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ABSTRACT: A cysteine protease from ginger rhizome (GP-II) cleaves peptides and proteins with proline at
the B position. The unusual specificity for proline makes GP-II an attractive tool for protein sequencing
and identification of stably folded domains in proteins. The enzyme is a 221 amino acid glycoprotein
possessing two N-linked oligosaccharide chains (8% glycosylated by weight) at Asn99 and Asn156. The
availability of the sequence of these glycosyl chains afforded the opportunity to observe their structure
and impact on protein conformation. The three-dimensional structure of GP-IlI has been determined by
X-ray crystallography to a resolution of 2.1 A (over&ifactor = 0.214, freeR = 0.248). The overall
structure of GP-II is similar to that of the homologous cysteine proteases papain, actinidin, and glycyl
endopeptidase, folding into two distinct domains of roughly equal size which are divided by a cleft. The
observed N-linked glycosyl chains (half the total carbohydrate sequence) participate in both crystallographic
and noncrystallographic contacts, tethering the proteins together via hydrogen bonds to the carbohydrate
residues without intervening ordered water molecules. The putativeirfling pocket (the proline
recognition site) was identified by superposition of the GP-II structure with structures of four previously
determined papaininhibitor complexes. The particular enzymic amino acids forming thedgket of

GP-II (Trp, Met, and Ala) are similar to those found in the proline binding pockets of the unrelated
enzymesu-lytic protease and cyclophilin. However, there is no conserved three-dimensional arrangement
of these residues between the three enzymes (i.e., no proline binding motif). Thus, the particular amino
acids found at Sare consistent with a binding pocket for a moiety with the steric characteristics and
charge distribution of proline. Size exclusion is also a mechanism for selectivity compared te the S
binding pocket of papain. The,®inding pocket of GP-II greatly restricts the size of the side chain which
could be bound because of the occurrence of a tryptophan in place of the corresponding tyrosine in papain.
In light of the nature of the binding pocket, the specificity of GP-II for proline over other small nonpolar
amino acids may be attributed to a direct effect of proline on the substrate peptide backbone conformation.

Proteases from ginger rhizom&ingiber officinale were mation Resource accession codes A59040 and A59041,
first reported by Ichikawa et al. in 1973)(and shown to respectively). The ginger proteases are inactivated by sulf-
have a high proteolytic activity against undefined substrates hydryl reagents X) and thus are grouped with other plant
such as casein, bovine serum albumin, and collage8)( cysteine proteases, such as papain, actinidin, and stem
These proteases have been separated by DEAE-cellulosdromelain, and with similar enzymes from nonplant sources,
chromatography into two fractions, namely ginger protease such as cathepsin B.
| (GP-)! and ginger protease Il (GP-Il). Recently, one of  Three-dimensional structures have been elucidated for
our laboratories determined the complete amino acid se-papain ), actinidin 6), proteinaseQ? (6), and glycyl
quences of both the GP-I and GP-IlI isoforms, which were endopeptidase7j. Comparison of these cysteine proteases
shown to possess 83% sequence identity, by solid-phasereveals similar structures in that the polypeptide chain is
peptide sequencing using Edman chemistry (Protein Infor- folded into two distinct domains and the active site is located
at the same position in a cleft between the domains. The
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as glycyl endopeptidas8)( aminopeptidases such as cysteine cellulose ion-exchange chromatography. Before crystalliza-
aminopeptidasel(Q), peptidases with both endopeptidase and tion, the GP-Il sample was exchanged into low ionic strength
exopeptidase activities such as cathepsins B antil)] &nd buffer, 1 mM HEPESHCI, pH 7.4, containing 5 mM

the dipeptidyl peptidase, dipeptidyl peptidasel 2)( sodium tetrathionate as a protecting reagent for free cysteines,

In the case of papain the nature of the residue at the P and concentrated to-15 mgmL~* as determined by a
position has been shown to be the most significant in terms Bradford protein assay. The initial crystallization conditions
of determining specificity toward peptide substrates, and it Were found by the sparse factorial matrd) method using
is well established that papain exhibits a strong preferenceCrystal Screen | and Il (Hampton Research). Crystals were
for amino acids with aromatic side chains such as Phe andgrown for data collection at 18C using the vapor diffusion
Tyr at this position {3). As in papain, the primary Mmethod with hanging-drop geometry in which the 0.5 mL
determinant of specificity for the ginger proteases is also Well solution was 26% poly(ethylene glycol) monomethyl
the residue at the JPposition. GP-I and GP-Il catalyzed ether 2000, 0.2 M ammonium sulfate, and 0.1 M sodium
hydrolysis of a large number of protein and peptide substratesacetate buffered to pH 5.2. The protein solution(3 was
shows that the predominant determinant for specificity is a Mixed with an equal volume of the well solution. After the
proline at the Pposition, with little preference for residues hanging drops had equilibrated (24 h), each drop was seeded
at P (14). This conclusion is confirmed by kinetic analysis With 1 L of seeding mixture. The seeding mixture was made
of GP-II with some 20 tripeptidg@-nitroanilide type sub- by diluting (by 10-fold) the mother liquor from a drop
strates which show that./K, values for substrates with,bP ~ containing crystals into the initial well solution plus 5% poly-
proline are 106-3000 times greater than those with other (ethylene glycol) monomethyl ether 2000. The crystals
amino acids at P(15). These studies also indicate that there (Which are plates) grew to a size of 0<70.7 x 0.05 mm in
may be some preference for ionic residues (e.g., Lys anddimension in +2 weeks.

Glu) at R. The primary specificity of GP-1 and GP-II for Enzyme Actiity in Dissobed Crystals.To determine if
proline at B can be contrasted with the well-known prefer- the active site cysteine of GP-Il was covalently modified by
ence for proline at P exhibited by the serine protease a thiosulfate protecting group, the activity of the crystals was
thrombin. In the case of thrombin, the primary determinant measured in the presence and absence of DTT. A few GP-lI
of specificity has been demonstrated to be Arg or Lys,at P Crystals were removed from a small drop into an Eppendorf
by identifying the C|eavage sites of prote'&ﬁl and peptide tube and washed twice with the well solution (WhICh contains
substratesl(7). The preference for proline at i thrombin N0 DTT). The well solution was then decanted, and the
is seen as an increase of several-hundredfolkkdfK, in crystals were dissolved in an assay buffer (Z0pcomposed
peptide substrates with Pro at @8) as well as an increase  0f 50 MM sodium phosphate buffer, pH 7.0. From this stock
in kon of 1000-fold for serpin inhibitors with Pro compared ~€nzyme solution, aliquots (14.) were removed and mixed

to Thr at B (19). with substrate (1 mM Gly-Pro-Ala-nitroanilide) dissolved
nOIin assay buffer (total 1 mL). The reaction was monitored by
d UV/vis spectrophotometry on a Hewlett-Packard 8452A
diode array spectrophotometer at a wavelength of 405 nm
at 25°C. No activity was observed in the absence of DTT,
even using long (30 min) incubation times. The addition of

mM DTT to the reaction buffer, which regenerates the
active site sulfhydryl group, caused the immediate appearance
of an increasing absorption signal with respect to time at
405 nm. From this experiment it is clear that the active site

turns and for generating large fragments in protein structure cysteine in the crystalline enzyme is covalently bound to a
and conformation studies. Since it is of interest to target thiosulfate group. .

proline, it would be useful to understand the elements which  Data Collection Crystals were grown as described above
control proline recognition and binding, thus allowing protein 21d soaked for1 h in a cryosolvent consisting of the well
engineering of proline binding sites. The present X-ray solution plus 15% 2-methyl-2,4-pentanediol. The crystals
crystallographic study was undertaken with the aim of Were flash-frozen in a stream of nitrogen gas cooled 180

explaining the specificity of GP-1I toward proline-containing °hC by iliqUid nitroge”n a_nd maintained atAthat tiamperature
peptides and to compare its structure with those of other throughout data collection. Data to 2.1 A resolution were

cysteine proteases. The structure of GP-II has been solvedfCllected on a Rigaku rotating anode X-ray source (50 mA,
by molecular replacement to 2.1 A resolution and the active Y90 KV) equipped with an Raxisll image plate. Data were

site identified. The proline binding subsite of GP-II is made cpllected using 1 oscillations and a crystal-to-detector
up of amino acids similar to those comprising the proline distance of 110 mm. These data were processed and scaled

binding pockets of the unrelated proteins cyclophilin and with D'_ENZO (22) and S_CALEP.ACKEZ)’ r_espeqtlvely. Data

a-lytic protease. collection and processing s_tatlsncs are Ils_ted in Table 1. The
GP-Il crystals are monoclinic, crystallizing in the space group

EXPERIMENTAL PROCEDURES P2; with unit cell dimensiong = 94.0 A, b=45.5 A,C =
110.0 A, ands = 105.0. The number of GP-ll monomers

Crystallization. GP-Il was purified according to the per asymmetric unit was calculated to be 4, using a solvent

protocol previously describedl) with slight modification content of 50% for the crystals.

as follows. A linear gradient of-80.25 M NaCl in 20 mM Molecular ReplacementThe structure was solved by

sodium phosphate buffer, pH 7.0, was used for DEAE- molecular replacement with AMoRE8). The search model

Proteases are useful probes of protein conformation a
are often used as a tool to identify the most stably folde
protein core 20). Native proteins are rather resistant to
proteases due to the tightly folded structures or domains
adapted by most globular proteins. Thus the parts of the
proteins which are accessible to proteases are the expose
loops or the linking regions of the domains. Since proline
frequently occurs in exposed loops and turns in proteins,
ginger protease may prove to be a useful tool for identifying
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averaged B, — F. map showed substantial errors in the
regions of Serl06Prol05 and Asnl198Pro202. These

Table 1: Data Collection and Refinement Statistics

data collection

resolution 25621 A regions were rebuilt using a simulated ar}ngahng omit map
reflections 58449 in the next cycle of refinement. When building and refine-
completeness (overall/outer shell) (%) 99.7/94.9 ment of the main chain were completed, the main chain was
IF;syma g-égl checked with a series of simulated annealing omit maps
o . . . . .
refinement statistics spanning the entire length of the protein (20 residues at a
protein atoms (non-hydrogen) 864 time).
28- 8;m?£§L{Pa?Le%UA‘fscules i75 Subsequently, the NCS strict was substituted by NCS
no. of carbohydrate molecles 12NAGang estraints with a high (300 kcal md A-2) weight. Water
4 fucose molecules (375 in total) were added to the model using a
resolution 2.1 Fo — Fc map with electron density contoured at.3The
Flo cutoff 0 2F, — Fc. maps also clearly defined parts of carbohydrate
Refactor 0.214 chains linked through the side chain amide groups of Asn99
free R-factoP 0.248 .
meanB-factors (main chain and side chai)A  13.5 and Asnl156. TheN-glycosyl chain from the structure of
RMS deviation glycoamylase was used for modeling-acetylp-glu-
bonds 0.005 cosamines (GIcNAc), and the nanoate complex-&fcose
gﬂ]%gfals %fgg was used for fucose residues (Brookhaven Protein Data Bank
impropers 0.527 entries 1agm and 1liv, respectively). Topology and parameter

files of GIcNAc and fucose were generated using the xplor2d
program in the X-UTIL package2@). In addition, a
thiosulfate molecule in each of the four enzyme monomers

) ) ) was assigned to the electron density in the vicinity of Cys27
was derived from three currently known high-resolution 5 e basis of the electron density in &,.2— F. map

crystal structures of the homologous enzymes actinidin, cqnioured at . In the final stages of structure refinement,
papain, and proteas€ using the Swiss-Model Protein  Ncg restraints on some side chains (residue 66, 87, 92, 94,
Modeling server24). The enzyme monomer thus obtained 97, 101, 106, 113, 125, 141, 145, 147, 156, 171, 172, 174,
was used as the search model with data in the resolutiongq 218), but not the main chain, were removed. Rebuilding
range 16-4 A and 2.0F/o intensity cutoff. Once the rotation was aided by the program OOPS9). The final structure
and translation searches were completed for the first mono-pa4 anR-factor of 0.214 and a freB-factor of 0.248 using
mer, a second translation search with two molecules was yat5 in the resolution range 25:2.1 A and ndF/o intensity

performed, fixing the solution with the loweBtfactor from ¢ yioff. The final structure contains 375 water molecules, 4
the first translation search. This procedure was continued higsulfates. 12 GlcNAC rings, and 4 fucose rings. The

until all four monomers were fopnd. Rigid body fitting within geometric parameters of the model have been analyzed with
AMORE of the final solution yielded aR-factor of 0.400. PROCHECK and are all inside the range of expected

RefinementCrystallographic refinement and model build-  deviations from ideality of other structures determined to
ing were performed using alternating cycles of X-PLOR 2.0 A resolution.

refinement and manual refitting of the model to the electron

density using the program O2%). Ten percent of all RESULTS AND DISCUSSION

reflections were excluded from the refinement for the

calculation of the freeR-factor during the refinement. Structure DeterminationGP-II crystallized in the space
Refinement of the tetramer as a rigid body was carried out, 9roupP2; (a=94.0 A,b=45.5A,c=110.0 A, ands =
followed by refinement of each monomer as a separate rigid 105.0) with four monomers per asymmetric unit. The crystal
body in X-PLOR @6) over the resolution range 8-3.0 A. structure was determined by molecular replacement (Table
Since the freeR-factor did not decrease in value after 1) and refined to 2.1 A resolution with @factor of 0.214
subsequent positional refinement, it was necessary to removednd a freeR-factor of 0.248. A total of 375 water molecules
the amino acid side chains in the refinement model. The Were also refined with the protein structure, as well as a
regions of the model possessing low sequence identity, orsingle covalently bound thiosulfate group at each active site
containing insertions or deletions in the sequence alignmentcysteine (sodium tetrathionate was added as a protecting
with actinidin, papain, and proteag®, were replaced by group for the nucleophilic cysteine before crystallization, as
alanine residues (a total of 61 residues out of 216). This newdescribed in Experimental Procedures). The final model
model was then refined using strict noncrystallographic cOmprises residues-218, that is, the complete GP-I
symmetry (NCS) in X-PLOR. Each round of refinement molecule except the two N-terminal and the three C-terminal
involved positional, preparational, simulated annealing (tem- @mino acids, for which no electron density was observed. A
perature: 2500 K) and B_group refinement. With the Ramachandran plot of the final molecule shows that 88%
incorporation of a bulk solvent correctiog) in X-PLOR, of residues are in the “most favored” regions defined by the
data were included in the resolution range 25201 A with program PROCHECKQ0), with the remaining 12% in the
no F/o cutoff. In the early stages of refinement, amino acid allowed regions and none in generally allowed or disallowed
side chains were built into the electron density in the NCS r€gions.

averaged map calculated with the coefficients, 2= F. The structure is well-defined with an averagdactor of
contoured at 1.2 Building was also guided by, — F. maps 13.5 A2 for both main chain and side chain atoms, and good
with electron density contoured at &.&nd—1.00. The NCS side chain electron density is visible for all residues except

aR= Y ((I — MDP/3I2 P The freeR-factor £6) was calculated from
a random selection constituting 10% of the data.
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two structures are the conformations of the surface loops
comprising residues 98109, 156-159 (both of which
contain a glycosylation site in GP-Il), and 19201. There

is also an insertion of four extra residues (+2774) in a

turn in domain Il of GP-Il. GP-Il is similar to the other
members of the cysteine protease family, including actinidin,
glycyl endopeptidase, and protease omega, in that it contains
this insertion. In fact, papain is the only family member
which does not contain the loop.

The surface electrostatic potential of GP-II reveals polar
residues concentrated on one side of the protein. This charged
face extends over both domains. The opposite side of the
GP-Il molecule which surrounds the substrate binding pocket
Ficure 1: Ribbon diagram of the GP-Il monomer. The molecule is fairly neutral, '_I'his n_eutral faqe extends over a 10 A radius
is colored from the N (blue) to the C terminus (red), and the around the active site cysteine. Such a neutral surface
carbohydrate moieties are depicted with space-filling models. The surrounding the active site pocket may be advantageous for
catalytic diad is depicted as a ball-and-stick model with gray bonds. making protein-protein interactions with substrates of varied
This figure was rendered using the programs MOLSCRI®S) ( amino acid makeup. The active site lies in a 5.5 A deep and
and POVRAY €9). 9.5 A long cleft at the interface of domains | and Il. Cys27
is the only free sulfhydryl group as determined by titration
of the protein with 5,5dithiobis(2-nitrobenzoic acid)14,

Table 2: Gx Comparison of GP-II with Other Cysteine Proteases

. rms d;"aiaﬂon ”°-C°f common _ sequence 31). On the opposite side of the active site cleft from Cys27
_protein A o.atoms _identity (%) is His161, which we propose from the primary sequence
papain 14 212 47 alignment as well as the structural superposition with papain
proteaseQ 1.6 216 48 to be th in th hani hich olari
actinidin 0.69 214 58 0 be the group in the protease mechanism which polarizes
glycyl endopeptidase 1.4 216 50 the cys_telne t_hlol e_nabllng deprotonation. Flgure 2 dep|ct_s
aThe comparison was performed using LSBXPLICIT in the the amino agd residues and hydrogen_—bondlng network in
program O. the active site of GP-Il. Cys27 is contributed by domain |

while His161 resides in domain Il. His161 is oriented such
that ND1 is 3.8 A from the sulfur atom of Cys27, while the

the terminal side chain atoms of Arg66, GIn94, and Lys218. other nitrogen atom, NE2, is within hydrogen-bonding

Although the average temperature factors for the protein are jistance (2.8 A) of the carbonyl group of the side chain of
very low, a plot of average temperature factor of each residueAsn181 The function of Asn181 is most probably to

gsfa f:mctt|027of1r?3|dttrj1e numberhrey e?Is an 'n?éeasfé%iverag%orrectly orient His161 with respect to the nucleophilic Cys27
-lactorto 27.11orth€ main chain irom residues : in order to stabilize the thiolate/imidazolium pair as in papain

These residues lie in a surface loop containing one of the (32). In papain, it has been proposed that, upon acylation of
enzyme's two N-glycosylation sites. Ttfactors for the the enzyme, rotation of this histidine imidazole allows

glycosyl residues vary from 15 to 49/nd are lower for protonation of the leaving amin&3). The electron density

those moieties that participate in protefrotein contacts corresponding to a thiosulfate protecting group is observed
(see foIIowmg section) and for those' proximal to the connected to Cys27 (represented as a ball-and-stick model
attachment site of the carbohydrate chain. in Figure 2). It persists at an electron density cutoff ofi3

The Cysteine Protease Family and Identification of the g F, — F. map, as does the active site Cys27 side chain
Active Site.The polypeptide chain of GP-II folds into two  sulfur. The thiosulfate has an averagdactor of 44.5 R.
distinct domains of roughly equal size divided by a cleft, as The presence of a Cova|ent|y bound protecting group was
depicted in Figure 1. Domain | (residues-1B12 and 215 confirmed by demonstrating that the dissolved GP-II crystal
218) consists primarily of residues from the first half of the  regains enzymatic activity against the substrate Gly-Pro-Ala-
chain and domain Il (residues-32 and 113-214) primarily ~  p-nitroanilide (Gly-Pro-Ala-pNA) only in the presence of
of residues from the second half. The N- and C-terminal DTT (see Experimental Procedures). As depicted in Figure
residues cross over into each domain and help to hold the the sulfate portion of the thiosulfate group binds in the
two domains together. Domain | is mainty-helical and  oxyanion hole, making contacts with the backbone NH of
domain Il is an antiparallep-sheet structure. The GP-ll  Cys27 and to the amide NH of the GIn21 side chain. The
protein fold is also stabilized by three disulfide bonds relative positions of the catalytic diad Cys27 and His161 as
between Cys24 and Cys65, Cys58 and Cys98, and Cys153yell as Asn181 and the residues comprising the oxyanion
and Cys206. These residues are strictly conserved throughoupole superimpose in the structure of GP-Il and both native
the papain family 10). papain (cysteine sulfur oxidized) and inhibited papain (PDB

As expected from the sequence identity between them, theaccession codes 1ppn, 9pap, 1pad, 1pe6, and 1pop). Thus
overall structure of GP-Il is similar to that of the other thereis no change in position of any of these residues relative
members of the papain family. This fact is demonstrated by to one another in liganded and unliganded active sites of
the low rms deviation for the commonoGatoms (Table 2). GP-II and papain.
In comparison, the average rms deviation between four Participation of N-Linked Glycosyl Chains in the Protein
different structures of papain is 0.51 A. When compared to Interface. Like the other proteins in the cysteine protease
papain, the major differences in thex@race between the  family, GP-Il is a monomer in solution as demonstrated by
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.. Trpi83 Asnl81

Hislel Hisiel

Ficure 2: Stereo diagram of the amino acids and hydrogen-bonding network in the active site of GP-II. All molecules are depicted as
ball-and-stick models. All amino acids are labeled. Hydrogen bonds described in the text are denoted by thin black lines. The thiosulfate
protecting group forms a covalent bond to the Cys27 sulfhydryl group. This figure was rendered using the programs MOLSCRIPT and
POVRAY.

As depicted, monomer | interacts with monomers Il and
IV, and monomer Il interacts with monomers Il and V.
Monomers Ill and IV do not interact directly despite their
close proximity ¢4 A). It is unusual to obtain crystals of
proteins which are highly glycosylated (GP-II is 8% glyco-
sylated by weight). Often the carbohydrate is removed from
the protein prior to crystallization. Even when such crystals
are obtained, the carbohydrate portion of the structure is often
disordered and thus cannot be observed in the electron
density map. Thus, although 234 X-ray crystallographic
structures are found in the Protein Data Bank using the query
string “glycoprotein”, the majority have one or no glycosyl
residues in the model and less than 10% of these structures
have three or more consecutive glycosyl residues per site.
In the case of GP-II, half the total carbohydrate sequence
was observed. GP-Il has two glycosyl chains which are
N-linked to Asn99 and Asn156 as determined previously by
electrospray mass spectrometry (ES-MS) (unpublished data).
Thus, the tetramer contains a total of eight glycosylation sites.
Although the entire glycoside structure, (MgiXyl) 1(Fuc)-
(GlcNACc)(N-GIcNAC), was not observed for any of the sites
(see Figure 4a for abbreviations), electron density for three
glycosyl residues was observed linked to Asn156 of mono-
mers | and Il and linked to Asn99 of monomers Ill and IV.
Either two glycosyl residues (monomer Il Asn99), one
glycosyl residue (monomer | Asn99), or no glycosyl residues
(monomers Il and IV Asn156) were observed in the other
Ficure 3: Ribbon diagram of the GP-Il tetramer. The carbohydrate four sites of the tetramer. Electron density for the observed
moieties are depicted with space-filling models. The thiosulfate glycosyl residues was consistent with the linkage deduced

protecting group covalently bonded to the catalytic cysteine and _ ; ; .
Asn residues demonstrated to be glycosylated are depicted as bondsb.y ES-CID mass spectrometric analysis. The N-GICNAc

The top view (a) shows that the proteiprotein interface is not  'esidue has onel—3 linked fucosyl residue and orfd—4
extensive. Hydrogen bonds formed between carbohydrate residue$3ICNAc. The fit of the model into theR2, — F. map for the
and protein monomers account for a number of the intra tetramer N-glycosyl chain linked to Asnl156 of monomer Il is

interactions. The bottom view (b) is rotated°9om the view presented in Figure 4b.
depicted in (a). This figure was rendered using the programs i )
MOLSCRIPT and POVRAY. The conformations of the glycosyl chains at Asn156 are

similar in monomers | and Il. The root-mean-square differ-
an estimated molecular weight of 22 500 by gel filtration ence in relative atomic positions after superposition of these
corresponding to the monomet)( In the crystal structure,  glycosyl chains from these monomers is 0.47 A. This is also
GP-IlI forms a loose tetramer (a dimer of dimers, labeled true of the conformation of the glycosyl chains at Asn99 in
monomers +1V; see Figure 3a) in the crystallographic monomers Il and IV, with the greatest difference in the
asymmetric unit with four distinct oligomerization interfaces. conformation of the fucose moiety. Residues in the glycosyl
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a GleNAc Table 3: Direct and Indirect Polar Contacts between Atoms of
oH Carbohydrates and GP-Il Molecuies
| ¢ first group bridging second group
N/ C\\O monomer residue wateP monomer residue
HO OH | Fuc501 02 I GIcNAC503 07
HO. 0 Asn Fuc501 02 GIcNAC500 04
(8} N-GIcNAc500 O7 Asn201 ND2
O on o GIcNAc503 06 v Val43 O
OH N o GIcNAC503 06 \Y lle42 O
“\C” N-GIcNAc900 O7 | Asn99 ND2
| N-GIcNAc900 O7 W299 | Serl00 OG
Ho HO o CH Il GIcNAC503 06 Fuc501 04
s GIcNACc503 06 Fuc501 O5
GIcNAC503 O7 N-GIcNAc500 O4
HC N-GleNAc GIcNAC503 07 Fucs01 03
N-GIcNAc500 O7 Asn156 ND2
GIcNAC500 N2 1] Thr44 O
Fuc GIcNAC500 N2 1] Val43 O
1] N-GIcNAc900 O6 1] GIcNAC901 N2
N-GIcNAc900 O6 GIcNAC901 04
N-GIcNAc900 06 Serl01 OG1

a All contacts listed are between 2.5 and 4.0°A¢ no bridging water
is listed, then the atom of the left-hand column is in direct contact
with the corresponding atom of the right-hand column.

the glycosyl chains modifying Asn99 are all disposed on a
single face of the tetramer, allowing their participation in
crystal contacts. In contrast, the carbohydrate moieties at
Asn156 participate in contacts related to noncrystallographic
symmetry.

Contacts related to noncrystallographic symmetry consist
of both proteinr-protein and proteifrcarbohydrate interac-
) ) tions. The protein-protein interface between monomers
Ficure 4: Structure of the N-linked carbohydrate chains of GP-II. consists mostly of hydrogen-bonding interactions between

(a) The chemical structure of three carbohydrate moieties linked ~. . . .
to Asn156 or Asn99. The carbohydrate moieties are depicted in Sid€ chains of Arg, Asn, and Ser and main chain atoms. The

the same relative orientation as they appear in the molecular modelglycosyl chains involved in the noncrystallographic interface
shown in panel b. (b) A typical region of the electron density provide a “tether” between monomers of the tetramer.
corresponding to the carbohydrate chains. The electron density fromghaanan et al36) reported in the structure of a legume lectin

a ZF, — F. map is depicted as magenta cages while the atomic . o . .
coordinates are depicted as ball-and-stick models. The threetetherlng of a N-linked heptasaccharide from one protein

carbohydrate moieties linked to Asn156 of monomer Il are shown. Monomer to the adjacent protein monomer by an intricate
This figure was rendered using the programs MOLSCRIPT and network of intra- and intermolecular hydrogen bonds. For
POVRAY. the six N-linked glycosyl chains of GP-1l we observed two
chains are involved in a hydrogen-bonding network that fixes such networks. The participation of theglycosyl chain in

the relative orientations of these three sugars with respecta major contact is observed in the dimerization interface
to one another. The hydrogen-bonding interactions betweenbetween monomers | and IV and monomers Il and Il (see
sugar moieties within a glycosyl chain and between sugar Table 3). The N-linked glycosyl chain at Asn156 of monomer
and protein are summarized in Table 3. One must considerl makes intramolecular contacts with protein in monomer |
the possibility that conformations of the sugars within the and intermolecular contacts with protein in monomer IV.
carbohydrate chains observed represent “artifacts” of crystal- Also, theN-glycosyl chain at Asn156 of monomer Il makes
lization since they are stabilized by interactions of the intramolecular contacts with protein in monomer Il and
carbohydrate moieties with adjacent symmetry-related proteinintermolecular contacts with protein in monomer Ill. This
molecules. The dihedral angles of the majority of the glycosyl tethering effect may be responsible for both the low mobility
bonds present in the GP-II carbohydrate structure fall within of the glycosyl chains and the formation of the tetramer.
the range of dihedral angles determined for solution structuresBorne et al. 87, 38) observed hydrogen-bonding networks
of similar oligosaccharides by NMR and modelirgg(35). via water that act as bridging links between the glycosyl
At Asn99 (in monomers Il and 1V) the dihedral angles for chains and the corresponding protein monomer. Extensive,
the GIcNAc-GIcNAc linkage fall just outside the allowed ordered water structure of this type was not observed in GP-
region. A “solution-like” carbohydrate structure was also Il. Although crystal packing contacts in a monomeric protein
found in the X-ray crystallographic structures of legume such as GP-II can be considered artifacts of crystallization,
lectins @6—38). From evidence collected thus far via they make use of the same forces that govern contacts in
macromolecular X-ray crystallography, carbohydrate struc- protein complexes and oligomeric proteins. Thus the type
tures are not greatly distorted from those found in solution. of protein—carbohydrate contacts observed in the crystal
The conformations of the glycosyl chains at Asn156 and structure of GP-II are likely to occur in other glycosyl
Asn99 differ from one another. As depicted in Figure 3b, protein systems.
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Ficure 5: Superposition of the GP-Il active site with inhibited
complexes of proteases in the papain family. Only the GP-Il active
site residues are displayed for clarity. All amino acid side chains
from GP-Il are drawn using ball-and-stick models with yellow
bonds. The inhibitors are depicted as licorice whips from superposi-
tion with the inhibited structures of papain (cyan and pink), protease
Q (red), and actinidin (dark blue) corresponding to the PDB
accession codes 1pop, 1pad, 1meg, and laec, respectively. Th
inhibitor moieties B, P,, and B are labeled. This figure was
rendered using the programs MOLSCRIPT and POVRAY.

Gin21

FIGURE 6: Interactions between GP-Il and the model inhibitor Ac-
Leu-Pro-arginal. All molecules are depicted as ball-and-stick
models; residues from GP-Il are drawn using light gray bonds while
the inhibitor is drawn using black bonds. Those enzymic amino
acid residues involved in binding proline at these are depicted.
The catalytic diad (Cys27 and His161) and oxyanion hole forming
&In21 are shown for reference. The inhibitor coordinates were
Obtained from the superposition of GP-Il with the papd&upeptin
complex and substitution of the, Reucine to proline using the
mutate-replace option in the program O.

Superposition of Cysteine Protease Inhibitors onto the
Active Site of GP-I1.The unique cyclic structure of proline inhibitors. The B carbonyl oxygen is positioned within
places conformational restrictions on peptides and proteinshydrogen-bonding distance of the NH of the Gly66 backbone.
and confers particular biological properties upon these Also, the B side chain (Phe and Leu for those inhibitors) is
biomolecules 39). Manipulating biomolecules containing bound to a hydrophobic area in the active site. The P
proline requires either engineering proline binding sites into carbonyl group points away from the protein toward the
enzymes with a desired activity or changing the catalytic solvent and shows different orientations for each inhibitor.
activity of enzymes with existing proline binding sites. Such Since Leu and Pro are both nonpolar, hydrophobic amino
protein engineering requires knowledge of the determinantsacids, the papain inhibitor Ac-Leu-Leu-arginal was chosen
of proline specificity. The Ssite of GP-Il is of special  and changed to Ac-Leu-Pro-arginal in the program O within
interest because of the enzyme'’s specificity for substrate with the papair-inhibitor complex (PDB entry 1pop). This new
proline in the B position. Complexes between proteases and molecule was then analyzed in the active site of GP-II after
peptide inhibitors can provide structural information about superposition of the protein on the papain structure. Because
enzyme-substrate interactions in the ground state or transi- N0 energy minimization is performed, only the positions of
tion state. Since a structure of GP-Il with inhibitor bound is the enzyme residues comprising the proline binding pocket
not yet available, we identified the substrate binding sites are considered in the analysis and not the position of the
of GP-Il by superposition of the protein on the homologous proline-containing peptide itself. The fit of the Ac-Leu-Pro-
cysteine proteases. Comparison of the superimposed strucarginal to the GP-II active site is shown in Figure 6.
tures of inhibited complexes of papain, proted2e and In papain, the structural elements that interact with the P
actinidin (PDB entries 1pad and 1pop for papain, 1meg, and substrate side chains are comprised of the side chains of
laec, respectively, for the other proteases) to the nativeTyr67, Pro68, Trp69, Vall33, and Vall57, which together
structure of GP-Il was made using the option Lsq in the form a hydrophobic pocket. In GP-Il these residues are
graphics program O. Because of the structural similarity replaced by the corresponding residues Trp69, Met70, Tyr71,
between these homologues (see previous section and Tabl&hrl35, and Alal59 (see Figure 6). The most distinct
2), the active sites are extremely well aligned, and thus the difference in the two structures is the location of Tyr67
inhibitors are reasonably positioned within the site (see (papain) and Trp69 (GP-II). The replacement of Ser60 in
Figure 5 for superposition). Overall, the peptide backbones papain by Asn62 in GP-II pushes the indole ring of Trp69
of the inhibitors are in an extended conformation similar to in GP-Il away from the position assumed by the side chain
one another, with the;RPand B backbone atoms bound in  of Tyr67 seen in both the native and inhibited papain
the active site cleft in the same relative orientation for all structures. Thus, thedCof Trp69 (GP-II) relative to Tyr67
four inhibitors. The carbonyl oxygen of the Residue, which (papain) shifts by 2.2 A. This causes the large inflexible
would carry a formal negative charge in the corresponding indole ring of Trp69 to protrude into the, Site and reduces
tetrahedral intermediate, is in the appropriate position to form the volume of the site to almost half of that of papain. Thus,
two stabilizing hydrogen bonds with the backbone NH of large residues cannot fit into the, Subsite due to steric
Cys25 (papain numbering) and the NHroup of GIn19. hindrance with this Trp69. This steric clash is illustrated for
Other stabilizing interactions can be observed for the dockedthe papain inhibitor Cbz-Gly-Phe-Gly in Figure 7. We
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Asn62

FiGure 7: Superposition of the active sites of GP-II (yellow) and
papain (red) depicted with ball-and-stick models. The peptidic
inhibitor Cbz-Gly-Phe-Gly is shown in gray. The catalytic Cys27
is shown for reference. With respect to the Trp69 of GP-II, Tyr67
of papain is rotated out of the pocket and positioned with the
phenolic hydroxyl group pointing toward the solvent. This position
is allowed by the occurrence of the relatively small serine side chain
in papain as opposed to the larger Asn62 in GP-Il (also shown).
This model predicts that the size exclusion effect of Trp69 on the
P, binding pocket prevents inhibitors with bulky, Bide chains,
such as Chz-Gly-Phe-Gly, from being accommodated in the GP-II
active site.

interpret this change in the Site as an important structural
determinant of the specificity of GP-1l toward Pro at the P
position via size exclusion. The contribution of the other
hydrophobic residues forming the, 8inding site toward
proline specificity cannot be underestimated.

In contrast to these differences at theses the residues
forming the S sites are identical in GP-II and papain; thus
the specificity of GP-II at Pis predicted to be similar to
that of papain. Papain will cleave substrates with Arg, Lys,
Glu, His, Gly, or Tyr at R, although Lys and Arg are
preferred 40). The superposition of the four cysteine protease
inhibitors with the GP-Il structure described above and
depicted in Figure 5 shows that the major interaction;at P
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A preference for Pro at the;osition has also been noted
in the binding of peptide boronic acid inhibitorgt2).
Structural features of the,Subsite ofa-lytic protease are
drawn from crystallographici@) and modeling studie<4).
One edge of the pocket is composed of the imidazole ring
of His157, which is part of the catalytic triad. Residues Phe94
and Tyrl71 form sides of the,pocket with the aromatic
ring of Tyrl71 making a face-on interaction with the proline
ring.

Cyclophilin has been shown to have peptidgtolyl cis/
trans isomerase activity in vitro. The crystal structures of
Escherichia coliand human cyclophilin A complexed with
inhibitors have been solvedj, 46); the human numbering
system will be used here. The proline binding pocket is
composed of Phell13, Phe60, His126 (Tyrl12CEincoli),
Met61, and GIn63. There is no face-on interaction of the
proline ring as inx-lytic protease. Instead, the aromatic rings
of Phell3 and Phe61 make an edge-on interaction with the
proline ring of the inhibitor. The proline binding pockets of
GP-Il, cyclophilin A, anda-lytic protease utilize the aromatic
side chains of Tyr, Phe, His, and Trp and the hydrophobic
side chains of Met and Ala. There is no consensus three-
dimensional arrangement of these side chains with respect
to one another (or the face of the proline ring, with both
edge-on and face-on interactions being observed.iytic
protease and cyclophilin). Instead, in all cases the selectivity
for proline is achieved, in part, by the formation of a small,
hydrophobic, pocket.

These selection mechanisms do not explain the exclusion
of small, nonpolar amino acids such as Leu and Val from
the S pocket. Evidence from substrate kinetics for proline-
containing peptides for elastase and some other serine
proteases suggests that the degree to which long peptides
display multiple binding modes is reduced with proline-
containing substrates because of the inability of thedgket
to bind proline 47). This is believed to be due to the fact
that these substrate peptides are more restricted in their
backbone conformation. The restriction of the number of
available substrate conformations may be contributing to the
specificity for proline exhibited by GP-II. Since the peptide
¢ angle enforced by proline is-60°, which is the ap-

oxyanion hole. The Shinding pocket is fairly shallow,
allowing medium-length and long side chains to point out

conformations, the presence of proline atrPay hold the
substrate in a more “turn-like” conformation which provides

between the superimposed inhibitor side chains jaariel

enzymic residues. This structural analysis is consistent with
the finding that GP-Il has some preference for ionic residues

(e.g., Lys and Glu) atH15). That is, the solvent accessibility
of the § pocket makes the absolute charge of theside
chain irrelevant but requires that the ligand side chain be
hydrophilic.

Proline Binding in Enzymess the proline binding site in
GP-Il similar to proline binding sites in other proteins? With
the structure of GP-Il now in hand, it is possible to compare
the proline binding site of GP-II with those of other enzymes
in which the primary specificity is for proline binding.

In future studies it will be of interest to determine the
contribution of the proline residue to the overall backbone
conformation of the peptide ligand. Are substrates and
inhibitors in which the ligand is held in a “turn” conformation
superior? Such a conformational effect of proline may be
distinguished from the interactions made by the proline side
chain with enzyme specificity pockets. Undoubtedly, future
kinetic studies of the specificity of each of the subsites,
coupled with X-ray crystallographic studies of enzyme
inhibitor complexes, should provide a deeper knowledge of
the structural basis for the specificity of GP-II.

a-Lytic protease is a serine protease that can bind peptidescoNCLUSIONS

through six subsites, of which,$ of primary importance
since favorable binding interactions in that pocket can
increasek../Km or keo: by several-hundredfold and the $tde
chain has little effect on binding of peptide substrath.(

The structure of GP-II, a cysteine protease with specificity
for proline in the B position, has been solved by X-ray
crystallography to 2.1 A resolution and refined toRyactor
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andR-free of 0.214 and 0.248, respectively. The protein is
8% glycosylated by weight. Half of the total carbohydrate

sequence was observed in the structure, and these N-linked

glycosyl chains participate in both crystallographic and
noncrystallographic contacts via hydrogen bonds (without
intervening ordered water molecules). The GP-II carbohy-
drate structure as well as carbohydrate structures from the
limited number of available glycoprotein crystal structures
is not distorted significantly from those determined in
solution studies. The docking of peptides to GP-II based on
superposition with inhibited papain structures identifies the
residues involved in proline binding. Surprisingly, compari-
son of the proline binding site of GP-II to the proline binding
sites of the enzymes cyclophilin andlytic protease does
not reveal a common proline binding motif, but all three
proteins utilize similar amino acids to produce the pocket
(e.g., Phe, Trp, Met, and Ala). Since such a binding subsite
would not exclude other small, nonpolar amino acids, added
selectivity may be achieved because proline holds the
substrate peptide in a turn-like conformation.
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