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ABSTRACT. The catalytic activity and inhibitor binding energetics of enzymes are often pH-dependent
properties. Aspartic proteases comprise an important class of enzyme targets for structure-based drug
design. We have performed a complete thermodynamic study of pepstatin binding to plasmepsin Il, an
aspartic proteinase found Plasmodium falciparumusing isothermal titration calorimetry and circular
dichroism. Thermodynamic parametefs3, AH, AC,, andAS) were measured as functions of both pH

and temperature. In the pH range from 4.5 to 7.0, pepstatin binding is accompanied by proton transfer
between the solvent and the complex. We used thermodynamic proton linkage theory to derive both the
pH-independent binding energetics for pepstatin and the number Kandapues of ionizable residues
whose K, values change during ligand binding. These residues were identified as the two catalytic
aspartates, with s of 6.5 and 3.0, and His 164, with &pof 7.5, based on the three-dimensional
structure of the pepstatirplasmepsin Il complex. At pH 5.0, where the protease has optimum activity,

the proton transfer process contributes almost 40% of the total binding free energy change and the total
charge of the active-site aspartic acid residueslis These experimental results provide direct measurement

for the protonation states of the catalytic aspartates in the presence of bound ligands. Comparison of the
thermodynamic and structural data for pepstatin binding with human cathepsin D, a lysosomal aspartic
protease that shares 35% sequence identity with plasmepsin I, suggests that the energetic differences
between these two proteins are due to a higher interdomain flexibility in plasmepsin 1.

The emergence of drug-resistant forms of malarial parasitesinhibitor binding, including the energy associated with
demands new chemotherapeutic strategies for combating thigorotonation.

widespread disease. Plasmepsin Il frefasmodium falci- For aspartic proteases, it is well-established that both

parum the most virulent strain of the malarial parasite, is g pstrate catalysis and inhibitor binding are pH-dependent
an aspartic protease involved in the hemoglobin degradatlonprocessesb-(_10)_ Changes in the ionization state of the

pathway (). It thus provides a novel target for antimalarial 5 catalytic aspartic acid residues have been proposed to
agents. The three-dimensional structure of plasmepsin Il in 4 responsible for this pH dependency. To address these

a complex with pepstatin A has been determined by X-ray astions, we performed a detailed thermodynamic charac-
crystallography, and on the basis of the structure a series Ofterization of pepstatin binding to plasmepsin Il over the pH

inhibitors have been desqribeZ).( Th? interactions between range 4.5-7.0 using ITC. The pH-independent intrinsic
pepstatin and plasmepsin |l are similar to those Observedbinding energetics and the charge state of the ionizable

1;onr dgttrz 252?““ pHrgte:S:rs’.;gtzgr;safﬁgi%sr:@;ﬁ's% _groups involved in inhibitor binding were determined using
lapepsind). wever, 1 Itrati ' a statistical thermodynamic approach. Comparison of the

2:3 (rln-recsl)le)f:]lljgl'és d:fr;glrce?]tteeah;t ggg?;aetg;];:?gfg%mese thermodynamic parameters associated with pepstatin binding
y 9 for plasmepsin Il with those of cathepsin D reveals differ-

the standpoint of structure-based drug design, it is important . X
X L X .~ “ences that are predictive of structural changes induced upon
to determine contributions from all the forces involved in inhibitor binding
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Ficure 1: Binding enthalpy of pepstatirplasmepsin Il association
as a function of temperature. The buffer was 10 mM acetate, pH 5L 1
5.5. TheAC, value determined from the linear fitting, represented
by the slope of the solid line, was400 + 10 cal/(motK).
0 [ [P
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prepared by dialysis against 10 mM desired buffer &C4 AH.  (kcal/mol)

Protein concentrations were determined by measuring optical , ,
Ficure 2: Calorimetry-measured enthalpy as a function of buffer

absorbance at 280 nm using an extinction coefficient of 1.024 ionization enthalpy at pH 6.5 and 3€. According to eq 2An

(cm-mg/mL)‘l for plasmepsin Il and 1.1 (c_rmg/mL)‘l for  and AHpinding Were determined to be 1# 0.1 and—13.6+ 0.3
cathepsin D. A concentrated stock solution of pepstatin A kcal/mol for pepstatinplasmepsin Il binding (a) and 2:¢ 0.2
(Sigma, St. Louis, MO) was prepared in water at pH 11.5. and —1.0 £+ 0.8 kcal/mol for pepstatincathepsin D association

A” prote|n and |nh|b|tor Samples were degassed for 15 m|n (b) The buffers used and their ionization enthalpies are listed in
. . f dhe footnote of Table 1.
prior to use. Reaction heats were determined after repeate

injections of a fixed amount of pepstatin A into a solution jnnibitor binds at a constant pH, a change in tha pf any

of plasmepsin II. The solution was stirred at a rate of 400 jopizable groups involved in inhibitor binding will result in
rpm. The heat of dilution for pepstatin, which has been .10 transfer between the binding complex and the buffer
shown to be concentration-independent, was determined bymglecules.  Consequently, the calorimetrically measured

taking the average of the last three injections after the pmtei”enthalpy is buffer-dependent and can be represented by
was saturated with inhibitor.

Statistical Thermodynamic AnalysisNonlinear least- AHrc = AHpnging + ANAH;y, (2)
squares analysis was performed using the program NONLIN
developed by Dr. Michael Johnson at University of Virginia. whereAn is the number of transferred protons upon binding,
This program implements a modified Gaud$éewton non- AHion is the ionization enthalpy of buffer, amiHyinging iS
linear least-squares algorithm for the determination of the the buffer-independent binding enthalpy. It should be noted
most probable model parameter$2( 13). Confidence thatAnis positive when protons are transferred to the binding
intervals of the fitted parameters were estimated assuming acomplex from the solvent, and vice versa. If there is no
confidence level of 68.9% for the experimental data. proton transfer, theAHrc = AHpinging. Figure 2 shows the

Circular Dichroism. CD spectra were measured with a calorimetric enthalpy for pepstatin A binding to plasmepsin
Jasco J-720 spectropolarimeter. Each sample was scannell and cathepsin D measured in different buffers at pH 6.5

three times using a 0.2 mm cylindrical cell. and 36°C. For the association of pepstatin with plasmepsin
II, 1.7 protons were transferred to the binding complex and
RESULTS AHpingingWas determined to be13.6 kcal/mol. In the case

Isothermal Titration Calorimetry In order to obtain a  Of cathepsin D, the binding of pepstatin was characterized
complete temperature profile of the thermodynamic param- BY @ An of 2.9 andAHpinding of —1.0 kcal/mol under the
eters associated with pepstatin binding to plasmepsin 11, we S&me conditions. _ _
performed ITC experiments over the temperature range 17 1€ major goal of this study was to characterize the pH
36 °C. Figure 1 shows the binding enthalpy as a function dependence of inhibitor binding energetics for an aspartic

of temperature at pH 5.5. Over a narrow temperature range’protease. We therefore carried out ITC measurements of

the temperature dependence/dfi can be described by the binding of pepstatin A to plasmepsin Il over the pH range
4.5-7.0. The pH dependence of the buffer-independent
AHrc = AHy + AC(T — Ty) Q) thermodynamic parameters (i.eAn, AHpinging and Kg),

defined using eq 2, is plotted in Figure 3 and listed in Table
whereAHy is the binding enthalpy at an arbitrary reference 1.
temperatureT,, and AC, is the heat capacity change of Statistical Thermodynamic Analysis of pH Dependence of
binding. Thus theAC, value determined from the slope of Binding Energetics At pH 4.5, the association of pepstatin

the linear fit in Figure 1 was-400 cal/(moiK), which is and plasmepsin Il has an value of —0.3. This indicates,
typical for protein-peptide (4, 15) and antibody-antigen in the simplest case, release of a proton due to decrease in
interactions 16). the (K, of a single ionizable group. On the other hanah,

The reaction enthalpy determined from a single calorimetry is 1.7 at pH 6.5, indicating the protonation of at least two
experiment contains contributions from the intrinsic binding ionizable groups whoseik values increase when pepstatin
enthalpy of the reactants and also depends on the ionizatiorbinds. Taken together, there must be at least three ionizable
enthalpy of the buffer used in the experimetf,(14). When groups whosel§.s are altered upon pepstatin binding. The
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Ficure 4: Simulated proton transfer for the binding reaction as a
function of pH. The simulated proton transfer is due kg phange

of two ionizable groups. Theky, of the first group drops from 5

to 2, resulting in the negativAn values at low pHs. Thely, of

the second group increases from 6 to 9, which is responsible for
the proton uptake at high pHs.

(kcal/mol)

binding

AH

ionizable group before and after inhibitor binding. Figure
4 shows a simulated curve aih as a function of pH for the
case in which proton transfer is due to the simultaned(s p
change of two ionizable groups. At low pH, proton release
indicated by the negative sign ain is due to a decrease of
pKa, from 5 to 2 of the first ionizable group. At high pH
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Ficure 3: pH dependence of the buffer-independent thermody- : s .

namic parameters for pepstatiplasmepsin Il associatiohn and values, th|§ group remains ionized and does not contribute

AHpingingare defined in eq & represents the inhibitor dissociation 0 An, while the (K, increase from 6 to 9 of a second

constant. Thekq value at pH 5.0, represented by an open circle, ionizable group results in a positiven, or proton uptake.

was the value oK; determined by enzymatic assay (L.S. and S.G., Like An, the buffer-independent enthalpy of inhibitor binding
unpublished results). The solid lines represent fitting curves using can be described as

egs 3-5.
AHbinding

Table 1: Buffer-Independent Thermodynamic Parameters of
Pepstatir-Plasmepsin Il Binding Measured by Isothermal Titration = AHO + ZAniAHi
Calorimetry at 36°C2 [

AHbinding AC, AGy K Ka'—pH Koy —pH
pH  An (kcal/mol) [cal/moFK] (kcal/mol)  (nM) B 10 10
45 —0.34+0.1 —10.7+0.2  —450 nd |1+ 107K —PH 1 4 1PKaPH
50 —-0.2+0.1 -9.3+03 nd -135 0.3
2'(5) 1% 8'% —Eg%i 8'2 :ggg 122 gd3 whereAH,; is the protonation enthalpy of the ith ionizable
65 1.7+0.1 —13.640.3 —670 —11.2 11+5 group andAHg represents the intrinsic binding enthalpy and
7.0 1.8+0.1 —13.6+0.3 nd —10.5 35.3t4.2 is independent of both pH and buffer. It should be noted

2 An and AHpinging are defined in eq 2. The errors were determined Fha_t if the pH is r_nUCh higher thanKg;" and Ky, all
from the linear fittings as shown in Figure 2. The buffers (sodium salt) ionizable groups will be deprotonated aféiirc, AHpinding,
and their ionization enthalpies (in kilocalories per mole) atG6are and AHo will have the same value. Finally, the binding

as follows: citric acid,—0.8; acetate;-0.2; MES, 3.8; maleic acid s

' ' T ' 29 ' constant andAG are also modified by the proton transfer
—1.1; glycerol 2-phosphate;0.6; ACES, 7.4; PIPES, 2.8; phosphate, d ibed70: y P
0.7; Cacodylate;-0.7; and MOPS, 5.3. nd, not determinédy was process as described?):

determined by the analysis of ITC data. The valu&ght pH 6.0 was

too low to be measured accurately by calorimetry. The number in the 1 1+ lOOKa"'_pH
table was obtained by a nonlinear least-squares fitting of the binding Kp=(Ky "= Kol_l _— (5)
isotherm at pH 6.0. It provides a higher limit Kf. ¢ The K4 value at i\1+ 1O°Kai_pH
pH 5.0 was the value df; determined by using enzymatic assay (L.S.
and S.G., unpublished results). 1+ 10QPKai'~PH

AG, = AG, — RTZ _— (6)
pKa values of these ionizable groups can be determined from m\1 + 10K PH

a global analysis of the pH dependence of the thermodynamic

parameters. The pH dependenceAf can be represented whereK, andAG are the pH-independent intrinsic binding
by constant and free energy change, respectively Kand the
10PKa'—PH 1QPKai—PH

dissociation constant.
An= ) An = —
Z ' Z 14 1P PR {4 q(PKaPH

A nonlinear least-squares fitting program3) was used
whereAn; is the number of protons transferred to or from

3) to simultaneously fitAn, AHpinging 8NdKy as functions of
pH according to egs 3, 4, and 5, respectively. It should be
noted that at low pHs the binding constants are too high to
be measured accurately by calorimetry. Although low
theith ionizable group and is in the rangeb1..0, and [Ky; enzyme concentration has been used to allow better measure-
and K,;' are the iK,s of theith ionizable group before and  ment of the binding constant, as shown in Table 1, the error
after the association of pepstatin. The two terms in the of Ky at pH 6.5 is still large. At pH 6.0, calorimetry
parentheses represent the degree of protonation of the ithmeasurement reaches its limit of sensitivity andkhe&alue
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Table 2: Buffer Independent Thermodynamic Parameters for
Pepstatir-Plasmepsin Il Association Derived from Global Analysis
of the pH Dependence of Pepstatin Binding

5000 [
Intrinsic Binding Energetics at 38 [
AC, —400+ 60 cal/(motK) L
AHo —9.6+ 0.6 kcal/mol 0r
Ko 0.6uM i
AGeP —8.8+ 1.6 kcal/mol
Proton Linkage Parameters
ionizable group 1 2 3
pKa 6.5+ 0.5 3.0+15 7.5+0.4
pKa 47+ 1.4 47+1.4 6.0+ 0.4
AH; (kcal/mol) 2.1+ 0.8 2.1+ 0.8 —7.0+£0.2

aThe errors were estimated from the confidence intervals of the 5000 -
fitting (Johnson & Frasier, 1985). Thekp of groups 1 and 2 in the r
uninhibited enzyme were highly correlated. Hence they were fitted as
one parameter as well as the protonation enthalpy. The fitted value
represents only an apparenKgof these two group®. AG, was
calculated by the formula RT IKo, whereR is the gas constant arid
is the temperature.
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obtained from fitting of the binding isotherm provides an 10t bty
upper limit of the dissociation constant. Despite the large 200 210 220 230 240
errors ofKy at low pHs,AHyinging@ndAn can be determined Wavelength [nm]

accurately. It was found that the results of the global analysis Ficure 5: Mean residue ellipticity of plasmepsin Il at 28. (a)
are essentially the same by fittif§Hpinging and An alone Far-UV CD spectra of uninhibited plasmepsin Il at pH 4.5)(-

i pH 6.0 (---), pH 6.5(:*), and pH 7.0 {). The protein concentra-
and are not affected by the error gk, This is because a tions were approximately 0.3 mg/mL. (b) Far-UV and near-UV

2-fold change oKy under these conditions reflectsA#5, (inset) CD spectra of uninhibited plasmepsin-H)(and plasmepsin
change of only 0.3 kcal/mol. Therefore, the only parameter |l complexed with pepstatin-{-) at pH 6.0.

that is sensitive to the error & is Ko, the pH-independent
binding constant. The simplest model considers three The effect of inhibitor binding was also assessed by
ionizable groups as discussed above. In this analysis, themeasuring CD spectra of the plasmepsin ll/pepstatin complex
pKzs of two ionizable groups in the uncomplexed reactants in both the far-UV and near-UV regions (Figure 5b). The
were found to be highly correlated. Hence, thei,@and spectra were identical to those of the uninhibited protein,
AH; values were each fit as a single parameter such that theirindicating little change of either secondary or tertiary
fitted values represent their apparent properties. As shownstructure upon inhibitor binding.
in Figure 3, the calculated curves are in good agreement with  According to the K, values in Table 2, the three ionizable
the experimental data and were used to derive the pH-groups should be exposed to solvent before binding and
independent thermodynamic parameters listed in Table 2.become buried when the binding complex is formed in order
In the following discussion, we will show that this model to display a [K; shift. Since there are no major conforma-
corresponds best with the structural information. tional changes in plasmepsin Il induced by inhibitor binding
On the basis of the global analysis, the association of as shown by the CD spectra, we hypothesized that the
pepstatin and plasmepsin Il is characterized by a favorableionizable residues that exhibiKg changes are expected to
intrinsic enthalpy of-9.6 kcal/mol and a\G of —8.8 kcal/ be in the active-site region where they could be directly
mol at 36°C (Table 2). These values are pH-independent influenced by inhibitor interactions. Examination of the
and correspond to the protetimhibitor association when  three-dimensional structure of the plasmepsinpépstatin
all three ionizable groups are deprotonated. At pH 5.0, the complex @) revealed only two residues, Asp34 and Asp214,
proton transfer process contribute$.2 kcal/mol toAG that could have ¥, shifts in the pH range of our study,
according to eq 5. This energy accounts for almost 40% of suggesting that the first two ionizable groups in Table 2
the total free energy in this case and indicates the importancecorrespond to the catalytic carboxylate groups. The C-
of taking this process into account when studying the binding terminal carboxylate group of pepstatin is exposed to solvent
mechanism and designing inhibitors. Two ionizable groups in the complex and thus should not contribute to the observed
in the free enzyme have highly correlateil,p and titrate proton transfer. It is interesting to note that tHe,p of the
with a single apparenti, of 4.7. We believe that these two aspartates change in opposite directions when pepstatin
ionizable groups correspond to the carboxylate groups of thebinds. Consequently, the protonation state of these two
reactants. The K, and protonation enthalpy of the third catalytic residues is-1; i.e., one is protonated and the other
ionizable group correspond to the properties of an imidazole is ionized over the pH range studied. Similar results were
group exposed to solventg). obtained in a recent NMR study of the ionization states of
Structural Analysis of pK Changes. To rule out the the catalytic aspartates in a HIV-1 proteapepstatin
possibility of a pH-induced structural transition in the complex (9).
enzyme, we measured the CD spectra for plasmepsin Il as a The third ionizable group, whoseKp shifts from 6.0 to
function of pH. The native enzyme exhibits identical far- 7.5 upon pepstatin binding, was attributed to an imidazole
UV CD spectra over the pH range 4:3.0 (Figure 5a), group; however, there is no histidine in the active-site region.
suggesting that the enzyme maintains its overall secondaryThe K, change of this residue indicates that it should be
structure over the pH range of our thermodynamic study. buried and protonated in the complex. Of the seven
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Table 3: Structural and Thermodynamic Parameters Associated
with Pepstatin Binding of Plasmepsin Il and Cathepsin D

cathepsin D  plasmepsin Il

structural parameters

buried apolar ASA&AZ) 977 934

buried polar ASA (&) 386 386

configurationaAS [cal/(mokK)] —28.6 —27.7
thermodynamic parametérs

AG (kcal/mol) —10.3+ 0.6 —11.2+1.6

AC, [cal/(molK)] —330+20 —400+ 60

AHpinging (kcal/mol) —-1.0+04 —13.6+0.6

An 29+01 1.7+ 0.1

aASA stands for solvent-accessible surface area. They were
calculated as describe@3) using the Lee and Richards algorithB)
with a probe radius of 1.4 A and a slice width of 0.25 A. The
calculations were performed based on the structures of cathepsin D
and plasmepsin Il complexed with pepstatiy 8).° The method of
configuration entropy calculation was described i0,(22). The
calculation considers entropy change due to the restriction of rotatable
HIS164 bonds of active site residues and pepstatin upon binding. The
configurational entropy change of each residue was determined by
multiplying the entropy change of freezing the side ch&B) py the
change of degree of solvent accessibiltiffhe thermodynamic pa-
LYS327 rameters were determined at pH 6.5 and°@6 AH, and An are the
buffer-independent binding enthalpy and the number of transferred

g protons defined by eq 2.

inhibitors suggests similar inhibitor binding mechanisijs (
ITC was used to determine the thermodynamics of pepstatin
THR165 binding to the two related enzymes (Table 3). T® and
FIGURE 6: Location of His164 in plasmepsin Il (upper panel). AC; values for pepstatin binding to the two enzymes are
His164, in green, is located between the N-terminal and C-terminal similar. However, the buffer-independent enthalfsilyinging,
subdomains. It is buried inside the protein by the last four residues giffers by 12.6 kcal/mol for the two reactions, indicating

of the C-terminus, in magenta. TheeNand Ny2 atoms of the . S - -
imidazole ring form hydrogen bonds with the carbonyl oxygens of different binding mechanisms for the two proteins. For

Lys327 (2.9 A) and Thr165 (2.8 A), respectively (lower panel), cathepsin D, the magnitude &fH is small relative to that
suggesting that the imidazole group is protonated. of AG and the binding is driven almost completely by a
o ) ) ) o favorable entropy term; for plasmepsin Il, on the other hand,
histidines in plasmepsin II, the only buried one is His164, {he entropy is unfavorable and the binding is driven by a
which is located well outside the active site and near th_e favorable enthalpy term. Furthermore, a larger valuamf
end of the second strand of the six-stranded interdomaintg, cathepsin D indicates that there is an extra proton being
f-sheet. In the complex, the imidazole ring of His164 is (ansferred to the binding complex upon pepstatin binding.
covered over by the main chain of the C-terminus consisting These results suggest that, despite the overall structural
of residues 326329 (Figure 6). The ML and N2 atoms  gimjlarity of these two enzymes in the bound forms, the
of the imidazole ring form hydrogen bonds with the carbonyl {hermodynamic mechanism of binding differs markedly for
oxygens of Lys327 (2.9 A) and Thr165 (2.8 A), respectively. cathepsin D and plasmepsin 1.
The aromatic ring of Tyrl67 is also within 3.3 A ofdg
and may form a weak hydrogen bond to this atom. These D|ISCUSSION
data suggest that His164 may be protonated and corresponds
to the third ionizable group. According to th&pvalues In the present study, the binding energetics of pepstatin
determined from the ITC experiments, this residue should to plasmepsin Il was characterized as a function of both
be more exposed to solvent in the uninhibited protein relative temperature and pH. In the pH range between 4.5 and 7.0,
to the complex, where it becomes buried upon pepstatin the binding is linked to proton transfer between the buffer
binding and exhibits a higheiqa. Since the CD experiments ~ and the binding complex due t&pshifts of three residues
did not indicate a change in secondary or tertiary structure identified as the catalytic aspartate dyad and His164. At
upon pepstatin binding, we propose that a localized confor- PH 5.0, which is the optimum pH for plasmepsin Il activity,
mational change affecting the environment of His164 in proton transfer contributes almost half of the total binding
plasmepsin Il may account for th&pshift of this residue. ~ free energy. The pH-independent binding energetics is
Comparison of Inhibitor Binding to Cathepsin D and characterized by a favorable enthalpy change of 9.6 kcal/
Plasmepsin Il The structures of several other aspartic Mol and aKq of 0.6 uM.
proteases have been determined in complexes with pepstatin The three-dimensional structures of cathepsin D and
A. One of them is human cathepsin D, whose structure wasplasmepsin 1l show that the binding modes of pepstatin to
recently determined3( 20). Cathepsin D exhibits 35% these two proteins are highly similar and the binding interface
sequence identity to plasmepsin Il. Comparison with the of the two complexes buries almost the same amount of
three-dimensional structure of plasmepsin Il indicates a apolar and polar solvent-accessible surface area (ASA) at
higher degree of homology around the active s#e (The the binding interface (Table 3). It has been shown before
observed cross-inhibition of these two enzymes by commonthat for protein folding or proteinpeptide interactiondH
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and AC, can be accurately calculated from the change in aspartic protease8); Thus, we are forced to conclude that
ASA determined using three-dimensional structufiés 21, there must be a structural change between the inhibitor-bound
22); the error of the calculation was estimated to be 6% for and uninhibited forms of plasmepsin Il. This conclusion
AH and 9% forAC,, respectively. These results suggest agrees with the localized structural change in the enzyme
that the binding of pepstatin to these two proteases shouldthat was postulated to account for th€,shift of His164 in
exhibit similar enthalpy and heat capacity changes. We alsoplasmepsin Il upon pepstatin binding. Consistent with these
calculated the configurational entropy change due to the data, the two molecules in the asymmetric crystal unit of
restriction of rotatable bonds of the active-site residues andplasmepsin 1l also show a high degree of interdomain
pepstatin upon binding (Table 3). The configurational flexibility (2). Hence, both the thermodynamic and structural
entropy change of each residue was calculated by multiplying data indicate that the energetic difference between cathepsin
the entropy cost of freezing the side chdB)(by the change D and plasmepsin Il for pepstatin binding could be accounted
in the degree of solvent accessibility. An additional entropy for by an intersubdomain movement in plasmepsin Il.
term for freezing the backbone was considered for pepstatin.Although aspartic proteases do not typically show major
The calculations resulted in similar configurational entropy structural changes upon inhibitor binding, subdomain move-
changes for the two binding processes. Therefore, in thements have been reported for endothiape®sh 4énd renin
absence of ligand-induced conformational changes in the(26, 27). According to the calorimetry data, the enthalpy
enzymes, all the thermodynamic parametésl(AS AG, change of this interdomain movement is abeut2.6 kcal/
andAC,) associated with pepstatin binding are expected to mol. The favorable enthalpy must be compensated by a loss
be similar for cathepsin D and plasmepsin Il. Indeed, the of entropy, resulting in a similar total binding free energy
AG andACGC, values for pepstatin binding to the two enzymes change as that of cathepsin D, in which only a minor
are similar as measured at pH 6.5 and°8 However, it interdomain movement is observed when pepstatin binds
is puzzling that the buffer-independent enthalPWyinding (28). This type of thermodynamic response is typical of the
exhibits a difference of 12.6 kcal/mol for the two reactions. formation of polar interactions, e.g., hydrogen-bond forma-
Since the inhibitor-binding interfaces for the two enzymes tion in the process of protein folding or proteipeptide
are very similar and calculations based on the crystal association 9—31). Therefore, from an energetic stand-
structures predict similar thermodynamic parameters for point, the subdomain movement in plasmepsin Il that
pepstatin binding, only two factors could be responsible for accompanies pepstatin binding is characterized by the
the enthalpy difference: a structural difference in the formation of new polar interactions within the protein and
uninhibited forms of the two enzymes or a difference in the is presumably stabilized by the protonation of His164 and
number of transferred protons upon pepstatin binding. the concomitant formation of hydrogen bonds that bridge
According to the ITC experiments, 2.9 protons are transferred the N- and C-domains (Figure 6).
to cathepsin D compared to 1.7 for plasmepsin Il. Since Determining the protonation state of the active-site cata-
the crystal structures of both the pepstatin-bound and lytic residues is crucial for accurate calculations of inhibitor
uninhibited forms of cathepsin D were essentially isomor- binding free energy, and ultimately for de novo inhibitor
phous 8), the protonated residues are expected to be at thedesign. For the association of pepstatin with plasmepsin I,
inhibitor binding site. Inspection of the structures revealed the two catalytic aspartic acid residues have different charge
four ionizable groups at the active site that could hav&a p  states in the bound complex; i.e., one is protonated and the
shift: the two catalytic aspartates (Asp33 and Asp231), other is ionized. For cathepsin D, 2.9 protons were
His77, and Glu260. Since the pepstatin-binding interface transferred to the binding complex when pepstatin binds at
of cathepsin D is similar to that of plasmepsin Il, for which pH 6.5. The presence of four ionizable groups, the two
only one of the two catalytic aspartates becomes protonatedcatalytic aspartic acid residues, His77, and Glu260, and the
upon pepstatin binding, we suggest that the protonatedhigh degree of active-site homology with plasmepsin ||
residues in cathepsin D correspond to His77, Glu260, andsuggest that the three protonated groups belong to His77,
either Asp33 or Asp231. Since the two protonated residuesGlu260, and one of the catalytic aspartates, whoke p
in plasmepsin Il are an aspartic acid and a histidine, the mainincreases when inhibitor binds. The second catalytic aspar-
difference in protonation enthalpy for the two enzyme tate would remain ionized at this pH. On the basis of these
complexes is due to a change iKKgof Glu260 in cathepsin  results, we conclude that for the cathepsin D/pepstatin
D. In the crystal structure of the complex, the carboxylate complex the charge state of the two catalytic aspartates is
group of Glu260 is covered by the terminal isovaleryl side again—1. Is this a common behavior of aspartic proteases?
chain of pepstatin and is partially buried in the hydrophobic A microcalorimetry study of endothiapepsin showed that 1.1
S4 pocket, consistent with it having an elevat&d pelative protons were transferred to the complex upon the association
to the free enzymes; a buried charged group here would beof pepstatin at pH 7.010). Although four aspartates of
destabilizing to the structur@4). In solution the protonation  endothiapepsin are involved in the bindir, (only the two
enthalpy of a glutamic acid residue 190.4 kcal/mol (8); catalytic aspartates, Asp32 and Asp215, make polar contacts
the extra protonation site in cathepsin D can account for at with the inhibitor and therefore could hav&jpchanges and
most a small fraction of the enthalpy difference of 12.6 kcal/ accept the transferred protons. Since 1.1 protons were
mol. transferred to the binding complex at pH 7.0, one of the
The above analysis indicates that the binding enthalpy catalytic aspartates must become protonated upon inhibitor
difference between plasmepsin Il and cathepsin D must bebinding, consistent with a1 charge state of the active site.
due mainly to a structural variation between the uninhibited Recently, NMR methods were used to determine the ioniza-
enzymes. Cathepsin D has been shown to exhibit ation states of the catalytic aspartates in HIV-1 proted$ (
negligible conformational change upon pepstatin binding, These two residues were found to haw&gpabove 6.5 for
except for the flap movement commonly observed for Asp25 and below 2.5 for Asp125 when pepstatin is bound.
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In the uninhibited enzyme, both carboxylates are ionized at
pH 6 and titrate as a single group. These properties are
remarkably similar to those of the active-site carboxylates
of plasmepsin II, and indicate that the ionization state of the
active site dyad is alse1l. These studies suggest a common
thermodynamic behavior for the catalytic carboxylates of
aspartic proteases. Taken together, the thermodynamic and

structural data suggest that the two catalytic aspartates of 10

aspartic proteases have different ionization states in complex 11- Wiseman, T., Williston, S., Brandt, J., & Lin, L. (1988hal.

12.

with pepstatin-like inhibitors, consistent with the proposed
catalytic mechanism of aspartic proteasg®).(
Is this behavior of aspartic proteases dependent on the

nature of bound inhibitor? NMR studies suggested that the 14.

ionization state of HIV PR is-1 in a complex with KNI-
272, which contains a norstatine moiety as the transition-
state isostere 3@). However, care should be taken in

extending these studies to other inhibitors. For instance, 1g.

NMR studies of the cyclic urea, DMP-323, complexed with

HIV PR suggest that both Asp25 and Asp125 are protonated 17.
18.

in the complex leading to a neutral active sitd4)
Molecular dynamics studies suggest that the charge state of

the active site of HIV PR depends on the nature of the active- ;¢

site transition-state isosterds).

Recently, ITC has been extensively used to study molec- 20.
21.
22.

independent binding energetics have been determined for the 23.

ular interactions [see review3§, 37)]. Using this technique,
the K, of an active-site histidine as well as the pH-

association of elastase with ovomucoid third doméifh)
using a proton-linkage algorithm similar to the one described
here 88). Our study indicates that ITC combined with three-
dimensional structure analysis is a powerful method for
obtaining information on the ionization states for protein
inhibitor complexes, for determining<a changes on ligand
binding, and for characterizing the complete thermodynamic
profile of ligand binding reactions.
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