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ABSTRACT: Catalytic atom maps (CAMs) are minimal models
of enzyme active sites. The structures in the Protein Data Bank
(PDB) were examined to determine if proteins with CAM-like
geometries in their active sites all share the same catalytic
function. We combined the CAM-based search protocol with a
filter based on the weighted contact number (WCN) of the
catalytic residues, a measure of the “crowdedness” of the
microenvironment around a protein residue. Using this technique,
a CAM based on the Ser-His-Asp catalytic triad of trypsin was
able to correctly identify catalytic triads in other enzymes within

Orotidine 5'-monophosphate
decarboxylase

Deoxyri phosphate

0.5 A rmsd of the CAM with 96% accuracy. A CAM based on the Cys-Arg-(Asp/Glu) active site residues from the tyrosine
phosphatase active site achieved 89% accuracy in identifying this type of catalytic functionality. Both of these CAMs were able to
identify active sites across different fold types. Finally, the PDB was searched to locate proteins with catalytic functionality similar
to that present in the active site of orotidine 5’-monophosphate decarboxylase (ODCase), whose mechanism is not known with
certainty. A CAM, based on the conserved Lys-Asp-Lys-Asp tetrad in the ODCase active site, was used to search the PDB for
enzymes with similar active sites. The ODCase active site has a geometry similar to that of Schiff base-forming Class I aldolases,
with lowest aldolase rmsd to the ODCase CAM at 0.48 A. The similarity between this CAM and the aldolase active site suggests
that ODCase has the correct catalytic functionality present in its active site for the generation of a nucleophilic lysine.

The development of general methods for analysis of the
chemical functionality present in active sites is an ongoing
challenge for biochemists, given the rapid growth in protein
structural data. In the last three years alone (2009—2011), more
than 23 000 structures have been deposited in the Protein Data
Bank (PDB).' In order to keep pace with the wealth of
structural data being generated, a need exists for high-
throughput methods to analyze and identify the types of
chemical reactions that an enzyme is likely to catalyze. We
previously reported SABER (Selection of Active/Binding sites
for Enzyme Redesign), a program used to search large sets of
protein structures for specific arrangements of atoms that
match the geometry described by a minimal model of an
enzyme active site, known as a catalytic atom map (CAM). *
Here we introduce a method, using SABER and a CAM, to
identify the mechanisms available to an enzyme. We show how
the precise geometric arrangement of catalytic groups such as
nucleophiles, electrophiles, and general acids/bases can be used
to predict the type of reaction catalyzed by a specific,
preorganized active site. This is consistent with the recognition
that much of the enormous proficiency of enzymes results from
the precise organization of catalytic groups.”™>

To support our claim, we have explored two central
questions. The first is whether a CAM based on the conserved
residues in an active site is sufficient to correctly identify the
chemistry that occurs in that active site. We have created CAMs
for two enzyme families, one based on a Ser-His-Asp catalytic
triad, and the other from a tyrosine phosphatase active site.
These CAMs were then used to search the PDB for similar
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active sites. Proteins with close geometric matches to the CAM
were analyzed to determine if they catalyzed reactions with
similar mechanisms. We also assessed the effectiveness of using
a filter based on a residue’s weighted contact number (WCN)
value, a measure of the microenvironment occupied by a
residue in the protein. This filter removes matches to the CAM
that are unlikely to be part of an active site, because they are
surface exposed.®’

In the second part of this study, we explored whether this
technique could be used to identify the type of catalysis that is
likely to operate in the active site of an enzyme that is known to
catalyze a specific reaction, but for which the mechanism is
unknown. We chose to study the enzyme orotidine $'-
monophosphate decarboxylase (ODCase) and created a
CAM based on the conserved residues in its active site. We
then used this CAM to search the PDB for other enzymes that
have the catalytic atoms in their active sites placed in a
geometry similar to that of ODCase. On the basis of this
analysis, we gained evidence that ODCase has the correct
catalytic functionality to generate a nucleophilic lysine residue

present in its active site.
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B COMPUTATIONAL DETAILS

SABER Procedure and Parameters. CAM Generation.
Coordinates for each of the CAMs used in the SABER searches
are provided in the Supporting Information. These CAMs were
generated based on high-resolution X-ray structures from the
PDB (PDB codes: 1A0], 1ZCO0, and 3LTP).

SABER Data Collection. The radius of the sphere
representing each atom in a CAM was set to 2.0 A. A cutoff
of 0.7 A rmsd to each CAM was applied, and matches with
rmsd values higher than this were discarded. Matches to each
CAM were binned according to their geometric similarity to the
CAM in 0.1 A increments, resulting in seven bins for each data
set: 0—0.10 A, 0.11-0.2 A, 0.21-0.30 A, 0.31-0.40 A, 0.41—
0.50 A, 0.51-0.60 A, and 0.61-0.70 A.

SABER Scoring. After the data were binned, each bin was
analyzed using the program’s scoring functions.” First, each
match was assigned an rmsd value to the CAM. Second, using
the ActiveSiteFinder module, matches were scored for overlap
with known active site residues according to annotation in the
Catalytic Site Atlas.® Matches with positive scores had at least
one residue that was part of a known or putative active site.
Third, each match was analyzed using the BindingSiteFinder
module, an alternative method for active/binding site
identification based on detection of nonwater PDB heter-
oatoms within 5 A of the residues in the match. Finally, the
SABER-WCN module was used to determine the WCN and
WCN z-score for each residue. The WCN calculations are
described below.

Weighted Contact Number (WCN) Analysis in SABER.
A new module was developed for SABER, called WCNcalc, to
determine the weighted contact number values and z-scores for
the residues identified in the SABER search. The WCN value of
a residue is a measure of the crowdedness of the local protein
environment around a residue.

The weighted contact number values for the individual
residues were generated based on the WCN of the C, atom for
that residue. The WCN for atom i in a protein with N non-
hydrogen atoms is defined as

< 1
WCN, ). —
j#i T

as described in ref 9.
In order to normalize the WCN values used in this research,
the z-score for each WCN was calculated using the formula

_ (wen; — wen)

wen,i T

z

GWCn

where wcen; is the WCN of the C, atom of the residue of
interest, wen is the average WCN for C,, atoms in the protein
being analyzed, and o, is the standard deviation of the WCN
of C, atoms in the protein. The z,,., value will often be referred
to as the z-score for a residue in the text.

Analysis of Matches to CAMs. The SABER results,
including WCNCcalc results, were analyzed for all matches with
an rmsd to the CAM of <0.7 A. For the Ser-His-Asp triad CAM
and the tyrosine phosphatase CAM, matches were identified as
either true positives or false positives based on either their
ActiveSiteScore or on literature analysis. Any match with an
ActiveSiteScore equal to the number of residues in the CAM
was deemed a true positive. If a match had an ActiveSiteScore
less than this number, the literature reference associated with
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the PDB code of the match was used to determine whether or
not the residues identified by the CAM were part of its active
site and had the proposed chemical function in the protein.
After this, the WCN z-score values of the residues contained in
the true positive and false positive data sets were calculated
individually.

For the analysis of ODCase-like active sites, it was not
possible to bin these matches into true and false positives, as
the mechanism of ODCase has not been conclusively proven.
As such, we analyzed only the matches that had at least partial
overlap with a known active site. Except where otherwise noted,
these were defined as any hit within the 0.7 A rmsd of the CAM
and having an ActiveSiteScore > 0.

B RESULTS AND DISCUSSION

Analysis of Ser-His-Asp Catalytic Triads using CAMs.
In order to determine whether or not a CAM could be used to
predict the presence of an active site that uses a catalytic triad
to generate a nucleophilic serine hydroxyl group, we
constructed at CAM based on a high-resolution structure of
the serine protease trypsin (PDB code: 1A0]). We chose six
atoms to represent the catalytic triad present in this enzyme, as
shown in Figure 2. The CAM parameters allowed the following

Figure 1. The CAM for a Ser-His-Asp catalytic triad, based on the
structure of trypsin (PDB code: 1A0]). The atoms used in the CAM
are rendered as spheres.
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RMSD vs. CAM (A)

# of matches

Figure 2. Results of the analysis of using the 1A0] CAM to search the
PDB90(2 A) data set. The blue bars indicate the number of correctly
identified catalytic triads, while the red bars indicate groups of atoms
that matched the CAM geometry but were not part of a catalytic triad.
The green bars are incorrectly identified triads that remained after the
WCN filter was applied.

dx.doi.org/10.1021/bi3008438 | Biochemistry 2012, 51, 73217329



Biochemistry

atom types for each residue: serine (CB/OG), histidine (ND1/
NE2), and aspartic acid (CG/OD1, OD2). The 1A0] CAM and
the SABER program were used to search a subset of the PDB
for other catalytic triads. The PDB data set we used contained
all X-ray structures of proteins with resolution <2.0 A, with
sequences that had >90% homology removed. We abbreviate
this as the PDB90(2 A) data set; this contained ~11700
structures.

The SABER program was used to search the PDB90(2 A)
data set using the CAM described above. SABER uses the Jess
geometric hashing algorithm to identify matches to the CAM."°
The program then uses a series of scoring functions to analyze
each match to the CAM. For each match, it (a) provides the
rmsd to the CAM, (b) scores for overlap with known active site
residues annotated in the Catalytic Site Atlas, and (c)
determines if any non-water heteroatoms are within S A of
any of the match residues. SABER is described more fully in the
Computational Details section. A new module was added to the
SABER that performs WCN analysis on the match residues,
described below.

The WCN analysis was used to identify residues that were
more likely to be part of an active site and thus less likely to be
either deeply buried in the protein structure or completely
solvent exposed. The WCN is a measure of the average
“crowdedness” of the environment occupied by a given residue
or atom in a protein’s structure. This type of analysis has been
used previously to characterize WCN values of catalytic
residues vs WCN values of noncatalytic residues, and the two
classes have been show to have distinctly different distribu-
tions.” The z-scores of the WCN values were used to filter the
geometric matches identified during the SABER search, so as to
remove matches that were unlikely to be part of an active site.

After performing the SABER search, we analyzed the 127
structures identified during the search that had <0.7 A rmsd to
the CAM. Each potential catalytic triad was categorized as
either a true positive (part of a known triad) or a false positive
(a match with a similar geometry to the CAM, but not a
functioning catalytic triad). The results were sorted into bins by
rmsd to the CAM in 0.1 A increments, as shown in Figure 2.
Within the 0.0-0.6 A range, 79% of the geometric matches to
the CAM were part of known catalytic triads. Beyond this
range, there are still true positives, but the number of false
positives rises dramatically. In the 0.51—60 A bin, there is a
50% chance of being a false positive, and this probability rises to
73% in the 0.61—0.70 A bin. We then used the SABER
WCNcalc module to further analyze these matches, as shown in
Table 1.

On the basis of the WCN analysis, it is clear that the catalytic
residues in the true positive hits have significantly higher WCN
values than the false positive hits, on average. This reflects the
fact that catalytic triads, like other active site residues, tend to
be in regions of a protein that are more crowded, have
restricted motion, and are preorganized for catalysis.”” We used

Table 1. Weighted Contact Number z-Score Analysis for
Matches to the 1A0J Trypsin-Based Catalytic Triad CAM

avg z-score for

category Ser z-score His z-score Asp z-score triad
true 147 £ 034  0.65 + 042 1.11 £ 0.37 1.08 + 0.32
positive
false 0.50 £ 1.16 ~ 0.58 £0.89  0.55 + 1.01 0.55 + 091
positive
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the WCN z-score data to remove the false positive matches to
the CAM that were unlikely to be in a catalytic site. All of the
matches that had an average z-score lower than the average true
positive z-score minus one standard deviation (z-score < 0.76)
were removed. The unfiltered false positives are shown in
Figure 2 as red bars. We then eliminated the false positives with
WCN z-scores < 0.76. These data are shown as green bars in
Figure 2.

After application of the WCN filter, 48% of the false positives
were eliminated, as these matches were in regions of the
protein unlikely to support a functional catalytic triad. Within
0.5 A of the CAM, the triads were identified with 96% accuracy,
and within 0.6 A, 87% accuracy. Of the remaining false positive
matches, the best was in a leukotriene A4 hydrolase enzyme
(PDB code: 3B7S), with a 0.37 A rmsd to the CAM. The Asp
residue identified by the CAM, D375, is part of the substrate
binding site of this enzyme. '' The other two residues
identified, Ser113 and His139, are not part of the active site.
The WCN z-scores for these residues are 0.84 and 1.52,
respectively, indicating a serine that is in a less crowded
environment and a histidine that is in a much more crowded
environment than those in the correctly identified triads. These
residues are well-positioned to function as a catalytic triad, but
as the Ser and His are not part of the enzyme active site, the
triad is inactive. The false positive with the next lowest rmsd,
0.44 A, was an epoxide hydrolase (PDB code: 3KDA). '* The
potential triad again has reasonable geometric agreement with
the CAM, but the residues are in a very crowded region of the
protein, with an average WCN z-score of 1.52. The individual
residues in the 3KDA match had WCN z-scores of 1.66, 1.62,
and 1.27 for Ser, His, and Asp, respectively. The His and Asp
residues are in a significantly more crowded protein environ-
ment than is typical for a catalytic triad. This makes catalytic
function unlikely, as substrate access would be extremely
limited, as would water access to the histidine imidazole ring for
the release of the acyl-enzyme intermediate.

The correctly identified catalytic triads were not exclusively
from trypsin-like enzymes. Catalytic triads were identified in the
subtilisin fold and the a/f hydrolase fold as well, indicating that
the CAM used is not fold-specific. In addition, the triads
identified also included matches in ester hydrolases. The lack of
reaction specificity shows that this CAM can be used to identify
the catalytic machinery present in the active site, but not the
specific reaction that takes place. This is not surprising, since
catalytic triads are used to catalyze a number of different
reactions in addition to peptide hydrolysis. In the a/f
hydrolase fold alone, Ser-His-Asp triads are used for catalysis
of peptide hydrolysis, ester hydrolysis, lipid hydrolysis, and
haloperoxidase reactions. In every case, the catalytic triad
activates the serine nucleophile for attack on an electrophilic
carbon atom. '

Although the CAM used was able to identify Ser-His-Asp
catalytic triads with high accuracy within the 0—0.60 A rmsd
range, there were true catalytic triads that fell outside this range.
Some enzyme-catalyzed reactions associated with these triads,
such as lipid hydrolysis and haloperoxidation, were not
identified using the 1AQ] Catalytic Atom map within the
rmsd limits specified. The enzymes do not appear among the
matches in Figure 2, as lipases first appear in the 0.71-0.80 A
rmsd bin, and haloperoxidases in the 0.81—0.90 A rmsd bin.
This result is not surprising, as we used a CAM based on a
single enzyme structure. While this CAM was able to correctly
identify Ser-His-Asp catalytic triads with high accuracy, it does
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not locate every possible true catalytic triad in the PDB90(2 A)
data set.

Our search identified the enzymes that contain similar
catalytic functionality in their active sites prearranged in a
specific geometry. The combination of the geometry of the
catalytic atoms and WCN scoring was sufficient to locate other
active sites that are known to contain this serine nucleophile-
generating functionality. We have found that if the rmsd to the
CAM is <0.5 A, the catalytic mechanism is very likely (>90%)
to operate in the same way. For enzymes with unknown
mechanisms, this method has the potential to give insight into
the catalytic mechanisms available to a given active site.

Analysis of Tyrosine Phosphatase Active Sites Using
CAMs. Next, we sought to verify that a CAM and the SABER
program could be used to identify the chemical functionality of
other types of active sites. The tyrosine phosphatases (TyrPs)
are also known to have a highly conserved active site that exists
in more than one fold type."* These enzymes catalyze the
hydrolysis of of the phosphate group from phosporylated
tyrosine residues, using a nucleophilic cysteine residue in the
active site. This type of active site contains a highly conserved
Cys-Arg-(Asp/Glu) triad, which we used the basis for the
CAM. The atoms in the CAM were constrained to match only
the following atom types for each residue: Cys (CB/SG), Arg
(CZ/NH1, NH2), and Asp/Glu (CG, CD/ODI, OD2, OEI,
OE2).

Using SABER, we performed the same procedure as
employed previously for the catalytic triad-based CAM search
of the PDB90(2 A) data set with the tyrosine phosphatase
CAM in Figure 3. This search identified a total of 27 proteins

Figure 3. The CAM for the Cys-Arg-(Asp/Glu) triad of tyrosine
phosphatase, based on the structure of the human hematopoietic
tyrosine phosphatase (PDB code: 1ZCO0). Catalytic atoms are
rendered as spheres.

with tyrosine phosphatase-like triads with rmsd values <0.7 A
vs the CAM. There were 11 hits in the 0.0—0.5 A range, 73% of
which were true TyrP catalytic triads. The WCN analysis of the
catalytic residues was also performed, shown in Table 2.
Unlike the Ser-His-Asp catalytic triads, the TyrP active site
has the ability to tolerate significant variation in the packing
around the Asp/Glu residue, and this residue is in a much less

Table 2. Weighted Contact Number z-Score Analysis for
Matches to the 1ZCO TyrP-Based Catalytic Triad CAM

Asp/Glu z-  avg z-score for
category  Cys z-score Arg z-score score Cys/Arg
true 1.51 + 0.39 1.51 £ 031 021 =043 1.51 + 0.34
positive
false 0.75 £ 0.68 040 + 0.87 026 + 1.14 0.58 + 0.74
positive
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crowded environment than is typical for catalytic residues.
Without an analysis of WCN z-scores for many different types
of enzyme active sites, it is impossible to know if it is unusual
for an active site residue to have such wide variation in its
WCN z-score. The WCN z-score values for the Asp/Glu
residue do not distinguish at all between catalytic and
noncatalytic arrangements, but the WCN z-scores from the
Cys and Arg residues are excellent indicators. Only these z-
scores from Cys and Arg were used in our analysis, shown in
Figure 4.

9
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1
. O

0-0.10  011-020 0.21-030 031-040 041-050 0.51-0.60 0.61-0.70
RMSD vs. CAM (A)

# of matches

Figure 4. Results of the analysis of using the 1ZC0 CAM to search the
PDB90(2 A) data set. The blue bars indicate the number of correctly
identified TyrP-like catalytic triads, while the red bars indicate groups
of atoms that matched the CAM geometry but were not part of a TyrP
catalytic triad. The green bars are incorrectly identified triads that
remained after the WCN filter was applied.

As was the case with the Ser-His-Asp catalytic triads, the
WCN  z-score filter removed a significant number of false
positives, reducing them by 74%. Within 0—0.5 A rmsd to the
CAM, true Cys-Arg-(Asp/Glu) triads were identified with 89%
accuracy, and within 0—0.6 A they were identified with 80%
accuracy. The only false positive within the 0.0—0.5 A range
was the YdcF protein from E. coli, at 0.47 A rmsd to the TyrP
CAM. The function of this 1protein is not known, but it does
bind S-adenosyl methionine."® All the residues identified by the
TyrP CAM in this structure are in a very crowded region of the
protein. The WCN z-scores for Cys, Arg, and Glu are 1.76,
1.52, and 0.93, respectively. This indicated a region of the
protein that is likely to be completely inaccessible. The acid
residue in particular is deeply buried compared to a true
tyrosine phosphatase. Beyond 0.5 A, all of the matches were
false positives. Also like the Ser-His-Asp catalytic triad CAM,
the TyrP CAM was also to identify active sites across different
fold types. TyrP enzymes with the Class I fold and the low
molecular weight fold were both correctly identified.

Analysis of the ODCase Active Site Using CAMs. On
the basis of the analysis of Ser-His-Asp catalytic triads (96%
accuracy within 0.5 A of the CAM) and the Cys-Arg-(Asp/Glu)
residues of the tyrosine phosphatase active site (89% accuracy
within 0.5 A of the CAM), we concluded that this methodology
could be used to identify enzymes with a common active site
chemistry, in this case the deprotonation of serine or cysteine
to activate them as nucleophiles. Next, we turned to
investigating orotidine $’-monophosphate decarboxylase (OD-
Case) in order to identify other enzymes with active sites
having similar atomic geometries, and to use this information to
predict the possible cataltyic function of the conserved groups
present in the ODCase active site.

dx.doi.org/10.1021/bi3008438 | Biochemistry 2012, 51, 73217329
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Despite more than two decades of research, the mechanism
of ODCase has not been definitively established. The overall
reaction catalyzed by this enzyme is shown in Figure 5. As

o) 0
3 4
HN HN
| ODCase J\ |
0ZNT ~coo " OZ>N"H +CO;,
204,01 __0O H 20,P0 _0O
OH OH OH OH

Figure 5. The reaction catalyzed by orotidine 5’-monophosphate
decarboxylase (ODCase).

described by Wolfenden in 1995, ODCase has an unusually
high catalytic proficiency (k.../Ky/kuncs) of 4.8 X 102 M™" and
a keo/kunear Of 7.1 X 10'°. At the time, ODCase was the most
proficient enzyme yet discovered. '® While there have been
discoveries of enzymes with higher catalytic proficiencies, such
as uroporlphyrinogen decarboxylase'” and the S—O cleaving
sulfatases, © ODCase still represents a fascinating challenge to
scientists because the source of its extreme catalytic proficiency
has yet to be definitively established.

20" =N

Figure 6. The CAM for orotidine 5’-monophosphate decarboyxlase,
based on the structure of the Methanobacterium thermoautotrophicum
ODCase (PDB code: 3LTP). Catalytic atoms are rendered as spheres.

ODCase provides its enormous rate acceleration despite the
fact that its active site does not utilize any cofactors, such as
pyridoxal, or metal ions.”® ! Several cofactor and ion-free
mechanisms have been proposed, such as protonation at O2,
04, Cs, or C6.227%7 Nucleophilic mechanisms, such as iminium
ion formation at C4 or a Michael addition at CS, have also been
suggested. These mechanisms are generally discounted due to
lack of oxygen exchange with '*O-labeled water and kinetic
isotope effects, respectively.zg_30 In addition, both electrostatic
stabilization of the transition state and electrostatic destabiliza-
tion of the substrate have been proposed as the source of the
catalytic proficiency.*** These mechanistic proposals have all
been reviewed in detail in ref 33.

Additional information about the ODCase mechanism has
been obtained from structural data. The active sites of
ODCases from many species has been extensively studied
using X-ray crystallog aphy and subjected to a great deal of
mutational analysis.>* >’ The catalytic functionality of the
enzyme is controlled by a Lys-Asp-Lys-Asp tetrad in the active
site. Mutation of any of these residues reduces the activity of
ODCase by more than 5 orders of magnitude.”® This active site
tetrad is highly conserved, and is found across the ODCase
enzymes from many species, including Escherichia coli,
Saccharomyces cerevisiae, M. thermoautotrophicum, Bacillus
subtilis, and others. Beyond the Lys-Asp-Lys-Asp tetrad, other
interactions with the substrate have also been implicated in
ODCase catalysis. Binding of the substrate’s phosphate group
contributes significantly to catalysis in this enzyme.”*™*" A trio
of hydrophobic residues in the active site have been shown to
reduce k. by as much as 400-fold upon mutation to neutral
hydrophilic residues, and mutation of a serine residue near the
O4 atom of the substrate to a proline reduces k/Ky by more
than a factor of 10% consistent with proton transfer occurring
within the vicinity of O4 in the transition state.*”** Even with
all of this information, there has been no definitive consensus
on the mechanism of this enzyme.

As with the previous two active sites, we constructed a CAM
based on a high-resolution crystal structure of ODCase (PDB
code: 3LTP). For this CAM, the nitrogen atoms were allowed
to match only the side chain nitrogen (NZ) atoms of Lys
residues, and the oxygen atoms were allowed to match only the
carboxylate oxygens of Asp or Glu (OD1, OD2, OEI, OE2).

Table 3. Results of the Analysis of Using the 3LTP CAM to Search the PDB90 Data Set”

rmsd  avg WCN z-
PDB protein (A) score
2FDS  orotidine 5'-monophosphate 0.42 1.58
decarboxylase
3HJZ°  transaldolase 048 0.53
2PS2 mandelate racemase 0.48 1.09
2CZD  orotidine 5'-monophosphate 0.54 1.70
decarboxylase
2HXT  L-fuconate dehydratase 0.61 1.39
3H12  mandelate racemase 0.64 0.94
2A4A  deoxyribose phosphate aldolase 0.65 142
2ZAD  muconate cycloisomerase 0.65 1.63
IN7K  deoxyribose phosphate aldolase 0.69 113

2.5 A2

no

no

yes
no

yes

no

yes
no

metal within

catalytic element identified

One lysine functions as a nucleophile; reaction proceed through a Schiff
base intermediate

Carboxylate residues bind Mg*", lysines function as general acid/base
?

Carboxylate residues bind Mg?*, lysines function as general acid/base
Carboxylate residues bind Mg™", lysines function as general acid/base

One lysine functions as a nucleophile; reaction proceed through a Schiff
base intermediate

Carboxylate residues bind Mg, lysines function as general acid/base

One lysine functions as a nucleophile; reaction proceed through a Schiff
base intermediate

“Data are shown for matches to the CAM with a GeometryScore < 0.7 A and an ActiveSiteScore > 0, except where noted. YWCN z-score is the
average of the WCN z-scores for each of the residues identified by the CAM. “3HJZ was the aldolase structure with the lowest rmsd identified, but its
ActiveSiteScore was 0, as it had not been annotated in the Catalytic Site Atlas at the time of this analysis.
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We set out to look for all functions of the ODCase Lys-Asp-
Lys-Asp tetrad, as we had no way to distinguish true positives
from false positives. We examined all of the geometric matches
to the ODCase CAM that were within 0.7 A rmsd and had an
ActiveSiteScore > 0, indicating that the geometric match had at
least partial overlap with a known active site. In addition, we
used the BindingSiteFinder module in SABER to identify any
potential active site matches with a metal ion within 2.5 A of
the atoms identified by the CAM. As the ODCase active site is
known to be free of metals, any match with a metal ion in such
close proximity to the catalytic residues is unlikely to share a
similar mechanism.'® The results of this analysis are shown in
Table 3.

It is immediately apparent that all of the active sites identified
conform to the observation that active site residues are likely to
be in more crowded regions of an enzyme’s structure, as
evidenced by the high WCN z-score values. Even the lowest
average WCN z-score of 0.53 is more than one-half of one
standard deviation higher in terms of WCN versus an average
residue in that protein. Beyond that, the matches can be
classified into three categories. The first of these categories was
other ODCase enzymes, which we expected would be present,
given the highly conserved geometry of this enzyme’s active
site. The Lys-Asp-Lys-Asp catalytic tetrads from the 2FDS and
2CZD ODCase matches are shown in Figure 7, superimposed
with the CAM used in the SABER search of the PDB90(2 A)
data set.

Figure 7. Superposition of the ODCase matches from the SABER
search on the 3LTP-based ODCase CAM. The ODCase active site
from 2FDS is shown in green, while the active site from 2CZD is
shown in magenta. The CAM is shown as spheres.

makes any sort of mechanistic overlap with ODCase extremely
unlikely.

The third category of matches to the ODCase CAM were the
Class 1 aldolases: transaldolase (PDB code: 3HJZ) and
deoxyribose-phosphate aldolase (PDB codes: 2A4A and
IN7K). The Class I aldolases use a metal-free Schiff base
mechanism to catalyze aldol condensation reactions and have a
highly conserved Lys-Asp-Lys triad in the active site.’® For
example, the enzyme 2-dexoyribose-5-phosphate aldolase
(DERA), which catalyzes an aldol condensation between
acetaldehyde and glyceraldehyde-3-phosphate, uses the nucle-
ophilic lysine in the Lys-Asp-Lys triad to attack the carbonyl
carbon of acetaldehyde and form a Schiff base. This covalent
intermediate has been observed via X-ray crystallography.*!
The SABER search revealed that the active sites of these Class I
aldolase enzymes have a very similar geometry to the ODCase
active site. The superposition of the three Class I aldolase
matches with the ODCase CAM is shown in Figure 8.

Figure 8. Superposition of the aldolase matches from the SABER
search on the 3LTP-based ODCase CAM. The aldolase active site
from 2A4A is shown in yellow, the active site from 1N7K is shown in
pink, and the active site from 3HJZ is shown in purple. The CAM is
shown as spheres.

The second category consists of members of the enolase
superfamily, known to include mandelate racemase, muconate
cycloisomerase, and L-fuconate dehydratase. All of these
enzymes use an Mg®" ion bound by three carboxylate-
containing side chains to stabilize an enediolate intermediate,
accompanied by other residues, often lysines, that act as general
acids/bases.**** Previous work has shown that a search of the
PDB based on CAM of the o-succinyl benzoate synthase
(OSBS), another member of the enolase superfamily, does not
locate the active site of ODCase, but does locate mandelate
racemase and muconate cycloisomerase.*” This is due to the
ODCase active site's lack of a third carboxylate side chain, in a
geometry appropriate to bind the Mg®* ion. Each of the enolase
superfamily enzymes located using the ODCase CAM had a
metal ion within 2.4 A of one of the carboxylate side chain
oxygens. Despite the structural similarities of these active sites
in terms of residue placement, the existence of the metal ion
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This research does not prove that the ODCase active site
functions through a similar mechanism, although the formation
of an iminium ion at C4 has been suggested previously.”” What
the geometric similarity of these active sites does suggest,
however, is that the active site of ODCase contains catalytic
residues placed in a geometry appropriate for the generation of
a nucleophilic lysine, in the same manner of the Class I aldolase
active sites. This has been demonstrated experimentally, as
covalent inhibitors have been developed for ODCase. 6'-
Iodoridine-S’-monophosphate (6-iodo-UMP) has been shown
using X-ray crystallography to form a covalent bond with a Lys
residue (M. thermoautotrophicum Lys72) in the ODCase active
site.”> 6'-Azidouridine-5'-monophosphate (6-azido-UMP) has
also been shown to be a covalent inhibitor of the ODCase
enzymes from both M. thermoautotrophicum and Plasmodium
falciparum.>® Unlike the iminium ion mechanism that was
proposed that requires attack at C4, or the Silverman
mechanism where nucleophilic attack would occur at CS, the
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nucleophilic lysine that has been observed in the ODCase
active site reacts with the C6 atom, where the iodide leaving
group was attached.

Although it is not possible to establish definitively the
reaction mechanism of ODCase using this approach, its
similarity to the Class I aldolase active site allows us to narrow
the choice of potential mechanisms to investigate. Given the
nucleophilic character of one of the lysines on the ODCase
active site, this means it must spend a significant amount of
time in the unprotonated and uncharged state. This has
implications for the charge state, and thus the catalytic function,
of the other residues in the ODCase catalytic tetrad. In addition
to narrowing the choice of likely reaction mechanisms, this
methodology is also useful for identification of additional
functionality in an enzyme’s active site that can be utilized for
both inhibitor design and for active site redesign. The
identification of a functional nucleophile in an enzyme’s active
site, whether or not it participates in the reaction mechanism,
provides a target for inhibition. Likewise, a nucleophile
identified in this manner could be utilized as part of a rational
active site redesign process, in which the redesigned active site
utilizes the nucleophile identified as part of its catalytic
mechanism. This type of enzyme design strategy is discussed
in ref 2.

It is known for Ser-His-Asp catalytic triads that a variety of
reactions can be catalyzed, but all involve activation of the
serine as a nucleophile. In general, a geometric match to the
CAM is predictive of the type of catalysis, but not the specific
reaction catalyzed by that active site. The geometric similarity
of the atoms in the ODCase CAM to the catalytic atoms in the
aldolase active site indicates that the ODCase active site has the
correct chemical functionality to generate a lysine nucleophile.
While this prediction is correct, as demonstrated by the
covalent inhibitors described above, it does not establish that a
nucleophilic lysine participates in the ODCase reaction
mechanism. Given the placement of the lysine nuceophile in
the active site of this enzyme, it is difficult to argue in support
of the iminium ion mechanism based on these results alone.
However, as we have no information regarding the nucleophil-
icity of the other lysine residue in the ODCase active site, this
remains an open question.

B CONCLUSION

We have presented a computational method for analysis of the
chemical functionality present in the active site of an enzyme
based on comparison to the active site of other enzymes with
known mechanisms. As high-throughput structure determi-
nation projects such as the Protein Structure Initiative®* expand
our knowledge of the protein structures that exist in nature, this
analysis too will aid in the prediction of enzyme functions. This
is the second application for which we have used SABER.
Previously, we have also demonstrated the utility of this
program for enzyme design, and now it has been used
succezssfully for the prediction of catalytic functionality in active
sites.
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