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Abstract

Members of the aspartic proteinase family of enzymes have very similar three-dimensional structures and catalytic
mechanisms. Each, however, has unique substrate specificity. These distinctions arise from variations in amino acid
residues that line the active site subsites and interact with the side chains of the amino acids of the peptides that bind
to the active site. To understand the unique binding preferences of plasmepsin Il, an enzyme of the aspartic proteinase
class from the malaria parasitelasmodium falciparumchromogenic octapeptides having systematic substitutions at
various positions in the sequence were analyzed. This enabled the design of new, improved substrates for this enzyme
(Lys-Pro-lle-Leu-Phe*Nph-AlaGlu-Leu-Lys, where * indicates the cleavage phidtdditionally, the crystal structure

of plasmepsin Il was analyzed to explain the binding characteristics. Specific amind Metls3, Ser77, and 1e287

that were suspected of contributing to active site binding and specificity were chosen for site-directed mutagenesis
experiments. The Met13Glu and 1le287Glu single mutants and the Met1B&287GIlu double mutant gain the ability

to cleave substrates containing Lys residues.

Keywords: active site; aspartic protease; hemoglobin degradation; malaria; mutagenesis; plasmepsin Il; oligopeptide
substrates

Malaria remains a serious public health problem in the developindic proteinases, termed plasmepsin | an@3bldberg, 1998 Plas-
world, threatening half of the world’s population. Each year, ma-mepsin Il (hereafter abbreviated PfPMItan be produced in high
laria is responsible for up to 2 million deaths and 100 million newyield and purity by expression of the recombinant gen&sch-
clinical infections(World Health Organization, 1997 Unfortu- erichia coli.
nately, these numbers are rising due to the resistance of parasitesTo investigate the catalytic specificity of PfPMII, the recombi-
and insect vectors to current drugs and insecticides, respectivelpant enzyme was tested using synthetic chromogenic substrates.
Thus, there is an urgent need for the development of new antiThe crystal structure of PfPMI(Silva et al., 1995 was used to
malarial therapeutics. identify residues for mutation to verify their roles in determining
Attractive targets for antimalarial agents can be found in thesubstratgenzyme interactions. This resulted in the elucidation of
biochemical differences between tRasmodiunparasite and the substrate specificity requirements unique to the plasmepsins that
human host. During its infection in humans, the parasite spendmay contribute to the design of inhibitors with antimalarial activities.
most of its life cycle in the erythrocyte. Here, the parasite degrades
hemoglobin for its main source of amino acids required for NeWposults
protein synthesis. The parasite relies on the enzymatic action of the
aspartic proteinases, known as plasmepsins, to break down t
hemoglobin into fragment$Francis et al., 1994 Inhibitors of
these enzymes prevent the degradation of hemoglobin and kill thBrevious kinetic analyses using PfPMII have focused on the di-
parasites in culture. Therefore, the plasmepsins have become aestion of hemoglobin, which may be affected by the tertiary
tractive drug targets. structure of this large molecule. To probe the subsite specificity of
In previous work Dame et al., 1994; Francis et al., 199genes  PfPMII more completely and to place PfPMII in relation to other
were cloned fronPlasmodium falciparunthat encode two aspar- aspartic proteinases, chromogenic octapeptides that have varia-
tions in the B, Ps;, P,, P, and R positions(Schecter & Berger,
Reprint requests to: Ben M. Dunn, P.O. Box 100245, Gainesville, FIor-lgG?) based Or_‘ differences in charge, size, hydrophobicity, and
ida 32610-0245; e-mail: bdunn@college.med.ufl.edu. hydrogen bondingDunn et al., 1995were analyzed. The result-
3Undergraduate research participant. ing kinetic parameters &, Kn,, andk../Ky, are shown in Table 1.
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Table 1. Kinetic parameters obtained using chromogenic octapeptides with variations
in the By, P3, P, P, and B positions

kcat Km kcaT/Km
Ps Py Ps Py Pr*P1 P P3 s (uM) (mM~ts™)
1 Lys Pro lle Glu Phe*Nph Arg Leu 2.0£0.2 23+ 3 87+ 17
Phe 1.1£0.2 21+ 4 50+ 10
Ala 2.0+£0.3 58+ 11 33+8
Ser 1.3+0.2 110+ 18 12+ 2
Asp 1.1+0.2 73+ 12 15+ 3
Lys 0.17+0.03 117+ 18 1.4+£0.3
Phe 2.4+0.3 24+ 3 100+ 16
Ala 0.5+0.1 37+8 14+ 4
Ser 0.32£0.04 92+ 9 3.4+0.5
Asp 0.40+ 0.09 221+ 57 1.8+ 0.6
Lys 0.10+ 0.02 250+ 60 0.4+0.1
Leu 1.7+£0.2 8+ 1 213+ 30
Nle 3.1+0.3 22+ 2 145+ 13
Ala 0.73+0.08 6+ 1 117+ 22
Ser 0.91+0.11 17+ 1 52+5
Asp 0.25+ 0.03 36+ 6 8.3+15
Lys 0.01+ 0.002 24+ 3 0.4+0.1
Ala 57+04 13+ 2 438+ 70
Val 2.6+0.2 16+ 1 163+ 10
Ser 1.7+ 0.3 52+ 13 33+ 10
Glu 6.3+0.8 81+ 11 78+ 14
Lys 1.6+0.2 56+ 9 29+ 6
lle 0.9+0.1 13+1 69+ 8
Val 0.7+0.1 17+ 2 41+ 6
Ser 0.44+ 0.03 67+ 7 6+1
Asp 12+0.1 101+ 18 12+ 2
Arg 0.53+0.07 171+ 27 3x1

aNph = p-nitrophenylalanine.

The S subsite showed a preference for the proline substitutiorgesting that this subsite has a major role in determining the spec-
(specificity constantk../K, = 87 mM~1s™1). This was not sur- ificity of PfPMII.
prising, because other aspartic proteinases also show optimal ac- The R-substituted peptides showed similar trends with the P
tivity with a proline residue in P (pepsin: Powers et al., 1977; varied substrates; however, the specificity constants exhibited an
Rao, 1994; cathepsin D: Scarborough et al., 2998e unique even greater magnitude of variati¢830-fold). Again, the large
structural features of proline may help to align the peptide in thehydrophobic residues gave the highdsty/K,, values with a
active site cleft thus facilitating cleavage. After proline, the hydro- substitution of Ala resulting in a marked decreasédg. The S
phobic residues were preferred with the Phe-containing substratsubsite tended to be more tolerant than thep8cket with re-
(specificity constant 50 mM's~1) and the Ala-containing peptide spect to the Asp- and Lys-containing peptides, resultind<in
(specificity constant 33 mM's™1) giving roughly equivalent re- values of 36 and 24.M, respectively. The specificity constant
sults. The worst substrate in this series was the Lys-containingor the Lys peptide was still 0.4 mMs—! due to an extremely
peptide. This substrate gave the lowkst and the highest appar- low ke (0.01 s°2).
entK,, resulting in a specificity constant of only 1.4 mM¥s™. The substrates having substitutions in theud B positions were

In turning to the B substituted peptides, the hydrophobic resi- analyzed to explore potential interactions in the prime side of the
dues gave the highest specificity constants with a preference faactive site of PfPMII. The specificity constants showed smaller vari-
larger residue$Phe= lle > Ala). The k., was reduced approxi- ations compared to those obtained with the &hd R-substituted
mately fourfold by the substitution of Ala and was also low for the peptideg15-fold for ? and 29-fold for B). Interestingly, the Ppep-
rest of the substrates test€@iable 1. In addition, the Phe- and tides exhibited largek., values compared to the rest of the sub-
lle-containing peptides gave the lowest valuesgr The charged  strates in this series. The Ala and Glu substitutions gave especially
amino acid residues gave especially high values(Asp221uM largekgq values of 5.7 and 6.373, respectively. This is in contrast
and Lys250uM) with the positively charged Lys substitution re- to the results above from the substrates with variationyiarfél B,
sulting in the lowest specificity constai®.4 mM~1s™ 1) found where a substitution of Ala gave a marked decreasg,inin fact,
among this substrate seri€gable 1. Overall, amino acid variation the B Ala-containing substrate results in the highest specificity con-
in the R position exhibited 250-fold differences ./Kn, sug- stant(438 mM~ts™1) within this entire series of substrates.
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Table 2. Kinetic parameters for the original parent substratf ¢s. the redesigned substratesgnd 3) with
PfPMII and human liver cathepsin D

Plasmepsin Il Human cathepsin D
kcat Km kcat/Km kcat Km kcaI/Km
Substrates (s (uM) (mM~tsh) (s (uM) (mM~tst)
1 K-P-I-E-F*X-R-L 2.0+0.2 23+ 3 87+ 17 50+ 4P 28+ 2b 1,800+ 200°
2 K-P-I-LF*X-A-L-K 14+1 18+ 1 792+ 78 99+ 21 77+12 1,290+ 335
3 K-P-I-L-F*X-E-L-K 12+1 19+ 2 619+ 68 68+ 14 62+ 8 1,090+ 267

aSingle-letter code is used for the amino acids in this table; E-nitrophenylalanine; Z norleucine.
bBeyer and Dunr(1998.

Newly designed substrates tide 4), with the scissile bond between the Phe and Nph. The
S - ... resulting kinetic parameters for this substrate are given in
The results from Table 1 provide insight into the binding specific Table 3. Amino acid analysis of the products confirmed cleavage

ity of PIPMII. T.h's knowledge can be usgd FO d_e5|gn a beFlt.eroccurred between the Phe and Nph residues. This substrate was
substrate for this enzyme. If the best substitution in each position

is considered, a new substrate would be (§s)-Pro (P,)-Phe g:;gwused in the evaluation of the mutant enzymes described
(Ps)-Leu (P,)-Phe (Py)*Nph (P1)-Ala (P3)-Leu (P3). This sub- '

strate, however, may present problems because of the opportunity

to bind in different modes leading to the cleavage between thesite-directed mutagenesis

Phe-Leu peptide bon@s-P,) in addition to cleavage between the

Phe*Nph(P,*P}). Therefore, the second best amino acid in the P In addition to elucidating the substrate specificity of PfPMII, an
position wals cﬁc;sen In adoiition a Lys was added,abcrease understanding of the specificity differences between PfPMII and

solubility, as the replacement of Arg at By Ala increased the other aspartic proteinases is useful in designing specific inhibitors

o . . that will interact with PfPMII and not human aspartic proteinases.
hydrophobicity of the peptide. The peptide, L§R;)-Pro (Py)-lle ) .
(gg)-Lgu (Pz)}l/)he (Pl)ENEh (P)- AI: (lpjé)_l_eu (|3)§,)-Lyé24)was Furthermore, for structure-based drug design, a more detailed know!-

synthesized and tested under the same conditions as the previoﬁgge of enzymatic specificity requirements is valuable. Therefore,

chromogenic substrates. In addition, a similar new substrate Wagtructural features that play a role in determining the unique char-

made having PGIu3 acteristics of the substrate specificity of PfPMII needed to be

The kinetic parameters for these two new substrates are shovJH‘?rnt'f'lecj'_ date diff h | models of PPl
in Table 2, along with the parent peptide from the previous sub- 0 elucidate differences, the structural models o Bilva

strate seried. By replacing the PGIu with a Leu and the PArg et aI.,_ 1996 were _compared to those of two mammalian aspartic
with an Ala&2 or GIu3, there is an increase ik, by seven- and proteinases, porcine pepsiabad-Zapatero et al., 1930and hu-

sixfold, respectively. This results in a dramatic increase in theMan cathepsin [Baldwin et al., 199§ and the fungal aspartic

kea/Km Values. Peptide 2 provides a valuable, sensitive, and lowproteinase, rhlzopuspeps@uguna_\ etal, 19?? Eac_h Of these
cost substrate for routine assay of recombinant PfPMII. To evalSNZymes has b.een s.tud|ed 'n, detail, thus pro"'d'”g. significant st‘ruc-
uate the specificity of the newly designed substrates toward |:,fPM”t'uraI and functional information useful for extensive comparative
the closely related human aspartic proteinase cathepsin D Waasnalyses(PohI & Dunn, 1988; Lowther et al., 1992, 1995; Scar-
tested also. Peptidesand 3, when compared to the results with borough et al., 1993; Rao, 1994; Sf:arborough & Dunn, 1994;
peptidel, showed small increases kg, Larger effects, however, Beyer & Dunn, 1996, 1998As results in Table 1 show the great-
were seen in the appareii,, which also increased. This led to a

decrease in the specificity constants for cathepsin D when com-

pared to that for substrate o
Table 3. Kinetic parameters for cleavage of the

hemoglobin-based substrate by several variants of PfPMII

Hemoglobin-based substrate analyses

kcat Km kcaI/Km
Hemoglobin digestion experiments with the isolated naturallyEnzyme (s (M) (MM~ s
occurring enzyme indicated that the primary cleavage site was, .
between Phe33 and Leu34soldberg et al., 1991; Gluzman ?Av!?l;ygﬁj 558i 8:3 142.5 2.7 ig?éi gg
et al., 1994. To test the ability of the recombinant PIPMIl to | ..o87G14 2.1+ 0.1 13.9+ 0.5 149+ 8
cleave this site, a substrate was designed based on the surroungst13Giw1le287GIu 7.4+ 0.9 334+ 4.8 220+ 42
ing region of the hemoglobin alpha chdiala-Leu-Glu-Arg-Met- Ser77Asp 2702 19.2+ 2 141+ 21

Phe-Leu-Ser-Phe-ProThis was converted to a chromogenic

substrate by replacing t_h(_e second Leu _with—aitrophenylalaning aThe substratd has sequence: Ala-Leu-Glu-Arg-Nle-Phe*Nph-Ser-Phe-
and the potentially oxidizable Met with a Nle. The resulting pro, where * indicates the point of cleavage. Nienorleucine; Nph=
sequence was Ala-Leu-Glu-Arg-Nle-Phe*Nph-Ser-Phe-Rrep-  p-nitrophenylalanine.
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est sensitivity to substitutions that interact with the &d S reason to believe that the Met in PfPMIlI may be significant in
regions, we focused our analysis in those areas of the active siteletermining differences in the;Specificity of PfPMII and pepsin.
Consequently, three residues within the active site were identified A PfPMIl Met1l3Glu mutant was compared to the wild-type
that varied significantly between PfPMII and the other enzymesenzyme using chromogenic substrates having variations inghe P
Enzymes with substitutions in those positions were analyzed irposition (Table 5. These substrates were chosen to evaluate the
two ways. First, they were studied with substrates that have varieffect of the substitutions on interaction with the région of the
ation in the part of the substrate most likely to contact the alterecenzyme. In addition, the hemoglobin-based substrate was used to
enzyme residue. Second, the hemoglobin-based subdtnatess  assay this mutantTable 3. The parameters reported in Table 3
utilized to determine if the mutation had a deleterious effect on theéndicate that the activity of the mutant is comparable to that of the
function of the protein. wild-type enzyme. In examining the resulting Substrate speci-
ficity (Table 5, the overall trends remain the same for the Met13Glu
mutant as for the wild-type. However, the specificity constants
have changed. This was due to changes in the apparent binding
The first of the PfPMII residues altered was Meft8sidue 15 in  constantgK,,) because the catalytic efficienciél.y) of the mu-
Silva et al., 1996; we are using the numbering of porcine pepsin fotant enzyme were virtually unchanged from the wild-type. These
the residues of PfPMII discussed hef&ig. 1). This residue is  similar k.4 values were expected because the amino acid substi-
located in the $subsite pocket and may be an important factor intution is removed from the catalytic apparatus and should not have
determining the strong hydrophobic nature at this region of thecaused structural disruptions. The replacement of the hydrophobic
active site. The corresponding residue is a Glu in rhizopuspepsiMet in the § pocket with a Glu resulted in a decrease in the
and porcine pepsin and a GIn in human cathepsifiTBble 4. kea/Km for the hydrophobic substrates. TRg/K, for the Ser-
Previous kinetic analyses showed that rhizopuspefisswther  containing peptide remained the saf@et vs. 3.8 mMts™1). The

et al., 199% and porcine pepsitiRao, 1994 could cleave sub- Asp-containing substrate showed a twofold increase iy Km
strates with an Arg in Pefficiently, while cathepsin D could not (1.8 to 3.7 mM 1s™1) as the result of a large decreaseKiy. The
(Scarborough et al., 1993In addition, porcine pepsin showed a largest difference was seen with the Lys-containing peptide. The
titratable response. This pH dependence was related to the preswutant showed a 5.5-fold increase in the specificity condi@w#t
ence of Glul3 in the Ssubsite(Rao, 1994 Therefore, there is to 2.2 mM 1s™ 1) due to better binding of this substrate.

Kinetic characterization of the Met13Glu mutant

Fig. 1. Close-up view of the active site region of Plasmepsi(PiPMII) with pepstatin bound, generated from the structure of Silva

et al. (1996 (Protein Data Bank code: 1SMEThe B-P;-P, substituents on pepstatin are labeled to illustrate that each makes contact
with a different part of the binding cleft. The blue Connelly solvent accessible surface net was cal(sydigd version 6.4.2with

the inhibitor removed. The side chains at positions 13, 77, and 287 of Pipisin numbering schemare displayed in ball-and-

stick representation and labeled. The backbone of the protein is represented by a shaded ribbon. This picture is “clipped” in the
Z-dimension, so that some of the ribbons are truncated. Tteede chain points “down” into the deep Bocket in the right side on

the figure, while the Pand R, side chains are more exposed to the aqueous exterior of the protein at the top of this view.
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Table 4. Amino acids of aspartic proteinases that are important for substrate binding an& S
(pepsin numbering scheme)

Residue number 12 13 14 75 76 77 78 79 80 286 287 288
Porcine pepsin M E Y Y G T G . S M F E G
Human cathepsin D A Q Y Y G S G . S M F M G
Plasmepsin II | M F Y \% S G . T \Y, | | G
Rhizopuspepsin \% E Y Y G D G S S A | H A

Kinetic characterization of the 11e287Glu mutant drophobic lle by a Glu. The PSer substrate showed a drop in

o/ Km from 52 to 24 mM 1s™1; however, thek.,/K,, for the P,

er substrate remained about the same. Thé&dp-substituted
substrate showed similar specificity constants for the wild-type
and the mutant enzyme. The, Rsp-containing peptide, on the
other hand, resulted in a threefold decrease inkthgK., for the
mutant(15 to 5.5 mMts™1). Interestingly, both the PLys- and
P, Lys-containing substrates were cleaved almost three times more

Another residue that varied between the enzymes is at position 2
(residue 290; Silva et al., 1996Fig. 1). This amino acid is an lle
in PfPMII but a Met in cathepsin D, a Glu in porcine pepsin and
a His in rhizopuspepsifiTable 4. Pepsin and rhizopuspepsin can
both cleave substrates having a positive charge in sh@oBition.
Cathepsin D and PfPMI(Table 1, on the other hand, cleave

peptides haylng .posmve charges |n.thgp65|t.|on inefficiently or . Bﬁiciently by the 11e287Glu mutant. The,Rys substrate, how-
not at all. Site-directed mutagenesis experiments on cathepsin . M )
. : ever, showed the most dramatic change in kinetic parameters with
proved that if the Met287 was changed to a Glu then this enzyme . .
. - . a 2.3-fold decrease iK,,. The 11e287Glu mutant had an increase
could more efficiently cleave a substrate with a Lys in the P . o
. . in Ky, for the B Lys substrate similar to the rest of the-P
position (Scarborough & Dunn, 1994 This suggested that the ! - ; . e
. : . - substituted peptide series. The improved specificity constant was
11e287 in PfPMII may also be important in determining the pref- due to a highek,
erence for hydrophobic residues in the position. In addition, 9 at
from the crystal structure, l1e287 appears to also interact with the
P, side chain of bound pepstati8ilva et al., 19985 Therefore, this
residue may be important in determining botha®d S substrate
specificity.

Kinetic analyses were performed with the PfPMII 11e287Glu The enzyme with both Met13 and 11e287 changed to Glu was also
mutant enzyme and compared to those using the wild-type enzymeonstructed and analyzed with all three sets of peptide substrates.
to assess the role of 11e287 in determining substrate specificityFor the RB-varied substrates in Table 5, the double mutant exhibits
Substrates were used that had variations in the amino acids in threughly the same values as seen for the single Met13Glu mutant.
P, and R, positions to probe for changes in both &d S enzy- Thus, the interaction at3S; is isolated and not influenced by the
matic specificity(Table 6. In addition, the hemoglobin-based sub- second substitution.
strate4 was evaluatedTable 3 with the parameters for the mutant A different picture emerges when evaluating the substrates with
similar to those obtained with the wild-type enzyme. In both serieschanges in Por P,. For most substitutionéTable 6, the double
of substrates in Table 6, the trends in the preferred residues renutant showed activity at nearly the wild-type levels. For the
mained unchanged, Phe, AfaSer> Asp > Lys. Furthermore, in  P,Lys or PyLys substrates, the double mutant has valuds K,
most instances, thie.,; values also remained unchanged. that are higher than either single mutant alone. This suggests that

In both series, the specificity constants for the hydrophobic-binding in the C-terminal domain or catalysis may be influenced
containing substrates decreased with the replacement of the hyy the substitution at Met13 in the N-terminal domain.

Kinetic characterization of the double mutant,
Metl13Gly/le287Glu

Table 5. Comparison of the kinetic properties of wild-type plasmepsin II, the Met13Glu mutant, and the double mutant
Met13Glylle287Glu using substrates with variations in the positiorn?

Wild-type Met13Glu Met13Glulle287Glu
P3 kcat KITI kcat/Km kcat Km kcaT/Km kcat KITI kcat/ K m
substitution (s (uM) (mM~tsh (s (uM) (mM~tsh (s (uM) (mM~tsh
Phe 2.4+ 0.3 24+ 3 100+ 16 3.1+ 0.4 70+ 13 43+ 9 2.9+ 0.6 64+ 13 45+ 14
lle 2.0+ 0.2 23+ 3 87+ 17 2.0+ 0.2 55+ 8 37+ 6 3.5+05 70+ 14 50+ 12
Ala 0.50+0.1 37+ 8 14+ 4 0.53+ 0.07 46+ 8 12+ 2 0.5+ 0.06 53+ 10 9+ 2
Ser 0.32+ 0.04 92+ 9 3.4+ 05 0.27+0.03 71+ 11 3.8+ 0.7 0.20+ 0.02 56+ 9 4+0.7
Asp 0.40+ 0.09 221+ 57 1.8+ 0.6 0.32+0.03 88+ 11 3.7+ 0.6 0.30+ 0.04 87+ 15 3+ 0.6
Lys 0.10+ 0.02 250+ 60 0.4+0.1 0.08+ 0.01 35+ 4 2.2+0.3 0.05+ 0.01 37+ 3 1.4+0.3

aSubstrate= Lys-ProPs;-Glu-Phe*Nph-Arg-Leu, where Nphk p-nitrophenylalanine.
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Table 6. Comparison of the kinetic properties of wild-type plasmepsin Il, the [le287Glu mutant, and the double mutant
Met13Gly/lle287Glu using substrates with variations in the P2 and P4 positions

Wild-type 11e287Glu Met13Glyille287Glu
kcat Km kcal/Km kcat Km kcat/Km kcal Km kcal/Km
s (uM) (mM~ts™) s (uM) (mM~ts™) s (uM) (mM~ts™)

P>

Glu 2.0+0.2 23+ 3 87+ 17 1.7+ 0.1 70+ 8 24+ 3 3.5+ 05 70+ 14 50+ 12

Ala 0.73+0.08 6+ 1 117+ 22 0.89+ 0.05 37+ 3 24+ 3 1.8+£0.4 41+ 3 45+ 9

Ser 0.91+0.11 17+ 1 52+5 0.73£0.01 31+5 24+ 4 1.1+ 0.12 39+ 6 28+ 5

Asp 0.25+ 0.03 36+ 6 8.3+15 0.86+ 0.07 76+ 10 12+ 2 0.44+ 0.05 70+ 12 6.3+ 1.3

Lys 0.01+ 0.002 24+ 3 0.4+0.1 0.06+ 0.01 50+ 10 1.1+ 0.3 0.03+ 0.006 4+ 0.3 7.3+1.6
Py

Phe 1.1+ 0.2 21+ 4 50+ 10 1.0+ 0.2 45+ 9 21+5 2.6+ 0.6 85+ 17 30+9

Ala 2.0+ 0.3 58+ 11 33+ 8 0.8+ 0.1 69+ 8 12+ 2 0.9+0.1 305 30+ 6

Ser 1.3+ 0.2 110+ 18 12+ 2 1.0£0.2 100+ 18 10+ 2 1.1+0.1 49+ 6 23+ 4

Asp 1.1+ 0.2 73+ 12 15+ 4 0.6+0.1 109+ 19 6+1 0.9+ 0.1 55+ 10 16+ 4

Lys 0.17+ 0.03 117+ 18 1.5+ 0.3 0.19+ 0.01 51+ 6 3.8+ 0.5 0.4+ 0.09 75+ 14 53+15

aThe substrate is LyB4-lle-P,-Phe*Nph-Arg-Leu, where Npk p-nitrophenylalanine. For the,Rariants, B was fixed as Pro; for the Rrariants, B
was fixed as Glu.

Kinetic characterization of the Ser77Asp mutant Lys*Nph bond, not because it was able to recognize thieyB, but
instead, because of electrostatic repulsion between the Asp77 and
One position that maintains a similar residue in all the mammaliarthe B Glu in the substrate. It was concluded that for pepsin to ac-
aspartic proteinases but varies in rhizopuspepsin, as well as othquire B, Lys specificity, it required an insertion of a Ser, where most
fungal aspartic proteinases, is residue(i&sidue 79; Silva et al., mammalian enzymes have a deletion, in addition to the Asp
1996. Most aspartic proteinases have either a Ser or Thr at thisubstitution(Table 4. This pepsin double mutant was successful
position, while there is an Asp in rhizopuspepsin. This residue liesat cleaving both substrates with a Bys residue. As seen from
on the flap region of the enzymes, and is thought to be involved iriTable 4, PfPMII contains a Ser at position 77 where rhizopuspepsin
determining R specificity (Lowther et al., 1995(Fig. 1). Reports  has an Asp. In addition, PfPMII is similar to pepsin and other mam-
have shown that if the Asp77 in rhizopuspepsin is mutated to a Thanalian aspartic proteinases in the deletion of a Ser between resi-
the S specificity is modified by eliminating the ability of the dues 78 and 79. The Ser77 was, therefore, mutated to an Asp to see
enzyme to cleave a peptide with a positive charge in thegoBition if it alone could change the,;Rpecificity to that of rhizopuspepsin.
(Lowther et al., 1995 Cleavage of the hemoglobin-based substrate was slightly re-
A recent report by Shintani et d11997) described an approach duced relative to the wild-type enzyni&able 3.
to convert the $specificity of porcine pepsin to that of rhizopus-  To analyze the ability of the Ser77Asp mutant to cleave after a
pepsin by mutating the Thr77 to an Asp. This mutant cleaved theositively charged residue, a new substrate was designed that con-
substrate Ac-Ala-Ala-Lys*Nph-Ala-Ala-NkH between the Nph-  tained a series of hydrophobic residues and a Lys at tipe$ition.
Ala bond rather than between the Lys*Nph. The authors argued thdor solubility purposes, an “extra” Lys residue was attached to the
the pepsin Thr77Asp mutant could still not tolerate a substrate wittC-terminal end of the peptide. This new B/s peptide was ana-
aLysinthe R position. The mutant cleaved another substrate testedyzed with the mutant and wild-type enzymes. In addition, a sub-
however, between a Lys*Nph boltich Pro-Thr-Glu-Lys*Nph-Arg-  strate having a PLys residue was tested, as well as the parent
Leu). They concluded that this Thr77Asp mutant hydrolyzed thesubstratg Table 7.

Table 7. Comparison of the kinetic properties of wild-type plasmepsin Il and the Ser77Asp mutant

Wild type Ser77Asp
kcat Km kcat/Km kcat Km kcaI/Km
P5-P4-P3-P2-P1*IP1P2-P3-P4 (s (uM) (mM~tst) (s (uM) (mM~tst)
Lys-Glu-Phe-Val-Lys*Nph a-Ala-Leu-Lys — Not cleaved — 0.84 0.07 46+ 6 18+ 3
Lys-Pro-lle-Glu-Phe*Nph-Arg-Leu 2.0+0.2 23+3 87+ 17 2.0+0.2 52+ 7 38+6
Lys-Pro=lle-Lys-Phe*Nph-Arg-Leu 0.01+ 0.002 24+ 3 0.4+0.1 0.08+ 0.01 40+ 7 2.0+ 0.4

aNph = p-nitrophenylalanine.
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Interestingly, by changing only one amino acid on the flap of favorably. Paradoxically, the Asp-containing peptide shows a 2.5-
PfPMII, the enzyme was now able to cleave a substrate with dold decrease i, thereby increasing thie..y/K,, for the mutant
positive charge in P (18 mM ts™1). The wild-type enzyme enzyme. This increase can be explained if, at the pH of the assay
could not cleave this PLys peptide even after an overnight (4.4), the Glu residue of the enzyme and the Asp residue of the
incubation at 37C with 5 ug of enzyme. Furthermore, the substrate are hydrogen bonding partners.

Ser77Asp mutant cleaved a substrate with a Lys jnnire The most significant changes in the kinetic parameters for the
efficiently (0.4 to 2.0 mMts ). The parent peptide, which Met13Glu mutant are seen with the Lys-containing peptide. The
contains a P Glu and R Phe, gave a moderatg,/K,, for the Michaelis constant decreased from the highest value in this series
mutant enzyme(38 mM~1s™1). This specificity constant was for the wild-type PfPMII(250 M, Table 1) to the lowest value for
lower than for the wild-type enzym@7 mM~1s™1), which was  the mutant enzymé35 uM, Table 5. These changes resulted in a
expected because of electrostatic repulsion between the Asp.5-fold increase in the specificity constant.
and the B Glu in the substrate. These results show that the Met13 residue contributes toghe S
subsite specificity of PfPMII. In addition, the Met13Glu mutant
data support the theory that the presence of a Glu at this position

Discussion in aspartic proteinases enhances the binding of substialtésitors
with Lys in Ps;. Furthermore, because wild-type PfPMII varies at
The redesigned substrates position 13 from the human enzymes, cathepsin E and pepsin,

By analyzing chromogenic octapeptides with variations in differ-Sp.ECIfIC 'f".“?'tor.s may be rationally designed to take advantage of
khls specificity distinction.

nt P-position referential amin ids were discovered for . .
ent P-positions, preferential amino acids were discovered for eac We must point out, however, that the hemoglobin-based sub-

of those sites. This led to the synthesis of two new peptides that . . "
proved to be better substrates for PfPMII. The approximate eight-Str"’ue(-l—a1b|e 3 contains an Arg in the Pposition. The mutants

fold increase in the specificity constants for these substrates Witﬁgqtﬁn\:\ﬂ%flul?’egrzoﬁzs;uljspfﬁgiifg;z ggzgvgguviiltﬁ fgﬁ're[] Cg_
PfPMII was mainly due to an improvementhg,,. This is probably yp yme. ' y

due to the replacement of the Arg ia & presented in the analysis containing peptides may be specific for that amino acid.
of the substrates in Table 1.
11e287Glu mutant

Site-specific mutants The 1le287 lies within the interface of the, &nd S subsites of
PfPMII. Therefore, it is possible that it plays a role in determining
The objective of replacing amino acids within the binding cleft of poip S and S subsite preferences. PfPMII prefers hydrophobic
PfPMII was to evaluate the importance of interactions betweenyygr charged residues in both thednd B, positions(Table 1. In
enzyme and substrate at specific sites. Mutations that compromisgntrast, porcine pepsin can tolerate positively charged substitu-
folding or catalytic activity are of limited value in such studies. gnts in R (Rao, 1994. Glu is the residue found in porcine pepsin
Reassuringly, the cleavage of the hemoglobin-based substratg the structurally equivalent position 287. To test whether the lle
(Table 3 by the mutants was observed to be on a par with that, pfpmi| contributes significantly to these subsite distinctions, it
obtained for the wild-type recombinant enzyme. This indicates thaly s mutated to a Glu and changes in bosha8d S specificity
mutations in the binding site have not altered the natural functionyere analyzed.
of the enzyme. In both the B and B, substrate series, there is a decrease in
kea/Km for the hydrophobic containing peptides due to an increase
in the K, values(Table 6. This suggests that the 11e287 may
contribute to the hydrophobicity of both the &nd S binding
It was found(Table 1 that the wild-type PfPMII prefers large pockets. On the other hand, changes in the specificity constants
hydrophobic residues within the; $ocket, while Lys substitution  with the negatively charged Asp substitutions were only observed
in P; is discriminated against. In contrast, pepsin and rhizopusfor the P, varied peptide. Here, there was a 2.5-fold decrease in the
pepsin can tolerate substrates in this series with LyszirSBuc- keat/Km. This may be due to electrostatic repulsion between the
tural analyses show each of these latter enzymes contains a GAsp and the Glu residue in the 11e287Glu mutant. TheaRd B,
within the S subsite, which may aid in the binding of the Lys side Lys peptides both showed almost threefold increaseg yiKp,.
chain through electrostatic pairing. Therefore, Metl3 in the S The increase in the specificity constant for the s substrate was
subsite of PfPMII was replaced with a Glu, the homologous res-due to improved binding of the Lys in the Bubsite. This is likely
idue found in pepsin, rhizopuspepsin, and also cathepsin E. a result of an electrostatic interaction with the Glu at 287. The P
By replacing the hydrophobic Met with a negatively charged Lys substrate, on the other hand, showed an increase Kfleit
Glu, the specificity constants for the peptides containing largean improvedk.... Therefore, amino acid 287 does not affect the
hydrophobic residuegPhe and ll¢ decreased, most likely due to binding of the substrate within the, Subsite, but rather the en-
the loss of stabilizindi.e., van der Waa)sinteractions betweensP ~ zyme turnover.
and Metl3. The hydrophobic Ala side chain is probably short In conclusion, a mutation was made from an lle in PfPMII to the
enough to avoid a destabilizing interaction with the hydrophilic homologous residue found in porcine pepsin, Glu. The resulting
carboxyl group of the Glu. Thus, cleavage of this small hydropho-changes in specificity were seen in the &d S subsites. This
bic substrate remains unchangedir/K,. The fact that the Ser- position appears to determine binding of residues jnvwhereas
containing substrate also does not change supports this observatidhe k., is affected by interactions in,SThe mutant enzyme was
With the incorporation of a Glu in thes;Socket, substrates thus engineered to have “pepsin-like” specificity by showing an
containing negatively charged Residues are expected to bind less increase in the specificity constant for a Lys-containing peptide.

Met13Glu mutant
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Therefore, the 11€287 is a structural determinant of theusl S Expression and refolding

specificity of PPMI. One liter of Luria Broth media containing 1Q0g/mL ampicillin

was inoculated with 20 mL of an overnight culturefcoli BL21
Double mutant, Met13G|ile287Glu (DE3) pLysS cells containing the recombinant pET3a plasmid.

Positions 13 and 287 are on opposite sides of the active site cleff.nese cells were grown at 3¢ with 300 rpm shaking to an Qfgy
Thus, they interact with different parts of a substr@teinhibitor) of 0.6. Protein expression was then induced by addition of IPTG to
bound in an extendeg-strand conformation. Analysis of the dou- @ final concentration of 0.5 mM. The OD of the cells was moni-
ble mutant Met13Glylle287Glu in comparison to the Met13Glu tored at 0 ad 3 h after induction, and 1 mL of culture was removed
single mutant with P3-varied substrates showed that &  for analyzing expression amounts by SDS-PAGE. After 3 h, the
interaction is isolated, as no further change in kinetic parameter§ells were harvested by centrifugatié®,000x g, 15 min, 4°C).

was seen. This reflects the inaccessibility of thg/3 region ~ The cell pellet was re-suspended in cold Tris buffe@ mL/g of
position in a complexFig. 1. In contrast, analysis of the double ¢ells, 0.01 M Tris, pH 8.0, 0.02 M Mggl 0.005 M CaCl, and 2
mutant with B- or P,-varied substrates showed that an additive Kunitz U/mL of DNase ) and passed through a French Press cell
effect over the Ile287Glu single mutant in binding of Lys-containing tWo times. The lysed cell suspension was layered over 10 mL of
substrates. This observation may reflect the alteration in the elec?/% sucrose and centrifuged at 12,00@ for 30 min to isolate

trostatic environment achieved by substituting two hydrophobicthe inclusion body pellefTaylor et al., 1985 The inclusion bodies
residues by hydrophilic Glu residues. were washed by resuspension in 20 mL of 0.01 M Tris, pH 8.0,

0.001 M EDTA, 0.002 M3-mercaptoethanol, and 0.1 M NaCl, and
pelleted through a sucrose cushion again. Next, the pellet was
resuspended in 20 mL of 0.05 M Tris, pH 8.0, 0.005 M EDTA,
Fungal aspartic proteinases are unique compared to the mamm@-005 M B-mercaptoethanol, and 0.5% Triton X-100 and recentri-
lian aspartic proteinases in that they can cleave substrates with a Riuged (12,000 X g, 15 min, 4°C). Finally, the inclusion bodies
Lys residue(Balbaa et al., 1993 Crystallographic data and site- were washed one last time in another 20 (@105 M Tris, pH 8.0,
directed mutagenesis experiments on penicillopepsin, aspergiB.005 M EDTA, 0.005 MB-mercaptoethanpland pelleted as be-
lopepsin I, and rhizopuspepsin have shown the importance of Asp7fbre. The inclusion bodies were weighed and stored 20°C.

for this activity (James et al., 1985; Shintani & Ichishima, 1994;  The inclusion bodies were solubilized and refolded. Solubiliza-
Lowther et al., 1995 Shintani et al.(1997) suggested that for tion was done at a concentration of 1 mget)/mL in freshly
pepsin to cleave a substrate with alfys residue it requires the deionizel 8 M urea, 0.05 M CAPS, pH 10.5, 0.005 M EDTA, and
substitution of Thr77 to Asp as well as an insertion of a Ser0.2 M 2-mercaptoethanol. The solution was stirred slowly &5
between residues 78 and 79. The results shown here with PfPMFor 45 min. Any undissolved material was removed by centrifuga-
suggest that the replacement of Ser77 to Asp is sufficient for thigion at 24,000< g for 30 min. The supernatant was dialyzed for 4 h
aspartic proteinase to recognize a substrate having &yB  against five times the original volume in Spectrapor dialysis tubing
(Table 7. Furthermore, the PfPMII Ser77Asp mutant efficiently (MWCO 12-14 kDa and 20 mM Tris pH 8.0 buffer. The buffer
cleaved the peptide having a Glu in.FRhizopuspepsin is also was replaced with 20 mM Tris pH 8.0 buffer at@ and allowed
capable of hydrolyzing this peptid@,840 mM 1s™!; Lowther  to dialyze fa 6 h at 4°C. Under these conditions, the dialysis
et al., 1993, suggesting that an Asp at 77 does not cause electrobuffer was changed two more times. The resulting solution was
static clashes with a Glu in,PThis contradicts previous reports centrifuged to remove any precipita24,000x g, 4°C, 30 min.

that claim that the porcine pepsin Thr77Asp mutant cleaves Pro-

Thr-Glu-Lys*Nph-Arg-Leu after the Lys only because of electro-
static repulsion between the,PGlu and Asp77. X-ray
crystallographic structures of these mutants are needed to helsnion-exchange chromatography was used to purify the correctly
resolve these contradicting data about the involvement of the flafolded protein to homogeneity. A Pharmacia Resource Q column

Ser77Asp mutant

Purification

residues in determining;Specificity. (5 mL) was equilibrated in 20 mM Tris pH 8.0 buffer at@ using
a Pharmacia FPLC. Next, 40 mg of the refolded material was
Materials and methods loaded on the column. The enzyme was eluted by running a step
gradient profile using 20 mM TrjsL M NaCl pH 8.0 buffer. Three
Site-directed mutagenesis peaks were eluted at 0.10, 0.18,dah M NaCl concentrations.

. . . . i | n red in 0.5 mL ali
Mutations in the wild-type PfPMII gene were generated using aThese peak fractions were pooled and stored in 0.5 aliquots at

four primer, overlap extension strategy similar to Ho e{&989. 4c.

This procedure has been previously described in dé&aiarbor-

ough & Dunn, 1994 Polymerase chain reactigqi?CR was per-  Spectrophotometric analyses

formed using a Gene Machine Il Programmable Thermal Controller

(USA Scientific Plastics, Ocala, Floriflavent polymerase was  Substrate hydrolysis

purchased from New England BiolabBeverly, Massachuseijts Stock peptide solutions were made in 10% formic acid and
The products were purified on a 1% NuSieve GTG low melting 90% distilled water and quantitated by amino acid analysis using
agarose gel. The correct size bands were excised and further pa-Beckman System 6300 High Performance Amino Acid Ana-
rified using the Bio-Rad DNA puirification kit. These products and lyzer. Plasmepsin catalyzed hydrolysis of the octapeptide sub-
the wild-type plasmepsin Il gene were then restriction digested andtrate, where cleavage occurs between the Phe*Nybh =
ligated together. Last, the entire coding regions were dideoxypara-nitrophenylalanine, * point of cleavagg was performed
sequenced. at 37°C, pH 4.4 in 0.1 M sodium formate buffer ugira 5 min



Active site specificity of plasmepsin II 2009

preincubation time. Assays using cathepsin D were in 0.1 M ture, function, biology and biomedical implicationsiew York: Plenum
sodium formate buffer pH 3.7 wita 3 min preincubation time. Press. pp 1-10.

Th . bati . I | . f th Francis SE, Gluzman 1Y, Oksman A, Knickerbocker A, Mueller R, Bryant ML,
e preincubation times allow complete conversion of the zy- Sherman DR, Russell DG, Goldberg DE. 1994. Molecular characterization

mogen enzymes to active mature forms as verified by N-terminal and inhibition of aPlasmodium falciparuraspartic hemoglobinasEMBO
sequencing and SDS-PAGE analyses. The substrate cleavage re-J 13:306-317.

h . . zman Y, Francis SE, Oksman A, Smith CE, Duffin KL, Goldberg DE. 1994.
action was monitored by the decrease in the average absorbang’&lOrder and specificity of th@lasmodium falciparunmemoglobin degrada-

from 284-324 nm on a Hewlett Packard 8452A diode array tion pathwayJ Clin Invest 931602-1608.
spectrophotometeiScarborough et al., 1993; Dunn et al., 1294 Goldberg DE. 1998. Plasmepsin II. In: Barrett AJ, Rawlings ND, Woessner JF,

The K., and ke, values were calculated from the initial rates of ggg- "é%’;dboo" of proteolytic enzymeSan Diego: Academic Press. pp

at least six substrate concentrations using Marquardt analysigoidperg DE, Slater AF, Beavis R, Chait B, Cerami A, Henderson GB. 1991.
(Marquardt, 1968 and the equation = Viad SI/(Ky + [S]). Hemoglobin degradation in the human malaria pathogkrsmodium fal-
The observed rates in AW s™* were converted to M« s by icparum A catabolic pathway initiated by a specific aspartic protea$exp

. - Med 173961-919.
dividing by the total change in absorbance for complete hydro-Henderson PJF. 1972. A linear equation that describes the steady-state kinetics

lysis of a known concentration of each substrate used. To ensure of enzymes and subcellular particles interacting with tightly bound inhibi-
cleavage occurred between the Phe and Nph, cleavage products tors.Biochem J 12321-333.

were Separated by high-performance quuid Chromatography anao SN, Hunt HD, Horton RM, P_ullen JK, Pease LR. 1989. Si?e-direcyed mu-
tagenesis by overlap extension using the polymerase chain reaGgoe.

then identified by amino acid analysis. 77:51-59.
. S James MNG, Sielecki AR, Hofmann T. 1985. X-ray diffraction studies on pen-
Active site titration and icillopepsin and its complexes: The hydrolytic mechanism. In: Kostka V, ed.
Inhibitor stock solutions were made in DMSO and quantified by Aspartic proteinases and their inhibitor&erlin: Walter de Gruyter. pp

. . . . . - . 63-177.
amino acid anaIySIS. Inhibitor worklng dilutions were then diluted Leatherbarrow RJ, Fersht AR, Winter G. 1985. Transition-state stabilization in

into distilled water. The amount of active enzyme in each assay the mechanism of tyrosyl-tRNA synthetase revealed by protein engineering.

was determined by competitive inhibition with Pepstati(Sigma, . Ft’r:OC \’;‘VZ’IT“ é%ad SZCitJS'; 8$840—J78514- BM. 1992, Substrat it

. . . . ' . _ Lowther WT, Chen Z, Lin X, Tang J, Dunn BM. . Substrate specificity
St. Louis, M'S_SOU')" The res‘ﬂ't'”g curve was fitted with the Hen study of recombinariRhizopus chinensaspartic proteinase. In: Dunn BM,
derson equation on the Enzfitter progrétenderson, 1972; Leath- ed. The structure and function of the aspartic proteinases: Genetics, struc-
erbarrow, 1985 tures and mechanismblew York: Plenum Press. pp 275-279.

The ke vValues were then calculated by the equati@R= Vinax Lowther WT, Majer P, Dunn BM. 1995. Engineering the substrate specificity of

— . rhizopuspepsin: The role of Asp 77 of fungal aspartic proteinases in facil-
(AU/9)/(AA/[S] * [E]), whereAA = total change in absorbance itating the cleavage of oligopeptide substrates with lysine irFdtein Sci

observed with a specific substrate concentrafih and[E] = 4:689-702.
total enzyme concentratigmolarn. The standard deviations of the Marquardt DW. 1963. An algorithm for least-squares estimation of nonlinear

. . . _parameters] Soc Indust Appl Math 1431-441.
Kear andkeay/Km were propagated using equations derived by stan Meyer SL. 1975Data analysis for scientists and engineelew York: John

dard procedures for independent errors as outlined by M&g&5. Wiley and Sons.
Pohl J, Dunn BM. 1988. Secondary enzyme-substrate interactions: Kinetic
evidence for ionic interactions between substrate side chains and the pepsin
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