURE 4: Electrostatic potential surface in the region of the OPRTase active site. The figure was generated using the program GRASP (A. 
Nicholls and B. Honig, Columbia University, New York, NY). Blue and red coloration represent regions of positive and negative potential, 
respectively. The view is from the same side of the binding site as in Figure 2. The close fit of the orotate group in the crevice that provides 
base specificity is readily seen. Below the ribose ring is a region of negative potential formed by Asp 124 and Asp 125 of the PRPP binding 
motif. 

103 may be due to the absence of PPi or PRPP in the crystal. 
The location of Lys 103 in the region of the active site at the 
dimer interface could make it available in the active site of 
either subunit. A third basic residue, Arg 99, which is 
conserved among OPRTases, is also located at the beginning 
of this loop. This residue is well ordered, and its side chain 
extends into the active site of the adjacent subunit of the 
dimer. It appears likely that the PPi binding site will be found 
in the active site cavity near these basic residues. An additional 
consideration is that the PPi probably binds to OPRTase as 
its monomagnesium complex (Bhatia & Grubmeyer, 1993). 
It is possible that the nearby aspartate residues at positions 
124 and 125 form part of a Mg2+-pyrophosphate binding 
site. This would position PPi at least 7 A from the bound 
OMP. Such a configuration would require movement of the 
protein or of the ribose 5’-phosphate itself to position the ribosyl 
C 1’ near the PPi group, a prerequisite for catalysis. A similar 
situation has been reported in the three-dimensional structure 
of an analogous complex of purine nucleoside phosphorylase 
(Ealick et al., 1990), where the distance between a proposed 
phosphate binding site and the nucleoside appears to be greater 
than expected for nucleophilic displacement. 

Although the chemical mechanisms of PRTases are poorly 
understood, it is known that the reactions proceed with 
inversion of stereochemistry at the anomeric carbon (Chelsky 
& Parsons, 1973,  providing evidence against a covalent 
phosphoribosylated enzyme intermediate. Reports have ap- 
peared suggesting that PRTase reactions involve an inter- 
mediate or transition state with substantial oxocarbonium 
character (Goitein et al., 1978; Victor et al., 1979). Work on 
S .  typhimurium OPRTase (Bhatia et al., 1990) has favored 

the latter proposal. The long PPj-OMP distance, which we 
propose, may be partially accounted for by the substantial 
bond lengthening between the ribose group and the incoming 
nucleophile or leaving base in transition states for (ribosyl) 
group transfer, as recently described (Horenstein & Schramm, 
1993). 

The nucleotide binding core of OPRTase is similar to that 
oft he classic nucleotide binding fold (Branden & Tooze, 199 1). 
Features which differentiate the OPRTase core from the 
typical dinucleotide binding fold include the following: First, 
the @-sheet is composed of five @-strands rather than six, two 
in the N-terminal domain and three in the C-terminal domain. 
OPRTase is more closely related to flavodoxin in this respect 
(Branden & Tooze, 1991). Second, the commonly observed 
dinucleotide binding motif GXGXXG is absent in the 
OPRTase structure, as is the GXXXXGKT sequence com- 
monly found in ATP binding sites. Third, the loops at the 
C-terminal sides of @-strands B-3 and B-4 are flattened in 
OPRTase to form a broad platform associated with OMP 
binding. Fourth, the manner in which OMP binds to the 
protein is quite distinct from that found for NAD, which would 
lie in an extended form along the top of the C-terminal side 
of the 0-sheet. Rather, OMP is above and nearly perpendicular 
to the platform, interacting with residues of the a/f? structure 
mainly through the 5’-phosphate. These differences may 
reflect the novel chemistry performed by OPRTase, which 
occurs at the Cl’-Nl bond rather than at the base or the 
phosphate moieties as seen with other enzymes of similar a/@ 
structure. 

A Model for  the HGPRTuse Structure Suggests Generality 
of the PRTuse Fold. Like the NAD-linked dehydrogenases, 
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FIGURE 5: Comparison of the location of secondary structure elements for OPRTase and HGPRTase and prediction of the three-dimensional 
structure for HGPRTase. Lower panel: secondary structure elements for OPRTase and HGPRTase. The alignment is based on secondary 
structure element prediction (see text for a detailed description). Upper panel: ribbon diagram of the proposed HGPRTase structure, with 
the location, indicated by arrows, of HGPRTase mutations. Many of the known HGPRTase mutations related to Lesch-Nyhan syndrome 
or hereditary gout have been identified, and in some cases a preliminary characterization of the enzyme has been attempted. Localization of 
these mutations on a three-dimensional structure provides some insights about the structural basis of these diseases. The mutations HPRTT~"~ , ,  
R5OG,and HPRTAnn Arbr, I131M (Wilsonet al., 1983), HPRTMidland, V129D (Davidsonet al., 1988), and V187A (Yamadaet al., 1991) produce 
unstable enzyme forms. In our predicted three-dimensional structure, all of the above-mentioned mutations are located in regions of the protein 
that would appear to be important in stabilizing the a/@ core of the enzyme. Other reported clinical mutations that have been shown to affect 
the activity of the enzyme are located in regions involved in substrate binding. HPRTM",,~~~ S103R (Wilson et al., 1983) is at the COOH terminal 
of the second &strand of the core nucleotide domain. This area of OPRTase is near the active site where the conformation of the protein might 
be very sensitive to mutation. HPRTbndon, S109L (Wilson et al., 1983), is in the loop connecting the two halves of the nucleotide fold. The 
mutation HPRTT,,,, G139D (Fujimori et a1.,1991), affects the highly conserved glycine of the phosphate binding loop of the enzymes (TAGT 
of OPRTase and DTGK of HGPRTase), and the additional atoms and negative charge from this substitution might hinder binding of the 
ribose 5'-phosphate group. HPRT~n,ton, D193N (Wilson et al., 1983), at the end of the final &strand of the core and HPRThhville, D200G 
(Davidson et al., 1989), located in the helix following the final &strand, are sites where the N-terminal domain interacts with the core, and 
their modification might disrupt this interaction and affect substrate binding. 

the members of the PRTase family of enzymes do not show 
substantial primary sequence similarity. However, the ex- 
istence of a common PRPP binding motif and similar chemistry 
suggests that, as with many of the NAD-binding enzymes, 
the PRTases might have a common fold. This possibility was 
explored through the construction of a three-dimensional 
structural model for another PRTase. 

HGPRTase activity is responsible for the recycling of purine 
bases, and its malfunction causes symptoms of gout and mental 
retardation. Because of the clinical relevance of this enzyme, 
a three-dimensional model was previously constructed for the 
human protein on the basis of a template nucleotide binding 
fold (Wilson et al., 1983). We examined the possibility of 
building a new model for the 2 17-residue HGPRTase by first 
predicting secondary structure using a recently developed 

homology-assisted computer program (Rost & Sander, 1992). 
We tested this approach using the primary sequence of 
OPRTase from S.  typhimurium as the test sequence and 
employing all 13 available OPRTase sequences to strengthen 
the predictive power (Rost & Sander, 1992). The program 
was successful in identifying most of the secondary structure 
elements of OPRTase (Figure 5 ,  lower panel), correctly 
predicting 12 of the 13 regions of a- and @structure. When 
applied to HGPRTase, using primary structures for HG- 
PRTases from eight species, the program calculated the 
secondary structure for the human enzyme shown in Figure 
5 ,  lower panel. Alignments of the structural features for the 
two proteins was done so as to minimize introduction of 
deletions and was assisted by the positional correspondence 
of the sequence discussed below. The extent of similarity of 
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predicted HGPRTase secondary structure with the known 
OPRTase secondary structure is quite good. Each of the five 
@-strands and the first two of the three helices of the nucleotide 
binding core are readily found in the HGPRTase prediction, 
permitting us to identify this domain with a high degree of 
certainty. Helix A-5 is not predicted for either the OPRTase 
or HGPRTase structures, and @-structure is predicted for 
residues 1 13-1 17 of HGPRTase, which do not have homologs 
in the OPRTase sequence. The short 0-strand and the a-helix 
(residues 33-55) connecting the hood to the nucleotide binding 
domain of OPRTase are also readily found in the proposed 
HGPRTase structure, although the @-structure of the hood 
and its N-terminal a-helix are not predicted. This finding is 
not unexpected in that the hood is clearly responsible for much 
of the enzyme’s specificity and might be expected to vary 
among PRTases. These observations support the proposal 
that a similar pattern of secondary structure will be followed 
by all PRTases. We next modeled human HGPRTase residues 
33-202 using the OPRTase three-dimensional structure and 
the secondary structure prediction. On examination, many 
residues of importance in OPRTase have positional homologs 
in the predicted HGPRTase structure. For example, the PRPP 
binding motif VLIVEDIIDTGK of HGPRTase is found at 
the top of B-3, as for OPRTase, and could be proposed to 
make similar interactions with the nucleotide. The sequence 
99RKEAK103 of OPRTase, which is at the top of B-2 and 
whose basic residues are thought to be important in the 
binding/stabilization of the substrate PPi, is aligned with a 
sequence of similarly basic composition, 991RLKS103. Three 
residues (Phe 34, Lys 73, and Arg 156) that are involved in 
the binding of nucleotide in OPRTase also have positional 
homologs in HGPRTase (Phe 35, Lys 72, and Arg 166), which 
may play similar roles in this enzyme. 

In summary, the secondary structure predictions and model 
building studies of HGPRTase, and the similar chemistry 
carried out by PRTases, are convincing evidence that members 
of this group will maintain a fold analogous to what we report 
for OPRTase. The three-dimensional structure of OPRTase 
has a core similar in conformation to that of dinucleotide 
binding domains of dehydrogenases and adenylate kinase, 
though functionally OPRTase requires distinct base specificity 
and carries out catalysis at the C1’-N 1 bond. The N-terminal 
hood region is clearly responsible for the protein’s base 
specificity. However, it is not yet obvious how the chemistry 
of phosphoribosyl group transfer is accomplished. Basic 
residues that have been implicated in PPi and PRPP binding 
from mutagenesis and chemical modification studies are far 
removed from the Cl’-Nl bond of bound OMP. Substantial 
conformational changes are therefore necessary in OPRTase 
during a catalytic cycle. Analysis of the structure of OPRTase 
in complexes containing PRPP, PPi, and Mg2+ will elucidate 
additional details about the structural basis of the enzyme 
mechanism. 
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