The structure of aspartyl dipeptidase reveals a unique
fold with a Ser-His-Glu catalytic triad
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The three-dimensional structure of Salmonella typhimurium aspar-
tyl dipeptidase, peptidase E, was solved crystallographically and
refined to 1.2-A resolution. The structure of this 25-kDa enzyme
consists of two mixed B-sheets forming a V, flanked by six
a-helices. The active site contains a Ser-His-Glu catalytic triad and
is the first example of a serine peptidase/protease with a gluta-
mate in the catalytic triad. The active site Ser is located on a
strand-helix motif reminiscent of that found in «/B-hydrolases,
but the polypeptide fold and the organization of the catalytic triad
differ from those of the known serine proteases. This enzyme is a
member of a family of serine hydrolases and appears to represent
a new example of convergent evolution of peptidase activity.

peptidase E | protease | protein crystallography | serine hydrolase

N early all cells are able to hydrolyze proteins to free amino
acids. Most of the enzymes that carry out the initial steps of
protein degradation produce peptides as products, and the
action of enzymes specialized in the hydrolysis of small peptides
is necessary to complete the degradation process (1). To ensure
the rapid hydrolysis of the great variety of peptides produced by
protein degradation, most cells contain a number of different
peptidases. Some of these enzymes display a broad specificity,
hydrolyzing peptides of various lengths and amino acid compo-
sitions. Others have a narrow specificity hydrolyzing only a
restricted subset of peptides. One such enzyme, aspartyl dipep-
tidase (peptidase E), is uniquely able to hydrolyze only Asp-X
dipeptides (where X is any amino acid), and one tripeptide,
Asp-Gly-Gly (2). This enzyme, originally found in bacteria but
now known also to be present in the eukaryotes Xenopus laevis
and Drosophila melanogaster, differs in specificity from all other
known peptidases. In bacteria, the enzyme is believed to play a
role in the degradation of peptides generated by intracellular
protein breakdown or imported into the cell as nutrient sources.
In X. laevis, the enzyme’s production is developmentally regu-
lated in response to thyroid hormone, and it is thought to play
a role in apoptosis during tail resorption (3).

The primary sequence of aspartyl dipeptidase does not allow
it to be classified in any known peptidase family (4, 5). Recently
sequence comparison and site-directed mutagenesis data have
been obtained, suggesting that aspartyl dipeptidase is a serine
hydrolase (6). Because the enzyme appears to be unrelated by
sequence to any other known serine hydrolase, it seemed pos-
sible that aspartyl dipeptidase might belong to a new family of
serine hydrolases. Serine proteases or peptidases that possess a
catalytic triad can be classified into five groups: the trypsin-like
proteases (7), the subtilisin-like proteases (8), the serine car-
boxypeptidases (9), ClpP protease (10), and cytomegalovirus
protease (11-13). The catalytic triad consists of a serine, a
histidine, and a third residue, which is an aspartic acid in all of
these enzymes except cytomegalovirus protease, where it is a
histidine. However, the three-dimensional fold of the polypep-
tide chain and the order in which the catalytic triad residues
appear in the sequence are characteristic for each group. Some
lipases and esterases (14—-16) are structurally similar to the serine
carboxypeptidases, and enzymes with this fold are generally

referred to as a/B-hydrolases (17). This paper reports a high
resolution structure of Salmonella typhimurium aspartyl dipep-
tidase. The structure reveals that this enzyme is indeed the
prototype of a new serine peptidase family with a unique fold and
an unusual Ser-His-Glu catalytic triad.

Materials and Methods

Aspartyl dipeptidase was purified from S. fyphimurium strains
TNS5213 and methionine auxotroph TN5517 (6), by using gel
filtration and anion exchange chromatography (2, 4). Crystals
grown in PEG 35000 (4) were flash frozen at 100 K after the
addition of 40% glycerol to the mother liquor; they belong to
space group C2 witha = 921 A,b = 428 A,c = 62.9A, and B =
106.5°, with one molecule per asymmetric unit. Data on sel-
enomethionine protein crystals were collected at four different
wavelengths A1-A4 at the National Synchrotron Light Source
beam station X4A, and the native data were collected at beam
station X12C (Table 1). Data were processed and reduced by
DENZO and SCALEPACK (18). The three selenium atom positions,
phases, and the initial electron density maps were calculated with
the CNs program package (19). The structure was initially refined
by using XPLOR (20), followed by CNs refinement. Finally, the
model was refined with anisotropic B-factors, by using SHELX
(21). The crystallographic free R (22) was monitored by using
5% of the data. The graphics program 0 (23) was used to build
the molecule and display the 2|Fol-|Fc| and |Fol|-|Fc| electron
density maps. The bound substrate model was created by man-
ually docking an Asp-Ala dipeptide into the active site, followed
by XPLOR energy minimization with fixed enzyme coordinates.

Results and Discussion

Overall Structure. The structure of aspartyl dipeptidase was solved
to 1.8 A through multlple wavelength anomalous dispersion
methodology, by using a selenomethionine derivative and four
different wavelengths. The structure was subsequently refined
with a 1.2-A native data set (Table 1). With the exception of
residues 161-169, for which no electron density was found, the
peptide could be unambiguously traced from the N terminus to
the C terminus. In the refined native structure, some disorder is
evident among residues 42-50, which is presumably why the R
value is relatively high (21.8% with isotropic B-factors and 15.8%
with anisotropic B-factors). Aspartyl dipeptidase is composed of
two B-sheets forming a V and contains a Ser-His-Glu catalytic
triad situated at the base where the two mixed B-sheets meet
(Fig. 1). The active site, Ser120, belongs to the larger of the two
B-sheets, His157 belongs to the smaller, and the third catalytic
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Table 1. Crystallographic data

Data collection and phasing statistics

Data set Al A2 (edge) A3 (peak) A Native
Anomalous statistics Yes Yes Yes Yes No
Wavelength, A 0.9879 0.9793 0.9788 0.9668 1.000
Resolution range, A 20.0-1.8 20.0-1.8 20.0-1.8 20.0-1.8 20.0-1.2
Completeness (final shell)* 97.4 (94.3) 97.3(94.7) 97.3(94.7) 97.4 (94.4) 93.6 (76.1)
Total no. of reflections 147 797 146 841 147 191 147 914 137 483
Unique no. of reflections* 41624 41 511 41 541 41612 68 270
Rsym (final shell), % 2.8 (8.7) 2.8(7.2) 2.8(7.7) 2.8(8.2) 4.7 (27.4)
1/o(l) 30.1(12.9) 32.9 (16.4) 32.4(16.3) 30.4 (15.7) 14.0 (2.6)
Phasing power, disp./anom." 1.7/2.3 1.6/4.1 1.1/4.8 /3.5
Rcuis, disp./anom.* 0.66/0.58 0.64/0.39 0.74/0.34 /0.43
f’ obs/f" obs —4.3/0.6 -6.7/3.9 -5.3/3.9 -3.8/2.5
Refinement statistics (based on all data, 1684 protein atoms and 193 solvent atoms)
rms deviation

N - BEVE N
B factors Resolution range, A R, % Rfrees % Bonds, A Angles Main/side/protein/solvent, A
Isotropic 20.0-1.2 21.8 23.0 0.013 1.6° 11.0/13.7/12.3/21.5
Anisotropic 10.0-1.2 15.8 19.1 0.012 0.031 A 13.3/18.0/15.6/28.0

*AFriedel pair is considered as two unique reflections for the anomalously processed data sets but as a single unique reflection for the nonanomalously processed
data set.
40,865 structure factors were phased with a figure of merit of 0.79.

triad residue, Glul92, is found at a short crossover segment
between the two B-sheets. The order of the strands of the larger,
eight-stranded B-sheet is 32451(—6)7, and that of the smaller,
four-stranded B-sheet, 12(—3)4. The connectivities are 3X, 1X,
—2X, —1X, =2, =1 and —1X, —1, —1, respectively (25). The
larger of the two sheets is relatively flat, with the exception of the

highly twisted strand 3 at the edge. The highest score (6.4) for
structural similarity obtained by the program DALI (26) was
assigned to catalase, which has a fold unrelated to aspartyl
dipeptidase. Thus, aspartyl dipeptidase appears to be a member
of a novel family of serine peptidases unrelated to the trypsin-
like proteases (7), subtilisin-like proteases (8), serine car-

Fig. 1. Structure of aspartyl dipeptidase. (A) Ribbon diagram (35). Helices are shown in red and p-strands in blue. The side chains of the catalytic triad residues
are shown in green. (B) Topological representation.
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Fig. 2. (A) Strand-helix motif. Superimposition of aspartyl dipeptidase (thick multicolored model) and serine carboxypeptidase (blue) illustrates similarities
of the strand-helix motifs and the different histidine positions (35). The Ca atoms of the nine residues surrounding the active site Ser were superimposed and
have a rms deviation of 0.9 A. (B) View of the active site with Ser120 (dark gray) and the helix following it with Ala121-Asn124 (light gray). The active site Ser
is coordinated to His157 and two water molecules (yellow). Glu192 is shown in green, Thr133-Asp135 in red, and Gly87-Thr90 in blue.

boxypeptidase (9), cytomegalovirus protease (11-13), or ClpP
protease (10). Although the active site aspartate is replaced by
a glutamate in some of the esterases or lipases and by a histidine in
cytomegalovirus protease, aspartyl dipeptidase is the first peptide
bond-hydrolyzing enzyme with a glutamate in its catalytic triad.

Strand-Helix Motif and Catalytic Triad. Despite its different fold,
the active site serine of aspartyl dipeptidase is found at a
strand-helix motif reminiscent of that found in «/B-hydrolases,
e.g., serine carboxypeptidase (9), proline iminopeptidase (27),
and acetylcholinesterase (15), although the helix in aspartyl
dipeptidase makes a single turn only (Fig. 24). Similar to these
proteins, the active site serine is positioned in a less favorable
part of the Ramachandran plot (® = 57°, y = —122°). This
positioning is a consequence of the secondary structure elements
that are joined by the active site serine. The ® value reflects its
position at the end of a B-strand and is characteristic of B-hairpin
turns. At the same time this residue is part of an a-helix, and the
hydrogen bond between its carbonyl oxygen atom and the
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main-chain nitrogen atom of Asnl124 depends on the i value.
The sharp turn of the strand-helix junction also explains why
aspartyl dipeptidase conforms to the GXSXG sequence motif
similar to that of the a/B-hydrolases. The two glycines in this
motif are found in favored regions of the Ramachandran plot,
but side chains at these positions would sterically exclude each
other. Serine carboxypeptidase is able to host an alanine in the
second but not the first of the Gly/Ala positions because its
strand-helix motif adopts a broader turn.

The active site histidine is presented from an orientation, vis-a-vis
the active site serine, that is different from that of serine car-
boxypeptidase and proline iminopeptidase (9, 27). This orientation
is best illustrated by superimposing the active site serine segments
of aspartyl dipeptidase and serine carboxypeptidase (Fig. 24). The
handedness (17), i.e., the orientations and positions of the serine
and histidine main chains relative the imidazole plane, are similar
to those of trypsin and subtilisin and quite different from the serine
carboxypeptidase active site constellation.

The hydrogen bonds of the catalytic triad in aspartyl dipep-
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The active site of aspartyl dipeptidase (36). Positive charge is shown in blue and negative charge in red. An Asp-Ala dipeptide has been modeled into

the active site. The amino group of the substrate interacts with Asp135, and the P1 side chain is found in a hydrophilic pocket with residues that are conserved
throughout the sequences of Salmonella typhimurium, Escherichia coli, Haemophilus influenzae, Actinobacillus actinomycetemcomitans, Shewanella putre-
faciens, Pasteurella multocida, Xenopus laevis, and Drosophila melanogaster (6). The P1’ side chain is oriented toward the solvent. The substrate can move further
into the active site only at the cost of very close contacts between its carbonyl atom and the active site serine hydroxyl group.

tidase display a very favorable geometry (Fig. 2B). The Oy of
the active site Ser120 is coordinated to His157 (2.7 A) and to
two water molecules (3.0 and 3.4 A, respectively). Glu192
hydrogen bonds to His157 (2.7 A), but surprisingly it is not
hydrogen bonded to any other protein atom. In contrast to
other serine proteases, the carboxylate hydrogen bond adopts
an anti rather than the more common syn conformation (28).
The angles between the two hydrogen bonds and the O—C
bonds of the Ser (107°) and Glu (132°) do not deviate much
from the values expected for tetrahedral and trigonal coordi-
nation. Both the Ser120 Oy and the Glul92 Oeg2 atoms are
essentially within the imidazole ring plane (3° and 6°, respec-
tively), although the imidazole and carboxylate planes make an
angle of 65° and are far from coplanar. The relatively strong
hydrogen bonds leave little room for interactions between the
His and the substrate P1 side chain. Thus, from a structural
point of view, a substrate-assisted mechanism (29) seems
unlikely. Glul92 is conserved among all of the available
aspartyl dipeptidase sequences (6), and to test its role in
hydrolysis we constructed an E192A mutant. The mutant is
approximately 1% as active as the wild type. (Using Asp-Leu
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as the substrate, we determined the specific activity for the
E192A mutant to be 0.021 nmol min~! ug~! compared with a
specific activity of 2.13 nmol min~! ug~! for the wild type.)
The residual activity of the E192A mutant is greater than that
of trypsin Asp102 mutants (30) but less than that of cytomeg-
alovirus protease mutants affecting His157, the third member
of the catalytic triad in this enzyme (13). Thus the presence of
a hydrogen bond between Glul92 and His157 increases the
catalytic efficiency of aspartyl dipeptidase by approximately
100-fold.

Active Site Pocket. The active site (Fig. 2B) is fully exposed to
the solvent. Thus, discrimination against larger peptides and
proteins appears to be achieved by the chemical properties of
the active site itself rather than by restricted access, as in the
case of prolyl oligopeptidase (31). There is no positively
charged residue in the active site that could ion-pair with the
negative charge of the substrate aspartate side chain. Two
positively charged and conserved residues, Argl71 and
Argl74, are essential for catalysis (6) but are both too far away
from the active site to be able to interact directly with the

Hakansson et al.



substrate. Argl71 hydrogen bonds to the main-chain oxygen of
the active site His157. In addition, it probably influences the
orientation of the Asn134 side chain in such a way as to direct
the obligate hydrogen bond donor nitrogen, rather than the
acceptor oxygen, toward the active site, which has to accom-
modate an aspartate side chain. The role of the more remotely
located Argl74 is more difficult to explain, but its positive
charge might enhance the electrostatic effect of Argl71. The
two arginines are located on an a-helix and are relatively close
to each other (Fig. 1la). Another essential residue, the con-
served Aspl35 (6), is situated in the active site and might
interact with the N-terminal amino group of the substrate. A
similar role has been indicated for two conserved glutamates
in the active site of proline iminopeptidase (27).

Superimposition of the active site His of trypsin, subtilisin,
serine carboxypeptidase, and aspartyl dipeptidase suggests that
the oxyanion hole is formed by the electrostatic action of the
main-chain nitrogen atoms of Gly88 and Alal21. If this suppo-
sition is correct, the main-chain nitrogen atom of the residue
following the active site Ser is involved in stabilizing the tetra-
hedral intermediate both in serine carboxypeptidase and aspar-
tyl dipeptidase, although the strand—helix motifs are oppositely
oriented with respect to the imidazole ring plane in the two
enzymes. This arrangement suggests that the strand—helix motif,
with its hydrogen bond between the carbonyl oxygen of Ser120
and the main-chain nitrogen of Asn124, has evolved to maximize
the electrophilicity of the oxyanion hole through the dipole
moment of the helix.

An Asp-Ala dipeptide was docked into the active site of
aspartyl dipeptidase, as shown in Fig. 3. This model is based on
the supposed location of the oxyanion hole, the suggested
interaction between Asp135 and the substrate amino group, the
location of conserved residues, and the fact that the aspartyl
dipeptidase active site contains a pocket with obligate (main
chain nitrogen and side chain of Asn134) and possible (Thr90,
Asn124, Thr133) hydrogen bond donors into which the substrate
aspartate side chain has been placed. The substrate amino group
is also suggested to interact with the carbonyl oxygen of Gly88.
Both the amino group and the aspartate carboxylate group are
close to experimentally determined water positions. Discrimi-
nation against asparaginyl dipeptides is probably because of
hydrogen bond interactions rather than ion pairing, because
there is no positively charged residue in the active site pocket.
Docking the peptide into the active site is restricted by the
distance between enzyme serine and the substrate carbonyl
group, suggesting either that tetrahedral intermediate formation
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and binding are simultaneous processes or that minor confor-
mational changes take place on binding. The side chain of the P1’
residue is facing the solvent, consistent with the observed lack of
specificity with respect to this residue (2). Removal of the P1’
side chain would perhaps permit a rotation around the N—Ca
bond of this residue, orienting the C-terminal carboxylate group
toward the exterior. This hypothesis would explain the enzyme’s
activity toward Asp-Gly-Gly, the only known tripeptide
substrate.

Aspartyl dipeptidase represents a new class of serine hydro-
lases, with a unique structure, overall polypeptide fold, and
sequence arrangement of the catalytic residues. The location of
the active site Ser in a strand—helix motif is similar to that of the
serine carboxypeptidases, but the geometry of the catalytic triad
and its orientation relative to the strand—helix motif are differ-
ent. It is therefore not likely that aspartyl dipeptidase and the
serine carboxypeptidases are evolutionarily related. We suggest
that the superficial resemblance of aspartyl dipeptidase to the
other proteases, i.e., the presence of a hydrogen-bonded Ser-
His-carboxylic acid catalytic triad and the strand—helix location
of the active site serine are the results of convergent evolution.

Interestingly, the GXSAG (residues 119-123), GGXT (resi-
dues 87-90), and PH (residues 156—157) motifs can be found in
ORFs with little or no overall sequence similarity to aspartyl
dipeptidase. Examples of such sequences are Bacillus subtilis
Ygal (32), Leishmania major CAB71275 (33), and Deinococcus
radiodurans D75442 (34). Hence the residues directly involved in
the catalytic mechanism, i.e., the active site Ser (Ser120), the
active site His (His157), and the two residues that form the
oxyanion hole (Gly88 and Alal21) are present in these proteins.
The other residues defining the P1 pocket in aspartyl dipeptidase
cannot be found in these sequences, suggesting that they repre-
sent enzymes with the same fold and same basic mechanism as
aspartyl dipeptidase, but with different substrate specificities. It
appears, therefore, that the aspartyl dipeptidases are all mem-
bers of a larger family of hydrolytic enzymes present in both
prokaryotes and eukaryotes.
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