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Abstract

The relationship between the structure of a free ligand in solution and the structure of its bound form in a complex is
of great importance to the understanding of the energetics and mechanism of molecular recognition and complex
formation. In this study, we use a structure-based thermodynamic approach to study the dissociation of the complex
between the toxin microcystin-LRMLR) and the catalytic domain of protein phosphatagd2P-1¢ for which the

crystal structure of the complex is known. We have calculated the thermodynamic paraimetieatpy, entropy, heat
capacity, and free energyor the dissociation of the complex from its X-ray structure and found the calculated
dissociation constar®.0 X 10~%) to be in excellent agreement with the reported inhibitory congaatx 10-11).

We have also calculated the thermodynamic parameters for the dissociation of 47 PP-1c:MLR complexes generated by
docking an ensemble of NMR solution structures of MLR onto the crystal structure of PP-1c. In general, we observe
that the lower the root-mean-square deviati®&MSD) of the docked complexcompared to the X-ray complgxhe

closer its free energy of dissociationGg) is to that calculated from the X-ray complex. On the other hand, we note

a significant scatter between ths3 and the RMSD of the docked complexes. We have identified a group of seven
docked complexes withGg values very close to the one calculated from the X-ray complex but with significantly
dissimilar structures. The analysis of the corresponding enthalpy and entropy of dissociation shows a compensation
effect suggesting that MLR molecules with significant structural variability can bind PP-1c and that substantial con-
formational flexibility in the PP-1c:MLR complex may exist in solution.

Keywords: complex dissociation; docking; microcystin-LR; NMR; protein phosphatase-1; structure-based
thermodynamics

Protein phosphorylation is a general mechanism for the regulatiod994; Barford, 1995 Due to the reversible nature of phosphory-
of many important cellular processéSohen, 1989; Shenolikar, lation, there is generally an antagonistic relationship between ac-
tivation of cellular processes achieved by protein kinases and
deactivation of cell signals by protein phosphatases. Dephosphor-

Reprint requests to: Dr. Brian D. Sykes, Department of Biochemistryylation of serine and threonine is mainly accomplished by four
and The Protein Engineering Network of Centres of Excellence, Universitysubgroups of phosphatases: protein phosphata@Pilg, -2a,

Sggg)r?;tiéEdmonton, Alberta T6G 2S2, Canada; e-mail: brlan.sykes@_2b (calcineurin, and -2¢(Cohen, 1989 Some of these classes

Abbreviations:ASA, accessible surface arexGg, standard Gibbs free  (PP-1c and PP-2are inhibited by metabolites of cyanobacteria
energy of dissociationdHg, standard enthalpy of dissociatiohS;, stan-  (e.g., microcystins and nodularipglinoflagellates(e.g., okadaic
dard entropy of dissociatiodGg corr, Standard corrected Gibbs free energy acid), and compounds isolated in spongesy., calyculin A. These
of dissociationA Hcor, Standard corrected enthalpy of dissociatidicor, — metaholites are liver toxins and have powerful tumor promotion

standard corrected entropy of dissociatiaGy,;, standard relative Gibbs . ) .
free energy of individual MLR conformergsHp,,, standard relative en- activity linked to morphological changes in hepatocyt@bta et al.,

thalpy of individual MLR conformersA Sy, standard relative entropy of  1992. The microcystins are cyclic 7 amino acid peptides contain-

o

individual MLR conformersAGeomp Standard relative Gibbs free energy ing several unusual amino acids. There are several varieties of
of individual docked complexesiHcomp standard relative enthalpy of  mjcrocystins with the differences normally localized to changes in

individual docked complexe&S,m, standard relative entropy of individ- . - . - . .
ual docked complexes: MLL, microcystin-LL; MLR, microcystin-LR: the two variable amino acids or alterations in the methylaspartic

RMSD, root-mean-square deviation; PP-1c, protein phosphatase-1 cat&Cid andor N-methyldehydroalanine residuéSraig et al., 1998
lytic subunit. Two examples are microcystin-LRMLR) and microcystin-LL
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(MLL), wherein Arg has been substituted for Leu. Microcystins Binding free energieéAGy;,g) can be computed from first prin-
are able to covalently link to PP-1c with the N-methyldehydroalanineciples using statistical mechanical approactresiewed in Gilson
residue joining with Cys278MacKintosh et al., 1995; Runnegar et al., 1997. Although these calculations rely on exact results of
et al., 1995. This covalent linkage is time dependent and has nostatistical mechanics, they are not easily tractable. Empirical free
impact on the initial inhibition of PP-1c or PP-2a. The conse-energy functions can be obtained from structural database statistics
guence of the covalent linkage is to irreversibly inhibit the phos-or from linear regression fitting of different empirical free energy
phatase preventing any further activity. parametergscaling with molecular surfagewith experimental

The NMR solution structure of MLR has been determifigedgu AGping (Moult, 1997; Vajda et al., 1997 Both approaches have
et al., 1995 as well as the X-ray structure of PP-1c covalently been used with some success, although the latter approach seems
complexed with MLR(Goldberg et al., 1995 The free and bound to be restricted to homologous systefWajda et al., 199¥. A third
forms of MLR were found to have similar overall structures and,approach that is transferable to other systems and has been suc-
most strikingly, the conformation of the cyclic backbone of the cessful to predict the experimentsBy;,q (0r AAGping for mutants
solution structure of MLR is almost identical to the structure in the separates the totalG;q into hydrophobic forcgper A2 of sur-
complex. The relationship between the structure of a ligand in itface, electrostatic interactiorf®oisson—Boltzmann equatipieon-
bound forn(s) and in its free fornts) is of particular interest to the  formational entropy and overall rotational and translational entropy
field of drug design. For example, if one could be able to discovercontributions(Weng et al., 1996; Novotny et al., 199A fourth
the active conformatiofs) of a peptide in a family of NMR struc- approach can calculate the free energy of binding from a param-
tures, this would accelerate drug discovery. One way of addressingterization(per A2 of polar and nonpolar ASpof the heat capac-
this problem is to develop approaches capable of calculating reliity, enthalpy, and solvation entropy obtained from a global fit of
able energetic or thermodynamic parameters for the associatiostructural and thermodynamic database of globular protéihs-
(dissociation of complexes generated by docking solution struc-phy & Freire, 1992; Baker & Murphy, 1998; Luque & Freire,
tures onto a target of known structure. Thus, the solution structure$998. This method has the advantage of being tractable and of
of the ligands present in complexes that give calculated thermoseparating th&G into enthalpic and entropic contributions. This
dynamic parameters that agree well with measured ones should tag@proach has been successfully used to calculate from the crystal
close to the active forifs) of the ligand or at least competent structure of protein—peptide, protein—ligand, and protein—protein
binding conformations. complexes the energetics of dissociatienthalpy(AH), entropy

In a previous attempt to understand the relationship between th@\S), and heat capacity changeC,) of complexes that agree well
free form and the bound form of MLR in the inhibition process of with experimentally determined valuéBaker & Murphy, 1998;
PP-1c, we first generated a model for the PP-1c:MLR complex byLuque & Freire, 1998 This approach has also been utilized in
a rigid body docking procedure using the average solution strucerder to validate the model structure of a compiBaker & Mur-
ture of MLR (Bagu et al., 199¥7 The success of docking the phy, 1997.
average NMR solution structure to PP-1c in the same position as In this study, we use a slightly modified version of the structure
the bound crystal MLR allowed for further successful dockings ofbased approach described above to address the relationship be-
microcystin-LL, motuporin, okadaic acid, and calyculin A. These tween the bound conformation and the free solution structure of
toxins all had similar three-dimensional structures despite signifMLR. More specifically, we calculate the thermodynamic param-
icant primary structural differences and were proposed to bind teters for the dissociation of 47 complexes generated by docking an
the same site as MLR. The quality of the models was assessed @nsemble of NMR solution structures of MLR on the crystal struc-
the basis of surface complementarity and potential energy obtainemire of the PP-1c. We compare these values with the ones calcu-
from a molecular mechanics force fielBagu et al., 199% lated from the crystal structure of the complex and explore the

While molecular mechanics force fields are useful to maintainrelationship between structural diversity and the energetics of the
proper noncovalent and covalent stereochemistry, they seem not thfferent docked complexes.
be able to discriminate the correct fold within clusters of docked com-
plexes with minimal potential energies. This problem, sometimes
referred to as the “docking problem,” involves the discrimination Results and discussion
between the correct answer and the “false positives” that have sim-
llar potential energy butmcorrgct structut@xmmings et.al., 1995 Calculation of the thermodynamics of dissociation of MLR
Recently, recourse to solvation free energy corrections has beea'{]nd PP-1c from the X-ray complex
shown to partially solve that proble@ummings et al., 19950n
the other hand, empirical free energy functions have been succes®/e present in Figure 1A the X-ray structure of MLR when bound
fully used to reliably calculate the binding free enerdi®&;,q) or to PP-1c(Goldberg et al., 1995referred to as X-ray MLR in the
relative AGpng from the structure of complexéreviewed in Vajda  rest of the text, and in Figure 1B the ensemble of NMR solution
et al., 1997. Therefore, it has been proposgsbagyan & Totrov,  structures of MLR determined by NMRBagu et al., 1996and
1994; Jackson & Sternberg, 199Bat the minimization of accurate referred to as NMR MLR throughout. Most of the residues in the
or realistic empirical free energy functions might alleviate the dock-seven amino acid cyclic peptide are unique or altered amino acids.
ing problem. The development and the use of accurate free enerdtarting atp-alanine (p-Ala) the sequence is-leucine (Leu),
functions are of the utmost importance both in the protein foldings-linked p-erythro3-methylaspartic acidMasp, L-arginine(Arg),
problem and molecular recognition fields. Ultimately, what is needed3-[2S, 3S, 8S, 9E3-amino-9-methoxy-2,6,8-trimethyl-10-
is an empirical free energy functi¢s) that is realisti¢faithful) and phenyldeca-4,6-dienoic aci@Adda), y-linked p-glutamic acid
accurate enough to reproduce both the experimental configuratiofp-Glu), and N-methyldehydro-alaningMdha). The cyclic back-
and the corresponding thermodynamics for the folding and bindindone is saddle shapé@agu et al., 199bwith the Arg pointing
processes of polypeptide chains. above the saddle, the large hydrophobic side chain Adda pointing
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Fig. 1. The structure of MLR when bound to the PP-1C and the ensemble of structures calculated from solution state NMR for MLR
free in solution.A: Bound X-ray structure of MLRGoldberg et al., 1995 The residues are-alanine(p-Ala), L-leucine (Leu),

B-linked p-erythroB-methylaspartic acid Masp, r-arginine (Arg), B-[2S, 3S, 8S, 953-amino-9-methoxy-2,6,8-trimethyl-10-
phenyldeca-4,6-dienoic aciddda), y-linked p-glutamic acid(»-Glu), and N-methyldehydro-alanin@&dha). The cyclic backbone is

saddle shapeBagu et al., 1996 B: Ensemble of 46 calculated solution structures and average minimized solution structure of MLR
(Bagu et al., 1996 The Leu side chain is brown, Masp light blue, Arg red, Adda purpt§lu green,p-Ala cyan, and the cyclic
backbone is dark blue. When compared with the average free solution structure, the backbone is almost identical to the bound X-ray
form (backbone RMSD is 0.65 A For clarity hydrogens are not shown.

behind the saddle, and the negatively charged carboyxl groups l&t A of MLR are labeled. As discussed elsewh@@®ldberg et al.,
cated underneath the sadts observed in the orientation of Fig. 1 1995, specific salt-bridges or H-bonds between the MLR and
The Mdha residue, which covalently links with PP-1c, is located atPP-1c involve MasgArg96 and Tyr134 and p-Glu (Arg96 and
the top, front of the saddle. The Leu side chain is brown, Masp isArg221). The Arg side chain of the toxin is also found to lie
yellow, Arg is red, Adda is purpley-Glu is green, and the cyclic between the carboxylates of Asp220 and Glu275 at the surface the
backbone is in blue. The backbone of the average solution structurenzyme with distances6.0 A giving rise to potential solvent
is almost identical to that of the bound form with RMSD of 0.65 A. exposed salt-bridges afat H-bonds. The hydrophobic Adda side
Itis notable that in the free solution structure the Arg and Adda sidechain interacts with hydrophobic residues lining the hydrophobic
chains are highly flexible adopting multiple conformations. Con- groove on the enzyme as described bef@eldberg et al., 1995
versely, the side chains of theGlu and the Masp residues are con- Finally, the toxin is found to be covalently linked to Cys2&)
strained by the backbone as they have only one rotable bound. through the @ of the Mdha. This covalent attachment has been
The X-ray complex of MLR bound to PP-1c is represented inobserved to be slowhourg and not to impair or affect the initial
Figure 2(Goldberg et al., 1995vhere only PP-1c residues within inhibitory action of the toxin.
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Fig. 2. The X-ray complex of MLR and PP-1&oldberg et al., 199displayed using the program Gra@dyicholls et al., 1991 Only
PP-1c residues withi4 A of MLR arelabeled. Red are surfaces that are potentially negatively charged, blue are potentially positively
charged, yellow represents hydrophobic surfaces, and white are polar surfaces.

Figure 3(top equilibrium sketches the process for the structure- Matsushima et al., 1991The second largestG§(25) on MLR is
based thermodynamic calculations using the X-ray complex. Firstp-Glu, which is dominated by an unfavoraki¢dg(25) indicative
the ASA of every atom of the X-ray complex, the dissociatedof favorable interactions with Arg96 and Arg22Table 1. Inter-
PP-1c, and MLR are calculated. Second, the differences in ASAestingly, it has been shown that esterification of th&lu side
(AASA) for every atom of the PP-1c and MLR in both forms are chain has a significant reduction in toxicity suggesting that it is
obtained. Finally, the correspondingsg are computed on a per indeed important for the binding of MLR to PP-18totts et al.,
residue basis as described in Materials and methods. The chang&893. It is noted in Figure 4B that residues Arg96, Arg221 also
in ASA per residugnonpolar and polarupon dissociation of the have a high individuahG§(25) (>1 kcal-mol~?) indicating that
X-ray complex are displayed in Figure 4A and the correspondinghey are contributing substantially to the affinity of the complex.
AG§ on Figure 4B. Overall, MLR exposes 542 and 158 & Interestingly, mutagenesis studies have shown that the replacement
nonpolar and polar ASA, respectively, while PP-1c exposes 282 Aof Arg221 (Arg221Sey and Arg96(Arg96Ala) resulted in drastic
of nonpolar and 296 Apolar ASA upon dissociation. Listed in reduction inK; by MLR (Huang et al., 1997supporting the high
Table 1 are the thermodynamic parameters obtained for the totalG3(25) values calculated here.
and per MLR residueAASA values for the dissociation of the As discussed in Materials and methods and stated above, the
X-ray complex. calculated gain in conformational entropy results solely from side

As one can noticgTable 1), the unfavorable dissociation chains becoming exposed. It is worth pointing out, though, that if
free energy calculatediG§(25) = 14.1 kcalmol~! is dominated  the MLR was unfoldinglinea) upon dissociation, then the gain in
by an overall unfavorable dissociation entropyT-AS(25) = entropy of the backbone would make the affinity of MLR to PP-1c
16.0 kcalmol~?1) with a slightly favorable dissociation enthalpy much lower. Assuming a median value for the conformational
(AHg§(25) = —1.87 kcatmol™1). It is evident that most of the entropy change for the backbone &%, ~6 cal-K ~*-mol~* per
affinity comes from the unfavorable change in solvation entropyresidue(Brady & Sharp, 1997, an additional gain imM\S.qn¢ of
(—T-AS(25) = 21.9 kcatmol™1) upon dissociation of the X-ray ~42 catK~t.mol~! can be estimated—T-ASoni(25) ~
complex. The Adda residue that buries an extensive amount of 1.5 kcatmol™* per residug which would lower theAG3(25)
nonpolar surface, roughly 409817 A2) of the totalAASA,, isa  from 14.1 kcalmol~* to practically 0 kcalmol 2. This is a rough
major contributor to the affinityFig. 4B) through the hydrophobic and probably underestimated value since most of the residues of
effect, i.e., decrease in the solvent entropy upon dissociatiothe toxin have more than two rotable bonds and reinforces the idea
(—T-AS;,(25) = 10.7 kcalmol 1, see Table 1L It can be seen that that the cyclic and folded nature of the backbone of the toxin
the T-AS,,(25) of the Adda is offset by a favorableHgj(25) and contributes a lot to its high affinity.
—T-ASon (Table 1. This side chain has been hypothesized to be The overallAH§(25) of —1.87 kcalmol™?! indicates that the
critical for the binding of MLR to PP-1c. Indeed, a structural disruption of the favorable noncovalent interactions at the inter-
isomer of the Adda side chain was determined to inhibit PP-1dace of the complex is compensated by an almost equally favorable
activity 100 times more weakly than the maternal MURshiwaki- solvation enthalpy of the overall molecular surfaces exposed upon
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Fig. 3. Schematic representation of tf®) dissociation equilibrium for the X-ray complex af#) the different docked complexes.
Since the different docked complexes are different from the X-ray complex, a relative difference in free (@®@gy), enthalpy
(AHGmp, and entropy(AS,mp can be calculated for every docked complex from the differences in A gocked complexes—
ASAx ray complex). Similarly, one can obtaidGyr, AHur, and ASy r between the different NMR MLR and X-ray MLR from
differences in ASAASAnvR MLR — ASA x.ray MLR)- AGg corr (AHg corr OF A corr) IS Obtained by subtractingGyir (AHWLR OF ASiR)
from the AG§ (AHg or ASj) of the different docked complexeaGgp.;.= O.

dissociation. It has to be noted that other factors that could coninterest. We explore in this section the potential use of the structure-
tribute to the enthalpy of dissociatigand the entropylike puta-  based approach to address these issues by analyzing the dissocia-
tive proton transfels) (Gomez & Freire, 199bare not treated tion thermodynamic parameters obtained for an ensemble of
explicitly here. No change inky, of ionizable groups in the cat- complexes generated from the docking of 47 solution NMR struc-
alytic domain or for MLR has been reported. Moreover, no exper-tures of MLR (NMR MLR) onto the crystal structure of PP-1c
imental enthalpyor entropy of dissociation is available so far to (X-ray PP-1¢ as described in Materials and methods.

allow us to compare the enthalggnd entropy of dissociation Before presenting our results, we want to stress a few points
calculated with the parameterization used here. In addition, n@bout the calculation of the energetic parameters of the ensemble
experimental and conventionid); is available because of the very of docked complexes. As is evident in the bottom equilibrium of
high affinity of PP-1c for MLR(Takai et al., 1995 On the other  Figure 3, the structures of the different docked complexes as well
hand, it is interesting to note that tig of 4.0 X 10~ calculated  as the structures of the NMR MLR are all going to be different to
(Table 1 is excellent agreement with tH€ of 3.9 X 10711 re-  that of the X-ray complex and MLR X-ray, respectively. Since the
ported by Takai et al(1995. Since, formally, a4 and aK; are  energetic calculations are based in differences in structure, it is to
different quantities, the agreement should be taken as a matchirzge expected that differences in energetic paraméeegs, G, H,

of order of magnitude between the experiment and the calculatiorand S are going to exist between the different MLR NMR and the
But more importantly, this agreement suggests that the preseMLR X-ray (AGg,) and the different docked complexes and the
parameterization satisfactorily describe the energetics of the disX-ray complex(AGgym, see Fig. 3

sociation of MLR and PP-1c and also suggests that all the assump- We present in Figure 5A, the calculatedsg of the docked
tions made above appear to be justified. complexes as a function of the positional RMSD. Positional RMSD
is defined as the RMS difference between the location of the heavy
atoms of the MLR in a docked complex as a function of their
location in the X-ray complex when the PP-1c molecules are su-
perimposed. Positional RMSD takes into account the structural and
As mentioned previously, the development of methods to obtairdocation differences of MLR between the complexes. One can
information about the “bound structure” or binding competent con-clearly see that there is a general trend for 4l to be larger as
figurations from the structure of the free ligand in solution is very the RMSD becomes smaller. This relationship indicates that there
important for our understanding of associati@issociation re- is a clear tendency for the calculatag to be closer to the one
actions and for the rational design of ligands of pharmaceuticatalculated from the X-ray complex as the structure of the docked

Assessment of the docked complexes obtained from an
ensemble of NMR solution structure of MLR
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400 that the structure of PP-1c does not change upon dissociation, its
free energy is not changing either in the calculations. To explore
the origins of the higheAGg values than the X-ray complex, we
have calculated thaGg,mp for all the docked complexes and the
300 AGry, (see Fig. 3 for all the NMR MLR. Values forAG¢,mpand
AGy,r were calculated from the differences in ASA between the
docked complexes and the X-ray complex and the NMR MLR and
the X-ray MLR. A positive value for botlAGZ,mp and AGg,, in-
200 dicates that the particular docked complex and NMR MLR are less
stable that the X-ray complex and X-ray MLR, respectively.
We present in Figure 5B the plot of theG§ as a function of
= AGZmp As one can observe, a clear correlation betws€f and
S AGZompeXists i.e., the more stable the complex the more unfavor-
o g able theAGg4. On the other hand, none of the complexes are more
NNo W stable than the crystal structuieo negative\Geomp). Therefore, it
Hcﬁgﬁlﬁﬂ HE is clear that the\Ggs greater than that of the X-ray complex have
i to originate from MLR solution structures having positiv&y,.
The AGy,, were all found to be positive as expected from the
argument above. This could indicate that the X-ray MLR is a more
stable conformation than all of the NMR MLR. Although this
might be true, we notice that relatively small changes in A84.,
AASA,o = 50 A2 andAASA,, = 50 A2) lead to highAGyy, values
(e.g., 2 kcalmol™1). These changes originate from small confor-
mational change€fluctuations in the backbone and in side-chain
dihedral angles that are unlikely to lead to such important changes
in free energy as the one calculated. These fluctuations should, to
a first approximation, be nearly isoenergetic and not likely to affect
significantly the relative population of the different members of the
ensemble of solution structures. Unstable conformations of the
toxin will increase the\Gg but, on the other hand, will not reflect
the most probable conformation of the toxin nor a realistic repre-
sentation of the dissociation reaction. We assume here that the
ensemble of NMR MLR structures are equally populated and con-
sider that theAGy,; corresponds more or less to noise inherent to
the present method to calculate differences in free energy between
structurally fluctuating small peptides. We have, therefore, sub-
tracted the correspondingGy,, (and similarly differences in en-
thalpy AHy, and entropyASs,;) from the AGS (AHG andAS]) of
05 MLR PP-1c the different docked complexes to yield a correcisfi: AGg corr
) (Fig. 5. We present on Figure 5C the plot of the correci&f corr
Residue as a function o\Ggm, We can see that there is a nearly perfect
Fig. 4. Results for the structure-based thermodynamic calculation from thecorrelation. This is explained from the fact that the relati@§ corr
X-ray complex of MLR and PP-1&: Changes in ASA per residu@on- depends only on the relativeGZ,mp or in other words the more
polar: black an_d polar: whijeupon dissociation of the X-ray complex. staple the complex the larger theG3. Finally, we present on
B: CorrespondingAG3. MLR exposes 542 and 1502/f nonpolar and Figure 5D the plot ofAG, as a function of positional RMSD
polar ASA, respectively, while PP-1c exposes 282 dk nonpolar and . d.corr o
296 A polar ASA upon dissociation. depicting that none of thaGg .o are larger than thaGg of the
X-ray complex but still highlighting the scatter in RMSD. This is
particularly evident for the clustefopen circley with AGg corr
closest to theAGg of the X-ray complex.
complexes become closer to it. There is, however, a significant
scatter in the RMSD, i.e., several complexes with higher RMSD . .
have higher affinities than some with a lower RMSD. This is Enthalpy—entropy compensation ph_enomenon evidenced
L . from structure-based thermodynamics
somewhat similar to the case of false positives encountered in
docking calculations with potential energy force fiel@mmings  Figure 6 displays the structures of the six complexes highlighted in
et al.,, 1995. On the other hand, this could be an indication that Figure 5D as open circles including the average strudfoueple).
there are, in fact, different possible configurations for the com-The X-ray MLR is also displaye@yellow). One can notice that the
plexes that lead to similar decreases in free energy in solution. backbones of all the MLR molecules are close to each other and
Formally, the docked complexes that give large&s; than the  that the high RMSD values come from differences in the confor-
X-ray complex must have lower free energyore stable than the mations of the long Adda and Arg side chains. In this regard, one
X-ray complex and/or MLR NMR that have higher free energy can see that the NMR MLRs have Adda side chains that are more
(less stablethan the X-ray MLR. Since we make the assumption exposed and Arg side chains that lie closer to the enzyme poten-
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Table 1. Thermodynamic parameters calculated for the dissociation of the PP-1C:MLR X-ray complex
and the individual residues of MR

AASA,, AASA AC, AHS —TAS “T-ASy  —T-ASon AGS

(A?) (A%)  (kcal-mol~*-K™1) (kcal-mol~t) (kcal-mol™!) (kcal-mol™%) (kcal-mol~1) (kcal-mol™1) Kqg
X-ray complex 824 446 0.255 —1.87 16.0 21.9 —5.89 14.1 4.05¢< 10711
p-Ala 18 3 0.0074 -0.32 0.60 0.60 0.000 0.27 —
Leu 72 5 0.0313 —-1.54 2.20 2.45 —0.257 0.65 —
Masp 6 18 —0.0020 0.60 -0.02 0.05 —0.065 0.58 —
Arg 36 23 0.0102 0.05 0.61 1.02 —-0.413 0.66 —
Adda 317 20 0.1376 —6.87 8.95 10.71 —-1.761 2.09 —
p-Glu 14 60 —0.0095 2.11 —-0.26 —-0.08 —-0.179 1.86 —
Mdha 78 21 0.0297 —1.05 2.50 2.50 0.000 1.45 —

*Temperature= 25°C.
bThe —T-AS; for the X-ray complex contains contributiaxS, but not the—T-AS; of individual residues of MLR.
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Fig. 5. Results for the structure-based thermodynamic calculations from the docked complexes of MLR anéPPhéccalculated
AGg of the docked complexes as a function of the positional RMSD. Positional RMSD is defined in th®:t&xplot of the AGg as
a function of AG¢omp Of the complexes as described in FigureC4.The plot of theAGg corr as a function oAGgymp D: The plot of
the corrected\Gg corr @s a function of positional RMSD. See text for further details.
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Fig. 6. Multiple complexes with similar free energies. The structure of the seven complexes representing theAlghgshigh-
lighted in Figure 5D including the bound crystal structure of M@yRllow) and the geometric average of the 46 NMR ML({psirple.
The X-ray PP-1c molecules are superimposed onto one another.

tially forming H-bonds andor salt bridges with either Glu275 dynamic model for the enthalpy—entropy compensation in ligand-
and/or Asp220(Fig. 2). enzyme systems. In their model the compensation can be modeled
Itis clear the present parameterization is able to recognize dockeifl ligands can bind different microstates of the enzyme with dif-
complexes that are close to the X-ray complex on the basis of théerent affinities that can vary under the different experimental con-
AGg corr Calculated here but it still shows some significant struc-ditions. Such a model is also applicable to different microstates of
tural differences. This could indicate that this approach does nothe ligand. The compensation effect noted here is somewhat dif-
have a high degree of discrimination. On the other hand, it isferent. In fact, we observe that different “microstates” of a ligand
possible that the complexes withGg .o Similar to the X-ray  can have the same affinity for one conformation microstatg of
complex could be populated in solution and that the differences iran enzyme and that different “microstates” of a complex can have
structure displayed in Figure 6 are nearly isoenergetic. the same stability under one “experimental” condition. The fact
To investigate why complexes with relatively high and scatteredthat the calculations give rise to the compensation should be in-
RMSD can give rise to similakGg (similar free energieswe have  formative as to the mechanism of the experimental compensations
analyzed the normalizedHg cor and ASj corr (coOrrected for the  observed as well as the relevance of our calculations in the under-
variations in the enthalpy and entropy of the different NMR MLR standing of the dissociation of protein complexes in solution.
and the structural features of the complexes of the G corr Since the main structural differences are located at the Arg and
cluster. Figure 7A shows a plot of theHg .o.r @s a function of the ~ Adda side chaingFig. 6), we will focus on the implications of
ASj corr @and Figure 7B exhibits a plot afHg,mpas a function of  these side chains in a putative compensation mechanism. For the
theAS mpcalculated for the subset of seven complexes. The largedissociation of docked complexes with the Adda side chain more
the RMSD of the complexes, the more they lie on the(Efy. 7A) solvent exposed and the Arg side chain lying closer to PP-1c
and on the rightFig. 7B) of the plots. One can clearly observe a (forming salt-brides antbr H-bonds, see Fig.)Zompared to the
linear relationship between the two quantities in both instancesX-ray complex, the relative ratidASA;,,/AASA,, will increase.
This indicates the existence of an enthalpy—entropy compensatiofihis leads to a more unfavorableHg(25). In other words, the
phenomenon in the calculations. Experimental enthalpy—entropgnthalpy of such a docked complé®P-1c:MLR and the solvent
compensation effects are ubiquitous and have been reported for thll decrease compared to the X-ray complex. Indeed, the propor-
binding of series of ligands to their specific enzymes or for bindingtion of polar and more enthalpically favorab{®lakhatadze &
studies carried on at different pHs or ionic strengthamry & Privalov, 1993 interactions per Aof buried surface in the com-
Rajender, 1970; Lumry, 1993 xperimental enthalpy—entropy com- plex will increase. Therefore, more positivanfavorable AHg
pensations have also been reported for the stability of proteivalues for the docked complexes are obtained. On the other hand,
mutants(Hawkes et al., 1984; Shortle et al., 1988 is thought  we observe that the reduction in entropy of the solvent upon dis-
that water plays a key role in the mechanism of the compensatiosociation becomes less unfavorable for such complexes, i.e.,
effect with typical compensation temperaturesTgislope of the  AS,(25) is less negative than for the X-ray complex. In other
AHg vs. ASj curves between 270 and 320 KLumry & Rajender,  words, the entropy of the complexéBP-1c, MLR, and the sol-
1970; Lumry, 199% Eftink et al.(1983 have presented a thermo- vent will decrease. Variations inS;onsfor the AGg corr aNdAGZomp
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water and that the parameterization used here is faithful enough to
simulate entropy—enthalpy compensations that occur in the PP-
1c:MLR complex in solutiorfand complex dissociationThe mech-
anism described could also apply for the compensation effects
observed under different experimental conditions referred to above.
The existence of structural and energy fluctuations in proteins are
both documented on theoretid@ooper, 1976and experimental
backgrounds$Frauenfelder et al., 1988These fluctuations remind

us that the structure and thermodynamic paramegersh as the
enthalpy of dissociation of a complerbserved for proteins and
protein complexes are weighted mean values or ensemble averages.

(kcal - mol™)

d,corr

AH°
IN

Cooperativity of dissociation and multiple conformations
(microstates) for the PP-1c:MLR complex

8 . . . . : : According to Boltzmann’s statistics, the docked complexes that
-0.020 -0.025 -0.030 -0.035 -0.040 -0.045 -0.050 -0.055 give rise to the largeshAGg (or that are the most stablshould
AS® (kcal - K" mol™") correspond to the most probable conformations within the limited
deorr ensemble of complexes generated here. We have calculated the
relative population(probabilitieg of the complexes according to
the following equation:

-10

8 eXp(_AGcompi /RT)

Pi = ’ (1)
E eXp(_AGcompi /RT)

whereAGéomp; is the relative free energy of the complex compared
to the crystal structureR is the gas constant, aridis the absolute
temperature.

Figure 8A shows the jPof every complex as a function of the
positional RMSD of all heavy atoms of the MLR. As can be seen,
there is an increase in & the RMSD reaches around 3 A. But one
can also notice the scatter in RMSD. As discussed before, this is a
manifestation of the enthalpy—entropy compensation. We show in
Figure 8B the same,Rs a function of the positional RMSD of the
backbone of the toxin. Here, the increase is sharper indicating a
cooperative role for the cyclic portion of the MLR molecule. This
comp (KCAI - K- mol) is quite interesting because the cyclic portidiiasp, p-Glu) is

. . involved in the molecular recognition. Since theGlu and Masp
Fig. 7. Enthalpy—entropy compensatioh. Plot of theAHqcor @S a func- _  gjqe chains have only one rotable baffidg. 1A), the position of
tion of the AS; corr fOr the seven complexes represented in Figure 6. The . .
slope of the line is 280 KB: Plot of theAHompas a function of thaSem, € ackbone controls the position and the burial of the two car-
for the seven complexes presented in Figure 6. The slope of the line i®oOxylic groups at the interface of the complex. Therefore, Fig-
281K. ure 8B demonstrates that if the residues that are involved in making
the specific interactions are not properly buried by not being in the
right position, the probability of the particular complex will be
low. Moreover, Figure 8A indicates that the structure of hydropho-
were found to be about one order of magnitude lower than that obic side chainge.g., Adda is more likely to fluctuate or to have
the AS,o. Therefore, in the system studied héRP-1c, MLR, and  different conformations in the significantly populated complexes.
the solvenk, the response to a decrease in enthéipgre favorable  Therefore, Figure 6 could represent a dynamic rendition of the
PP-1c:MLR interactionsis a decrease in entropy of water. The complex on a short time scale as this type of motion occurs be-
variations in enthalpyAHg(25) or AHZ,md25)) are almost exactly ~ tween states of similar free energy. It has to be noted that this
compensated by the variations in entropiesT-AS5(25) or rendition would be partial as all the different possible configura-
—T-AS,md25)) giving rise to the linear relationships observed tions are not present in the limited ensemble of complexes used
(Fig. 7) and leavingAGg corr OF AGZompunchanged. It is interesting  here.
to note that the slopes of Figure 7A and 7B are equal 280 K, Are the motions in the complex and their amplitude as seen on
which is of the same order of magnitude of the valuesTforalues  Figure 6 in contradiction with the more “static” structure of the
reported in the literature and which were attributed to the impli-X-ray complex? In the light of the work of Coopét976 and
cation of water(Lumry & Rajender, 1970; Lumry, 1995The Frauenfelder et al1988, we think not. Moreover, issues such as
coincidence inT, values could be an indication that the compen-the temperature at which the diffraction data has been recorded
sation mechanism described above is realistic as far as the role ¢£00 K; Goldberg et al., 199%ertainly have to be considered. On

2
0.005 0.000 -0.005 -0.010 -0.015 -0.020 -0.025 -0.030
AS°
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Fig. 8. The position of the backbone of MLR dictates the cooperativity of dissociafioithe R of every complex as a function of
the positional RMSD of all heavy atoms of the MLR.i®defined in the textB: The same probabilities as i, except this time as
a function of the positional RMSD of the backbone of the toxin. The open circles refer to the complexes on Figure 6.

the other hand, to confirm our results suggesting that the complewithout affecting theAGg should also help for elevatdd,, rates.
between PP-1c and MLR shows significant structural fluctuationsThere is a limit, however, to which the Adda side chain can vary
NMR relaxation studies should be done on MLR bound to PP-1cits conformation without changingGg significantly. Indeed, a
Experimental efforts toward such measurements are being pursuetdmplex generated by manually changing the conformation of the
in our laboratory but are complicated by the high molecular weightAdda side chain in the X-ray complex so that it is maximally
of the complex and solubility issues. Experimental thermodynamiexposed had\G§ decrease by 2 kcahol™! or a 100-fold de-
measurements could also shed light on the existence and the extareased I (data not shown

of the structural fluctuations. Indeed, if the experimentbly for Our results might also have general implications for the study of
the PP-1c:MLR complexcorrected for proton transfer effects free ligands by solution state NMR. Indeed, our study indicates
could be obtained and observed to be more unfavorable than that all the members of the ensemble of structures usually calcu-
one calculated from the X-ray complex, this would indicate thelated should be considered as being potentially able to bind a
population of different microstates of the complexes with differentreceptor and not only the geometric average. Although the geo-
enthalpies. It is worth recalling that theH§ measured would metric average structure of MLR here was found to be in the
correspond to a weighted mean value or ensemble avéiabg)): cluster of seven complexes of higtGg, it could well not have
been. In fact, for the calculation of a geometric average, all the
members of the ensemble are given the same weight and therefore
can lead to a biased structure by conformers that may not be
populated in solution although they satisfy the experimental NMR
whereAHS .o is the enthalpy of dissociation for each complex or restraints. The best defined regions, as evidenced from the ensem-
microstates of an ensemble. For example, thelS ) for the  ble, could potentially be involved in molecular recognition. More-
limited ensemble of complexes generated here is 2.05 hzal 2 over and as shown here, the worst defined regions of a ligand can

compared to-1.87 kcatmol 2 calculated from the X-ray complex. ~contribute significantly to the affinity of binding and as such can-
not be ignored for their potential importance in the binding process.

<AHg,corr> = Z Pi'AHg,corr,i (2)

Implications for molecular recognition

. . . . nclusion
It is clear from our results that different conformatiofsi- Conclusio

crostatesthan the X-ray MLR can bind to one microstate of PP-1c Using a structure-based approach, we have calculated form the
(X-ray PP-1¢ with similar affinities. The major structural differ- X-ray complex of PP-1c and MLR a free energy of dissociation
ences between these microstates are located at side ¢bajns that is in close agreement with the report€d We also note that
Adda and Arg that are not involved in forming specific inter- the residues with the largest contribution to the overall dissociation
actions as evidenced from the X-ray compl€ig. 2). On the other  free energy to be Arg96, Arg221 on PP-1c anlu and Adda on
hand, the side chains that are involved in molecular recognitioMLR. This is in accordance with experimental data that shows that
(Masp andp-Glu) occur in the best-defined region of MLR in they are indeed critical for complex formation. We notice that the
solution(Fig. 1). The fact that the portion or domain responsible reported high affinity of MLR is due to its cyclic nature, i.e., the
for molecular recognition is already folded is an advantage fordissociation reaction is not linked to a conformational change in
effective rates of bindingk,,). Indeed, all the microstates are the backbone and therefore leads to a minimal conformational
potentially able to recognize PP-1c. In addition, the fact that theentropy gain compared to a fictitious linear version of the toxin.
Adda and Arg side chains can exist many different conformationsThe analysis of 47 complexes, obtained from docking a family of
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NMR solution structures of MLR onto the crystal structure of the The calculation of the\H§(T)
PP-1c, predicts structural fluctuations for the bound form of MLR The following description addresses the structural parameteriza-
especially for the long Adda and Arg side chains. This analysis als 9 P P

. ; . ?ion of protein unfolding enthalpy calculation. Since protein un-
suggests that the cyclic part of the MLR is more important that tr?efolding and protein dissociation are governed by the same molecular

long hydrophobic Adda side chain in the cooperativity of dISSOCI_forces, the parameterization developed for protein unfolding is

ation (binding. We qbserve an eqthalpy—entropy compe.nsatlon ssumed to apply to protein dissociati@omez & Freire, 1996
phenomenon for which we describe a putative mechanism th roughout the text

could be applicable for experimentally observed compensation ef- AHS(T) is given b
fects and to understand the mechanisms of structural fluctuations d 9 y

and molecular dynamics in solution. AHZ(T) = AHS(T®) + AC,-(T— T°) (5)
P ’

Materials and methods whereAHJ(T®) is a standard reference enthalpy of dissociation at
some reference temperatuie®). AC,(T) is the temperature inde-
pendent heat capacity change upon dissociation of the complex. It
is a good approximation to consid&e€, temperature independent
Metropolis Monte Carlo docking of the 46 calculated solution from 0 to 85°C (Gomez et al., 1995

structures and the average minimized solution structure of MLRt0 The experimentakC, of unfolding of a series proteins for which
the crystal structure of PP-1c was accomplished using the Montghe hoth the thermodynamics of unfolding and the crystal structure
Carlo macro in Insight Il version 2.3. This technique proved usefulyere well characterized can be reliably calculated by a linear com-
in docking other toxins as wellBagu et al., 1997 Based on  pination of the change in solvent ASA of polatASA,,) and

previous work(Bagu et al., 199) the starting positions of all  nonpolar(AASA,,) atoms through the following empirical rela-
calculated MLR solution structures were determined by supertionship (Murphy & Freire, 1992

imposing their backbone atoms onto the backbone of bound MLR

(Goldberg et al., 1995 which was then removed. Docking calcu- AC, = 0.45AASA,, — 0.26:AASA,,, (6)

lations were performed using 2,000 trials at a temperature of 50 K

(optimization from Bagu et al., 1997The force field used was Wwhere the parameters have units of-&f*-mol~*-A~2. AC, of

CVFF (Dauber-Ogusthorpe et al., 1938 protein unfolding has been shown to come mainly from the hy-
This docking technique involves the minimization of the Van dration of atoms that become exposed to the solvent upon unfold-

der Waals and Coulomb potential energies between two rigid boding and as can be seen in the preceding relationship the hydration

ies by altering their relative positior(@ this case the MLR and polar atoms and nonpolar atoms have opposite contributidns-

PP-1c structurésThe new state is rejected or accepted based ophy & Freire, 1992; Gomez et al., 1995

the new potential energies. Normally accepted states have reducedSimilarly, it has been shown that the experimental unfolding

energies; however, the docking procedure allows higher energgnthalpyAHg(T) at 60°C of the same series of proteins could be

states to be accepted on occasion in order that the docked struealculated, within 6% error, with the following empirical rulie

tures are not trapped in a local energy minimum. However, the& Freire, 1994; Hilser et al., 1996

jump to higher energy states that are accepted become reduced as

the number of docking iterations increases. By about 2,000 trials AHG(60) = 31.4AASAy, — 8.44 AASA,, (@)

accepted states at higher energy than the previous accepted state ) R
have only minor increases in energy. where the parameters have units of-cabl~*-A~2. It is implicit

that this empirical function accounts for the change in enthalpy
_ resulting for breaking noncovalent bong@4-bonds, salt bridges,
Structure-based free energy calculations and van der Waals interactions, ¢tand solvating these atoms

We describe in the following paragraphs the approach that we useldiiser et al., 199 Other contributions such as proton transfer
to calculate the free energy of dissociation from the parameteriza@ve 0 be accounted for if they are coupled to the unfolding or
tion of the heat capacity, enthalpy, and entropy developed by Murdissociation procesgGomez & Freire, 1995; Baker & Murphy,
phy and Freirg Murphy & Freire, 1992; Baker & Murphy, 1998; . . o

Luque & Freire, 1998 This parameterization has been verified | Nerefore, once the changes in ASA for a dissociation are cal-
extensively against experimental heat capacities, enthalpies, arfilated, a correspondingHg(T) can be calculated by combining
entropies of unfolding antbr binding (Murphy & Freire, 1992; ~ EQuations 6 and 7:

Baker & Murphy, 1998; Luque & Freire, 1998, and references

Docking procedure

therein. AHG(T) = AHG(60) + AC,(T — 60), ®)
The free energy of dissociation of a compl&Gg(T), is clas-
sically given by the following equations: The calculation of thAS§(T)

In the absence of proton transfer, the standard entropy of dissoci-
ationASj can be assumed to correspond to the sum of the changes

AGS(T) = AHY(T) — TAS(T), 4) in solvation entrqp)(ASSO.(T))_, conformational entropyAS.ony),
and overall rotationgtranslational entropyAS;) to account for

whereAHg(T) is the temperature dependent standard enthalpy o}he appearance of an additional kinetic unit upon dissociation:
dissociation andASi(T) is the temperature dependent standard
entropy of dissociation. ASI(T) = ASi(T) + ASone + AS;. ©)

AG{(T) = —RTInKg, (3)
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Of the three contributions, onlgS,, is assumed temperature mol~? per rotable bonpgand the number of atom®.414 cal
dependent and can be broken into contributions arising from thé& ~1.mol~? per atomto correct for excluded volume effects. Avalue
change in solvation entropy resulting from the solvation of polarof7.8 catK ~*-mol~tis calculated for the Adda side chain. The ASA
and nonpolar atoms that become exposed upon dissociation. It ha$ Adda side chain was calculated in the free toxins and amounts to
been shown that the solvation entropy of nonpolar atoms is zero &87 A2. The other side chains that had to be ascribed witlSa, ¢
112°C (Baldwin, 1986 and that the temperature at which solva- where thep-Glu and Masp residuesee Fig. 1 As can be seen,
tion entropy of polar atoms equals zero is close t6GED’Aquino these side chains consists in a single carboxylate that can rotate around
et al., 1996. Therefore, it has been proposed the®,(T) their Ca(sp3-COO(sp2 bond. As discussed by Pickett and Stern-
(D’Aquino et al., 1996 can be parameterized by the following berg(1993, the COO has a symmetry number of 2 leading to dis-

relationship: tinguishable rotamers on only 18@nd approximating that the
conformational entropy in the buried stateRsin 2 rather than 0
AS,(T) = 0.45AASA,,,-In(T/384.15 (R-In1). We assume the change in the conformational entropy of
thep-Glu and Masp side chains to be equal to 0.8 Kal*-mol~*
— 0.26 AASA,,-In(T/335.15 (10) (—=R-[In 2—In 3]) by supposing that three distinguishable rotamers

can be adopted by the side chain when free to rotate in the free form
where the coefficient 0.45 and 0.26 are the ones described in Of the toxins. We also calculated an ASA of 98fAr the side chains.
Equation 6. The gain in translational and rotational entrd@&,) seems to

Murphy et al.(1994 proposed the following scheme to account be well accounted for by to the cratic entrofurphy et al., 1994;

for the change in conformational entroffS.on) for protein ~ Gomez & Freire, 1995 The cratic entropy is equal ®In(1/55)
dissociation: where the ratio is the mole fraction of the additional particle ap-

pearing(mixing ideally) upon dissociation at a fictitiaul M stan-
_ dard state in watefKauzmann, 1950 The cratic entropy amounts
A = ASsext ASou T A 11
Soonr = ASusext A% Sop @ to 8 catK ~.mol~* or 2.4 kcalmol~* at 25°C. On the other

. Lo . . hand, the use of this value and its physical basis is a matter con-
where A is the gain in conformational entropy of a side ’ .
Shuex 9 Py troversy (Holtzer, 1995; Gilson et al., 1997 However, recent

chain when it becomes exposed after disruption of tertiary or qua- ; . . )
ternary interactionsAS,,.., is the change in conformational en- experimental evidenc€famura & Privalov, 1997; Yu et al., 1998

tropy of the side chain when the secondary structure unfolds, anand theoretical argumen(émzel, 1994 indicate that the loss in

ASy,is the gain in conformational entropy from the backbone uponr()tétl.uonatI and _I'ELanslfatlonaI entrop:y 1S numerlc?lly cflc;s@ea;o the
unfolding. AS,usex ASsxsu, and AS,, values for all the amino cratic entropy. Therefore, we are also using a value o '

-1
acids have been estimated from a statistical mechanical analyspgOI to account for thesS,.

(Lee et al., 1994; D'Aquino et al., 1996In our calculations, we
use the values reported I9fp’Aquino et al., 1996. The STC program suite

In the present case, itis assumed that no conformational changleo erform the free energy calculations from the structure of the
in the backbones of the PP-1c and MLR occur upon dissociationd_ﬁp | dgy loned ite of led STC
This is supported by the fact that MLR is a cyclic peptide and our lfterent complexes, we deve opeda S”'t‘? orprograms ca’e
earlier findings that the conformation of the cyclic backbone of the(gtructure-based thermodyngmlcs calcultiamessence, STC con-
solution structure of MLR is identical to that of the bound state 0f5|sts of t_wo modules. Th? f|rst_ m_oduI@ALCASA calculates th_e
MLR in the crystal structure of the PP-1c:MLR compléBagu c_han_ge in ASA for the dlsso_matlon process from the F:oordmate
et al., 1995, 1997; Goldberg et al., 199%he crystal structure of fles |_n the Brookhave_n Protein Data BafFRDB) format gsmg the
the free PP-1c was shown to be almost identical to that of thealgonthm ANAREA(Richmond, 198fias implemented in the pro-

| f Ealoff I 1995 Gol L1 . gram VADAR (Wishart et al., 1994 The output files consists in
complexed form Egloff et al., 1995; Goldberg et al., 19phi jhe tabulated ASA of every atom of the complex and of both the

cating that there shouild not be any major conformational chang ree forms of the enzyme and the ligand as well the difference in
occurring in the free form of the enzyme. Therefore, the change i )
9 y 9 (ﬁSA for each atom. The total changes in nonpdfalt carbon

conformational entropy of dissociation of PP-1c is assumed t : d sulfur at d polarall d nit ‘
originate solely from the gain in conformational entropy of the sige?!0Ms ana sullur a 0’3‘37‘. polar(a OXygen and nitrogen a oms
are summed up. In addition, the atom&SA are regrouped per

chains that become exposed upon dissociativg,, ,e,) and is . . .
scaled as the fraction of the total ASA of the side chain that iSreS|due(and per side chajnfor the calculation ofASonf as de-

- . : . scribed above in the next module
ained and computed according to the following equation: .
d P d geq The moduleTHERMOcalculates the energetics from thASA.

AASA From the total changes iRASA,, andAASA,,, the contribution

ASoni= > LASex (12) of nonpolar and polar atoms ®wC, and AHg(60) are calculated.

i ASA Then according to Equation 8, theHg at the desired is calcu-
lated. In the present study, all the calculations are done &£25

whereAASA,; is the change in ASA of the side chain of residue Similarly, using the proper reference temperatures, ARg, is

and ASA is the ASA of the corresponding side chain in a fully extrapolated at 28C using Equation 10. From th&ASA of the

exposed state. Here, we used the ASA values reported by Milledifferent side chains involved in the dissociation, the conforma-

et al. (1987. Special care had to be taken for the conformationaltional entropy gained for the ligand and the enzyme is calculated

entropy and the ASA of the nonnatural side chains of the toxinswith Equation 12. The total entropy change is then taken to be the

(see Fig. 1 For the Adda side chain, we used the empirical equasum of all the entropic contributions listed in Equation A@5(25)

tion proposed by Bardi et a{1997) for nonnatural peptidyl side is calculated using Equation 3. The program STC can be down-

chains that relates the number of rotable bo(t§6 calK —* loaded from the following site: http/www.pence.caftp.
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