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ABSTRACT. The study of mechanistically diverse enzyme superfamil@slections of enzymes that perform
different overall reactions but share both a common fold and a distinct mechanistic step performed by
key conserved residueselps elucidate the structur@unction relationships of enzymes. We have
developed a resource, the structdfenction linkage database (SFLD), to analyze these struefurection
relationships. Unique to the SFLD is its hierarchical classification scheme based on linking the specific
partial reactions (or other chemical capabilities) that are conserved at the superfamily, subgroup, and
family levels with the conserved structural elements that mediate them. We present the results of analyses
using the SFLD in correcting misannotations, guiding protein engineering experiments, and elucidating
the function of recently solved enzyme structures from the structural genomics initiative. The SFLD is
freely accessible at http://sfld.rbvi.ucsf.edu.

An important goal of the study of enzymes is a knowledge  Our strategy begins with the study of how enzymes have
of their sequence, structure, and function relationships thatevolved in nature, seeking an understanding of how proteins
is deductive, allowing us to rapidly determine without of identical fold are used in many contexts to deliver a wide
physical experimentation, the substrate, chemical mechanismyariety of functions. Horowitz Z, 3) proposed that as an
and product of a given sequence or structute Such enzyme evolved, it maintained the ability to bind a particular
knowledge should also be predictive, enabling us to designsubstrate although the structural regions of the protein
enzymes that will perform desired reactions on substratesinvolved in delivering chemistry changed. Although there
of our choosing. For genome projects, our current abilities ar€ Some instances that appear to fit this early mogjel (
to deduce function rely primarily on how similar a new there are now many more cases observed in which it appears

protein sequence is to that of a characterized enzyme. Thesér;aa:n the evolutltt)n otf rfleecw fL![nctlonls, tt_he crgnsg rvedt e;ﬁpect
methods provide what is essentially a binary classification. of the enzyme structurgunction reiationship 1S not the
(The protein either performs the same reaction as the ability to bind a specific substrate but rather the ability to
characterized enzyme or it does not.) Depending upon theg)e rg)ér;wez;tksea/rvrr;egh;nésr,]’[lzc ﬁgigputcﬁﬁrghaer?;'?ﬁ#g;;gm (
similarity thresholds used, this approach can produce many_’ Y y

ati T it ¢ by b kas well as related theoretical analyses of pathway evolution
erroneous annotations. The annotation of énzymes Dy brea (10—12) support this paradigm of chemistry-constrained
ing down functional representations to correspond to struc-

o ) , enzyme evolution. The result of millions of years of this type
tural similarities at different levels (e.g., superfamily, sub- ot eyolution has produced mechanistically diverse enzyme
group, and family levels) enhances the precision with which g perfamilies 7), each consisting of homologous enzymes
we can predict functional characteristics and aids in func- that perform a wide variety of overall chemical reactions on
tional inference. In this article we present and demonstrate gn equally wide variety of substrates but maintain a key
the application of a resource for performing such multilevel mechanistic step mediated by conserved active-site features.
of how the analysis of structurdunction relationships in
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1,1-proton transfer larly, how a given protein sequence or structure performs
0 R o R Zrﬁ_e"minaﬁon of OH- its molecular function. For example, ueing the KE'GG or
Ay = M = - BRENDA databases, one can easily find nucleotide and
-0 H™ 0. Ry B-elimination of COO~ . . | .
gt amino acid sequences, crystal structures, and representations
B-elimination of NH, of the overall reaction for the enzyme subtilisin, but no

FiURE 1: Partial reaction conserved in all members of the enolase information is provided regarding the mechanism by which
superfamily, the enolization of a carboxylic acid via the abstraction subtilisin performs proteolytic cleavage using the catalytic

of a proton alpha to a carboxylate leading to metal-assisted triad Ser-His-Asp 27). This is not surprising, however, as

stabilization of an enolic intermediate. Following this initial ,oc0 gatabases were not specifically designed to contain
conserved step, reactions within the superfamily can go down a.

variety of paths, requiring, in some cases, additional partial reactionsnformation about how proteins deliver function at the
as needed to complete the reactions shown. The strudtumetion molecular level but rather as tools that provide biological
relationships of those subsequent steps are distinguished in thensights at higher levels of analysis.

SFLD at the subgroup and family levels. . .
group y A newer resource, the Catalytic Site Atlas (CSRBY

overall chemical reactions. Thirteen of these distinct catalytic Provides a useful first step toward exploring enzyme
reactions have been experimentally characterized, and adSeduencestructure-function relationships by storing the
ditional reactions can be predicted from phylogenetic and identities of catalytic residues for enzymes wrth_solved crystal
other bioinformatic and experimental analyses. Each of theseStructures. One of the strengths of the CSA is the use of a
reactions includes a common mechanistic step, the abstractiorstrict definition of the term catalytic, which includes only
of a proton alpha to a carboxylate, leading to stabilization those residues thought to be directly involved in the reaction
of a similar type of enolate anion intermediate. This reaction catalyzed by an enzyme. The CSA has recently been
is shown in Figure 1. In all of the different superfamily demonstrated as a useful tool for enzyme function prediction
members, this partial reaction is mediated by active-site (29). However, the CSA does not yet provide information
residues conserved throughout the superfamily. Knowledgeregarding the reaction mechanism of enzymes. Helping to
of how these enzymes deliver function, that is, how specific fill this gap, the recently developed databases EzCafll (
aspects of their chemical mechanisms are delivered viaand MACIE (31) catalog a broad range of enzyme reactions
conserved residues, has allowed us and our collaborators t@and include information regarding the specific amino acids
correct mistakes in the annotation of members of the involved. The MaCiE database also describes each overall
superfamily, to predict the functions of newly sequenced reaction in terms of its constituent steps to aid in the
members, and to design protein engineering experiments inrepresentation of enzyme mechanism. Still, none of these
which two members of the superfamily were modified to databases provide an organizational framework that directly
perform the very different overall reaction of a third. represents the connections between enzymes with similar
As the rate of information generation from genomic sequencestructure-function relationships.

sequencing and high-throughput structure determination \ye describe here a database we have designed to provide
projects increases, access to such information in the superinformation and analysis of the links between structure and
family context becomes a pressing issu)( What IS f,nction information of enzymes, the structsfeinction
requrred is a.computatronal framework that provrdes MOre inkage database (SFLD). Specifically, the SFLD captures
than qurmatlon storage and the tools to access It That is, gy cture-function relationships in mechanistically diverse
we require a level of organization and curation that allows enzyme superfamilies. It is unique in identifying not only
E?Oel(r)s i(t:gl Ifnvseir?]?eég\?eg?tsvgﬁ ﬁ(ggcvﬁ'%g?;t;ggeé:ngg d?er;ithe overall reactions of specific enzymes but also the partial
differgent aspe%ts.of this need, storing the raw sequence reactions (or other chemical capabilities) that represent
structure, and function data in a manner that allows users toconserved functional capabllrtles shared among hlg_hly dlver.-
put it into a useful biological context. For example, the gent members ofasupen‘amﬂy. These are the functional atiri-
Superfamily (6) and PFAM (7) databases group releted butes that can be specifically correlated with conserved struc-
tural elements (residues or networks of residues) in superfami-

sequences together and provide hidden Markov modelsl, hat foll he chemi ined model of
(HMMs) (18) that can be used in the assignment of homology €S that follow the chemistry-constrained model of enzyme

to new protein sequences. Databases such as STDEY evolution. This database is meant tobe a resource of informe—
and CATH Q1) sort proteins into a structural hierarchy, tion thatl can .be Ieveraged to ard researchers in the anarlysrs
enabling users to examine distant evolutionary relationships 2nd €ngineering of protein function. In particular, correlation
that are recognizable only from similarities in their 3D Petween structure and function at the superfamily level can
structures. The KEG@Q) and MetaCyc23, 24) databases be us_e.d_ for rules-based predictions of some fqrrctlonal
provide a catalog of metabolic pathways and reactions, capabilities of any new sequence or structure identified as a
including many types of information about their component member of a superfamily in the database. Finer granularity
enzymes and their small molecule substrates and productsassignment of a specific overall reaction, including substrate
The more comprehensive database BRENDRBS) provides specificity, can also be achieved for sequences or structures
both structural and functional information, including the that can be confidently assigned to an individual family
overall reactions of enzymes as well as their pathways andwithin a superfamily. We demonstrate here the use of the
structures, which is organized using the overall reaction- SFLD for correcting misannotations, guiding protein engi-
based Enzyme Commission (E. C26] numbering hierar-  neering experiments, and elucidating the function of recently
chy. Yet none of these, including BRENDA, provides solved enzyme structures. We also describe the organization,
information about how these properties are linked, particu- architecture, and searching abilities of the SFLD.



Leveraging Enzyme Structurd-unction Relationships Biochemistry, Vol. 45, No. 8, 200547

MATERIALS AND METHODS For example, the sequence annotated in Genbank as
muconate cycloisomerase from the organ8oeanobacillus
iheyensig(gi 23100420) shows as its closest characterized
homologues the MLEI family of enzymes (members of the
enolase superfamily) in both BLAST and PFAM searches.
This sequence displays those active-site residues generally
conserved across the superfamily to perform the conserved
partial reaction of the abstraction of a proton alpha to a
! . carboxylate. Yet, it lacks a key glutamic acid residue found
related proteins that perform in common a fundamental . . :

in all experimentally characterized members and orthologs

partial reaction or share a mechanistic attnbute_ USING 1hat are thought to perform the specific overall MLE reaction
conserved structural elements. The subgroup designation

RN L . (34). Aligning the sequence to other families within the
e S St Sopseeeet o sty UPETIGTIY. e wi he knowledge of Which esues
. Ty i ) : P Yare conserved at the superfamily level and which ones are
proteins. A family is defined as a set of proteins that perform donl he familv level beli hi
the same overall reaction using an identical mechanism. SON>€Ve only at the family level, we believe this sequence

- . is more likely to be a dipeptide epimerase.
Thus, families represent orthologous proteins. . .
As sequencing projects expand to genomes that represent

RESULTS more diverse biological niches, we are likely to see a greater
) N . number of sequences that are incorrectly assigned the
The SFLD not only contains specific structutieinction  function of a distantly related but characterized homologue
relationships for a set of homologous enzymes but also yia the use of automated high-throughput annotation meth-
organizes them in a context focused on the shared chemistryygs. Such errors and their propagation into secondary
performed by conserved active-site residues. This groupingdatabases pose a significant problem to biologists at many
of enzymes into functional fold superfamilies provides a |evels, from the study of individual enzymes to the larger
more relevant theoretical representation of struetfuaction analyses of systems biology. Some studies have estimated
relationships in mechanistically diverse enzyme superfamilies the rates of misannotation in public databases to be as high
than has preV|0US|y been available. The resultlng frameworkas 15-30% 65, 36) As shown in the examp|e above,
provides different levels of granularity at which functions knowledge of how families and superfamilies of related
can be assigned and thereby is less prone to the overpredicenzymes carry out conserved mechanistic steps such as that
tion of functional characteristics than are representations provided by the SFLD can be leveraged to provide methods
based only on overall reactions. Thus, if only the active-site for correcting such misannotations. To gain a more accurate
residues associated with a partial reaction are conserved inestimate of levels of misannotation for mechanistically
a member of a superfamily, then that protein is annotated diverse enzyme superfamilies in public databases, a system-

only with the superfamily common partial reaction. Only if  atic study of misannotation using the superfamilies in the
other family-specific structural characteristics are additionally SFLD is currently underway in our laboratory.

conserved is a protein annotated with the family-specific
overall reaction. In the sections that follow, examples of how Protein Engineering
the information and tools provided in the SFLD can be

leveraged for functional insight are illustrated. Following this,

we provide a short summary of the organization, contents,
and analysis tools in the SFLD.

An initial report describing key aspects of the schema and
methods relevant to the issue of structufienction linkage
in mechanistically diverse enzyme superfamilies has been
published 82). For convenience, we provide a summary of
that information at the end of the Results section.

In the SFLD, three levels of functional granularity are
defined. A superfamily is defined as a set of evolutionarily

The organization of enzymes into the functional fold
hierarchy used by the SFLD has helped guide protein
engineering experiments designed to investigate potential
pathways for functional evolution. By grouping evolution-
Correcting Misannotations arily related but mechanistically diverse enzymes into

o . superfamilies according to their conserved mechanistic steps,

The need for rapid, high-throughput annotation of whole e can more easily recognize the structural determinants
genomes has resulted in increasing reliance upon electronicassociated with substrate specificity and distinguish them
annotation schemes that assign functional similarity accord- from residues conserved across the entire superfamily. With
ing to sequence similarity. Thus, a new protein sequence isy knowledge of how the common mechanistic step is
assigned the function of the annotated protein(s) closest togelivered by the structure, we can also recognize specific
it in sequence (typically using a similarity threshold). For regions of the active site that may be altered to create the

enzymes belonging to a widely divergent superfamily in aqditional functional steps required to perform a new
which the members may perform many different reactions, chemical reaction.

this approach is often problematic because the protein (or

protein family) showing the closest :'sequence S.im“&}rity MaY " 2 \ye note that the closest BLAST hit reported using gi23100420 as
not perform the same overall reaction. Such situations may 5 query against the NCBI “nr” database is gi16078363. This sequence,

be more common than initially expected, as recent experi- nominally annotated in the Genbank header as “similar to chloromu-
ments have demonstrated that even single amino acid change%?“ate cycloisomerase,” is more likely to be a dipeptide epimerase. In

. . e e alignment section of the BLAST output, other gi numbers grouped
in members of diverse enzyme superfamilies are enough 0y, ‘the"in" database as identical to gi16078363 are listed, including

alter substrate specificity, mechanism, or b@&B8)(In these the solved structure of the experimentally characterized dipeptide
cases, the specific correlations between conserved activeepimerase (gi18158850) as well as identical sequences annotated as

“

; ; ; ; chloromuconate cycloisomerase homologue ykfB” (gi7428454) and
site residues and the aspects of function they mediate Can‘kaB" (gi2632019 and gi2633652). Automated annotation methods

sometimes be used to identify annotations that have beenypically do not parse the alignment section of the BLAST output, and
incorrectly assigned by high-throughput methods. are unlikely to be able to resolve the conflicting annotations listed.
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enolase superfamily must bind in an orientation conducive
to the stabilization of the enolate anion intermediate by the
conserved constellation of residues shown in Figure 2A. A
similar result was obtained via directed-evolution experi-
ments in which a single active-site mutation in MLEII was
found to confer the OSBS function. Although neither the
wild-type AEE nor MLEIl performs the OSBS reaction,
enzyme efficiencies for the OSBS reaction of the single-site
mutants are sufficient to complement an OSBS knockout
strain and show measurable levels of OSBS activity.(
Km (M~ s™1) of 12.5 and 2x 10° for the AEE and MLEII
mutants, respectively). We suggest here that choosing a
starting template for protein engineering that already “knows”
how to perform a fundamental aspect of a new chemical
reaction of interest may increase the success of protein design
strategies in general. Analysis of the structufienction
relationships among members of the enolase and other
mechanistically diverse superfamilies thus can provide guid-
B) 1muc o 0 = ance for such protein engineering experiments and aid in
— o our efforts to gain a broader understanding of the structural
d W determinants of enzyme specificity. The SFLD stores these
relationships in a functional fold superfamily hierarchy that
o provides users with the tools to leverage this information
1JPM o o for their own protein engineering work.

A)

“HaN +H3N)jL Elucidation of Function: Structural Genomics Targets
o] N

H N H R H - The notion that the elucidation of a protein’s 3D structure
Hz ™ 0 H3 ™ "0 Ly . . P . .
can aid in the determination of the protein’s function is one
of the principal ideas underlying the vision for the structural
genomics initiative 7) projects. For many proteins, how-

1FHU SR . .
R H20 R ever, the determination of the structure does not immediately
H J - lead to inference of function. Of the 1605 publicly available
o o H o © protein structures determined from the structural genomics
(o] o] (o] o]

. o initiative (as of June 21, 2005), 590 are annotated as having
FiIGURE 2: (A) Superimposed active sites of crystal structures of unknown functions. Using the HMMs and curated alignments

IMUC (muconate_lactonizing enzyme), 1JPM-Ala-o/L-Glu of the SFLD, we examined all 1605 structures and compared

epimerase), and 1FHUW-{succinylbenzoate synthase). The highly . - . .
conserved active-site residues involved in catalysis of the proton our functional predictions for these proteins to their annota-

abstraction step common to all three enzymes are represented ifions in the Protein Data Bank (pdb38). We were also
color (IMUC in red, 1JPM in blue, and 1FHU in purple). (B) able to predict some functional properties for the structures

Different overall reactions catalyzed by these enzymes. whose functions are annotated as unknown. Table 1 shows
all of the structural genomics initiative targets that matched
Proof of concept for this idea was recently obtained from 4t |east one hidden Markov model in the SFLD and the level-
a protein engineering experiment in which two members of (s) of granularity (superfamily, subgroup, or family) at which
the enolase superfamily were re-engineered to perform athe target's function can be described. For each target that
quite different overall reaction of a third memb&g). Both matched a family HMM (families in the SFLD represent
of the reactions performed by the template enzymeSia- isofunctional groups of enzymes), Table 1 also gives the
b/L-Glu epimerase (AEE) and chloromuconate lactonizing fraction of conserved functional residues that align between
enzyme (MLEII), and the target reactiamsuccinylbenzoate  the target and the curated family alignment in the SFLD.
synthesis, represent different overall reactions within the Target 1HZD.The functional predictions made using the
enolase superfamily but share the common mechanistic stegHMMs in the SFLD agree with a majority of the annotations
of the abstraction of a proton alpha to a carboxylate. Figure provided by the pdb, with some notable differences. Target
2A shows the structural conservation of the residues in the 1HzD, although annotated as an RNA-binding homologue
active sites of these enzymes that perform this step. Asideof enoyl-CoA hydratase by the pdb, matches the methyl-
from this common ability, however, all three of these glutaconyl-CoA hydratase family in the crotonase (also called
enzymes perform quite different overall reactions (Figure the enoyl-CoA hydratase) superfamily of the SFLD. Al-
2B). By comparing the structures of the AEE and OSBS though the literature suggests that the methylglutaconyl-CoA
enzymes and considering the known structtfterction hydratase function is the most biologically relevant (loss of
relationships both have in common, that is, shared by thethis function via mutation in the human gene causes the
superfamily, contrasted with those unique to each enzyme,disorder 3-methylglutaconic aciduria type B9j), this
a single active-site mutant of AEE (D297G) was designed particular protein has been experimentally determined to
and found to perform the reaction catalyzed by OSBS. This perform at least three functions: RNA binding, hydration
choice was guided by the knowledge that substrates in theof enoyl-CoA, and hydration of methylglutaconyl-CoAJ
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Table 1: Structures Solved by the Structural Genomics Initiative that Match Hidden Markov Models of the SFLD

pdb pdb annotation superfamily subgroup family CFR

1j6o  Tatd-related deoxyribonuclease amidohydrolase  uncharacterized-147

1j6p  metal-dependent hydrolase of amidohydrolase uncharacterized-66
cytosinedemaniase chlorohydrolase family

1lkex  collapsin response mediator protein 1 amidohydrolase  collapsin response medigtgdantoinase 1/6

1012 N-acetylglucosamine-6-phosphate amidohydrolase N-acetylglucosamine-6- N-acetylglucosamine-6- 5/5
deacetylase phosphate phosphate deacetylase

Ixwy Tatd deoxyribonuclease amidohydrolase TatD_MttC

lyix  Tatd homolog, hydrolase amidohydrolase  uncharacterized-147

lymy N-acetylglucosamine-6-phosphate amidohydrolase N-acetylglucosamine-6- N-acetylglucosamine-6- 5/5
deacetylase phosphate phosphate deacetylase

1lhzd  RNA-binding homologue of crotonase methylglutaconyl-CoA 717
enoyl-CoA hydratase hydratase

1rjn MenB—naphthoate synthase crotonase 1,4-dihydroxy-2-naphthoyl-Co#/4

synthase

1luiy  enoyl-CoA hydratase crotonase enoyl-CoA hydra&tase 3/4

1rvk  hypothetical protein, unknown function enolase mandelate racemase

1tzz unknown member of enolase superfamily  enolase mandelate racemase

1wue unknown member of enolase superfamily  enolase muconate cycloisomerassuccinylbenzoate synthase 5/5

1wuf  member of enolase superfamily, enolase muconate cycloisomerase o-succinylbenzoate synthase 5/5
unknown function

lyey L-fuconate dehydratase enolase mandelate racemase  L-fuconate dehydratase 6/6

lkle  deoxye-mannose HAD phosphatase-like2 deoxyqHmannose-octulosonate  6/6
-octulosonate 8-phosphate phosphatase 8-phosphate phosphatase

17p phosphoserine phosphatase HAD phosphatase-like2 phosphoserine phosphatase 6/6

1pw5 putative Nagd protein HAD phosphatase-like4

1lte2 putative phosphatase HAD phosphatase-likel

1vjr 4-nitrophenylphosphatase HAD phosphatase-like4

1wvi  putative phosphatase HAD phosphatase-like4

Ixvi putative mannosyl-3-phosphoglycerate HAD phosphatase-like3 mannosyl-3-phosphoglycerate 4/4
phosphatase phosphatase

lydf  hydrolase, haloacid HAD phosphatase-like4
dehalogenase-like family

1ys9  hypothetical protein, HAD phosphatase-like4
unknown function

1k4n  unknown function vVOC YecM-like

1zsw  metallo protein from glyoxalase family, VOC 2,6-dichlorohydroquinone
unknown function dioxygenase

2CFR: the fraction of conserved active-site residues present when aligned to curated family alignments of theA8RbDgh these protein
sequences match a family HMM in the SFLD, the fact that they are missing at least one functionally important residue suggests that they do not
perform the designated family reaction.

41). This target represents a good example of the difficulties Targets 1IWUE and 1WUHFargets 1WUE and 1WUF,
in assigning a function to multifunctional enzymes. The both annotated in the pdb as having unknown function, match
SFLD adds additional knowledge to the annotation of 1HZD theo-succinylbenzoate synthase (OSBS) family of the SFLD.
in the pdb, that is, the assignment of an additional specific When aligned with the curated family alignment in the
enzymatic function. SFLD, which indicates the location, type, and function of
Targets 1RVK and 1TZZargets 1RVK and 1TZZ are  the conserved residues required to perform the OSBS
annotated in the pdb as having unknown function, but they yeaction, all five (out of five) residues are conserved in both
both match very well the mandelate racemase (MR) subgroupgargets. An examination of the genomic context of these
of the enolase superfamily in the SFLD. From the coarsest (5 qets adds confidence to these functional predictions. The
granularity prediction at the superfamily level, we know that gene encoding 1WUE (iinterococcus faecalidies within
both proteins perform proton abstraction on a carbido a an operon encoding five other genes of the menaguinone

carboxylate in the unknown substrate. Further, ass'gnmemsynthesis pathway in which the OSBS reaction is the third

to the MR subgroup specifies proton abstraction machinery .
: o : (out of seven) stepd@). Whereas the gene encoding 1IWUF
using a His-Asp dyad for a substrate of R stereochemistry (Listeria innocud does not appear to be localized within an

and proton abstraction machinery usually using a Lys-X-X h h ) fh . hesi
(usually Lys) for a substrate of S stereochemistry. Thus, even®Peron. the other six genes of the menaguinone synthesis
though we cannot assign the specific substrates and overalP2thway are presentin the organism. We note that a BLASTP

reactions for either 1RVK or 1TZZ, the SFLD provides (43) search using each of these sequences shows that the

additional information not found in the pdb, including a Ccorresponding gi numbers at the NCBI GenBank database
context in which to interpret the existence of conserved (44) for each of these structures annotates these sequences

active-site residues. Using the conserved struetfiraction as similar to an OSBS (gi 16804558, 1WUE) or as an OSBS
relationships we associate with the MR subgroup, we have, homologue (gi 25514206, 1WUF). The predictions that both
along with our collaborators, made further predictions of of these enzymes perform the OSBS reaction has recently
overall function that are currently being tested experimentally been confirmed experimentally (Yew, W. S., and Gerlt, J.
by our collaborators. A., personal communication).
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Target 1ZSWAnother target of unknown function 1ZSW A)
can be classified as belonging to the 2,6-dichlorohydro- H Gl cl
guinone dioxygenase subgroup of the vicinal oxygen chelate - O, [ 2. His H OH
(VOC) fold superfamily on the basis of its match to this U_ /'Fe'\
subgroup HMM from the SFLD. The pdb describes 1ZSW —~ —0 His HO cl
as a glyoxalase family protein of unknown function. In the H

SFLD, the VOC superfamily is represented by seven

su bgroups’ together representing three groups of broad|y Iron chelation by orthe substrate 2,6-dichlorohydroquinene
(para substrate)

different functionality: dioxygenases, antibiotic resistance
proteins such as the fosfomycin resistance protein, and
glyoxalases. We used the analysis tools of the SFLD to align B)
1ZSW to the curated alignment of the 2,6-dichlorohydro-
quinone dioxygenase subgroup and found it to contain all
residues previously inferred to be important to the only
characterized member of this subgroup, 2,6-dichlorohydro-
quinone dioxygenase4®). Using the Dali server 46),
comparison of the 1ZSW structure to other structures in the
pdb shows that its closest structural match is 1IMPY, a
previously characterized catechol 2,3-dioxygendsg. (

Some details of the relationship between 2,6-dichlorohy-
droquinone dioxygenase and the canonical catechol 2,3-
dioxygenases were explored previously by Xu et al., who
pointed out salient differences between the two. First, as
described by Armstrong4@) and shown in Figure 3A, 0
although the canonical extradiol dioxygenases can chelate
Fe*t by virtue of the ortho arrangement of their alcoholic
groups, 2,6-dichlorohydroquinone dioxygenase cannot be-
cause its—OH groups are para to each other on the aromatic
ring of the substrate. The question of how this para substrate
interacts with the metal in the active site has remained one
of the most interesting and unresolved questions regarding
the mechanism of this enzyme. Second, the family of
sequences represented by 2,6-dichlorohydroquinone dioxy-
genase shows altered patterns of subdomain organization

relative to the canonical extradiol dioxygenases. Such Ficure 3: Comparison of 2,6-dichlorohydroquinone dioxygenase
variations in Squomam .org_anlzatmn in the 3D structures with canonical extradiol diolxygenases. (A) Left: general form of
of VOC superfamily proteins is commoA9) and represents  chelation interations in canonical extradiol dioxygenases between
a special architectural feature of this superfamily that ligand and metal. Right: 2,6-dichlorohydroquinone, the substrate

contributes to the use of this scaffold for the evolution of for 2,6-dichlorohydroquinone dioxygenase, showing the para
new functions 48). relationship of the-OH groups. (B) Superposition of 1ZSW with

" - . . . 1MPY generated via permutation using MultiProt. Structures are
In addition to providing a higher granularity annotation shown in white except for the region showing the permuted

for this protein than is currently available, assignment of supdomains. Cyan: residues-@8 of 1ZSW; yellow: residues
1ZSW to the 2,6-dichlorohydroquinone dioxygenase sub- 142-207 of 1MPY. Side chains are shown for reference and

group pro\/ides new clues for answering questions about described in C. (C) Close-up of the active-site region shown in B.

structure-function relationships for the entire subgroup, ;ﬁgellzezds?sldzusevsvarceorlrg/lszz’nmr?éalrggizggi Hprlcasgzc(t)é‘ﬂl(t);v)BeHrznlez‘tél

particularly in the context of its interesting subdomain |igands H222, and E270H). Residue H9 (cyan) is conserved in
organization. Indeed, the analysis of 1ZSW provided here the 2,6-dichlorohydroquinone dioxygenase subgroup. For ease in
supports the hypothesis previously advanced by Xu et al. viewing, some of the C-terminal residues are hidden only in part
(44) that the 2,6-dichlorohydroquinone dioxygenase subgroup C-
represents a new variant in the VOC superfamily. We can ] ) ]
now use 1ZSW to elaborate this hypothesis further. align with residues 142207 of 1MPY (and region 153

As described above, because the organization of their212 0of 1ZSW is permuted to align with region-62 of
subdomains differs, it is not straightforward to superpose 1MPY), with all other segments of the alignment following
1ZSW with canonical extradiol dioxygenase structures. S€duence-dependent ordering.
However, using the structure superposition algorithm Mul-  This analysis allows the identification of candidates for
tiProt (50), which can perform superpositions independent at least two of the metal binding ligands. As illustrated in
of residue sequence order, we were able to obtain a goodthe close-up of the active-site region shown in Figure 3C,
overall alignment of 1ZSW with the extradiol dioxygenase H222 and E270 of 1ZSW align well with their counterparts
structure 1IMPY using default parameters. This structural in IMPY, H214 and E265, respectively, suggesting that they
alignment results from the permutation of the N-terminal may play similar roles. Interestingly, H9 in 1ZSW, a histidine
subdomain of 1ZSW relative to 1IMPY. As shown in Figure highly conserved in the N-terminal subdomain of all
3B, residues 268 of 1ZSW are permuted such that they members of the 2,6-dichlorohydroquinone dioxygenase sub-
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group, aligns well with the third metal-binding ligand in lies. For some of these unknowns, we can provide more
canonical extradiol dioxygenases (H153 in Figure 3C). In precise annotation as well, specifying additional functional
the absence of a structure of 2,6-dichlorohydroquinone properties common to a specific subgroup or even the overall
dioxygenase with a biologically relevant ligand bound to it, function by assignment to a specific family.
it is difficult to infer from the structurally permuted alignment Organization of the StructureFunction Linkage Data-
the possible role of this histidine side chain in 1ZZSW or in base. The SFLD is organized around a functional fold
any other members of this subgroup. We expect, however, definition of a mechanistically diverse enzyme superfamily.
that a more detailed examination of 1ZSW may lead to useful All enzymes within a superfamily share both a common fold
hypotheses that may help in answering these questions. and a distinct mechanistic step performed by key conserved
Targets 1YS9 and 1K4Nwo of the structural genomics residues §). The SFLD represents the first attempt to
initiative targets with unknown function, 1YS9 and 1K4N, consolidate information about multiple mechanistically di-
did not match a specific family HMM of the SFLD but verse enzyme superfamilies and include the specific strueture
matched superfamily and subgroup HMMs in the haloacid function relationships conserved throughout each superfam-
dehalogenase (HAD)5(, 52) and vicinal oxygen chelate ily.
(VOC) (48) superfamilies, respectively. As a result, we are  Formally, the hierarchy of the SFLD consists of four
unable to make a prediction of the overall reactions catalyzedlevels: superfamily, subgroup, family, and enzyme functional
by either of these enzymes. But we can predict with some domain. Each superfamily contains homologous enzymes that
confidence that the reactions will share the common mecha-share a common fold and a mechanistic step performed by
nistic steps conserved across their respective subgroup andesidues conserved throughout the superfamily. Subgroups
superfamily, that is, form covalent enzymsubstrate inter-  contain enzymes that share additional reaction steps or use
mediates via a conserved active-site aspartic acid, thusadditional unique sets of residues or residue positions to
facilitating cleavage of the relevant bonds in the different perform the step conserved by the superfamily. For example,
subgroups of the HAD superfamily and the direct electro- in the terpene cyclase superfamily, all enzymes utilize a
philic participation of a metal ion in catalysis for members conserved mechanistic step resulting in the formation of a
of the VOC superfamily. carbocation intermediate5%). Within the sesquiterpene
Target 1UlY.Target 1UIY, although aligning well with  subgroup, the same substrate (farnesyl diphosphate) is used
the enoyl-CoA hydratase family in the SFLD and annotated by each member of the subgroup. (Subgroups within the
in the pdb as an enoyl-CoA hydratase, is missing a critical terpene cyclase superfamily are defined by the number of
glutamic acid residue required for catalys&3). For this the isoprenyl units in their substrates.) Alternatively, in
target, use of the explicit structuréunction information subgroups of the amidohydrolase superfan®ig) (somewhat
stored in the SFLD allows us to recognize a potential varied constellations of metal binding ligands can be dis-
misannotation that could result from the simple use of overall tinguished and associated with specific groups of functionally
sequence and structural similarity for the annotation. distinct enzymes. Enzymes predicted to perform exactly the
Target 1IKCX.Target 1IKCX matched the-hydantoinase  same overall function, utilizing an identical mechanism, are
family HMM of the SFLD; however, in an alignment with  grouped at the family level (e.g., all aristolochene synthases).
this family, 1KCX lacks five out of the six residues critical Enzyme functional domains are defined in the SFLD as the
in performing thep-hydantoinase reaction. It has recently functional domains of individual enzymatic proteins. For the
been determined experimentally that 1IKCX functions as a enolase superfamily, for example, the enzyme functional
collapsin response mediator protein, a nonenzymatic functiondomain includes both the N-terminal and C-terminal domains
(54). This example highlights the difficulty of using overall because both are required for enzymatic function. This is in
sequence or structure similarity alone in the inference of contrast to the representation of this superfamily in SCOP
enzyme function, especially when the protein in question may (17) or CATH (19), both of which represent the N-terminal
be a descendent from an enzyme ancestor but has lost itand C-terminal domains separately, consistent with the design
catalytic abilities. The SFLD provides added information of those structure-based hierarchies. Figure 4 shows an
regarding the positions and natures of key functional residuesexample of the three major levels of the SFLD hierarchy
that, as with 1KCX and 1UIY, helps us avoid annotating a with which an individual enzyme functional domain can be
protein with a function it cannot perform. associated.
Determination of enzyme function from structure remains  Contents of the Structure~unction Linkage Database.
a difficult task. However, in cases where an enzyme has The SFLD currently contains six superfamilies: amidohy-
diverged within a functional fold superfamily, the SFLD can drolase, crotonase, enolase, haloacid dehalogenase, terpene
aid in predicting at least the capabilities of the enzyme at cyclase, and vicinal oxygen chelate. These comprise roughly
the superfamily level, the coarsest level of granularity in the 6000 enzymes, 302 crystal structures, and over 140 different
SFLD hierarchy. Even when substantial divergence has ledoverall reactions. Although this is likely a small proportion
to big differences in the overall substrate, product, and of the mechanistically diverse enzyme superfamilies that
reactions among related enzymes, when enough informationexist, these are well studied, with clear structtfienction
is available, we can often recognize key structural featuresrelationships determined by experiment. They include some
that are responsible for delivering the specific mechanistic of the most divergent superfamilies described to date, each
aspect of chemistry common to the superfamily. Thus, of which displays the remarkable ability to perform a wide
despite the relatively small slice of the enzyme universe variety of overall chemical reactions while utilizing a
currently represented in the SFLD, we have been able tocommon scaffold and conserved mechanistic step. As such,
place several functionally uncharacterized proteins from the the SFLD serves as a valuable repository of information for
structural genomics initiative into functional fold superfami- many of the best characterized of these special types of
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Ficure 4: Example of the SFLD hierarchy. This example showsgphosphoglucomutase family, which belongs to the phosphatase-like

| subgroup, which in turn belongs to the haloacid dehalogenase superfamily. The middle column shows the conserved reaction across all

members of the hierarchical level (row), and the rightmost column shows the active-site residues conserved at each level.

superfamilies. As we have described here, this information text written by database curators, intended to augment the
can be leveraged to gain valuable biological insights that evidence codes. For each superfamily in the SFLD, an
would be difficult to obtain in the absence of such a resource. experimental collaborator, knowledgeable about specific
Where available, X-ray crystal structures are stored in the enzymes in the superfamily, has provided expert aid in
SFLD along with information regarding the specific residues curation.
involved in performing enzyme chemistry and their indi-  gearching the StructureéFunction Linkage Database.
vidual roles. For many enzymes that have not been structur-ysers can query the database using a variety of methods, all
ally characterized experimentally, links to modeled structures g 5 web-based interface, at http://sfld.rbvi.ucsf.edu. Users
from ModBase §7) are provided. The structures can be can enter a protein sequence, which is then matched to
downloaded directly from the database in pdb format. Via a pregenerated HMMs representing the superfamilies, sub-
single hyperlink, they can also be visualized with their . 05 and families in the SFLD. The resulting matches
conserved active-site residues highlighted using the Chimera(with their expectation values) are displayed, along with a
program b8). Chimera can also be used to simultaneously hyperlink for each match that leads to a dynamically
view these structures and multiple sequence alignments i”generated alignment of the query sequence to the multiple
which functionally important residues are highlighted, al- sequence alignment used to construct the HMM. As de-
Iowing a flexible method O.f visualizing the links between . jp0q above, this has proved useful in functional charac-
protein strggture and function. . terization of newly discovered proteins. The alignment
The decisions made by curators of the SFLD regarding pighlights the conserved superfamily/family residues that
such issues as the superfamily assignment of a new enzyme, s icipate in enzymatic function, and links are provided to

sequence, the partial reaction(s) performed by a giveNjieraryre references for the experiments by which the
enzyme, or jche specm_c role an individual active-site residue structure-function relationship was determined.

plays in a given reaction are not all made at equal levels of ) o o

certainty. Some enzymes are well characterized experimen- R€flecting the organizational concepts describing enzyme
tally, whereas others have not been experimentally characterSuperfamilies following the chemistry-constrained evplghon
ized at all, so that the evidence for a functional assignment M0del, the SFLD can also be searched by specifying a
rests only on sequence similarity to a characterized enzyme Féaction or partial reaction, or by specifying the structure
The SFLD uses a set of evidence codes similar to those usedOr substructure) of a substrate or product. Searches are
by the Gene Ontology Consortiursg) to provide users with performed using the flexible SMILES/SMARTS patterns
information about how annotation decisions were made and (60)- This feature is most important for revealing the reaction
the levels of uncertainty involved. In addition, nearly all capabilities of a superfamily, as well as identifying potential

tables of the SFLD contain metadata fields consisting of free Protein and ligand structural templates to be used in the
engineering of new functions. Reactions in the SFLD can

also be searched via keyword, gi number, or Enzyme
Commission (E. C.) number, providing one has been
assigned.

3 Chimera must be installed on a user's computer to access these
functionalities. It can be obtained for use on many different platforms
from http://www.cgl.ucsf.edu/chimera.
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Finally, users can easily navigate through the SFLD’s
hierarchy representing superfamilies, subgroups, and families
as well as browse lists of all enzymes and reactions in the
database. The names and descriptions of all enzymes  sfofamiy
superfamilies, subgroups, families, and reactions also can

SFLD superfamily

SFLD subgroup

be searched using keywords. PFAM classification 2 |
DISCUSSION . oraM
. . . B enclase superfamily W ENOLASE

The cataloging of enzyme reactions is clearly not a novel 8 e e o H
concept. The most common methodology in current use R arcteea g SR = UNCLASSIFIED
comes from the Enzyme Nomenclature Commission, which ES:“S’."Z}“;?::“E&N

. . . gluconate ratase
assigns a unigue set of numbers to each overall enzymatic mandeiate rasemase farily
. . o-succnylbenzoate synthase family

reaction based on a curated hierarchy. Although such o peptde et Y il
classifications are useful for analyses at higher levels (e.g., I meihyiasnariate amona yate amly

pathway analysis), annotation by E. C number_s provide_:s atFicure 5: Comparison of sequence classifications between the
most only rudimentary (and often misleading) information SFLD and PFAM, using all of the sequences in the SFLD

about how enzyme sequence, structure, and function relatesuperfamily enolase. Each horizontal position represents a single
Because the E. C. hierarchy was conceived before sequencéequence’ with the classification of the sequence represented

d inf . ilabl | le i Vertically. For example, the dotted line represents a sequence that
and structure information was available on a large scale, it s cjassified in the SFLD as belonging to the enolase superfamily,

fails to capture structurefunction mappings at an appropri-  the muconate cycloisomerase subgroup, anaieccinylbenzoate
ate level of granularity. Thus, the E. C. system, because it synthase family and is not classified by PFAM. Blank areas mean

describes Only overall reactions' fails to account for the that a sequence is not classified at the given level in the SFLD.

: ; . For example, there are many members of the SFLD subgroup
conserved aspects of chemistry shared among evOII"tlonaﬂlymandelate racemase that have no SFLD family classification. The

related enzymes. As a result, especially for mechanistically yse of such a hierarchical classification scheme helps avoid
diverse superfamilies, it often classifies proteins within a overprediction of enzyme function. PFAM classifications were

structurally related superfamily as being functionally dis- obtained by matching sequences from the enolase superfamily of
similar (62). the SFLD to the PFAM hidden Markov models (HMMs), using

. the gathering cutoff the PFAM curators have established for each

Databases of related proteins and HMMs are also not aypm. Note that some sequences in the SFLD’s enolase superfamily

novel idea. Generally, these databases consider only sequencare divergent enough to have not matched any PFAM HMM at a

(or structural) similarity information and provide annotation significant score and are thus labeled UNCLASSIFIED. The
at a coarser level of granularity than that provided by the g“e”nig’e“ Ee%eielmlegotg)/ ég%gﬁé’!g:g'g;“gg’gg }éggigﬁggﬂrs‘je‘we §
_SFLD' Figure 5 shows th_e classification of every sequence through’out the enolase superfamily (abstraction of a proton alpha
in the enolase superfamily by both the SFLD and PFAM to a carboxylate), and is therefore a misannotation.
(17). PFAM classifies the vast majority of the sequences into
just a few large groups, whereas the SFLD attempts to placeSFLD has already proven useful in studying enzyme
those same sequences into many smaller subsets of sestructure-function relationships in the special class of
quences, providing a more detailed and precise representatiomnechanistically diverse superfamilies. Several more super-
of isofunctional groups (families). It annotates those that it families, most notably thé-acetyl neuraminate lyase and
cannot place into a family as simply belonging to the guanidine kinase superfamilies, are in the process of being
subgroup or superfamily. In contrast, PFAM classifications added to the SFLD. Additional large superfamilies, particu-
are less hierarchical than SFLD classifications and contain larly those from the/f/a)s barrel and thioredoxin fold classes,
no explicit linkage between protein structure and function. are in the process of curation. Along with these data sets,
A full understanding of enzyme structuréunction rela- ~ NeW methods of browsing and searching the data and new
tionships requires a mapping of specific structural features Methodologies for representing specific structtfienction
to specific aspects of chemical mechanisms. Grouping relationships in a computationally useful form are under
enzymes that share conserved structural features that perforrd€velopment. The SFLD is freely accessible at http://
a common aspect of a chemical mechanism is a step in thisSfld-rovi.ucsf.edu.
g!rec'uon. It lets us observe how the overall functions ha_ve ACKNOWLEDGMENT
iverged and which structural elements may be responsible
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