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ABSTRACT. Extracellular glutamyl endopeptidase frddacillus intermediugBIEP) is a chymotrypsin-

like serine protease which cleaves the peptide bond on the carboxyl side of glutamic acid. Its three-
dimensional structure was determined @22 andC2 crystal forms of BIEP to 1.5 and 1.75 A resolution,
respectively. The topology of BIEP diverges from the most common chymotrypsin architecture, because
one of the domains consists offasandwich consisting of two antiparallg@tsheets and two helices. In

the C2 crystals, a 2-methyl-2,4-pentanediol (MPD) molecule was found in the substrate binding site,
mimicking a glutamic acid. This enabled the identification of the residues involved in the substrate
recognition. The presence of the MPD molecule causes a change in the active site; the interaction between
two catalytic residues (His47 and Serl171) is disrupted. The N-terminal end of the enzyme is involved in
the formation of the substrate binding pocket. This indicates a direct relation between zymogen activation
and substrate charge compensation.

Glutamyl specific endopeptidases (Glu-endopeptidases)matic synthesis of biologically active peptide$1{15).
cleave the peptide bond on the carboxyl end of a glutamic Therefore, an understanding of the structural basis for the
acid. Enzymes with such specificity were found in a number recognition of the glutamic acid side chain in the substrate
of microorganisms, includin§taphylococcygActinomyces binding groove is of major interest. The examination of three-
StreptomycesandBacillus as well as in some RNA viruses dimensional structures of glutamyl endopeptidases from
(1—6). Glu-endopeptidases from pathogenic microorganisms different sources will shed more light upon this recognition
are responsible for several disease states. For instancemechanism.
epidermolytic toxin A fromStaphylococcus aure&TA) The majority of Glu/GIn-endopeptidases are serine pro-
induces staphylococcal scaled skin syndrome in newbornsteases with a chymotrypsin-type foldl)( Among the viral
(7). In spore-forming bacteria, these enzymes are activatedenzymes, some are true serine proteases; others, like 3C pro-
prior to sporulation and probably participate in the regulation teases from hepatitis A and human rhino virus, are cysteine
of this processg). Viral enzymes cleave a polypeptide chain proteases, where a cysteine replaces serine in the active site.
at the C-terminal side of glutamic acid (Glu) or glutamine Despite a very low level of sequence similarity, the 3C
(GIn), provided that the processing of viral polyproteins takes cysteine proteases from rhino, polio, and hepatitis A viruses
part in viral replication @). These viral enzymes are specific retain a chymotrypsin fold16—18). These enzymes are
to the nature of residues next to Glu; only small residues denoted chymotrypsin-like (CHL)proteases.
such as glycine, alanine, and serine can occupy the position To date, the three-dimensional structures of several en-
following the scissile bondlQ). Microbial enzymes are more  zymes with glutamic acid specificity are available: epider-
specific and cleave only after a glutamic acid. This makes milytic A and B toxins (ETA and ETB, respectivelyl$,
microbial Glu-endopeptidases widely applicable for protein 20) as well as glutamyl endopeptidase fr@treptomyces
sequencing, specific cleavage of fusion proteins, and enzy-griseus (SGEP) R1) and nsp4 from arterivirus2@). A
number of structures of glutamine specific enzymes have
been solved: 3C proteinases from human rhino vid&}, (
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Extracellular Glu-endopeptidase frddacillus intermedius ~ Tyr113, Ser115, lle129, the main chain of Alal60, Vall185,
strain 3-19 (BIEP) is excreted at the late phase of bacterial Ser191, Glu207, and Tyr211. The model has good stereo-
growth. The biosynthesis of BIEP as well as otBarcillus chemistry with all residues lying within the allowed regions
glutamyl endopeptidases is enhanced before sporul&®n ( of the Ramachandran plot.

The enzyme hydrolyzes the peptide bond on the carboxyl Polypeptide Fold and Topology of BIER.ike other
end of glutamic acid or after cysteic acid, when fhehain proteases of the chymotrypsin family, BIEP consists of two
of oxidized insulin is used as a substra®®)( domains separated by an extended crevice so that catalytic

The bacteria synthesize BIEP as an inactive zymogen thatand substrate binding sites are situated on the interface
contains 303 amino acid residues and includes the secretonjetween the two domains, readily accessible to the solvent
peptide and activation peptide which precedes the sequencéFigure 2).
of the mature enzyme26). The proenzyme can be activated One domain of BIEP consists of the elongated N-terminal
in vitro with trypsin or subtilisin upon cleavage of alysine  part of the polypeptide chain (residues21 and 123201,
valine bond and N-terminal propeptide degradation. The denoted the C-domain following the chymotrypsin nomen-
mature protein consists of 215 residues. Sequence alignmenglature) and contains the substrate binding loop (residues
with other serine proteases showed that BIEP belongs to thel66—-192). The second domain is comprised of residues
chymotrypsin family, and contains the conserved catalytic 22—111 and the C-terminal-helix (residues 202215) and
triad consisting of Ser171 (195), His47 (57), and Asp120 is termed the N-domain. The domains are connected by a
(102) (residues are numbered from the N-terminus of the loop of nine surface-exposed residues (2120). The
active enzyme; numbers in parentheses denote the numberingesidues of the catalytic triad are shared between the domains
according to the chymotrypsin template). The highest de- SO that Ser171 (195) belongs to the C-domain whereas Asp97
gree of sequence identity-60%) was found between BIEP  (102) and His47 (57) are located in the N-domain.
and glutamyl endopeptidase froBacillus licheniformis For the majority of chymotrypsin-like proteases, both
(BLEP, Figure 1). The degrees of sequence identity with domains are topologically similar and have a tertiary structure
Glu-endopeptidases for which the three-dimensional (3D) built around six-stranded antiparalj@isheets folded into a
structures have been determined are 28% for SGEP and 30%-barrel. Only the C-domain in BIEP has such a topology
for ETA. (Figure 3). One of the strands of tfiebarrel (3) is connected

Here we present the first structure of a Glu-endopeptidasePY @ single S-S bridge to a short helixo@) that contains
from Bacillus The enzyme was crystallized in two crystal Catalytic His47. _ _ _
forms (222 and C2) as described in ref7. The 3D The C-domain topology is characterized by antiparallel
structure was determined for both these forms to 1.5 and/-Sheets | and II, consisting of five and four antiparallel
1.75 A resolution, respectively, using molecular replacement. 5-Strands, respectively. A topological comparison of BIEP
The polypeptide fold and the active site residues in BIEP against all protein structures deposited in the Protein Data
were identified. The substrate specificity pocket that accom- Bank using the TOPS serveg2) revealed that the topology
modates the glutamic acid residue from the peptide was Of the C-domain is somewhat similar to that of domain Il of
located, and amino acid residues that interact directly with Zymogen E §3), which looks like a hybrid between a
the e-carboxyl of the P1 glutamyl residue were identified /A-barrel and g-sheet (Figure 3). Zymogen E is a precursor
(substrate residues (P) and enzyme substrate binding site®f Protease E, which cleaves specifically after the carbonyl
(S) are named according to the convention proposed byPonds of alanine, valine, serine, and threonine. A unique four-
Schechter and Berge®), with the scissile bond situated ~ Strandegs-sheet was found recently in the N-terminal domain
between P1 and P1The enzyme in th€2 crystals grown  Of 2A proteinase from the common cold viru34j. In the
in the presence of 2-methyl-2,4-pentanediol (MPD) con- ¢ase of BIEP, the N-terminus of the active enzyme is an
tained an MPD molecule in the substrate binding site and €SSeéntial part of the substrate binding domain. The typical
was described as a BIERMPD complex. The comparison  A-barrel found in chymotrypsin is extended tgasheet to
of the substrate binding sites in BIEP, the BIEMPD accommodate g-strand situated at the N-terminus. The
complex, SGEP, and ETA revealed some themes andorientation of the N-terminus turns out to be essential for
variations that shed light on the specificity modes of these the formation of the substrate binding pocket.

enzymes. Comparison of BIEP with Other Protein Structurdhe
DALI server 35) was used to compare the three-dimensional
RESULTS AND DISCUSSION structure of BIEP with all known protein structures stored

in the Protein Data Bank. Structural similarity is reported

General Description of the Structur&he structure was  via aZ score, and parts of the two compared structures that
determined using the molecular replacement method imp|e-a|ign reasonably well are superimposed along thgiatoms.
mented in AMoRe 29) and ETA as the search model. The Several protein structures could be superimposed on BIEP
refinement was carried out with REFMAGQ), coupled with with an average rmsd of3 A: ETA (rmsd of 1.9 A for
automated building and updating of the solvent structure 196 residues)20), f-trypsin (rmsd of 2.5 A for 191 residues)
using ARP/WARP 5.131). The refinement converged at an  (36), heparin-binding protein (rmsd of 2.4 A for 187 residues)
R-factor of 15.6% Ryee = 18.4%), and statistics are given (37), and the chymotrypsin-like 3C protease from rhino virus
in Table 1. (rmsd of 2.6 A for 152 residues).6).

The electron density map of the refined structure showed The DALI algorithm indicated no clear global structural
well-defined density for all the residues except for the side similarity between BIEP and SGEP or zymogen E. Super-
chains of Arg55, Lys60, and Arg154. Double conformations position of the independent domains between BIEP and
were built for residues Arg15, Leu36, Val73, Ser86, Thr110, SGEP gives rmsds of 1.6 A for the N-domain for thg C
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Ficure 1: Sequence alignment of BIEP with related serine proteases. The sequence is numbered according to the BIEP sequence. The
secondary structure elements of BIEP are displayed as aryasands) and barrelsithelices). The one disulfide bond found in BIEP
is shown in gray. Important catalytic residues are boxed and colored yellow. The residues that are part of the substrate binding site are
colored as follows: cyan for residues that follow a general trend and crimson for residues that are specific for a certain enzyme.

atoms of 58 residues and 2.5 A for the C-domain for the C the polypeptide chain near the active site. It seems that BIEP
atoms of 65 residues. For structural comparison, all atomsis an intermediate between SGEP and ETA in this respect.
of the catalytic triad were used for superposition. SGEP contains two disulfide bonds, one in a position similar

Disulfide Bonds in BIEPThe single disulfide bond of  to that of the disulfide in BIEP. ETA contains no disulfide
BIEP between Cys32 (42) and Cys48 (58) is approximately bond, and is in this way reminiscent of viral CHL proteases
4.5 A from His47 (57) and maintains the conformation of (10).
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Table 1: Statistics for Data Collection and Refinement@a22, N-domain C-domain
andC2 Crystals of BIEP
space group space group N<
C222
resolution range (A) 201.5 20-1.72 Q/D
overall completeness 97.5 97.3 Asm
overallR(I) merge 6.9 10.8
no. of reflections 33091 18778
redundancy 3.7 3.2
llo 12.7 9.2 Nig7
crystallographid?-factor (%) 15.6 16.6
Riee (%) 18.4 20.8 Zymogen E
no. of protein atoms 1618 1618
no. of solvent atoms 155 58 ) _-C
no. of ligand atoms (MPD) - 8
rmsd of bond lengths (A) 0.013 0.013 N £
rmsd of angles (deg) 0.031 0.037
averageB-factor (A2) for all atoms, 18.6,16.9, 23.4,42.8,
protein atoms, water molecules, MPD 37.0 37.3,43.2

Ficure 3: Topology diagrams generated with TORR)(for BIEP

and the substrate binding domain of zymoger38).(Large circles
denotea-helices, small circles denoté®helices. The position of
the catalytic triad and the single disulfide bond in BIEP are marked.
Both zymogen E and BIEP have f@sheet topology in the
C-domain.

Asp 102

His 47

Table 2: Lengths of Some Essential Hydrogen Bonds in Several
Serine Proteases

Ser 171 hydrogen bond length (&)
Serl95 His57
protease Oy—His57 Ne2 NO1—Aspl02 062

BIEP 2.83 2.69
ETA 2.97 2.61
trypsin 3.03 2.71
SGEP 3.39 291
rhino viru® 3.98 2.08

FiGURE 2: Ribbon diagram of Glu-endopeptidase fr@ninter- _*According to chymotrypsin numberingIn 3C protease from rhino
medius The residues of catalytic and substrate binding sites are Virus, Ser195 is replaced with a cysteine and Asp102 with a glutamic
shown. This figure was generated with MOLSCRIPA8)( and acid.

rendered with Raster3D19).

the catalytic serine and histidine in BIEP is longer than that

Active Site AreaThe active site area in serine proteases petween histidine and aspartate (Table 2). The latter (2.69
can be divided into three functionally different parts: the A) has been described as a low-barrier hydrogen by (
residues of the catalytic triad (Ser-His-Asp), the oxyanion  cCatalytic residue Asp97 (102) forms a hydrogen bond with
hole, and the substrate binding region, which comprises theHis186 (213) and, consequently, with Asn45 and Asn187,
S1 substrate pocke8®). The latter accommodates the char- which is homologous to Ser214 in chymotrypsin. Asn187
acteristic P1 peptide residue of the substrate and, consepelongs to the substrate binding region, while His186 is a
quently, is responsible for the enzyme specificity. crucial residue in the S1 specificity pocket (see below). Thus,

Catalytic Triad. The position and geometry in BIEP of the cluster made up of the catalytic aspartate and two
the catalytic triad of Serl171 (195), His47 (57), and Asp102 asparagine residues connects the catalytic and substrate
(97) coincide with those of other serine proteases. The mech-binding region in BIEP. Because of the hydrogen bond with
anism of catalysis by these enzymes and the role of the Asp97 (102), Asn187 is able to relegate the proton extraction
individual amino acid residues have been reviewed in detail from the catalytic serine. In addition, Asn187 (214) contacts
(38, 39). It is assumed that enzymatic cleavage of the poly- the solvent through a water molecule and thus can mediate
peptide bond proceeds via nucleophilic attack of the serine between the catalytic triad and the surface of the enzyme.
hydroxyl on the carbonyl carbon atom of the scissile peptide According to Meyeret al. (41), a similar role was attributed
bond. The tetrahedral intermediate is transferred into an acylto Ser214, which is invariant in the majority of mammalian
enzyme, which is subsequently hydrolyzed at the final step and bacterial serine proteases. For this reason, Ser214
of the reaction. The AspHis™ pair, which arises as aresult (Asn187 in BIEP) was considered as an additional member
of acceptance of a proton from the catalytic serine, provides of the catalytic site.
electrostatic stabilization of the transition state. Hence, the Oxyanion Hole.The oxyanion hole is made up by the
lengths of the hydrogen bonds between the residues of thebackbone of Serl171 and two preceding Gly residues (Gly169
catalytic triad are important characteristics of the enzyme. and Gly170) and stabilizes electrostatically the negatively
Like in other related proteases, the hydrogen bond betweencharged tetrahedral intermediate that arises during catalysis.



2788 Biochemistry, Vol. 43, No. 10, 2004 Meijers et al
Asp 97 .
) | His 186

\Jyr 88\ Asn 187~
l\-\ \i /
9

| R (1 | Thrie6
R 50 - e -
1 | Thr 166 Q (} 7{\("’
220 \ e . His 47 y ]: Val 1

Ficure 5: View of the active site area and the substrate binding
pocket, with the MPD molecule. His47 (57) adopts two alternate
conformations in theC2 crystal form: the classical conformation

with the imidazole ring pointing at Ser171 (195) and a conformation

Ala 188

Gly 189 in which the imidazole points away from the active site forming
hydrogen bonds with Tyr88 and the main chain carbonyl oxygen
Val 1 of Tyr50.
MPD ' l previously in ETA and SGEP to bind the Glu substrate,
Phe 167 Thr166 and His186. A third hydrogen bond is formed with

thea-NH; group of the valine that forms the very N-terminus
, o . of the active enzyme. There is no significant rearrangement
Ficure 4: View of the substrate binding pocket with the electron  of the residues in the S1 pocket after accommodation of

density displayed around the MPD molecule, with contour levels .
of 10 and 2 from a anF, — DF, map G0), where b = 0.45 MPD. However, the water molecule that bridges Thr166 and

e/A3. The distances (angstroms) between the 02 atom of the MPD His186 in the free enzyme is absent in the enzyD
molecule and its protein ligands are given. complex, and the hydrogen bond between those residues is
broken.
The negative charge is in part neutralized by the interaction  apnother difference between the two crystal forms is a
with hydrogens of the imido groups of conserved Gly193 cnange in the active site, which illustrates the sensitivity of
and Ser195. the hydrogen bonding network connecting the substrate
The geometry of the oxyanion hole has a dramatic influ- binding pocket to the active site. The association of a small
ence on the enzymatic activity. A distorted geometry of the polar compound like MPD with the specificity pocket
oxyanion loop is found in ETA, where the carbonyl oxygen initiates a conformational change in His47 (57) so that in
of Pro192 fills the oxyanion hole, thus blocking substrate the BIEP-MPD complex it has a double conformation. One
binding (19, 20). It has been suggested that this proline conformation is similar to the one in the free enzyme, where
residue may move away to open the oxyanion hole when His47 (57) points toward the catalytic Ser171 (195). In a
ETA binds another unknown activating molecule. In BIEP, second, unproductive conformation, the hydrogen bond
the oxyanion hole is occupied by two water molecules, which between the B2 atom of His47 and the Patom of Ser171
should be displaced upon substrate binding. The geometryis broken. The imidazole ring of His47 is flipped, forming a
of the oxyanion hole is compatible with that of the majority new hydrogen bond with the hydroxyl group of Tyr88 (2.77
of serine proteases. The distance between the main chaimd) and with the main chain carbonyl oxygen of Tyr50 (3.14
nitrogen atoms of Gly169 (193) and Ser171 (195) in BIEP A, Figure 5). A water molecule bound to Ser171 (195) in
is nearly the same as in trypsi®d), 4.2 and 4.3 A,  the free enzyme is shifted closer to thes @tom (2.6 A
respectively. On the other hand, in zymogen E, the inactive instead of 3.2 A). The productive conformation of the His47
form of protease E, Gly193 is turned away from the catalytic side chain is prevalent with an average atomic displacement
residues and the corresponding distance is 6.33). ( parameter (ADP) of 10 A; the unproductive conformation
Substrate Binding Regio.he structure of the BIEP has an average ADP of 1®&iven equal occupancy. MPD
MPD complex with an MPD molecule in the substrate is a precipitating agent that is routinely used to crystallize
binding pocket has been studied. Crystals grown in the proteins. It is a small amphiphilic molecule that can bind in
presence of 3% MPD had a lower symmetry, and the grooves and cavities on the protein surface, sometimes in a
structure was determined using the free enzyme as a searclsubstrate binding sitetg). The enzymatic activity of BIEP
model by molecular replacement. The BEERIPD complex in the presence of 15% MPD was tested, and no inhibitory
was refined to afR-factor of 16.3% Ryee = 20.9%) based effect was observed. The presence of MPD may have
on the C222, model. Superposition of the two crystal decreased the dielectric constant locally, which affected both
structuresC222, andC2, gives a root-mean-square deviation crystal packing and the hydrogen bond between His47 and
(rmsd) of 0.19 A for all G positions. Serl71.

The main difference from the free enzyme is the presence The substrate binding region and the specificity pocket in
of residual electron density inside the substrate (S1) binding BIEP were further verified by superposition of the active
pocket. The electron density was interpreted as an MPD site residues of the BIEP and SGEP molecules. The SGEP
molecule (Figure 4). The oxygen at the C2 atom of the MPD structure was determined in a complex with the inhibitor
molecule makes hydrogen bonds with two residues identified tetrapeptide Boc-Ala-Ala-Pro-Glu. The examination of the
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\ . N-terminal Val (Vall) are close to the carboxylate group of
/ Boc peptide the side chain of the Glu residue. All these residues (Vall,
Thr166, and His186) are connected by hydrogen bonds. The
4 ' F o-carboxyl group of the P1 Glu residue is situated close to
> f ‘\ . S the enzyme’s catalytic site. One oxygen of #taeCOOH
y MPD group is directed toward the oxyanion hole and is close to
Oy of catalytic Ser171 (195); another oxygen is within hydro-
gen bonding distance of thesR atom of His47 (57). There
is also a hydrogen bond connecting the substrate binding
7N pocket and the active site, between His186 and Asp97.
LyS 2113 His 210 While His186 and Thr/Ser166 are invariant in the specific-

ity loop of all Glu-endopeptidases, the BIEP structure reveals

P4 a strikingly elegant mechanism for zymogen activation. Since

1 the amino group of Vall is protonated under physiological

al 1 Thr 190 conditions, it is able to contribute to the compensation of

\Y the negative substrate charge. Moreover, it is likely that the
FIGURE 6: Superimposition of the substrate binding pocket for three Substrate binding pocket can only be formed upon cleavage
Glu specific endopeptidases, BIEP, ETA (violet), and SGEP of the Lys—Val bond in the proenzyme. Compared to SGEP,
(crimson). The Boc tetrapeptide of SGEP is displayed, as well as BIEP has an extended N-terminal segment of 17 residues
the MPD molecule (cyan) found in tt@2 crystal form of BIEP.  \yhjch allows Vall to reach the S1 binding pocket. A similar

The two conserved residues, Thr190 and His210, are numbered . . . C T
according to the SGEP nomenclature. The third residue involved elongation with a high degree of sequence similarity is

in binding to the carboxy group of glutamic acid is different between Observed in BLEP®) (Figure 1), and it is likely that this
enzymes, but occupies a similar position. enzyme is able to include the N-terminal group in the S1

site for substrate charge compensation.

environment of the tetrapeptide fitted into the BIEP structure  Comparison of the S1 Site in Three Microbial Glu-
confirms the positions of amino acid residues involved in Endopeptidase§.he mechanism of substrate recognition and
the binding of the substrate (Figure 6). The position of the substrate charge compensation responsible for the highly
MPD molecule in complex with BIEP is comparable to the restricted specificity of Glu-endopeptidases is a point of
glutamate of the peptide in the SGEP structure. In compari- particular interest. According to sequence alignment, the
son to SGEP, the substrate binding region in BIEP is more specificity loop is the most conserved part in the structure
open and accessible to solvent. The same region in SGEP iof Glu-endopeptidasesl9). The enzymes from different
in part covered by the loop spanning residues -1706 sources Bacillus Streptomyces Staphylococcys ChTL
(SGEP numbering) and contains the bulky side chain of serine, and cysteine proteases from viruses) have two con-
Tyrl71. This loop is absent in BIEP. served residues (His and Thr/Ser) in the specificity loop. It

The main chain of the modeled tetrapeptide is stretchedwas shown by site-directed mutagenesis in SGEP, that
along the crevice between the domains, aligning along the His213 (186 in BIEP) is required for enzyme activity, while
main chain segment of residues 1889 of the N-terminal Thrl66 can sometimes be replaced with seri®.(The
domain. Several amino acid residues of the protein can structural conservation in this area indicates that the enzymes
interact directly with the tetrapeptide. The main chain of of this family bind the incoming polypeptide in a similar
residues P1 (Glu) and P2 (Ala) of the tetrapeptide form manner.
hydrogen bonds with main chain Asn187 (Ser 214) and We compared the structure of the S1 site, which accom-
Gly189 (Ser216) of the protein, respectively. It seems that modates the P1 glutamyl moiety, in BIEP with two other
Asn187, which is structurally equivalent to Ser214, partici- microbial Glu-endopeptidases, SGER)and ETA (19, 20).
pates in the binding of the substrate. Since only main chain The S1 sites in all enzymes are characterized by a cluster
atoms of residue 214 are directly involved in substrate composed of three amino acid residues that interacts directly
binding through hydrogen bond formation, the chemical with the carboxylate group of the side chain of the glutamic
nature of the side chain of residue 214 may not be critical. acid of the substrate. The conserved threonine (or in some
However, in a viral serine protease from Sindbis core virus, cases serine) and histidine residues are oriented in a similar
where Ser214 is replaced with a leucine, the enzymatic way in the substrate binding pocket in all three proteases
activity is quite low @4). Possibly, the large hydrophobic (Figure 6).
residue in position 214 hinders substrate binding. On the The enzymes are distinguished by the nature and the
other hand, the replacement of Ser214 with Ala in trypsin position of the third residue, responsible for specific binding.
increases the enzymatic activitfd). This confirms the This is Ser216 in SGEP, Vall in BIEP, and Lys213 in ETA.
influence of residue 214 on the enzyme activity. Itis unclear Ser216 in SGEP and Lys193 in ETA are situated in a similar
whether mutations in this position affect substrate binding, position of the substrate binding loop.
or catalytic activity, since this residue in most proteases also In the BIEP sequence, the backbone of Gly189 is in a
forms a hydrogen bond with catalytic residue Asp97. position similar to the backbone of Ser216 (SGEP) and

S1 Site in BIEPThe Glu side chain of the tetrapeptide Lys213 (ETA). Like Ser216 in SGEP, Gly189 takes part in
that was modeled by superimposition of the SGEP structure substrate binding through the main chain oxygen that forms
is located close to the polypeptide chain residues-1ED a hydrogen bond with the backbone nitrogen of the P3
(210-216), 196-199 (226-229), and 163169 (184-193). residue, but it does not interact with the P1 Glu residue. The
The side chains of Thrl66 (192), His186 (213), and the N-terminal valine in BIEP that binds to the carboxylate group
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of the side chain of the substrate is separated from thesearch model, and there was a substantial structural difference
specificity loop and is not homologous to Lys213 and Ser216 between ETA and BIEP. SIGMAA was used to obtain
in sequence. Vall in BIEP and Lys213 in ETA both carry a figures of merits (FOMs) for the calculated structure factors
positive charge on tha- ande-amino group, respectively.  of the molecular replacement model. To improve the FOMs,
In this respect, both enzymes resemble trypsin-like proteasesdensity modification was performed on the starting model
whose specificity is based on the presence of a counter-using DM in the multiresolution mode over the whole
charged residue in the binding pocket. resolution range. On the basis of the FOMs that DM pro-
Unlike those of BIEP and ETA, all three residues involved duced after histogram matching and solvent flattening, a
in P1 binding in SGEP are neutral. Even His186 (His213 FOFOM map was calculated. The resulting FOFOM map was
according to SGEP numbering) acts at physiological pH in used to build a starting model for ARP/WARP. The map was
a nonprotonated form, and the binding of the charged automatically parametrized by free atoms that were placed

substrate must be accomplished by means of hydrogen bond@ccording to the density criteria of ARP/WARP until the

only (45).
MATERIALS AND METHODS

Enzyme Purification and Crystallizatiomhe enzyme was
isolated from cultural fluid and purified by ion exchange
chromatography as described in rétsand26. Crystals of
BIEP were grown from a protein solution in 0.01 M Tris-
HCI buffer (pH 7.0) containing 2 mM Cagland 1.2 M
potassium phosphate without and with 3% MPZY)( The
enzyme was crystallized in two different forms, depending
on the crystallization conditions. Crystals grown with potas-
sium phosphate as a precipitant belonged to space grou
C222 and diffracted to 1.5 A. Their unit cell parameters
are as follows:a = 59.49 A b = 85.44 A, andc = 82.15
A. The crystals grown using a potassium phosphate solution
containing 3% MPD belonged to space gro@2 and
diffracted to 1.74 A. The unit cell parameters are
follows: a=61.94 A\b=55.76 A,c =60.19 A, andp =
118.17.

X-ray Data CollectionX-ray data for two crystal forms
of BIEP were collected on the X11 beam line at the
synchrotron source at EMBL Outstation (Hamburg, Ger-
many) using a MAR imaging plate detector. The crystals
were mounted in a capillary, and data were collected at room
temperature. The data collection statistics are given in Table
1. All X-ray data were integrated with DENZGi§) and
scaled with SCALEPACK. There is one molecule in the
asymmetric unit with a solvent content of 43% and a
Matthews coefficient of 2.18 #Da.

Structure Determination and Refinemehhe structure of
BIEP was determined by molecular replacement using
AmoRe @9). The crystal structure of epidermolytic toxin
A (ETA) was used as a search modgd). The full stretch
of homologous residues in the sequence alignment did not
give any significant solution. Systematic deletion of second-

as

ary structure elements from the search model was performed.

Only after the deletion of two loops (residues 320 and
138-151 following the numbering of ETA) was a marginal
solution obtained with a correlation coefficient (CC) of
25.1% and arr-factor of 50.8% after rigid body refinement.
The second, incorrect, solution had a CC of 18.0% and an
R-factor of 52.5%.

The structure refinement was performed with REFMAC
(30), applying a bulk solvent correction and an overall
anisotropic temperature factor. Since the diffraction extended
to 1.5 A, we attempted to trace the model automatically with
ARP/WARP version 5.131). However, only 14 residues (7%
of the total) were traced. This clearly indicated that the

molecular replacement phases were too biased toward the

number of atoms was roughly equivalent to the expected
number of atoms for the final structure. A random shuffle
was applied to the free atom model to create four separate
models. Unrestrained refinement with REFMAC and opti-
mization of the free atom model with ARP/WARP were
performed in three overall cycles. Free atoms within 1.1 and
1.8 A of existing atoms were added if density criteria were
fulfilled. After each cycle, the coordinates of the free atoms
were randomly shaken and spurious atoms removed.

The calculated structure factors from the optimized free
atom models were combined with the initial MR model and
the hybrid model containing the stretch of 14 residues. The

Reombined structure factors were weighted so that the ones

with more similar contributions were given a higher figure
of merit. An electron density map calculated with the set of
weighted structure factors was used as input for automated
tracing in ARP/WARP, and 210 of 215 residues were traced.
The side chains were docked using the program option side-
dock. XtalView @7) was used for inspection of the model
and manual adjustments. The refinement converged at an
R-factor of 15.6% Rwee = 18.4%), and statistics are given

in Table 1. The coordinates and structure factors have been
deposited in the Protein Data Bank as entries 1P3C and 1P3E.
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