Current Research in Structural Biology 6 (2023) 100105

| © current Research in

Structural

Contents lists available at ScienceDirect

Current Research in Structural Biology

e 4

ELSEVIER

journal homepage: www.journals.elsevier.com/current-research-in-structural-biology

Short Communication ' :.) ]

Check for

The conserved crown bridge loop at the catalytic centre of enzymes of the [

haloacid dehalogenase superfamily

David P. Leader , E. James Milner-White *

College of Medical, Veterinary and Life Sciences, University of Glasgow, Glasgow, G12 8QQ, UK

ARTICLE INFO ABSTRACT

Handling Editor: Dr. N Strynadka The crown bridge loop is hexapeptide motif in which the backbone carbonyl group at position 1 is hydrogen
bonded to the backbone imino groups of positions 4 and 6. Residues at positions 1 and 4-6 are held in a tight
substructure, but different orientations of the plane of the peptide bond between positions 2 and 3 result in two
conformers: the 2,3-agog crown bridge loop — found in approximately 7% of proteins — and the 2,3-proy, crown
bridge loop, found in approximately 1-2% of proteins. We constructed a relational database in which we
identified 60 instances of the 2,3-Bray, conformer, and find that about half occur in enzymes of the haloacid
dehalogenase (HAD) superfamily, where they are located next to the catalytic aspartate residue. Analysis of
additional enzymes of the HAD superfamily in the extensive SCOPe dataset showed this crown bridge loop to be a
conserved feature. Examination of available structures showed that the 2,3-proy, conformation — but not the 2,3-
agag conformation — allows the backbone carbonyl group at position 2 to interact with the essential Mg?" ion.
The possibility of interconversion between the 2,3-froy, and 2,3-arar conformations during catalysis is discussed.

1. Introduction

Hydrogen bonds between backbone CO and NH groups are important
determinants of the conformation of proteins. This is true not only for
secondary structure elements, such as the a-helix and f-sheet with their
repeating units, but also for single small structural motifs, such as the
B-turn (Venkatachalam, 1968; Richardson, 1981). For some years we
have been interested in these small motifs, and our work has been
directed at finding what roles they play in proteins (Milner-White and
Poet, 1987; Wan and Milner-White, 1999; Torrance et al., 2009; Leader
and Milner-White, 2021a).

One class of motifs is characterized by a tripeptide in which the N1
and N3 imino groups form hydrogen bonds with a single anionic group.
The anionic group bound by such motifs can be part of a non-protein
cofactor or prosthetic group (e.g. the S of iron-sulphur clusters) or a
8-ve oxygen from another part of the polypeptide chain. Only two types
of motif have been found that include such N1 and N3 imino group
bridges (Leader and Milner-White, 2015). The first, the ‘nest” (Watson
and Milner-White, 2002; Hayward et al., 2014), has attracted interest in
relation to a possible role in metalloenzymes during early evolution
(Milner-White and Russell, 2008; Nitschke et al., 2013). The second, the
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‘crown’, was described more recently (Leader and Milner-White, 2015)
and has been less studied. It is the subject of this report.

The crown itself (Fig. 1A) is a tripeptide with the conformation at
positions 1 and 2 being what we term sub-ag and og, respectively. (The
term sub-ag was coined (Leader and Milner-White, 2015) to describe a
more diffuse region of the Ramachandran plot at lower values of ¢ and y
than ag — see Abbreviations.) The tripeptide lies upon an imaginary ring
which, if completed, would contain four amino acid residues. The pep-
tide imino groups in positions 1 and 3 have the potential to bridge the
same negatively-charged group, and motifs that have been found to be
bridged by such a negatively-charged atom (Fig. 1B) are termed crown
bridges. (Although we identify fewer examples of crown bridges in our
database than of the unbridged crown, it is possible that the 6-ve oxygen
of a water molecule acts as the bridging anion in the absence of other
groups.) A subset of crown bridges is found in which the anionic group is
the backbone carbonyl group located three residues N-terminal to the
tripeptide, and the six-residue motif encompassing these positions has
been designated the crown bridge loop (Fig. 1C). Only residues 1, 4, and 6
in the crown bridge loop are necessarily involved in the bridging
interaction, allowing two different conformations for residues 2 and 3.
These conformations define two subcategories, which we refer to as 2,
3-aragr and 2,3-pror. (Residues 1-4 actually constitute a p-turn, and 2,
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Abbreviations

HAD haloacid dehalogenase

The ranges of dihedral angles represented by the different
abbreviations are as follows

OoR -140° < ¢ < -20°, -90° < y < 40°

sub-ag  -170° < ¢ < -80°, -160° < y < -10°

o, 20° < ¢ < 140°, -40° < y < 90°

Br 150° < @ or ¢ < -25°, 40° < y or y < -150°
BL 20° < @ < 140°, -180° < y < -80°

A
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sub-oiR

OR
Crown
R
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’
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OR
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Fig. 1. Two-dimensional diagrammatic representation of different crown
structures. (A) The crown. The arrows indicate the orientation of the peptide-
bond NH groups. (B) The crown bridge. The square represents a negatively
charged ligand bridging the two NH groups. (C) The crown bridge loop. The
alternative conformations, 2,3-agag (blue lettering) and 2,3-proy. (red lettering),
are indicated. In all frames the numbered circles represent residues centred on
the a-carbon atom, with the small red and blue filled circles representing
peptide-bond CO and NH groups, respectively. Numbering is from the N-ter-
minus of the peptide, so that corresponding residues are assigned different
numbers in the hexapeptide of C from those in the tripeptide of A and B. They
have been coloured and presented in the same manner to make their rela-
tionship clear. Dihedral angles, ar etc., are defined in Abbreviations. (For
interpretation of the references to colour in this figure legend, the reader is
referred to the Web version of this article.)

3-arag and 2,3-proy, correspond to what are known as ‘type I’ and ‘type
II’ conformations (Wilmot and Thornton, 1990).)

The crown motif occurs relatively infrequently, and our original
database of approximately 400 proteins (https://motif.mvls.gla.ac.
uk/motif/index.html) contains only 27 examples of crown bridge
loops with the 2,3-agor conformation, and three with the 2,3-froyg
conformation. To address the role of these motifs, a larger dataset was
needed. This work describes the analysis of motifs in such a dataset, and
demonstrates a role for the crown bridge loop in the haloacid dehalo-
genase family of proteins.

2. Methods

The general approach used to prepare a dataset of a particular motif
was: (1) to construct a new, larger, relational database of the structural
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features of proteins, (2) query this with descriptions of hydrogen-bonded
small motifs, and add the retrieved motifs to the database as secondary
data, (3) add SCOPe architectural classifications (Chandonia et al.,
2017) to the database, and (4) for a particular motif of interest con-
taining a specific SCOPe fold, construct an expanded dataset using
additional examples from the SCOPe web resource. The details are as
follows.

(1) The Richardson laboratory ‘Top 8000’ was the source of the
three-dimensional protein structures used in this work
(http://kinemage.biochem.duke.edu/research/top8000/). It
consists of high-resolution, quality-filtered, individual protein
subunits which are 70% non-redundant in terms of structure.
These structures were processed programmatically (Leader and
Milner-White, 2009) allowing a MySQL relational database to be
populated with the essential information required to describe
motifs: coordinates of atoms, identities and dihedral angles of
residues, descriptors of proteins, and characteristics of hydrogen
bonds. The final database (ProtMotif2) contains information from
4484 individual protein subunits.

(2) Queries employing the Structured Query Language (SQL) were
used to retrieve motifs of various types, which were then included
in ProtMotif2 as secondary data. (For example, for the 2,3-Broy
crown bridge loop — Fig. 1C — the query specifies six contiguous
residues in which there are hydrogen bonds from the backbone
CO of residue 1 to the backbone NHs of residues 4 and 6, and
conformations Pr and oy, at positions 2 and 3, respectively.).

(3) In previous work on a different motif, the p-link (Leader and
Milner-White, 2021b), the SCOPe architectural classification of
protein structures was found useful for identifying the types of
protein containing the motif and its location therein. We there-
fore incorporated SCOPe data (from file dir.cla.scope.2.07-stable.
txt at https://scop.berkeley.edu) into database tables, allowing
individual motifs to be related to the SCOPe fold in which they
occur. (Some proteins in the ProtMotif2 database are not
represented in the SCOPe data file, and could not be assigned a
SCOPe classification.) A publicly available web application,
Protein Motif 2 (https://motif.mvls.gla.ac.uk/ProtMotif21/), was
constructed to allow access to this information (Fig. S1).

(4) We used these resources to identify SCOPe folds in which the
motif of interest occurred — fold ¢.108, in the case of the 2,3-Bray,
crown bridge loop. We then expanded the dataset for this fold
(from 21 to the 60 in Table S2(i)) by selecting more instances
from the SCOPe web resource. As fold c.108 contains twenty five
families, ¢.108.1.1 to ¢.108.1.25, the primary consideration was
to ensure all these families were represented. Other criteria for
selection were: resolution, inclusion of ligand, characterization
and species origin. Selected structures were examined in Jmol
(Herraez, 2006) for hydrogen-bonding patterns, and analysed
using the program, DSSP (Kabsch and Sander, 1983) to determine
dihedral angles.

3. Results

The newly constructed ProtMotif2 database of structural information
for 4484 protein subunits was queried for crown bridge loops, and 313
were retrieved: 253 of type 2,3-agar and 60 of type 2,3-fror. The
increased representation of the latter type (previously only three ex-
amples had been identified) allowed a broad analysis with respect to
SCOPe architectural classification as described in Methods. Crown bridge
loops of type 2,3-arog in the database were found in many different
folds, with none containing more than six individual examples. In
contrast, a single fold — SCOPe class ¢.108 — was assigned to more than
half of the 2,3-proy, crown bridge loops (21 of 38 instances). This fold
contains a six-stranded p-sheet, and in each case the 2,3-froy, crown
bridge loop is found at the C-terminal end of the third strand of the sheet,
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allowing it to be located easily despite a variation in the overall structure
of proteins of this family (Fig. 52).

Fold c.108 is described by SCOPe as ‘HAD-like’, meaning that it
contains members of the haloacid dehalogenase (HAD) superfamily.
Using the SCOPe web resource (https://scop.berkeley.edu), we exam-
ined other members of the fold, including sub-families not represented
in the ProtMotif2 database, to determine whether this crown bridge loop
is a feature of other HAD-family proteins. On the basis of measurement
of dihedral angles and calculation of hydrogen bonds we determined
that 60 of 63 examples contain a 2,3-proy, crown bridge loop. The three
apparent exceptions are all predicted by the AlphaFold program to
contain a 2,3-froy, crown bridge loop (see Discussion), and so we consider
this motif to be a general feature of HAD-family proteins.

The HAD superfamily was named for its founder members, a class of
haloacid dehalogenase (Hisano et al., 1996). However it is actually a
large and diverse family of proteins, overwhelmingly composed of
phosphohydrolases (phosphatases), and is found in all domains of life
(Allen and Dunaway-Mariano, 2009). The phosphatases include ATPa-
ses, sugar phosphatases, sugar phosphomutases, phosphoaminoacid
phosphatases and deoxyribonucleotidases. In most cases HAD-family
enzymes have two structural domains. A core catalytic domain con-
tains a conserved aspartate residue and an essential MgZ" cofactor. A
second domain (absent or rudimentary in some cases) is termed the
‘capping domain’ (see Fig. S2(ii)) and, where present, is involved in
substrate recognition (Allen and Dunaway-Mariano, 2009). Different
categories of capping subdomain (CO, C1, C2a or C2b) connect to the
core catalytic domain at different positions in the polypeptide chain.
During catalysis the capping domain moves with respect to the core
catalytic domain between a ‘closed’ structure, in which solvent is

COs
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excluded from the active site, and an ‘open’ structure which allows
binding and release of substrate.

Where is the crown bridge loop located in relation to the catalytic
centre of the HAD-family enzymes? Fig. 2A shows its general position in
the overall structure of a phosphoglucomutase and its proximity to the
catalytic aspartate at the face of the core domain where the latter in-
teracts with the cap domain (Lahiri et al., 2003). In members of the
HAD-family with a C1 cap, such as this, the crown bridge loop continues
as part of a ‘hinge’ region connecting to an a-helix at the N-terminus of
the cap domain. This hinge has been described as consisting of a
‘squiggle’ and a ‘flap’, conserved through the superfamily. The ‘squiggle’
is actually equivalent to the first five residues of the crown bridge loop,
and the ‘flap’ is the continuation into the cap domain (Burroughs et al.,
2006). A similar view to Fig. 2A, but with the crown bridge loop shown
in more detail and the substrate and Mg2* ion included, is presented in
Fig. 2B. Following convention, the catalytic aspartate is referred to as
AspO0, and residues C-terminal to it are numbered sequentially preceded
by a ‘+’. AspO is adjacent to a pentapeptide consensus sequence, in
which the most frequent residues (in the structures considered here) are
(L/I/M/V)DG(T/V)(L/I) — see Table S1. Positions +1 to +5 of the
consensus sequence constitute the first five residues of the crown bridge
loop, with the consensus DG (+2 and +3 of the pentapeptide) equivalent
to the residues defining the 2,3-proy, conformation of the latter. Fig. 2C
shows an enlarged view of this region of the catalytic centre. It can be
seen how the side-chain carboxylate of Asp0 and the backbone carbonyl
of Asp+2 chelate the Mg?" ion. The side-chain carboxylate of Asp+2 is
oriented away from the Mg2" ion, and interacts with a phosphate group
of the substrate. (A transition-state analogue is shown here.)

Residues 3-6 of the 2,3-proy, crown bridge loop lie ‘below’ AspO of

Fig. 2. Active site of HAD-family enzymes. (A) General view of B-phosphoglucomutase from Lactococcus lactis (PDB entry 1003 (Lahiri et al., 2003)) as a ribbon
diagram, but with the catalytic aspartate as ball-and-stick. The cap domain is coloured salmon pink and the catalytic core domain light blue, except for the
six-stranded p-sheet (white), the crown bridge loop (red) and the catalytic aspartate (gold). The start of the linking ‘flap’ is indicated by arrowheads. Residues ‘in
front’ of the p -sheet have been rendered translucent. CBL = crown bridge loop. (B) As A, but with the reaction intermediate, glucose 1,6-bisphosphate (G16P), and
the Mg?* ion shown in space-filling mode, and the catalytic aspartate (0) and adjacent crown bridge loop (numbered without the ‘+) shown as protein backbone.
Sidechains are included for aspartates at positions 0 and +2. (C) Enlarged view of portion of B with substrate, Mg>" ion, catalytic aspartate and adjacent crown bridge
loop. The three most highly conserved amino acids are designated DO, D2 and G3. (DO in PDB entry 1003 is Asp8.) (D) Hydrogen bonding of the 2,3-Broy, crown
bridge loop (residues 10-15) at the catalytic site of the phosphatase domain of the human lipid phosphatase/epoxide hydrolase (PDB entry 1s8o (Gomez et al.,
2004)). Only the backbone is shown. CO and NH groups are numbered 1-6 with reference to the catalytic Asp9 as 0. (E) As D, but in space-filling representation. Only
the visible residues are labelled. (For interpretation of the references to colour in this figure legend, the reader is referred to the Web version of this article.)
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the active site, as illustrated in Fig. 2D for the phosphatase domain of the
bifunctional lipid phosphatase/epoxide hydrolase from Homo sapiens
(Gomez et al., 2004). The backbone imino groups of residues 4-6 form a
puckered ring, slightly above which lies the imino group of residue 3. In
many cases this ring is completed, as here, by a CO6<—~NH3 hydrogen
bond. One can consider the major part of the crown bridge loop as a
slightly distorted pyramid with CO1 as the apex and residues +3 to +6
forming its square base. Its compact nature is illustrated by the
space-filling representation in Fig. 2E. Additional hydrogen bonds
would appear to stabilize the substructure. The extra bonds between
atoms CO1<—NH5 and CO6<NH3 in this example are quite common
(Table S2). Less frequently there is an additional hydrogen bond be-
tween atoms CO0«+NHS5.

As mentioned above, the conserved 2,3-pray, crown bridge loop in
HAD-family enzymes is equivalent to the previously described
‘squiggle’. It has been suggested (Burroughs et al., 2006) that the
‘squiggle’ might be an example of a single turn of the rare n-helix
(Weaver, 2000; Cooley et al., 2010), which is defined by repeating
hydrogen bonds between residues i < i + 5 (1«6 in the crown bridge
loop — Fig. 1C). An essential feature of an oligopeptide helix is the
repetition of dihedral angles, producing a similar non-zero rise, d, be-
tween residues (Dickerson and Geis, 1969). Here, in contrast, positions
+4 to +6 lie on a flat ring (Fig. 2D). Moreover the dihedral angles in the
2,3-Broy, crown bridge loop vary markedly — successively og, Br, oL,
sub-og, ar, pr — clearly differentiating it from the n-helix, in which
dihedral angles should lie in the bottom left-hand quadrant of the
Ramachandran plot (see Fig. S3).

A pertinent question is whether the crown-bridge loop or ‘squiggle’
changes conformation as the cap and core domains move relative to one
another during the transition from the ‘cap-closed’ to the ‘cap-open’
structure. Dai et al. noted “a change in the backbone ¢ and y angles of
hinge residues Thr14, Aspl5, Thr16 and Alal7” of p-phosphoglucomu-
tase, equivalent to positions +6 to +9 in the ‘Asp0’ convention (Dai
et al., 2009). This has been interpreted by another group as “unwinding
of the squiggle element” (Park et al., 2015). We therefore examined the
structural data for the 2,3-proy, crown bridge loop in p-phosphogluco-
mutase trapped in the cap-open form (Lahiri et al., 2002), rather than
the cap-closed form that was shown in Fig. 2. It can be seen from Fig. 3
that although the overall structure of the protein has changed, and there
has indeed been an alteration in the backbone y angle at position +6
(Thr14), the hydrogen-bonds of the crown bridge loop — including the
1<6 bond — have been retained. Similar retention of the hydrogen
bonding of the crown bridge loop is also seen in the sucrose-phosphate
phosphatase from the cyanobacterium Synechocystis sp PCC 6803
(Fieulaine et al., 2005) (Fig. S4).

4. Discussion

The crown bridge loops at the active site of HAD-family enzymes are
predominantly in the 2,3-proy, rather than the 2,3-ogog, conformation.
This is consistent with the high conservation at position +3 of the amino
acid, glycine, which is able to occupy the generally unfavourable oy,
region of the Ramachandran plot (see Tables S1 and S3). In the few cases,
already mentioned, of structures in which the 2,3-agag or another
conformation was found, the prediction by AlphaFold (https://alph
afold.ebi.ac.uk) is of the 2,3-froy conformation (Table S4). Thus,
where different structures were observed in different subunits, the 2,3-
Broy, conformation may be the more thermodynamically stable ‘default’.
In other cases, the observed structure may perhaps be an alternative to
this default, favoured by the conditions of crystallization.

Why has the 2,3-Broy, crown bridge loop been so highly conserved?
Residues 4-6 of the loop form a tight substructure with residue 1, which
is flanked by catalytic AspO and Asp-+2 (DO and D2 in Fig. 2B). In general
this would appear to facilitate the interaction of the first aspartate side
chain with the Mg?* ion and the second with the substrate phosphate
group. Specifically, the structure allows a functional interaction
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D

PDBID | ¢o+1 w+l | 0+2 w42 | @43 @43 | o+4 y+4 | o+5 W45 | @6 y+6
Closed | 1003 A | -111.5 -61.9| -70.9 113.7 | 93.8 -3.3 | -117.1 -57.6| -780 -34.5 |-165.7 152.5
Open |1lvhA -88.3 -58.5|-66.2 1255 | 906 -11.5|-1204 -64.2| -78.0 -43.2 |-164.5 -176.0

Fig. 3. Comparison of conformation of the crown bridge loop in the cap-open
and cap-closed forms of phosphoglucomutase. Backbone residues 8-14 and
hydrogen bonds in p-phosphoglucomutase from Lactococcus lactis. (A) Cap-
closed form (PDB entry 1003 (Lahiri et al., 2003)). (B) Cap-open form (PDB
entry 1lvh (Lahiri et al., 2002)). (C) Superimposition of closed (red and orange)
and open (blue and light blue) forms. (D) Dihedral angles of the crown bridge
loop (residues 9-14). (For interpretation of the references to colour in this
figure legend, the reader is referred to the Web version of this article.)

between the backbone carbonyl group at position 2 (CO2) and the
essential Mngr ion, which would, in turn, be likely to stabilize the
interaction of the ion with the sidechain of Asp0. Further stabilization
will occur where there is a hydrogen bond of the type mentioned above
between the backbone carbonyl of Asp0O (CO0) and the backbone imino
group NH5 (Table S2(i)).

The 2,3-proy, conformation of the crown bridge loop can be seen as a
requirement for the interaction of CO2 and the Mg ion, just described.
Let us considered this in more detail. Fig. 4A shows a diagram of the first
four residues of (i) a 2,3-proy, and (ii) a 2,3-agog crown bridge loop,
without the side-chains but showing the 14 hydrogen bond. The dif-
ference between the two structures is essentially the rotation of the
plane of the peptide bond linking positions +2 and +3 (arrowhead)
through approximately 160°, which causes a major movement of the
backbone carbonyl group of Asp+2 (CO2 in the figure). The co-ordinates
for this example are taken from the phosphatase domain of the bifunc-
tional murine lipid phosphatase/epoxide hydrolase (Argiriadi et al.,
1999). In this homodimeric structure the crown bridge loop of one
subunit (B in PDB entry 1cr6) has the 2,3-froy, conformation, whereas
the second subunit (A) has the 2,3-agrag conformation. Fig. 4B shows the
complete crown bridge loop and catalytic aspartate for these two con-
formers. There is a clear difference between them in the position of CO2
and that of the Asp+2 side-chain, which in the 2,3-agog conformer is no
longer in the proximity of Asp0 and hence is no longer directed towards
the substrate. It should be noted that, as far as can be judged, the overall
structures of these two subunits are similar (Fig. S5). A second example
of this type, a phosphoglycolate phosphatase from Thermoplasma acid-
ophilum, is shown in Fig. 4C (Kim et al., 2004). This illustrates the
interaction of Asp0 and CO2 with the metal ion (Ca?* taking the place of
Mg?") in the 2,3-Bror conformer, although the overall situation is
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A

CO2

(ii)

Aspt+2

Fig. 4. The crown bridge loop of HAD family enzymes in the 2,3-pgroy, and 2,3-orag conformations. (A) Diagram of backbone of residues +1 to +4 of a crown bridge
loop showing the peptide planes as yellow rectangles. (i) 2,3-froy, conformation, (ii) 2,3-arar conformation. The arrowhead indicates the peptide plane between
Asp+2 and Gly+3. The co-ordinates are taken from the phosphatase domain of the murine lipid phosphatase/epoxide hydrolase, PDB entry lcr6 (Argiriadi et al.,
1999)). (B) As A, but representation of the complete heptapeptide (residues 9-15), labelled as in Fig. 2, with the side-chains of Asp0 and Asp+2 (only) shown. (i)
lcr6 B — 2,3-Broy, conformation, (ii) 1cr6_A — 2,3-aragr conformation. (C) Phosphoglycolate phosphatase from Thermoplasma acidophilum, PDB entry 116r (Kim et al.,
2004), residues 8-14. The labels are as in B, with the Ca®>" ions (spacefill) green. (i) 116r B — 2,3-proy, conformation, (ii) 116r A — 2,3-ogag conformation. The
diagram have been prepared so that the backbone at positions 0-1 and 4-5 aligns in the two parts. The distances between the closest oxygen atom of Asp0 and that of
CO2 in (i) and (ii) are 2.93 A and 5.21 ;\, respectively. (For interpretation of the references to colour in this figure legend, the reader is referred to the Web version of

this article.)

complicated by the fact that there are two metal ions near the active site
in the 2,3-agog conformer. The change in orientation at Asp+2 is also
apparent.

Although the 2,3-froy, conformation of the crown bridge loop in
HAD-family enzymes would seem to be that required for catalysis, the
two cases just mentioned indicate that adoption of the 2,3-arar
conformation is energetically feasible, and suggest that it could occur in
certain circumstances in vivo. This raises the intriguing possibility that
the crown bridge loop might alternate between the 2,3-proy, and 2,3-
agor conformations during catalysis, for example to allow release of
products and movement of the metal cofactor (Allen and
Dunaway-Mariano, 2004). This type of change in conformation is known
as ‘peptide-plane flipping’, and has previously been described for p-turns
of the type that the four residues in Fig. 4A constitute (Gunasekaran
et al.,, 1998; Hayward, 2001). There is at least one precedent for
peptide-plane flipping in an enzyme reaction mechanism: that of resi-
dues 58-59 of flavodoxin when it is reduced to its semiquinone form
(Alagaratnam et al., 2005). It should be emphasized that there is, as yet,
no direct evidence for peptide-plane flipping in HAD-family enzymes,
and that in both the cap-open and cap-closed forms the crown bridge
loop is found in the 2,3-fray, conformation (Fig. 3D). Nevertheless, such
a dynamic role for the 2,3-Broy, crown bridge loop — in addition to its
static one in orienting the Asp+2 carbonyl group — remains an
intriguing possibility, and might help to explain the extreme conserva-
tion of this ancient structure in HAD-family enzymes.
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