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ABSTRACT. Human cathepsin A (“lysosomal protective protein”; E.C.3.4.16.5) is a multifunctional lysosomal
protein which forms a high-molecular-weight complex witigalactosidase argtneuraminidase, protecting

them against intralysosomal proteolysis. In addition to this protective function, cathepsin A is a serine
carboxypeptidase and the understanding of its catalytic function requires a definition of its substrate
specificity. For this purpose, we used a combined experimental [Pshezhetsky, A. V., Vinogradova, M.
V., Elsliger, M.-A., El-Zein, F., Svedas, V. K., & Potier, M. (199Bhal. Biochem 230, 303—-307] and
theoretical approach comparing cathepsin A to two different homologous carboxypeptidases of the same
family: yeast carboxypeptidase Y and wheat carboxypeptidase 1l. We computed the energies involved
in substrate binding to the;'Ssubsite (C-terminal) of cathepsin A using a structural model based on the
X-ray structure of the homologous wheat carboxypeptidase Il. The binding energies of N-blocked Phe-
Xaa dipeptide substrates to the active sites of cathepsin A, wheat carboxypeptidase Il, and yeast
carboxypeptidase Y were estimated using a molecular mechanics force field supplemented with a solvation
energy term. This theoretical analysis showed a good correlation with the experimentally determined
free energies of substrate binding. This result validates the use of this approach to analyze the energetics
of substrate binding to the;'Ssubsite and provides a rational interpretation of serine carboxypeptidase
substrate interactions in molecular terms. We conclude that the three serine carboxypeptidases have similar
affinities for substrates with hydrophobi¢ Bmino acid residues but that the wheat enzyme has an additional
capacity for binding positively charged'Pesidues. Finally, the substrate specificity of human cathepsin

Ais very similar to that of carboxypeptidase Y, with a high binding affinity for substrates with hydrophobic

P’ residues, but the affinity of cathepsin A fog’ PPhe residue is higher than for the Leu residue.

Serine carboxypeptidases catalyze the hydrolysis of C- D-type enzyme. Although these two carboxypeptidases have
terminal amino acids from peptides and proteins. These only about 25% overall sequence identity (Breddeinal,
exopeptidases which also possess esterase and deamidad®87), their three-dimensional folds are very similar (Rem-
activities, are found in all eukaryotes studied (Breddam, ington et Breddam, 1994) and belong to th#$-hydrolase
1986; Remington & Breddam, 1994; Jacknetral.,, 1990). family (Ollis et al,, 1992). The tertiary structures of CPD-
Serine carboxypeptidases with high affinity for hydrophobic WII (Bullock et al., 1994) and CPD-Y (Endrizzi et al., 1994)
amino acid residues at the' Position are classified as C-type have recently been determined at 2.0 and 2.8 A resolution,
carboxypeptidases (EC 3.4.16.5) while those with higher respectively. The active site Ser-His-Asp “catalytic triad”,
affinity for basic R' residues are classified as D-type the carboxylate binding site as well as the conserved residues
carboxypeptidases (EC 3.4.16.6) (Remington & Breddam, which form the $ binding sité adopt a similar conformation
1994). Among the best characterized serine carboxypepti-in both enzymes. However, the'S$ubsite of CPD-WII
dases are carboxypeptidase Y (CPB-Ydm yeast, a C-type  contains four charged Asp/Glu residues while that of CPD-Y
enzyme, and carboxypeptidase 1l (CPD-WII) from wheat, a contains exclusively uncharged hydrophobic amino acid

residues (Endrizzét al., 1994).
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gene is responsible for a lysosomal storage disorder, namedidase and prolyl-carboxypeptidase activities when assayed
galactosialidosis, which is characterized by secondary with Bz-Arg-Gly-Phe-Phe-Leu-4pNA and Z-Pro-Ala sub-
deficiencies of both GAL and NEUR activities in patients’ strates, respectively.

cells (Shimmotoet al, 1990, 1993; Zhowet al, 1991; CPD-Y was purchased from Sigma Chemical Co. (St.
Fukuhareet al., 1992). Site-directed mutagenesis of active Louis, MO) and used without additional purification.

site residues of CATH-A demonstrated that its catalytic  Peptide SubstratesThe N-terminal blocked CBZ-Phe-
function is not required to exert its lysosomal protective Xaa-OH and Fa-Phe-Xaa-OH dipeptides (where CBZ is
role on GAL and NEUR (Galjaret al, 1991). However, carbobenzoxy, FA is furylacryloyl, and XaaAla, Arg, Glu,

the conservation of its catalytic function throughout evolu- Gly, Leu, or Phe) were purchased from Bachem Bioscience
tion suggests that CATH-A's carboxypeptidase activity Inc. (U.S.A.) and Constanta Ltd (Moscow, Russia), respec-
has a physiological function. It has been proposed thattively. All substrates were more than 98% pure based on
CATH-A is involved in the maturation and/or degradation reverse-phase HPLC analysis.

of certain regulatory peptides since human lysosomal and Enzyme AssayCATH-A and CPD-Y enzyme activities
platelet CATH-A hydrolyzein vitro a wide spectrum of  with FA-Phe-Xaa-OH substrates were measured spectropho-
natural bioactive peptides including endothelin, Met-en- tometrically at 25°C in 0.15 M sodium phosphate buffer,
kephalin-Arg-Phe, angiotensin |, bradykinin, and substance pH 6.0, as described by Pshezhetskyal (1995). The

P (Jackmaret al, 1990, 1992; Matsuda, 1976; Kawamura substrate concentration was varied from 0.0125 to 5.0 mM.

et al, 1976; Itohet al,, 1995; Markset al, 1981; Miller et In this range of substrate concentrations all reactions obeyed
al., 1988). first-order kinetics. Th&y values were calculated from the
Recent work from our laboratory confirmed that CATH-A dependency of the initial enzymatic reaction rate on substrate
is a C-type carboxypeptidase (Pshezhetskyal, 1995). concentration using a nonlinear regression method.
Homology modeling of CATH-A (Elsliger & Potier, 1994) Inhibition Analysis of Peptide Binding to CATH-AThe
based on the X-ray structure of CPD-WII (3sc2; Liztoal., inhibition constantsk) of the CBZ-Phe-Xaa-OH dipeptides

1990, 1992) and more recent crystalographic studies (Rudenfor CATH-A were determined with benzoyltyrosine ethyl
ko et al,, 1995) indicated that CATH-A has the samés- ester (BTEE) as a substrate. The buffer and pH conditions
hydrolase fold and active-site residues conformation as CPD-were the same as for the FA-Phe-Xaa-OH dipeptide hy-
WII and CPD-Y but contains both polar and hydrophobic drolysis, but the concentration of the BTEE substrate was
amino acid residues in its;'Ssubsite. varied from 40 to 30xM and that of the dipeptide inhibitors
The structural homology between active site residues of Was varied from 0 to 5 mM. The initial rate of BTEE
serine carboxypeptidases allowed us to rationalize the hydrolysis was measured spectrophotometrically at 256 nm
substrate specificity of CATH-A by comparing the energetics USing 8Ae = 1100 M™* cm™* (Rick 1965). TheK; values
of substrate binding to CATH-A’s Ssubsite with those of ~ Were obtained with a Dixon plot of the dependencies of the
CPD-WII and CPD-Y. The molecular mechanic based initial enzymatic reaction rate on CBZ-Phe-Xaa-OH peptide
theoretical free energies of binding were computed using the €oncentrations using different concentrations of BTEE
CHARMmM's force-field (Brookst al., 1983) supplemented substrate. The competitive type of inhibition was verified
with a solvation energy term (Eisenberg & McLachlan, 1986) for each dipeptide with a LineweaveBurk plot.
and compared with the experimental data. This approach EXperimental Substrate Binding Energy Calculatiori$ie
was inspired by earlier work in which molecular mechanics "elative substrate binding energi@sAGeina) for CPD-Y and
based free-energy calculations were successfully used toCATH-A, compared to a common reference state, were
approximate the Gibbs free energy involved in antigen computed from th&ky by eq 1:
antibody (Novotnyet al, 1989) and enzyme-substrate
(Wilson et al., 1991) interactions. AAGging = —RT In(Ky)s + RTIN(Ky)er (1)

EXPERIMENTAL PROCEDURES where Ku)s and Kw)rer are the experimentally determined
binding constants of the FA-Phe-Xaa and FA-Phe-Gly

Enzymes Human placental CATH-A was purified by g psirates, respectivelR is the gas constant, aridis the
affinity chromatography on agarose-Phe-Leu followed by temperature in K.

FPLC gel-filtration as described by Pshezhetsky and Potier For CPD-WII, due to the unavailability of Michaetis

(19_9.4). _ This preparation was subjected to an additional Menten constants, the publishkg/Ky values (Breddanet
purification step in order to separate CATH-A from cathepsin 5| "1 9g7) were used to approximate relative binding energies
D, which copurifies with CATH-A on the agarose-Phe-Leu | .t the following equation:

column (Pshezhetsky & Potier, 1994). For this purpose, the

preparation was dialyzed overnight against 10 mM Tris-HCI _

buffer, pH 7.5, centrifuged at 14 0§@or 15 min, and applied AAGgjpg = —RTIn(ko{Ky) + RTIN(KeafKi)rer  (2)

to a FPLC Mono Q HR column (Pharmacia) equilibrated _

with the same buffer. CATH-A was eluted with 40 mL of Where the hydrolysis of CBZ-Phe-Ala was used as the
a linear gradient of NaCl (80.4 M). The purified prepara-  'eference state.

tion of CATH-A was dialyzed against 20 mM sodium acetate

buffer, pH 4.75, containing 0.15 M NaCl and 0.02% (w/v) COMPUTATIONAL METHODS

NaN; (buffer A) and concentrated approximately to 0.5 mg  In order to calculate relative binding energies for a variety
of protein/mL in a Minicon concentration cell (Amicon). The of substrates, we must assume that the structure of the
preparation was more than 95% pure on SIPAGE enzyme active site changes only slightly upon substrate
(Laemmli 1970) and did not contain any detectable endopep-binding. Indeed, comparison of the available serine carboxy-
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Table 1: § Residues Used in Substrate Modeling and Theoretical Conformational space of the'Bide chain within the active

Binding Energy Calculations site was then explored using the following three-step

CPD-Y CATH-A CPD-WII functiort procedure: (1) steric clashes of side chain atoms beyond
- Cy were relieved by manually spinning tlggorsion angles.

éls;'sszl éﬁln;és él?nsszl c;?[)?)?(y;atl;eb?ﬂr%g This first step was monitored with the continuous energy
Gly 53 Gly 57 Gly 53 S, subsite calculation feature in QUANTA-CHARMmM (Molecular
Cys 56 Cys 60 Cys 56 'Ssubsite Simulations Inc., Burlington, MA) which allowed the empiri-
Ser 57 Ser 61 Ser 57 '$Subsite cal location of the lowest energy substrates side chain
gpgs&b Arshﬁ 2; glz%a glzﬂgzﬁg orientation in the $ subsite; (2) the resulting side chain
Glu 65 Glu 69 Glu 65 Sisubsité conﬂguratlon.was then submitted to 100 steps of steepest
Glu 145 Glu 149 Glu 145 carboxylate binding descent gradient (SDG) followed by 100 steps of conjugate
Ser 146 Ser 150 Ser 146 catalytic resitlue gradient (CG) energy minimization; and (3) the substrate side
Asn 254 Asn 245 Asp 237 'Ssubsite chain atoms were then submitted to 50 steps of SDG
Tyr256 Tyr2a7 Tyr239 3 subsité minimization limited to bonded (internal) energy terms, in
Tyr 269 Pro 302 S subsité .
Leu 272 Asn 305 Glu 272 S, subsité order to reestablish correct bond lengths and angles. These
Ser 297 Met 333 Thr 302 S, subsite last two steps were repeated until the rms energy gradient
His 397 His 429 His 397 catalytic residue deviation was lower than 0.1 kcal mél A-1. Energy
Met398  Met430 Glu398  Sisubsité minimization steps were performed with the QUANTA-

aTaken from PDB 1lysc (Endrizzi et al., 1992)Unconserved CHARMmM’s molecular mechanics forcefield with a non-

residues between the three enzymes are indicated in boldface type. pond distance cutoff of 8.0 A using a polar hydrogen atom
model, where only hydrogens atoms attached to polar atoms

peptidase wild-type crystal structures (Brookhaven Protein Were constructed explicitly by the program. Aliphatic
Data Base entries 3sc2, 1whs, and 1ysc; léaal., 1992; hydrogens were represented as “extended” carbon atoms by
Bullock et al, 1994; Endrizziet al, 1994) with the same increasing the carbon atom van der Waals radii. No explicit
structures complexed with either Arg (leaving group; 3sc2/ hydrogen-bonding term was used (i.e., hydrogen-bonding
Arg; Liao et al, 1992) orL-benzylsuccinic acid (BzS, effects were described solely by a combination of electro-
transition state analog; 1wht; Bulloak al, 1994) gives a  static and van der Waals forces) during these substrate
root mean square (rms) deviation of 0.7 A for the 10 modeling steps. Major controversy persists with regards to
conserved residues which form the’ ®inding pocket the dielectric constang) in proteins. Although love values_
(including the oxyanion hole and active site triad). Thus, Of 2—5 have been most commonly used for internally buried
the conformation of the active site’Savity seems to be ~ groups in proteins, larger have been more recently used
relatively rigid, at least in terms of interaction with small [reviewed by Warshel (1991)]. As a rather general rule of
molecules. Therefore, to a good approximation, the binding Value of ¢ = 40 gives a good approximation for most
energy prediction requires that only the substrate flexibility |on|_zable surface groups in proteins, even for internally
be considered. Moreover, in order to keep the hydrogen- Puried groups (Warshel, 1991). In order to get some sense
bonding contacts that bind the C-terminal carboxylate to the Of the scaling effects of the dielectric constant on charge
“oxyanion hole” and the scissile bond at an acceptable chgrge interactions in our pamculgr syst_emwas initially
distance from the § of the active site serine residue, the Varied from 1to 80. A minimum dielectric value of 20 was
substrate backbone was kept fixed throughout the substratdound necessary to scale strong polar interactions and was
modeling procedure. Within these constraints, the problem @dopted in all subsequent calculations.
of substrate modeling (or docking) into the Sinding site Theoretical Binding Energy CalculationsThe free energy
thus becomes one of,Fside chain modeling. of side Chtf;lin binding éllGBind) in the Sé Sit?} of eacp

Substrate Modeling ithe ;" Subsite The conformation enzyme-substrate comp e>.< was estimated as t 'esum ornon-
of S’ binding pocket residues (Table 1) observed in the X-ray bonded (electrostatie\Eeiec; hydrogen bondaEwg; and van

L der Waals,AE\pw) interactions between the enzyme and
crystal structures of CPD-Y (1ysc; Endrizial., 1994) and :
CPD-WII (1whs; Bullocket al, 1994) as well as in the substrate, the enzyme solvation tertyGFs,), the substrate

| A .

homology model of CATH-A (Elsliger & Potier, 1994) were ?zgsatlod)r? term AG®s,), and the substrate internal energy

used for modeling the enzymsubstrate complexes listed bond-

in Tables 2 and 3. All CPD-Y and CPD-WII coordinates £

were kindly provided by Dr. S. James Remington (University AGging = 0(ABgieet T ABpg + ABypy) + AG g+

of Oregon). AG g+ AE o (3)
Modeling of the substrate;Pside chain was accomplished

by finding a conformation which approaches its lowest wherew is an empirically determined weight for the non-

energy conformer in each of the three enzymes studied. Thebond terms. These non-bonded energy terms were calculated

substrate backbone (Ne@COO) conformation as well as  between the substrate side chain atoms and enzyme residue

the @3 and & y torsion angles were directly extracted from atoms listed in Table 1 with the INTERACTION function

the CPD-WII/BZS complex X-ray crystal structure (1wht; of the CHARMm program as described above except that

Bullock et al., 1994). BZS, which forms a transition state- explicit hydrogen bonding and solvation energy terms were

like complex with CPD-WII, resembles a C-terminal Phe added. Hydrogen bonds were calculated between donor and

residue with the difference that a Glgroup replaces the acceptor atoms within a distance of 3.5 A and an angle

amide of the peptide bond and a OH group replaces the C between the donor, the hydrogen atom, and the acceptor of

of the preceding amino acid residue (Bulloekal., 1994). >90°.
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Table 2: Comparison of Experimental and Computed Binding Energies for CPD-Y and CATH-A
CPD-Y CATH-A
substrate Kwm AG AAGeyp AAGcomp Kwm Ki AG AAGeyp AAGcomp

Gly 5.80 —3.05 0.00 0.00 1.75 2.38 —3.75 0.00 0.00
Ala 1.23 —-3.97 —0.92 -1.17 0.83 0.91 —4.20 —0.45 —0.53
Phe 0.40 —4.63 —1.58 —2.20 0.045 0.046 —5.93 —2.18 -3.20
Arg 0.49 —4.51 —1.46 —-1.41 0.35 0.27 —4.71 —0.96 —1.63
Leu 0.11 —5.40 —2.35 -3.01 0.051 0.078 —5.85 —2.10 —1.65
Glu 11.57 —2.64 0.41 —0.61 14.00 5.44 —2.74 1.01 0.84
Asn 2.50 —3.55 0.20 1.13
Met 0.27 —4.86 —-1.11 —1.00

aAll Ky andK; values in mM; allAG and AAG values in kcal/mol? Substrate, refers to Xaa in the following N-blocked dipeptidessN
FA-Phe-Xaa for CPD-Y; for CATH-A, N= FA-Phe-Xaa forKy values, and N= CBZ-Phe-Xaa foK; values.

Table 3: Comparison of Experimental and Computed Binding
Energies for CDP-WII

non-bond terms (van der Waals, electrostatic, and hydrogen
bond) were greatly overestimated for most enzysigbstrate
complexes. Therefore, the van der Waals term was adjusted

substrate  kea/Kn? (STMY) AG® AAGexp  AAGcomp e . -
A 1000 209 .00 0.00 to maximize the correlation between calculated and experi-
Pﬁe 4200 494 —085 082 mental binding energies with the non polar substrates (Gly,
Arg 59000 —6.50 -2.41 —2.73 Ala, Leu, and Phe) and the combined electrostatic and
Asn 200 -3.14 0.950 1.29 hydrogen bonding term with the polar substrates (Arg and
Met 7400 —-5.27r -118 —1.72 Glu). A scaling factor ofv = 0.35 yielded the best overalll
Lys 52000 643 —234 ) correlation between the experimental and computed binding
lle 5900 514 -1.05 —0.45 energy values for CPD-Y and was subsequently used to
Ser 200 —-3.14 0.95 0.61 calculate the CPD-WII and CATH-A substrate binding
Val 4100 —4.92 -0.83 —0.88

aSubstrate refers to Xaa in

CBZ-Ala-Xa@Data taken from

Breddam et al. (1987¥.All AG and AAG values in kcal mol.

The solvation energy termaGeso, AG%so) Used in eq 3

were evaluated using the following equation:

where AGs, is the free energy change associated with
bringing atom from an aqueous environment to the protein

AGgy = Adi(A — Air)

(4)

site, Ao is an atomic solvation parameter (ASR),is the
solvent-accessible surface area of atom the enzyme-

energies.

The substrate binding constants for CPD-Y and CATH-A
were assayed at pH 6.0, where Glu side chains are likely in
their deprotonated negatively charged form (Mortenetn
al., 1994). In contrast, the kinetic parameteks/Kwv) for
CPD-WII were determined at pH 4.2, where some or all of
the S’ Glu side chains (Glu64, Glu65, Glul45, Glu272, and
Glu398) are likely protonated. Therefore, the CPD-WII S
Glu side chains were adjusted to a semi-protonated form by
scaling the @ partial atomic charge by 0.5.

RESULTS AND DISCUSSION

The substrate specificity of enzymes arises from the

substrate complex an@l" is the reference state (Eisenberg !
& MacLachlan 1986). The substrate reference state cor-Palance between energetically favorable enzysubstrate

responded to that of the substrate side chain atoms completelyntéractions (hydrogen bonding, hydrophobic, electrostatic,
exposed to an agueous environment in the same conformatior@nd van O_ler Waal_s ln_teract|ons) and energetlca_lly _costly
as in the enzymesubstrate complex model and the enzyme conformat|ona_l strains mdgced_by the proper positioning of
reference state was that of the enzyme without substrate. Théh€ substrate into the active site. To understand how the
ASP values used in this study were those of Eisenberg andf@vorable and unfavorable interactions influence the overall
MacLachlan (1986): G= 16, N/O= —6, O~ = —24, N* = substrate specificity of an enzyme, we must define the
—50, and S= 21 cal A2 mol* except for Asp, Glu (O = energetic contributions of each participating functional group.
—12 cal A2 molY), and Arg (N' = —24 cal A2 molY) This can be accomplished by the systematic variation of both

where the charges were considered to be equally distributedtn® substrate and enzyme structures. Although the first
between both terminal Nand O-. procedure is more simple, the second involves site-directed

The relative binding energies were thus calculated with Mutagenesis which is time consuming. Alternatively, one
the equation should be able to estimate those contributions or at least guide
mutagenesis studies through molecular modeling and theo-
retical energy calculations.

We present here the results of comparative molecular
where AG'ging Was calculated from eq 3 for each substrate modeling of R substrate side chain binding to serine
listed in Tables 2 and 3.AG®%;4 is the reference state carboxypeptidases from yeast, wheat, and human. This study
calculated with Gly P residue for CPD-Y and CATH-A,  was designed to analyze the energetics that govern substrate
and with Ala R' residue for CPD-WII. binding to the $ subsite of these carboxypeptidases in order

Calibration and ParameterizationThe CPD-Y-substrate to rationalize their substrate binding specificity.
complex models were used to calibrate the non-bond weight Experimental Substrate Binding EnergieShe experi-
factorw used in eq 3. Initial comparison of the calculated mentally determined free energx@) of substrate binding
binding energies with the respective experimental values forto CPD-Y and CATH-A are presented in Table 2. For
the different CPD-Y-substrate complexes revealed that the CATH-A, the experimental binding energies of various

AAGging = AGging — AG® (%)
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Ficure 1: Superimposed;Sbhinding sites of CPD-Y (open bonds), CPD-WII (filled bonds), and CATH-A (narrow bonds). Labels correspond
to the CATH-A structure; see Table 1 for corresponding residues in CPD-Y and CPD-WIL.

dipeptides were determined by two methods. First, they werethe active site Asp339/His397/Ser146 catalytic triad (includ-
calculated from the effectiviy values obtained from the ing the amide nitrogen atoms of the oxyanion hole) super-
direct kinetic measurement of the hydrolysis of chromogenic impose within coordinate error with an rms deviation of only
(FA) derivatives of the dipeptide substrates. Second, since0.29 A (Endrizziet al., 1994). When the conserved residues
it has been demonstrated that the same active site iswhich form the $ binding pocket (Table 1) were added to
responsible for both esterase and carboxypeptidase activitiegthe comparison, a root mean square deviation of 0.9 A was
of serine carboxypeptidases (Breddam, 1986; Jaclehah obtained. Homologous modeling of CATH-A based on the
1990), the binding constants of different CBZ-Phe-Xaa X-ray structure of CPD-WII (Elsliger & Potier, 1994), which
dipeptides in the CATH-A active site were measured from have about 32% sequence identity, indicated that these

their capacity to competitively inhibit BTEE hydrolysis.
Comparison of the obtainely and K; values (Table 2)

structural similarities are conserved in the human enzyme
(Figure 1). Thus, the CATH-A model should be sufficiently

showed that the two independent methods gave similaraccurate to allow a comparative study of substrate binding

values. For CPD-Y, we obtaind€l, values of FA-Phe-Xaa
substrate hydrolysis (Table 2) which were similar to those
of Hayashiet al. (1974) for the corresponding CBZ-Phe-

in the §' binding site of these three functionally related
enzymes.

In order to evaluate the accuracy of our substrate modeling

Xaa substrates. For CPD-WII the free energies of SUbS”ateprocedure, we compared our models of enzymbstrate

binding (AG) were calculated from the publishéd./Kwu

complexes with the available X-ray structures. Comparison

values of CBZ-Ala-Xaa dipeptide hydrolysis reported by f the CPD-WII/Phe complex model with the crystal-
Breddamet al (1987) because of the unavailability K, lographic CPD-WII/BZS structure showed that the minimi-
values. For CPD-WII, the binding energies are considered ;ation procedure did not substantially modify the configu-
as indicative (Table 3). ration of the Phe side chain (Figure 2a). Moreover, although
Although the nature of the amino acid residues which the Arg substrate was modeled on BZS, the final conformer
compose the Shinding sites (Table 1) differs between the obtained during substrate modeling is comparable to that
carboxypeptidases, the magnitude of their binding energiesfound in the CPD-WII/Arg crystal structure (Figure 2b).
for hydrophobic P residues is remarkably similar (Tables These results, in addition to the good correlation observed
2 and 3). The major difference between the enzymes washetween the experimentally and computed relative binding
observed for CPD-WII which has an additional capacity for energies AAG) values presented in Tables 2 and 3, validate
binding positively charged (Arg and Lys) residues inthe P the substrate modeling procedure. The structures of the
position. lowest energy substrate conformation in thelhding sites
The binding energies\G) of the reference state substrate, of CPD-Y, CPD-WII, and CATH-A used in the theoretical
FA-Phe-Gly, for CPD-Y and CATH-A+3.05 and—3.76 binding energy calculations are presented in Figure 3.

kcal/mol, respectively, Table 2) represent the contributions  Analysis of the Computational Metho#hen modeling
of substrate P residue main chains and carboxylates in the energetic contributions of functional groups to the total
addition to the °(Phe) residue to the total binding energy. pinding energy, we assumed that no protein conformational
If we compare these values with the relative $tde chain  changes occurred upon substrate binding. This assumption
binding energiesAAGex;) Which range from-2.35t0 0.41  provides the simplest possible concept of non-covalent
kcal/mol for CPD-Y and from-2.22 to 0.86 kcal/mol for  complex formation and allows the estimation of Gibbs free
CATH-A, we can note the importance of the' Subsite  energy changes associated with substrate binding to a “rigid
contribution to the overall binding of dipeptide substrates. hody” model where we considered only the flexibility of the
That iS, for the best SUbStrateS, thléf-Pde chain contributes Pl' side chain. Figure 4 shows a p|0t of the Computed
to almost half of the overall dlpeptlde substrate blndlng relative b|nd|ng energieMG) versusthe Corresponding
energy. experimentally determined values for CPD-Y, CPD-WII, and
Substrate Modeling Although CPD-Y and CPD-WIl have  CATH-A presented in Tables 2 and 3. Initial analysis of
only about 25% identical amino acid residues, the overall the calculated binding energies for the different CPD-Y-
fold of the polypeptide backbone chain is very similar and substrate complexes used as the calibration model, revealed
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a.

237

Ficure 2: Comparison of the modeled'APhe and Arg bound to CPD-WII (open bonds) with the respective crystallographic structures
(filled bonds) of (a) the transition state analog BZS and (b) the reaction product Arg.

that the non-bond energy terms (van der Waals and electro-validate the use of this computational method to analyze the
static) were greatly overestimated for most enzyisgbstrate energetics involved in substrate binding. Interestingly, a
complexes. This results mostly from the lack of explicit similar relative weight factor (i.e.AEowa = AEws +
solvent representation and the use of extended carbon atom@.5AEs,) was used by Schiffeet al. (1993) for protein

for representing nonpolar hydrogens. The excess van derstructure predictions using a similar combination of solvation
Waals energy probably originated from neglecting the free energy-molecular mechanics force field simulation.
dgsqlvatipn energy (removir_1g water mplecules from thie S Using a “rigid body” representation of the enzyme may
binding site) and/or overlooking the steric effects of nonpolar o gyersimplification of the,Shinding site, since a slight
hydrogen atoms which were assimilated to extended Carbonstructural change may have large effectsAfBow value.

atoms. Similarly, for electrostatic interactions, the dielectric |y \arified this by artificially moving the two CATH-A S

chielding effects associated with solvation of polar residues eS0UES Wih he largestE.pw values (Aspod and Tyr147)

indicatingg that it should be raised Thereforg the van der with the Phe substrate before substrate modeling and binding
' ' energy computation. This did not significantly alter the

Waals and electrostatic (including H-bonds) terms were .
. . . . AEypw values which were changed by0.02 when Asp64
independently adjusted to maximize the correlation betweenOr by —0.03 when Tyr147 was moved by 0.5 A.

calculated and experimental binding energies for CPD-Y, _ _ _
the calibration model. We found that scaling both of these ~ We must also note the special case of branched aliphatic

non-bond terms by a single weight factor= 0.35 yielded ~ residues Val and lle (Figure 4b) binding in CPD-WI{'S
an overall correlation of = 0.92 between the experimenta| site for which steric clashes with the C5€303 disulfide

and computed binding energy values with a slope of 0.97 bond imposed large conformational strains on these substrates
(Figure 4a). Note that for electrostatic interactions, this is that greatly increased their internal bonded energy. This
equivalent to setting the dielectric constant to 57 or using a result indicated that a rotation around the M-C-C;
scaling factor of 1/57. When this value for the non-bond dihedral angle may be necessary for optimal binding of these
scaling factorw was applied to CPD-WII and CATH-A, a  substrates. Indeed, & fbtation of the N-@-C-Cg dihedral
correlation coefficient of = 0.93 with slopes of 0.99 and angle away from the C56C303 disulfide bond fitted Val
1.20 was obtained for these two enzymes, respectivelyand lle to the energy correlation curve. However, since the
(Figure 4b and 4c). The excellent correlation found for all binding conformation seems to differ for lle and Val as
three enzyme models indicate that the individual energy compared to that of BZS, they were excluded from the
terms used in the calculations were properly scaled andcorrelation presented in Figure 4b.
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FiGure 3: Stereoview of the modeled,'Psubstrates (filled bonds) bound to the¢ 8inding pockets (open bonds) of (a) CPD-Y, (b)
CPD-WII, and (c) CATH-A.

Relative Importance of the Various Energy Terms Used binding site was excluded, the correlation coefficient dropped
in the Theoretical Binding Energy CalculationVe verified below 0.9 for both CPD-Y and CPD-WII. This latter term
the relative importance of the individual energy terms used did not have much influence on the CATH-A correlation
to calculate the binding energies by sequentially omitting coefficient, but it did greatly influence the slope of the
them from the calculations (Table 4). No correlation was correlation line. Clearly, all of the energy terms used in our
found between the experimental data and any of the calculations were necessary to correlate the computed values
individual (AGso, AEn,, andAEyeng or the coupled compo-  with the experimental data. Thus, the differences in the
nents AEpong + AGse and AEq, + AEuong used in the computed binding energies were not due to any one major
theoretical calculations. Although the combined non-bonded energy term but were rather the consequence of the sum-
and solvation AEn, + AGsy) contribution provided most  mation of a number of separate terms.
of the information needed to estimate the substrate binding Intermolecular Forces Imolved in Substrate Binding to
energy, when theAE;,; term which reflects the internal the §' Subsites One advantage of the binding energy
molecular strain associated with fitting the substrate into the calculation method presented here is its capacity to separate
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Table 4: Importance of the Different Energy Terms Used in
Equation 3

CPD-Y CATH-A CPD-WII
components r slope r slope r slope
AEcomp 0.92 0.96 0.93 1.27 0.93 0.99

AEn? + AEsql 0.81 1.68 0.93 185 0.88 1.39
AEpondt+ AEsot 0.54 0.17 0.40 0.46 0.40 —0.50
AEn? + ABEpong 0.33 0.09 0.62 0.23 0.81 1.13

AEso 0.62 0.88 0.77 1.04 0.40 —1.18
AEn? 0.66 0.80 0.56 0.81 0.50 —0.87
AEpond 057 -0.71 058 -057 050 -0.38

2 AEnb = (AEgect + AEns + AEvow).

negatively charged), a series which probes a variety of
potential interactions that might be favorable and unfavorable
for binding in the $ subsite. The net energy difference is
a balance between attractive (negative values) and repulsive
(positive values) contributions. The residues that contribute
to the binding energy can be subdivided into two groups:
(1) those that make similar energy contributions for all
enzyme-substrate complexes (indicated by an asterisk)
and (2) those that discriminate between differegit $ib-
strates (indicated in bold in Figure 5). A breakdown of the
individual components that contribute to the net binding
energy calculations (Tables 2 and 3) for each enzyme
substrate complex is presented in Table 5.

One may argue that there is some overlap between the
non-bonded energies computed with the CHARMm force-
field and the EisenbergMcLachlan solvation free energy
model. In fact some energy parameters may be computed
twice with these different methods. This explains the rather
smallw scaling factor needed in eq 3 to empirically balance
these two complementary computational methods and obtain
reasonable energy parameters. In fact both the CHARMm
force field and the EisenberdvicLachlan models alone were
insufficient to predict enzymesubstrate interactions with
all three carboxypeptidases studied. This is primarly due to
the lack of explicit solvent and/or hydrophobic representation
in the case of the molecular mechanic calculations done with
the CHARMm force field. As for the Eisenberdvia-
cLachlan model it does not take into consideration the
difference between transfert of a solute to an organic solvent
and that of transfering a solute (substrate) to a protein site,
which is a more rigid and heterogeneous environment.
Therefore this model must be supplemented with additional
energy parameters such as those of the CHARMm forcefield.

CPD-Y §'. The energy profile presented in Figure 5a

Oshows that Cys56, Thr60, Tyr256, Leu272, and Met398

binding energies are shown as a function of the experimentally Contribute indiscriminately to the bulk of the binding energy
determiend binding energies calculated for (a) CPD-Y (dashed line for all substrates, with the exception of Leu272 which does

is the least-squares best fit line; computed.96 x experimetal
— 0.45;r = 0.92), (b) CPD-WII (computee: 0.99 x experimental
— 0.20; r = 0.93) and (c) CATH-A (computed= 1.27 x

experimentak 0.18;r = 0.93). For CATH-A (c) experimental
values were calculated from both the (®) andKy, (B) values.

the contributions of individual binding site residues giving
further insight into the molecular properties of the enzyme

not contribute to the binding of Ala. Discrimination between
positively charged (Arg) and negatively charged (Glu)
substrates comes from the two acidic active site residues
Glue5 and Glul45. These residues are primarily involved
in securing the substrate C-terminal carboxylate through
hydrogen bonding, which indicates that one or both of these
residues must be protonated (Mortenseal., 1994). This

substrate interactions. The binding energy contributions for was not taken into consideration in our calculations and could
each enzymesubstrate complex are plotted on a residue by account for some of the excess electrostatic energy. With
residue basis in Figure 5.
The R' substrates used in this analysis included Ala (small hydrogen bond donors or acceptors within reach of the
hydrophobic), Leu (large hydrophobic), Phe (aromatic, large substrate. Moreover, in CPD-Y the presence of Thr60 in
hydrophobic), Arg (polar, positively charged), and Glu (polar, place of Tyr residue in CPD-WII (compare Figure 3a with

the exception of Met398 sulfur atom, there are no available
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3b) results in a comparatively largef 8inding site (Endrizzi binding and/or catalysis. Moreover, this study also showed
et al, 1994). This is reflected by the lower overall energy that substitution of Phe64 and Ser297 had little or no effect
profile (Figure 5a) due to the greater intermolecular distance on enzyme activity, and that substitution of Leu272 had no
between the substrate and the enzyme active site residuesffect on FA-Phe-Ala hydrolysis. These latter findings can
Solvation and van der Waals energies account for most of be clearly predicted from the CPD-Y energy profile presented
the substrate fPside chain binding energy (Table 5). Thus, in Figure 5a. Recent studies also indicated some mobility
the hydrophobic nature of the CPD-Y' Subsite providesa in the Met398 side chain, this was not taken into consider-
“greasy pit” that preferentially binds hydrophobic side chains. ation in our calculation (Sgrensen al., 1995).

Our results are consistent with site-directed mutagenesis CPD-WII §'. The §' binding site of CPD-WII is made
studies of selected CPD-Y,'Sresidues (Stennicket al., of a hydrophobic groove formed by Tyr60 and Tyr239 which
1994). These authors showed that the substitution of Thr60,contributes indiscriminately to the binding of all substrates,
Leu272, and Met398 residues by acidic Asp and/or Glu and a negatively charged pocket, formed by Glu272, Asp237,
residues resulted in a general drop of enzymatic activity, and Glu398, which are responsible for discriminating be-
confirming the implication of these residues in substrate tween charged P residues (Figure 3b and 5b). The
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Table 5: Contribution of the Individual Energy Terms to the ComputédBBiding Energy Calculations (in kcal/mol)
CPD-Y CATH-A CPD-WII

AEEIect + AEEIect + AEEIect +
P’  AEwe  ABwov AGso AEsing AGot  AEwe  AEwpv AGso AEpng AGwi  AEws  AEwpy AGsa  ABEping  AGi

Gly 0.00 0.00 —1.30 0.00 -—-1.30 0.00 0.00 —1.70 0.00 -1.70
Ala 0.00 —-0.74 —-199 025 -—-247 0.00 -0.52 —-2.33 0.61 -2.23 0.00 -0.65 —2.41 032 -—-2.74
Phe 0.00 —258 —-4.38 346 -—-3.50 0.00 —3.02 —4.57 268 —4.90 0.00 —-2.75 —4.04 323 —-3.56
Arg -033 -—-3.09 -082 154 -—-271 -155 -278 —-080 179 —-333 —-450 —-342 -0.64 3.09 —-547
Leu 0.00 —-2.07 -394 170 —-4.31 0.00 —-1.77 —4.01 243 -—-3.35
Glu 063 —1.83 —-1.64 094 -1.90 155 -175 —-159 0.93 -0.86

Asn -0.17 -135 -198 263 —-057 -057 —-2.01 -1.60 272 -—1.46
Met —0.04 -0.89 —-4.02 217 -2.70 0.04 —-209 —-4.06 209 —4.02
His —0.05 —252 -—-2.76 285 —2.48
Lys —336 —290 —-153 325 —454
lle 0.00 -199 -—-3.82 262 -3.19
Ser 0.04 -0.83 —-2.01 033 —-2.30
Val 0.00 -1.34 -—-3.37 109 -—-3.62

hydrophobic cleft formed by Tyr239 and Tyr60 accom- hydrophobic (Phe and Leu) and positively charged (Arg)
modates the alkyl part of the'Ride chains, while the acidic  residues in the P position, which closely resembles the
pocket interacts with the terminal charges of longer side substrate specificity of CPD-Y, with the exception that
chains of basic structures but not with the shorter side chainsCATH-A binds R' Phe residues more strongly than Leu
of hydrophobic substrates (Liaat al., 1992). Thisis clearly  residues.

visible in Figure 5b. Therefore, the bipartite subsite of CPD-

WII Sy’ is better adapted for binding substrates with basic Concluding Remarks

Py residues than that of CPD-Y. o Although “microscopic” approaches for proteitigand
CATH-A §'. The energy profile of substrate binding 0  phinding free energy calculations, where solvent and atomic
CATH-A Sy' subsite (Figure 3c and 5c) shows that Tyr247 architecture of protein and ligand are explicitly used in the
provides the majority of the indiscriminate binding energy, simulation, have also been proposed (eeal., 1992; jdqvist
with some contributions from Met430 and Asn305. Tyr247, et g, 1994), the results of our study indicate that macro-
which is conserved in all known serine carboxypeptidase scopic approaches which are less computer intensive could
sequences (Tyr256 in CPD-Y and Tyr239 in CPD-WII), not yie|d reasonable results. The detailed analysis of substrate
only shields the active site His residue from solvent (Liao active site residue interactions could help to design the site-
etal, 1992) but also greatly contributes to substrate binding yirected mutagenesis experiments aimed at modifying either

for the three enzymes studied. Discrimination between acidic pinding affinity or the substrate specificity of carboxypep-
and basic substrates comes mostly from Asp64 which reduces;jqases.

the binding capacity of the negatively charged Glu residues
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