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Abstract

Germination protease (GPR) plays an important role in the germination of spoBscitius and Clos-

tridium species. A few very similar GPRs form a singleton group without significant sequence similarities

to any other proteins. Their active site locations and catalytic mechanisms are unclear, despite the recent 3-D
structure determination d@acillus megateriunGPR. Using structural comparison and sequence analysis,

we show that GPR is homologous to bacterial hydrogenase maturation protease (HybD). HybD’s activity
relies on the recognition and binding of metal ions in Ni—-Fe hydrogenase, its substrate. Two highly
conserved motifs are shared among GPRs, hydrogenase maturation proteases, and another group of hypo-
thetical proteins. Conservation of two acidic residues in all these homologs indicates that metal binding is
important for their function. Our analysis helps localize the active site of GPRs and provides insight into the
catalytic mechanisms of a superfamily of putative metal-regulated proteases.
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Genome sequencing projects result in vast amounts of sehe functions of uncharacterized proteins in this manner
gquence data. The enlarged sequence space greatly facilitatgem 1998; Sali 1998; Terwilliger et al. 1998; Zarembinski
structural—functional annotations by similarity searcheset al. 1998; Eisenstein et al. 2000). Structural comparison, in
Profile methods (Gribskov et al. 1987), such as PSI-BLASTmany cases, can reveal distant homology that is beyond
(Altschul et al. 1997) and HMMER (Eddy 1996), make detection by automatic similarity searches (Murzin 1998,
effective use of evolutionary information and can often re-1999). Distinct structural features, usually important for
sult in very sensitive homology detection. However, manyfunction, are manifested in sequence motifs that might be
remote homology relationships still cannot be detected eageo short or too divergent to be detected by sequence analy-
ily (Murzin 1998). For example, evolutionary information sis alone. Effective integration of evolutionary and struc-
seems to be lost for the so-called singleton sequence groupsgral information can result in improved homology detec-
that contain only one sequence or a few very close hotion and provide functional insight (Aravind and Koonin
mologs. 10%-40% of the sequences in a genome are esti999). We report such an example by tracing the evolution-
mated to be singletons (Cort et al. 2000). Many of them mayary history and locating the active site of germination pro-
actually turn out to be distant homologs of well-character-tease.
ized protein families. Accumulation of structural informa- Certain gram-positive bacteria develop spores under se-
tion can help functional inference (Koppensteiner et alvere physical or chemical conditions. In sporesBatillus
2000); structural genomics projects attempt to shed light omndClostridiumspecies, the DNA is protected by a group of
small acid-soluble proteins (SASP; Setlow 1988, 1995).
Spore germination requires degradation of these proteins
Reprint requests to: Dr. Nick V. Grishin, Howard Hughes Medical In- through the action of a specific germination protease (GPR;
stitute, University of Texas Southwestern Medical Center, 5323 HarrySetlow 1988). GPRs from a fewacillus or Clostridium
Hines Blvd, Dallas, TX 75390-9050, USA; e-mail: grishi . . i i i imi
e o 10 e 9000 L USA; grishin@chop.swmed. gnacies form a typical singleton group of very similar ho-
Article and publication are at http:/mww.proteinscience.org/cgi/doil MOI0GS, showing no detectable sequence similarity to other
10.1110/ps.27302. protease families. The crystal structure has been determined
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for GPR fromBacillus megateriunfPonnuraj et al. 2000). sX[DE]shs(s: mainly small residues, in red bold letters in

However, little information has been derived regarding theFigure 2;h: mainly hydrophobic residues, shaded in yel-
enzyme’s active site location and catalytic mechanism (Ponlow). In the structures, this motif corresponds to the loop
nuraj et al. 2000). connection between straredand helixA. The loop confor-

By structural comparison and sequence analysis, wenations are rather similar in the two structures. The se-
show that GPR is homologous to the bacterial Ni—-Fe hy-quence Nihhforms a type | turn (Crawford et al. 1973) with
drogenase processing protease HybD, an enzyme with the side-chain of the conserved Asn making a hydrogen
known structure (Fritsche et al. 1999). GPR is likely to bebond to the backbone nitrogen two residues after it. H&lix
regulated by metal ions and its active site location is prein both GPR and HybD structures starts with two turns of
dicted to be similar to that of HybD. 3,0 helix. Stranda and helixA form an angle of B0° with
each other. The second motif is located at the end of strand
¢, with an invariant Asp and a small residue following it
(Fig. 2). Several positions in the two motifs are occupied
Structural comparison results from FSSP (Fold classificamainly by small residues. The Gly immediately before the
tion based on Structure—Structure alignment of Proteinsgonserved Asn in the first motif is invariant, showing simi-
classification and the Dali server (Holm and Sander 1995lar main-chain conformations with phi and psi angles of
Dietmann et al. 2001) reveal readily thBt megaterium 138° and 163° in GPR and 138° and 188° in HybD. The
GPR (Protein Data Bank (PDB) entry 1¢8b, chain A) showsmain reason for the conservation of the other small residues
significant structural similarities to several proteins. Amongis the steric hindrance caused by the unique tight packing of
the top hits are hydrogenase maturation protease (PDB enttiie N-terminus of heliA to strandsa andc. Another pos-
1cfz, chain A;Z-score 8.2; Fritsche et al. 1999), peptidyl- sible reason is to make room for metal or substrate binding,
tRNA hydrolase (PDB entry 2ptfZ-score 7.9; Schmitt etal. as proposed by Frische et al. (1999).

1998), and 5deoxy-3-methylthioadenosine phosphorylase In HybD, His 93 at the N-terminus of heli® (between
(PDB entry 1ch0, chain AZ-score 6.2; Appleby et al. strandsd ande; Fig. 1) serves as the third ligand to the
1999). All have the phosphorylase/hydrolase-like fold, ac-metal. It is highly conserved within the group of hydrog-
cording to the Structural Classification of Proteins (SCOP;enase maturation proteases (Fig. 2). Main-chain conforma-
Murzin et al. 1995). The GPR structure does include theions differ drastically in the connection between stradds
core structural elements with the same topology as the phosndein HybD and GPR (Fig. 1a,b). In HybD, there are two
phorylase/hydrolase-like fold: it has 3 layerB«; the cen-  helices C and D), whereas no corresponding regular sec-
tral beta sheet consists of 5 strands in the orddoaafed  ondary structure elements are present in GPR. The side-
and strandd is antiparallel to the rest of the four strands chain amine of Lys 324 in GPR superimposes well with the
(Fig. 1a,b). These results are in contrast to the claim thaiganded nitrogen of His 93 (Fig. 1c), indicating that it
GPR has a novel fold (Ponnuraj et al. 2000). GPR has a longight function similarly. However, this lysine is conserved
N-terminal extension to the core structure, adding three anenly in the Bacillus species (Fig. 2). Thus, the third ligand
tiparallel strands and several peripheral helices (Fig. la)night be less important for GPRs. Alternatively, main-chain
Hydrogenase maturation protease HybD (Fritsche et aloxygen atoms in the loop region could serve as the ligands,
1999; Fig. 1b) fromEscherichia colihas the highest Z- much like those in some calcium-binding proteins (Scott et
score (8.2), shares 20% sequence identity, and has a RMS). 1990; Burger et al. 1994).

of 2.6 A over 123 residues with GPR according to Dali. The Despite the structural similarity and the conservation of
superposition of the two structures over the core structuraiwo functional motifs in GPR and HybD, PSI-BLAST
elements is shown in Figure 1c. searches were not able to identify their similarities at sig-

Multiple alignments of the GPRs (Fig. 2, top group) and nificant levels. Interestingly, during similarity searches, we
hydrogenase-processing proteases (Fig. 2, bottom groujentified another distant group homologous to GPRs (Fig.
were made and merged in accordance with the structurd, middle group). For example, PSI-BLAST searches start-
superposition. Despite the low overall sequence similaritying from C. acetabutylicunGPR identified a hypothetical
between GPR and HybD, sequence and structural analyspgotein (gi586851) at-value 0.81, with both aforemen-
indicates strongly that they are homologous. The mostioned motifs conserved. In the non-redundant database
prominent features are two highly conserved motifs (Fig. 2)(June 2001), there are only two hypothetical proteins in this
Each motif contains an important acidic residue that acts agroup (gi586851 and gi10176679). We call them “interme-
a metal (cadmium) ligand in HybD (Glu 16 and Asp 62; diate” sequences. To alleviate the restrictions of small se-
Fritsche et al. 1999). It has been proposed that metals aispience numbers, we also tried to retrieve sequences from
important for the recognition and binding of the substrateshe ERGO database (http://igweb.integratedgenomics.com/
to HybD (Fritsche et al. 1999; Theodoratou et al. 2000a)ERGO/) and the complete and unfinished genome DNA
The first motif has a consensus sequencesldBNhhh-  databases at NCBI (http://www.ncbi.nlm.nih.gov/Microb

Results and Discussion
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Active site location of germination protease

a A b B c d
1CBB 113 ASCLVVGLGNLSWT! IKAVENELI [15] FREVSAIVPGV [7] TSDITFGVVEEVNEDFIIATRALA [8] ATIQISDS
1CFZ 1 MRILVLGVGN IGVRIVEALEQ [ 4] PDYVEILDGGT - - - AGMELEGDMA - - NRDHLII IV[6] GTMMILRD

1CFZ B0 EEVPALFTNEIS -GEFPEKLTLVGVIPE- - - - SLEPHIGLTPTVEAMIEPALEQVIAALRESG 153
c D e E

1CBBE 214 -GLHPGSC—-—VGI;EKEISYETLGIPVIRIGIPTVVD.H?SITSD[86ILWTPKE\WMWWEV EB B

Fig. 1. Ribbon diagram and structure superposition of GPR and HyaRipbon diagram oB. megateriunGPR, PDB entry 1c8b,

chain A, residues 143 to 46()(Ribbon diagram oE. coli hydrogenase maturation protease HybD, pdb entry 1cfz, chain A, residues

2 to 154. Secondary structure elements forming the phosphorylase/hydrolase fold are labeled. Side-chains of the metal binding residues
in HybD and their structural counterparts in GPR are shown in ball-and-stick representation. The metal ion in HybD is shown as an
orange ball. €) Stereo pair of superimposed, @aces of GPR (blue) and HybD (red). The side-chain of the (putative) metal ligands

and the metal are also shown. Unconserved regions not used in RMSD minimization are shown as thid) IBtesctUre-based
sequence alignment of GPR and HybD. Coloring and labeling are a$ am@ @). The (putative) metal ligands are in bold letters and

are shaded in red. Positions with identical residues are in bold letters. All structure diagrams are drawn with Bobscript (Esnouf 1997).

blast/unfinishedgenome.html). A total of seven GPRs an). All the intermediate sequences are also fromBheillus
nine intermediate sequences from differducillus and  or Clostridium species, apparently forming another single-
Clostridium species were found (Fig. 2). Additional se- ton group. Itis highly likely that they are proteases that may
quences improved the profile and helped homology detecalso participate in some process unique Bacillus and
tion. For example, we used the profile generated from theClostridium species, such as sporulation. Indeed, there is
alignment of the nine intermediate sequences for PSlevidence of a second SASP-specific proteasB.imegate-
BLAST searches and detected GPR sequences at more sigdm besides GPR (Postemsky et al. 1978; Setlow 1988).
nificant e-value levels (<0.1). The succession of the pre-Whereas eaclBacillus species has only one intermediate
dicted secondary structure elements in the intermediateequence,Clostridium acetabutylicumhas four, one of
group is consistent with the two known structures (Figurewhich (INTER_Ca4; Fig. 2) is predicted to have no activity
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because both the key acidic residues are mutated. Like the 2
GPRs, intermediate sequences do not have a conserved resi- °
due corresponding to the third metal ligand of HybD.
High sequence divergence makes it difficult to build a 1
reliable evolutionary tree for all these homologous proteins. :”"&o
Instead, we used a distance diagram (V.N. Grishin and N.Va 5 ®
Grishin, unpubl.; see Materials and Methods for details) t0§ 0 - . DE“n"'a'n . do
illustrate the similarities among them. The distance diagrang 8
shown in Figure 3 is a two-dimensional projection of the ®
multi-dimensional Euclidian space, with the points repre- |
senting individual sequences. The distance between two A
points reflects the dissimilarity of the two sequences. Three
well-separated groups of points are obvious in the diagram, >
corresponding to the three distantly related sequence . 4 0 1
groups. The group of hydrogenase maturation proteases has Coordinate 1
many representatives. The GPRs form a typical singleton
group with the seven sequences being very close to eacig- 3. Distance diagram of GPRS (triangles), hydrogenas_e maturation.
other, whereas the group of intermediate sequences is mopéoteases (rectangles), _and the |ntermed_|ate sequences (f:lrclt_es). Coordl—
) ° . . . nates 1 and 2 are the dimensions of maximal scatter of points in a multi-
dispersed (the predicted inactive protein fr@nacetabu-  gimensional Euclidean space. The points represent all the sequences in
tylicum shows the largest deviation from other sequences)sigure 2.
Functional studies indicate that metal ions (nickel) play
an important role in the catalytic activities of hydrogenase
maturation proteases (Menon and Robson 1994; Rossmamnetals, as seen in the structure (Fritsche et al. 1999; The-
et al. 1994, Maier and Bock 1996). Nickel needs to beodoratou et al. 2000a). The precise catalytic mechanism is
present in the substrate (hydrogenase precursor) to allogtill unclear. However, metals could also be involved in the
proteolysis to occur (Rossmann et al. 1994). There is evieatalytic processes. Typically, metalloproteases use a gen-
dence that nickel in the hydrogenase precursor serves asesal base (in most cases a conserved acidic residue) to ac-
recognition and binding motif for the protease (Theodoratouivate a metal-bound water molecule for its nucleophilic
et al. 2000a). The hydrogenases are cleaved after a histidiratack on the scissile peptide bond (Christianson et al. 1989;
or an arginine in the C-terminal consensus sequencBode et al. 1992, Makarova and Grishin 1999). The metal
DPCXXCXXH(R)h (h is usually a hydrophobic residue) can help polarize the water to lower its pKa (Christianson et
(Theodoratou et al. 2000b). The two cysteines are ligandal. 1987). We did not identify any other conserved acidic
for the metals (nickel and iron) in the mature form of hy- residues in these proteases except for the two metal ligands.
drogenases (Volbeda et al. 1995). The protease might re¢tiowever, such a general base could be provided by the
ognize and bind to the substrate through interaction with theubstrates or come from solution, as exemplified by the

Fig. 2. Multiple sequence alignment of the GPR/hydrogenase maturation protease superfamily. Groups of sequences are separated by empty lines. GPRs
and hydrogenase maturation proteases are the top and the bottom groups, respectively, with the intermediate sequences in between. Each sequence is
identified by the NCBI gene identification number (gi), except for those obtained from the ERGO database or NCBI unfinished genomes DNA databases,
which use the group name abbreviations followed by the species abbreviations. Sequence identifiers are followed by abbreviations of the especies nam
The gi numbers of the sequences with known structures are underlined and in bold. The archaeal identifiers are marked with red. The first and the last
residue numbers of the sequences are indicated, and the total length of the proteins is shown at the end (italicized numbers). Residues in unconserved loop
regions are not displayed, with the number of omitted residues shown instead. The metal-binding residues are shown in white bold letters on black
background. The putative third metal ligand in the GPRs and intermediate sequences is shaded in gray. Uncharged residues at mainly hydrophobic positions
are shaded yellow. Conserved small residues (G, A, S, C, T, P, V, D, and N) are in red bold letters. Sequences with apparently incorrect staring or endin
positions are corrected, with the added N-terminal fragments in underlined italicized letters. One loop that is not modeled in the structuresbb@®RR is

in italicized letters. Diagrams of the secondary structural elements are shown at the top (GPR: 1c8b, chain A) and bottom (HybD: 1cfzBedteamds.
anda-helices are shown as yellow arrows and blue cylinders, respectively. The labeling associated with the secondary structure elements corresponds to
Figure 1. Predicted secondary structure by Jpisghown for the intermediate sequences (E indicates a strand; H indicates a helix). The species name
abbreviations are: AaAquifex aeolicusAc, Azotobacter chroococcumi\f, Acetomicrobium flavidumAfu, Archaeoglobus fulgidysAv, Azotobacter

vinelandii Ba, Bacillus anthracis Bh, Bacillus haloduransBj, Bradyrhizobium japonicupnBm, Bacillus megateriumBs, Bacillus subtilis Bst, Bacillus
stearothermophilysCa, Clostridium acetobutilycumCd, Clostridium difficile Cj, Campylobacter jejuniDd Desutobacterium dehalogenarsf, Desul-

fovibrio fructosovorans Dg, Desulfovibrio gigas Ec, Escherichia coli Hp, Helicobacter pylori Mb, Methanosarcina barkeriMj, Methanococcus

jannaschij Mm, Methanosarcina mazeMt, Methobacterium thermoautotrophicudv, Methanococcus voltada, Pyrococcus abyssPf, Pyrococcus

furiosus Ph, Pyrococcus horikoshiiPhy, Pseudomonas hydrogenovoiRec, Rhodobacter capsulatu&e, Ralstonia eutrophaRl, Rhizobium legumino-

sarum Ro, Rhodococcus opacu$ss, Sulfolobus solfataricusSsp, Synechocystisp.; Tr, Thiocapsa roseopersicindVs, Wolinella succinogenesrhe

alignment was generated using T-Coffee (Notredame et al. 2000), followed by manual adjustment.

www.proteinscience.org 695



Pei and Grishin

bicarbonate ion in the structure of dizinc leucine aminopep-alignments were merged manually based on the structural super-

tidase (Strater et al. 1999). Alternatively, one of the con-Position of GPR (PDB entry 1c8b, chain A) and HybD (PDB entry

. . - kgfz, chain A), in conjunction with sequence conservation patterns
served cysteines at the cleavage site could attack the smssé%d secondary structure predictions from the Jpeaaver (Cuff

bond directly. The use of metal-activated groups in the subany Barton 2000). The sequence alignment of the intermediate

strates for catalysis is not unusual, as seen in farnesyl trangroup was used as an input to construct a profile (-B option in the

ferases (Long et al. 2000) and geranylgeranyl transferasdsastpgp program; Altschul et al. 1997) for a new round of PSI-

(Zhang et al. 2000). BLAST searches starting from each intermediate sequence.
Although there is no direct evidence that metals function

in the catalysis of GPRs, the homology to hydrogenaséyclidian space mapping and distance diagram

maturation proteases and the abundance of divalent metal o

ions in the spores (Ponnuraj et al. 2000; Setlow 1994) inJ N€ conserved segments of each sequence shown in Figure 2 were

dicate strongly that they do. The GPR substrates are thézed 0 ca]g:ula(tjel painwise identity fractiogs between each Se_-
ey ence paii andj. The identity fractions were converted to evo

SASPs that are classified into two typ%ﬁ andy (Setlow lutionary distances with the formula

1988). Analysis of their cleavage sites revealed a short motif

with two conserved acidic residues, [HDXE. Cleavage (o — ")

was found to occur after the first acidic residue. The acidic g = _In[ (1-q") ]

residues could act as metal ligands in substrate recognition :

or as the general base in catalysis. There seems to be fibwhich g;i" is an expected identity percentage of two random

similarity around the cleavage sites of the Ni-Fe hydrog__sequences with the same amino acid composition as the sequences

. i andj. Each sequence was represented as a point in a multi-
enases and the substrates of GPRs, except that in both Cafinensional Euclidian space in such a way that Euclidian distances

the position immediately after the cleavage site is usuallyfy, petween the points optimally approximated the estimated dis-
occupied by a hydrophobic residue. This residue was showtancesd; between the sequences

to be important for the processing of thecoli hydrogenase

(HycE; Theodoratou et al. 2000b). Difference of cleavage E(Hﬁ—dﬁ)z
site signatures implies that the exact mechanisms for GPRs S min
and hydrogenase maturation proteases could be different. di

The exact roles of metals and the key residues involved iq. . ) .
the catalysis of GPR still need to be addressed by ex er'—h-ese points were grouped using the following procedure. Each
YSIS X X DY EXPeTl5gint representing a sequence generated a Gaussian density in the
mental studies, but this work points to the location of thegyclidian space in which the mean of each density was the point’s
active site in GPR and residues that should be important focoordinates and the varianeg of each density was identical for
its function. all points. Starting from each point, the local maximum of the sum
of such Gaussians was found. The points giving rise to the same
local maximum were grouped together.
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