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Abstract

The inhibition of carboxypeptidase A (CPA) by its natural inhibitor from potato (PCI) has been widely analysed

by computer and experimental methods. Several mutants of PCI have been obtained in order to study the physico-
chemical properties related to the inhibition. Point mutations were performed in the C-tail of PCI given its
fundamental role in the inhibition. The inhibition constant and the dissociation free energy of the complexes
PCI-CPA was experimentally obtained for each mutant. The mutants were divided in two sets, those where the
mutation was intrinsically affecting the conformation of the PCI C-tail, and those where the mutation affected
the interaction between PCIl and CPA. The crystallographic structure of PCI, as found in its complex with bovine
carboxypeptidase A, was used to model the structure of these mutants. Two theoretical approaches were per-
formed to explain both sets of experimental results:

1) study of the structural features of wt PCl and mutant forms by molecular dynamics (MD) simulation, and

2) modelling of the interaction of the C-tail of PCI with CPA. The first approach provides an explanation of the
observed behaviour of the first set of mutants of PCI, if the hypothesis is made of a direct relationship between
the entropy of inhibition and the mobility of the C-tail of PCI. For the second set of mutants, the experimentally
measured dissociation energies for the complexes PCI- CPA can be related to the theoretically estimated expo-
sure to the solvent of the side chain of the mutated residue in the complex. In the case of the double mutation
G35P+P36G, the importance of the main chain hydrogen bond between Gly 35 and Ala26, anchoring the C-tail
to the core of PCI, as predicted by the MD simulations, was also corroborated by the experimental result.

The agreement between the theoretical approaches and the experimental results shows the appropriateness of
our hypotheses and also the relevance of such a combined effort of experimental and computational molecular
biology in protein engineering.

Keywords: Potato Carboxypeptidase Inhibitor. Molecular Dynamics, Computer Simulations, Inhibitor Engineering,
Inhibition Mechanism, Excluded Volume, Free Energy of the Inhibitor-Enzyme Complex.
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Introduction of protein-protein interaction. A five residue C-terminal tail
-residues 35 to 39- protrudes from the globular core of PCI.

Protein engineering is currently being used to analyse the strut-docks into the active site of carboxypeptidase, leading to
ture and function of proteins and also to design proteins witka stopper-like inhibition mechanism [7]. A secondary bind-
specific properties that can be useful for biotechnologicaing site, from residues 28 to 31, has also been proposed to
purposes. The main problem confronted by protein engineeiise essential in binding [8]. The easiest-to-analyse structural/
is how to select amino acid replacements so that they lead fanctional trait in this protein is therefore its inhibitory ac-
the desired properties. This is still a largely unsolved problentivity, located in the C-terminal extended tail.
[1]. Point mutations can result in global changes of structure We have previously cloned and expressed:.ircoli, a
that may affect properties in an unpredictable manner. Effecsynthetic gene for the isoform lla of PCI [9,10]. The
tive application of protein engineering requires a coupling ofrecombinant protein was obtained in a soluble form, and it
experimental data with theoretical studies that anticipate thevas shown to be identical to the PCI-lla from potatoes. Sub-
structural effects of a given amino acid substitution. One possequently, we obtained and analysed several mutant forms
sible way to perform these studies is the use of Molecula¢Figure 1) which can be classified into: (a) those affecting to
Dynamics (MD) simulations [2,3lvhich can offer relevant residues involved in the interaction with carboxypeptidase
information that might help to design proteins and to locatgmutants P36G, Y37F, delG39, delV38G3&8G, V38A,
appropriate sites where mutations can be introduced [4]. Anv38I, V38L); and (b) those affecting the stability and func-
other approach is to model the interaction between proteingonality of PCI (mutant G35P+P36G). Additionally, the
and ligands, obtaining the thermodynamic properties of thevtPCl and some of the mutant forms have been simulated
complexes. These approaches must be properly matched amd analysed by molecular dynamics (MD) [4,11,12] and
experimental data. others modelled on its interaction with CPA[9]. In the present

Proteases and protease inhibitors are frequently subjectexticle we present and discuss the rationale of an experi-
to protein engineering studies. These molecules are involveahental/theoretical (computer simulation) approach for the
in important biological processes, such as hormone andtudy and engineering of PCI. Particular emphasis will be
neuropeptide processing, defence mechanisms, fertilisatioplaced on mutants P36G, Y37F, V38G, V38A, V38\aB8L
and virus replication. It would then be very valuable to de-for which entropic and hydrophobic analyses were made.
velop target-oriented inhibitors to control these processes [5For P36G and Y37F the study of the conformational space
Potato carboxypeptidase inhibitor (PCI) is a particularly suit-of the C-tail was performed by MD analyses whilst for the
able system for MD studies due to its small size -39 residuesest of mutants its hydrophobic interaction was theoretically
and because its structure is known in aqueous solution [6hredicted from the modelling of the structure of the PCI-
and in crystal complex with carboxypeptidase A [7] (FigureCPA complex. The importance of G35P+P36G mutation on
1), thereby offering a variety of experimental data that carthe structure of PCI was also predicted by MD analyses.
serve to measure the quality of the molecular simulations.

The 27-residue globular core of PCI is stabilised by three
disulfide bridges and lacks any regular secondary structuréviethods
except for a short five-residue helix. Its complex with
carboxypeptidase A (CPA) represents a well-known exampl®roduction and experimental analysis of recombinant PCI's.

Details on the construction of a synthetic gene for PCI, ex-
pression inE coli and purification procedures for the
recombinant PCI, secreted into the culture medium, have
been previously reported [10,13]. The synthetic PCI gene,
and its mutant derivatives, were exprességignli MC1061
using the secretion vector pINIbmpA3. Sequencing was
performed in vectors M13mp18 and M13mp19, by the
dideoxy method. Oligonucleotide site-directed mutagenesis
was performed by the procedure of Nakayame and Eckstein
[14] (Amersham kit). Wild and mutant forms of recombinant
PCI, except for G35P+P36G, were purified by FPLC and
HPLC, as previously described for wtPCI [10], and moni-
tored by ELISA tests and inhibitory activity assays accord-
ing to Hass and Ryan [15]. The mutants showed the same
chromatographic behaviour as wtPClI, both in ion-exchange
Fig. 1 Ribbon plot of PCI interacting with CPA. The mutants FPLC and reversed-phase HPLC, indicating that there were

of the C-tail of PCI described in the paper are indicated oncorrectly folded [16]. The concentration of the purified so-
the structure. lutions of mutant PCls were quantified by UV

delV38G39

/\del(m
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spectrophotometry (PCI extinction coefficient: SHAKE [19]. The temperature here analysed was set at 293°
Ey 10, =3.0 cmt) and also by the Bradford assay using wtPCIK, and a temperature relaxation time of 0.1 ps was used to
as a standard. Th¢ values of the recombinant PCls -wild- maintain the system in a weak coupling bath. A 1800 step of
type and mutants- for carboxypeptidase A were calculatedteepest descent energy optimization was carried out with each
by Henderson method or Lineveawer Burk procedure [17]structure; bond lengths were not constrained in the optimiza-
hyppuril-L-phenylalanine was used as a substrate at differtion. This energy optimization was done with the only pur-
ent concentrations, and PCI concentration was varied for eaglose of quickly provide an initial structure to seed the MD
substrate concentration.The enzyme was bovine simulations. The convergence criterion was a difference be-
carboxypeptidase A at 42.5 nM in all cases, and UV-absorptween the penultimate and the last energy smaller than
tion measurements at 254 nm were made every 20 sec ovix103 kJ-mof.
2 min. \&locities were expressed as the slope of the linear For MD simulations the structures of PCI, wild-type and
increase in absorbance. These data were used to calculateitants, were divided into three domains as indicated in
K. Several independent; Kmeasurements were made for Scheme 1: the core, N-tail and C-tail. The core is defined
wild-type and mutant rePCls, the averagéédng derived from Cys8 to Cys34, the N-tail from GIn2 to lle7 and the C-
from these dataAGy values were calculated according to tail from Gly35 to Val38. In this way the core contains the
the equatioMMGe= -RTInK,. . three disulfide bridges and both tails begin with a residue fol-
The mutant PCI G35P+P36G was impossible to obtainlowed by a Pro in the terminal direction.

It could not be detected in cultures Bf coli carrying the The conformational space of the C-tail for wtPCI, P36G
appropriate gene. This fact suggests that this mutant can nahd Y37F was studied. The analysis of changes in orientation
fold properly and therefore is quickly degraded. of the PCI C-tail involves the definition of two anglég; 0

and a plane. They are depicted in Figure 2. The plane is fixed

in three points provided by the atomic average positions, in
Molecular dynamics analysis. the crystallographic structure, of Phe23, Ala26, &sd29.

Thereafter, the normal (N) is defined. The residues Gly35,
It was performed to analyse mutants P36G and Y37F. MoPro36 (Gly36 in one mutant) and Tyr37 (Phe37 in the other
lecular dynamics calculations were carried out on a Personahutant) define the first part of the C-tail. The vector CT1 is
Iris 4D/35, on a Crimson Elan (Silicon Graphics) and on adefined as going from the-carbon of Gly35 to thei—car-
CRAY X-MP. The X-ray crystallographic coordinates of PCI- bon of Tyr37 (or Phe37). The residues Tyr37 (or Phe 37) and
lla isoform in complex with CPA were used to seed the MDVal38 define the second part of the C-tail. The vector CT2 is
simulation of the wtPCl after removal of the N-terminal resi- defined as going from the—carbon of Tyr37 (or Phe 37) to
due Glul (some isoforms lack it) and the C-terminal residu¢he a—carbon of Val38. The angl is that between the vec-
Gly39, which is not covalently bound to PCI in its complextors N and CT1. This angle describes orientations of the first
with CPA. The same structure, after the substitution of Pro3@art in the C-tail. In the second part of the C-tail the vectors N
by Gly and §r37 by Phe, was used to seed the MDand CT2 define the angle We can calculate the probability
simulations of the mutant PCIs. The structural patterns werdensity function for each angl®P(Q) from the histogram of
derived with the GROMOS program package [18]. The standthe angles sampled by MD:
ard GROMOS NIS (D4) potential energy function was used
for the simulations. dP(Q) = 1/ Ntotal - dQ,QMD(tn)

The cut-off for the energy potential was 8 A, without

use of a switching function. A cut-off of 13 A was used for where N, is the total number of conformations sampled in
the long-range interactions. A 2 fs time step was used in ththe trajectory; Qo is the angle Q sampled at time tn; and
integration, and the bond lengths were constrained byQ, Q,p is a function that is set equal to one if the difference

-GlIn-His-Ala-Asp-Pro-lle-Cys-Asn-Lys-Pro-Cys-Lys-Thr-His-Asp-Asp-Cys-Ser-Gly-Ala-
<—2 >< 10 20
N-tail Core

-Trp-Phe-Cys-GIn-Ala-Cys-Trp-Asn-Ser-Ala-Arg-Thr-Cys-Gly-(Pro/Gly)-(Tyr/Phe)-Val-
30 >< 36 >
Core C-tail

Scheme 1
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N with CPA, are mainly due to the hydrophobic effects of the
replacement in residue 38 of PCI, we may consider that the
binding of the inhibitor in vacuum for the wild type of PCI
and for these mutant types of PCI have the same free energy
exchange,

AG\:\;tV — AG,.I,{V

but not in solvent, therefore,

AG\Pt NG!S

being wt for wild-type, m for mutant, |,v for inhibition in
vacuum and,s for inhibition in solvent (water).

Fig. 2Geometrical definitions for the set of angles character-It can be derived that :
ising the C-tail orientation of PCI.

between Q and Q is positive and smaller than one, zero AG'S- AGlS= (AG;(CPA- PqT Aqi(t cPA P):)
otherwise. ' )
{ac acy)

Modelling of the mutant structures on residue 38. _ _

being s for solvation energym,(CPA-PCI)for mutant-type
The structure of wild type PCI was taken from the X-ray strucPCl in complex with CPAand wt,(CPA-PCI)for wild-type
ture of the PCl-lla isoform in the complex with CPA [7], add- PCl in com'plex with CPA. o
ing the C-terminal residue Gly. The structure of the PCI mu- From Richmond [23], and considering that the free en-
tants and the corresponding complexes with CPA were modgrdy exchange is proportional to the excluded volume (i.e.,
elled and visualised from the wtPCl structure by means othe increase of water molecules in the environment excluded
TURBO FRODO program [20]. These structures werefrom the outer shell of solvent of the PCI and the CPA by the
optimised by 5000 steps of steepest descent using tHghibition), we may write:

GROMOS package under NIS force field [21]. The conver-pGS (CPA PO AGpx AG = k(\(ﬁxc') )
gence criterion for the minimisation was a difference between
the penultimate and last energy smaller than $&Dmoil. AG;Z‘,L(CPA pCI)” AGpp AG, = k(\ﬁt"c') (3)

The positions of the main chain atoms of PCI were constrained,
the mutant side chains were built over them, and an optimizg;are k is a constant (k =33 , with b=KpT and r the mo-

tion of the structure by energy minimisation was performed1ew|ar density of the excluded solvent ) and
to avoid non-allowed contacts of the mutated side chains. This

approach assumes that the conformational changes in mutant

PCls are small and do not significantly perturb positions ofVie™® = Vepa+ Vo= Va(cpa po) (4)
the main chain atoms of PCI in PCI-CPA complex. We think

this approach to be valid by two reasons:

| _
(1) First of all, because the inhibitor establishes many con-\/\stxC = Vepat Vupci~ Vicpa- po) ()
tacts with CPA [7] and only a few of them are directly
affected by the mutations of Val38. being \excl the excluded volume for each structure defined

(2) More important yet, because all the mutants keep & the subscripts.

considerable inhibitory power (see results), particularly  Therefore, by direct substitution of (4) and (5) into (2)
those carrying the bulkiest residues. The calculation otnd (3), and this into (1) it can be obtained:

the volumes of the optimised structures were made by

GEPOLJ[22]. s s excl o
A hypothesis about the hydrophobic effect on the inhibi- AGp(cpa pgi~ AGu, cpa ppi=" i(Vm - thj
tion due to point mutations on residue 38 was developed as (6)

; : . =- kAV excl
follows. Assuming that the differences between the interac-

tion of PCl with CPA and the interaction of any of the se-
lected mutant types of PCI (V38&38A, V38L, andV38l)
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Fig. 3 rm.s. deviation of the MD equilibrated structure Mutants P36G and Y37F were created by site-directed
with respect to the X-ray structure, for the a-carbons. (a) wt mutagenesis, the recombinant PCls expressed and their in-
and mutant PCl-cores; (b) wt and mutant PCI-C-tails hibitory activities assayed as described in Methods.

The inhibition constank; of competitive inhibitors cor-
The calculation ofAVexcl can be directly obtained from the responds to the dissociation constant of the enzyme-inhibi-
volume of each species that is calculated with GEPOL [22]tor complex [26],Kq. Calculation of the dissociation con-
This hypothesis provides therefore a verifiable relationshipstants of competitive inhibitors from kinetic studies are valid

between experiment and theory. though theKy; of the enzyme-substrate system does not rep-
resent a true dissociation constant [27]. The standard free
Results and discussion energy of dissociatio®yGdP, for the inhibitor-enzyme com-

plex can be calculated as:
A.- Entropic contribution of the C-tail on the inhibition

and interactions responsible for C-tail orientation. /G0 = -RTIn Ky

1.- Site-directed mutagenesis studies of the mutant forms P36&cordingly, the standard association free energy of the in-
and Y37F. hibitor-enzyme complex will be AGP.

Several independer{; measurements were obtained
We substituted Pro36 for Gly to test the role of these residufor wild-type PCI and mutants P36G and Y37F. The average
in the orientation of the PCI C-tail. In spite of the fact thatK; and the derived Gibbs energies of dissociatib@g°,
glycine can be considered the more drastic replacement were calculated from these data as shown in Table 1 . Sur-
position 36, since it should lead to an increased freedom gdrisingly, both mutants showedKka indistinguishable from
movement in the PCI tail, we should note that is not uncomthat of wtPCl
mon to find substitution of a proline by a glycine in homolo-
gous sequences from different species [24,25]. In addition,
the mutantY37F was obtained to prevent the hypothetical2.- Computer simulations: wtPCI, P36G and Y37F Struc-
anchoring of the C-tail to the core of PCI by hydrogen bondtural Patterns.
ing of the hydroxyl group of Tyr37 with His16, previously
suggested by our MD studies (see Table 2). Prior to the thed-- Structural feature§he three systems: wtPCl, P36G and
retical and experimental analysis we considered that, specially37F, reach its energetic and structural equilibrium points
in the case of the P36G mutant, the inhibitory activity shouldafter about 50 ps of simulation. The average potential en-
be dramatically affected due to higher freedom of movemengrgy in this equilibrium was found between -1140 kJ-mol
in the mutant PCI C-tail. It could be expected that this enand -1180 kJ-mdl in all cases. Core—carbons r.m.s. de-
hanced freedom would decrease the probability of fitting bewviation time series are depicted in Figure 3a. The r.m.s devi-
tween PCIl and CPA. ate less than 1.5 A in the three cases for the MD-equili-
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Complex K, (Interval) K, Mean -AG interval -AG Mean
(kcal-mol?) (kcal-mol?)
rewtPCI-CPA 0.9-2.1E-9 1.5E-9 11.6-12.1 11.8
rePCl P36G-CPA 1.0-2.7E-9 1.9E-9 11.4-12.0 11.7
rePCl Y37F-CPA 0.3-2.8E-9 1.2E-9 11.5-12.8 12.0
rePCldelG39-CPA 3.1-4.3E-9 3.7E-9 11.3-11.5 11.4
rePCIV38A-CPA 65-95E-9 76E-9 9.4-9.6 9.5
rePCIV38G-CPA 0.74-0.9E-6 0.82E-6 8.1-8.2 8.1
rePCldelV38G39-CPA 26-55E-6 41E-6 5.7-6.1 5.9
rePCIV38L-CPA 11.4-14.7E-9 13.0E-9 10.5-10.7 10.6
Table 1.Gibbs energy4G)
rePCIV38I-CPA 1.7-2.5E-9 2.1E-9 11.5-11.7 11.6 of the dissociation of the

complexes PCI-CPA

brated structures versus the X-ray wild-type structure. Howthe 50 to 250 ps MD-simulations. Table 2 shows that the hy-
ever, the MD-PCI P36G mutant structure deviates from thelrogen bond pattern of the wtPCI conformational space along
crystallographic wild-type structure more than the MD-wild the MD simulation and the Y37F mutant are fairly similar.
type, especially after 180 ps. In the case of the Y37F mutarithe table also shows the hydrogen bond pattern of the
the core structure is shown to be more stable than the wilcerystallographic structure, indicated with the symbol "+".
type and it deviates less than 0.8 A from the latter structurefigure 4 depicts the net of hydrogen bonds established around
showing both a similar conformational space and dynamit¢he elbow of the C-tail in wtPCI.
properties. With regard to the C-tail behaviour, several conclusions
To calculate the C-tail r.m.s. deviations, the cocedt can be drawn from the hydrogen bond percentages. The
oms were fitted to the crystallographic structure. The C-tailmainchain H-bond Gly35-Ala26 (this hydrogen bond fixes the
r.m.s. deviations of wild type and mutants oscillate betweeriirst part of the C-tail during the time span between 50ps until
0.5 A and 2 A. (Figure 3b). In spite of relatively large fluc- 250ps) appears in the X-ray structure, both mutants and wild-
tuations that are apparent here, the C-tail wanders in a réype MD-structures. This H-bond does not explain why the
gion not too far from the one found in the X-ray structure inC-tail does not show much larger deviations than the core. A
all three cases. It can be concluded that PCI has a C-tasimilar effect is produced by the mainchain hydrogen bond
conformation space favouring formation of a complex with Tyr37-Phe23, which fixes the last part of the C-tail, although
the enzyme. Moreover, when the local RMSD of the C-tailthe strength of this H-bond is decreased in the P36G mutant
conformation is calculated by fitting to the crystallographic and increased in the Y37F mutant. The negligible importance
structure the Ca atoms of residues 33 to 38 of PCI, a deviaf the H-bond of the phenolic hydroxyl of Tyr 37 with the
tion of about 0.5 A for the wild and mutant types averagecamine on the histidine ring of His 15 is remarkable , this hy-
structures respect to the X-ray structure is found. This showdrogen bond disappears on the MD simulation of the wild
that the local conformation of the C-tail has been maintainedype PCI.
during the simulation. The RMSD of the wild type MD
averaged structure of PCI was about 0.45 A respect to thg.- Approximation to the entropic properties of the inhibitory
complexed structure. mechanism: Distribution of the angles defining the C-tdié
study of the C-tail angles (Figure 5 a,b ) aims at a more quan-
2.- Hydrogen bondslable 2 gives a list of hydrogen bonds titative characterisation of this primary binding zone. For the
established with a probability higher than 40% obtained from
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Acceptor X-RAY PCI P36G Y37F

Donor atom
atom occurrence occurrence % occurrence % occurrence %

Mainchain - Mainchain hydrogen bonds

5 ASP N 3 HIS O - 85.2 84.9 82.8

7 ILE N 20 GLY O - 75.9 - -

8 CYS N 5 ASP 0] + - - -

9 ASN N 34 CYS o + 71.8 48.9 77.7
10 LYS N 7 I LE 0] + - - -
10 LYS N 8 CYS 0] - 76.6 58.6 60.9
12 CYS N 32 ARG 0] + - 84.5 57.0
17 ASP N 14 THR @) - 95.2 76.2 96.0
18 CYS N 15 HIS O - 77.1 54.7 78.6
21 ALA N 19 SER O - 49.6 - -
23 PHE N 21 ALA 0] + - - -
24 CYS N 21 ALA 0] - 88.4 73.4 81.7
25 GLN N 22 TRP O] - 49.0 - 49.5
26 ALA N 35 GLY 0] + - 55.2 -
28 TRP N 33 THR O - 64.6 - 48.1
30 SER N 28 TRP o + - - -
33 THR N 31 ALA 0] - - 50.9 -
34 CYS N 10 LYS 0] + 63.5 85.8 66.4
35 GLY N 26 ALA 0] + 76.7 50.5 79.0
37 TYR N 23 PHE O - 71.1 66.6 92.0

Table 2a.Hydrogen bond statistics for wtPCI and mutants angle 6. This probability function shows a broad distribu-
P36G and Y37F between 50 to 250 ps. Mainchain- Mainchaition in the wild-type and both mutants. At angles close to
hydrogen bonds the crystallographic value, the function has significant val-
ues for all simulations. The highest maximum for the wild-
X-ray structure the following values are fourid: = 153.3; ~ tyPe is around 135°, while for the mutant P36G it is around
6 = 131.2. 110° and 150° in the case of the Y37F mutant. The density
of the probability function shows that the end of the C-talil

Angle¥. The probability density distribution fé¥ in the remains in both mutants sticking out of the protein core, as

wild type and P36G, Y37F mutants has a gaussian form. THaappens in the W.ild-t)'/pe. _

main maximum spans from 9@o 135 for wild-type PCI, The conclusion is that mutants P36G and Y37F will
90° to 145 for the P36G mutant. and 8o 120 for the  INhibit CPA, but it cannot be easily determined to what ex-
Y37F mutant. The tails of both mutants spend most of th&ent the inhibition will be affected. The observed behaviour
time in a region of conformational space which correspond®f the C-tail for wtPCl, P36G and Y37F shows a high simi-
to that of wtPCI (which roughly corresponds to that found inf7ity in conformational space (see figure 5) defined by the
the crystallographic orientation). In summary, there is a goodlistribution of the angle&’ and 6, as well as by the rm.s.

match in the conformational-space probability area of the angl$€€ Figure 3b). This similarity can be regarded in thermo-
W petween the wt PCI and the mutants. dynamic terms as entropy and we may then assume that the
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Acceptor X-RAY PCI P36G Y37F

Donor atom
atom occurrence occurrence % occurrence % occurrence %

Mainchain - Sidechain hydrogen bonds

7 ILE N 5 ASP OD1 + - - 47.1
14 THR 0G1 13 LYS O] - - 91.6 -
14 THR N 17 ASP OD1 - 42.4 - 44.1
15 HIS N 15 HIS ND1 - 55.7 40.0 52.6
21 ALA N 25 GLN OE1l - - - 56.3
22 TRP NE1 4 ALA o + - - -
22 TRP N 25 GLN OE1l - 80.7 - -
23 PHE N 5 ASP OoD2 + - - -
25 GLN NE2 18 CYS O] - - - 83.9
25 GLN NE2 22 TRP 0 + - - -
33 THR 0G1 31 ALA O] - 94.6 - 92.9
37 TYR OH 22 TRP O - - 40.7 -

Sidechain - Sidechain hydrogen bonds
9 ASN ND2 3 HIS NE2 - 61.3 - 51.0
15 HIS ND1 37 TYR OH + - - -

Table 2b. Hydrogen bond statistics for wtPCl and mutantgresent in the PCI native form. When we tried to express the

P36G and Y37F between 50 to 250 ps. Sidechain hydroggfitant gene G35P+P36G, no mutant protein was found nei-

bonds ther by activity assays nor by ELISA, suggesting that this
mutant can not fold properly and it is quickly degraded. This

variation on the entropy for the inhibition of CPA has small surprising result shows that the net of hydrogen bonds con-

differences between wtPCl and both mutant form P36G and@ecting the core and the C-tail is probably involved not only

Y37F. In addition, the interaction between PCI and CPAIn the ability of PCI to inhibit CPA but also in the folding

would be similar for wtPCI, P36G and Y37F, because theyathway of PCI itself.

proline residue in position 36 has few contacts with CPA

and the benzene ring of residue 37 is maintained in Y37F.

Although the hydrogen bond of the phenolic hydroxyl of B.- Hydrophobic contribution of residue 38 on the inhibi-

residue 37 is lost on the Y37F mutant, this does not affect tgon.

the C-tail conformation. In conclusion both mutants would

have an inhibition constant similar to the one for wtPCI.  1.- Site directed mutagenesis studies of the mutant forms:

From all these studies, it can be concluded that the origelG39, delV38G39, V38G, V38A, V38L and V38I.

entation of the C-tail of PCI cannot be attributed to the

directionality imposed by proline 36, being the key factor To test the role of Val 38 in the stability of the PCI-CPA com-

for the C-tail orientation the net of hydrogen bonds betweerplex, a series of site-directed mutants was created: delG39,

the whole C-tail and the PCI core (see figure 4) . This resultgelV38G39, V38G, V38AV38L and V38I.All of these mu-

stem the hypothesis that the mainchain H-bond Gly35-Ala2ants were expressed . coli as extracellular soluble pro-

may be of crucial importance on the inhibitory function of teins. TheirKi and AG is shown in Table 1.

PCI. In order to further test this hypothesis, the mutant gene The Kj of the first mutant of the series, delG39, was 3.1-

G35P+P36G was obtained. The substitution of Gly35 by Prai.3 x 109 M, only slightly higher than that of wild-type PCI,

would suppress this hydrogen bond. Moreover, changing.9-2.1 x 169 M, indicating that the last residue of the C-tail

Pro36 by Gly would help to retain the C-tail conformation of PCI, Gly 39, has no important role in the stabilisation of its
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Fig. 4 Hydrogen bonds net
anchoring the C-tail of
wtPCl according to the
crystallographic structure.

complex with CPA. In fact, a highly homologous inhibitor can be estimated by comparing th€d° obtained for the
from tomato lacks the C-terminal glycine [28]. In contrast,complex PCldelV38G39-CPA with that of the complex
the mutant PCI with deletion of the last two residues of the CPCldelG39-CPA. We can therefore estimate that Val38 con-
tail, Val38 and Gly39 (PCI delV38G39), showed a dramatictributes with 5.2-5.8 kcal-moh to the stability of the natu-
decrease of inhibitory activity towards CPA. The stability of ral complex. This value represents about half of the total
the complex PCldelV38G39-CPA, expressed/5d0, de-  stability of the complex, 11.6-12.1 kcal-rdol

creased to 5.7-6.1 kcal-mio(see figure 6). The overall con- The point mutants V38A and V38G were obtained to es-
tribution of Val38 to the stability of the complex PCI-CPA timate the contribution of the interactions established by the

@ (b)
0.030 0.030
0.025 1 0.025 A
p ] Y37F mutant
wtPCI P36G mutant ]
0.020 0020 A
= = ]
= 0015 £ 0015 A
= 3 5 ]
[=3 - = i
= Y37F mutant g_ ]
= = .
= 0.010 - =. 0010 -
= N = .
s z ]
0.005 | 0.005
] /U| v ]
0.000 1 7) 0.000 -
T T I T L T I 1 T I T T I T T I T T I I I
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angley (degrees) angle® (degrees)

Fig. 5 Angular distribution function for the angles defined
to characterise the C-tail orientation of PCI.
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a)
PCl wt-CPA PCI V38I-CPA
11.6-12.1 Kcal/mol A 11.5-11.7 Kcal/mol
(Y -CH3
.9-1.6 Kcal/mol
two y-CH3

PCI V38L-CPA R

10.5-10.7 Kcal/mol 2-2.7 Keal/mol _ _
Whole side-chain
contribution
3.4-4 Kcal/mol

PCI V38A-CPA
9.4-9.6 Kcal/mol

P-CHZ
.2-1.5 Kcal/mol

PCI V38G-CPA
8.1-8.2 Kcal/mol
b)
Gly Ala Val Leu lle
ca o ca ca ca
s s Lo
o e y c( +c ey
i c{ A\ cd cd
Additive

contribution limit

Fig. 6 (a) Differences in dissociation free energid&(’) of  The difference in D@® between the complexes of wtPCl-
the complexes formed by CPA and the recombinant WtPCIgpA and PCIV38A-CPA is 2-2.7 kcal-md), attributable to
V38L, V38, V38A,V38G. (b) Schematic representation othe two g-methyl groups of Val38, absent in the mutant PCI
the side chain groups of the residue in position 38 in wtPCly/38A (Figure 6a,b). As both groups are sterically equivalent,
V38G, V38A, V38L, and V38I. Methyl groups in posion  they are likely to contribute equally, 1-1.4 kcal-tholo the
present in mutants V38L and V38l, do not contribute to theyverall stability of the PCI-CPA complex. This value is simi-
stability of the PCI-CPA complex. lar to the contribution of the b-methylene of Val38 deduced
above.These results suggest that the hydrophobic contribu-
different chemical groups of PCI Val38 with residues at thetion of each methyl/methylene group of residue 38 tA@Gg©
CPA active site. The difference &Gd° between the com- of the PCI-CPA complex is the same, about 1-1.5 kcaftmol
plexes of CPAwith PCI V38G and with wt PCI, The mutants so far analysed indicated that the side-chain
3.4-4 kcal-mat, is an estimation of the hydrophobic contri- hydrophobic contribution of the residue in position 38 of PCI
bution of the three aliphatic side chain carbons to the overals very important for the stability of the protease-inhibitor
stability of the complex (Figure 6a). The difference betweercomplex. In order to further analyse it we constructed two
this contribution (3.4-4 kcal-mél) and the overall contri- more mutants: V38L, V38I. The mutant V38L was less active
bution of \al38 (5.2-5.8 kcal-md)) is 1.2-2.4 kcal-ma, than wtPCI (the free energy of the complex V38L-CPA is
which can be attributed to the interactions that the carboxyl0.5-10.7 kcal-mdY). In contrast, the mutant V38| presented
group of Val38 establishes with CPA. The second mutantaK;j indistinguishable from that of wt PCI. In order to explain
PCI V38A, showed a free energy of dissociation with CPA these results, we formulated the hypothesis that the stability
of 9.4-9.6 kcal-mol. The diference inKj and stability of  of the complex PCI-CPA depends not on the overall side chain
the complex PCI-CPA between both mutants (V38A andhydrophobicity of the residue 38 of PCI but only on the addi-
V38G) is, therefore, attributable to the hydrophobic contri-tive hydrophobic contributions of the methylene/methyl groups
bution of the side chain methyl group in position 38 of PClin positionsf3 andy (Figure 6b). The aliphatic groups in posi-
V38A. This contribution can be estimated as tion d of the residue 38 of PCI, present in mutants V38L and
1.2-1.5 kcal-molL. It can be assumed that the contribution V38, would not make any contribution to the stability of PCI-
of the methylene in position b of Val38 to the overall stabil-CPA complex.This hypothesis is supported by the results
ity of the complex wt PCI-CPA is then 1.2-1.5 kcal-thol obtained ofAG(O for V38L and V38l. The CPA complex with
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V38L should have aAG(® 1-1.5 kcal-mot lower than the 2.- Computer model for the interaction of PCI mutant forms
complex with wt PCI, since it loses one of the methyleneV38G, V38A, V38L and V38l with CPA.
groups in g that contributed 1-1.5 kcal-rhdb the binding.
The difference found experimentally between th@d° of The mutant forms of PCI V38G,V38A,V38L and V38l were
the two complexes was 0.9-1.6 kcal-th@ligure 6a). In the  modelled over the wtPCI conformation (see above) in order
other hand, valine and isoleucine have the same number & further assess the above discussed hypothesis on the bind-
methyl/methylene groups iff andy positions of their side ing affinities of the different PCI variants in residue 38. Their
chains. Therefore, their complexes with CPA should have thdifferences inKj were then interpreted exclusively by the
sameAG(0, and that is exactly what was experimentally foundchanges in interactions involving side chain atoms of resi-
(Figure 6a). due 38 with the active site cavity of CPA and the hydropho-
bic effect of the substitution. After energy minimisation the
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= 100 L Fig. 7 (a) Volumes of wtPCI and
i - mutants, alone (right) and in
=] B complexes with CPA (left), versus
e 0.00 the solvation free energies of
TF mutated residue 38 of PCI,
B according to Eisenberg and Mc
qo00 L0 1011 Lachlan (1986).

0.0 200 50.0 80.0 110.0 (b) increase ofAG, of CPA-PCI
excl 3 3 complexes versus the difference of
— Avexelinm3 x 103) excluded volumes.
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surface-triangulation program GEPOL [22] was used to calbeing k = KTr [23] \meXcl the excluded volume when form-
culate the volumes of wt and mutant PClIs and of their coming the complex CPA-mutant;M€Xcl, the excluded volume
plexes with CPA. The excluded volume when forming thewhen forming the complex wtPCI-CPA, anyexcl the dif-
complex, \XCl is calculated according to the expression: ference in the excluded volume.

Alinear relationship was found betwes@AG) of the com-
plexes calculated from the experimental datd the increase
in the excluded volume for the different PCI v;réants
. . (Figure 7b). Assuming that approximately r = 0.03 A
where \cpa is the volume of CPA alone,p, is the volume (molecular density of water alone) and T=300 K, we get

of PCl alone, and dba-pils the volume of the complex. 4 55 (cal.moflk-14-3), which lies whiten the same or-

Computer graphic analysis of the energy minimised COMyer of magnitude than the one found for the slope from

plexes shows that the electrostatic mterac'uops and .hyd.rolf(ijgure 7b (m=0.04). All these results are in agreement with
gen bonds between both molecules are essentially malntalmt:h

in the whole series. This is an obvious consequence of the hypothesis made to explain the experimental results, that

model building employed. Subsequently, we compared -0 side chain aliphatic&In position 38 is not buried in the

changes in volume with the variation in hydrophobicity, thatacnve site cavity of CPA, probably being in contact with the

is, with the tendency of the side chain to become buriedWater shell of the complex and not making any contribution

using the solvation free energy values of Eisenberg angjo its stability.
McLachlan [29]. As shown in Figure 7a, there is a clear re- Analysis of the generated structures of the different mu-

lationship between the volume increase of PCI alone anaant |nh|b|tor-CPA complexes in computer graph|c§ helps't'o
S . . isualise and understand our results. The S1 subsite position
the corresponding increase in the solvation free energy of

the different residues placed at position 38 of PCI. In con” the enzyme, Wh'.Ch is located in a harrow passage closg o

residue 38 of PCI, is followed by a wide pocket. Only chemi-
trast, the total volumes of the PCI-CPA complexes are onlyCal roups in position® and y of residue 38 would be in
affected for mutant residues lle or Leu, that is for those con- group P Y

taining & methvl arouns. This also explains how the free appropriate positions to be buried in the active centre of the
9 y? groups. pa CPA, while @ in mutants V38l and/38L are faced to the
energy of hydration affects the total variation on free energ

: Yvater shell. In the case of mutant V38L, one ofytmeethyl
teoxct:Esr;gotle\,/g?lnly due to the exposure ofaimeethy! groups groups of Val38 is absent. In wtPClI, thignethyl interacts

with the aromatic rings of two CPA residues: Tyr198 (at 3.79 A)

If our approach is correct there should be a linear rela; |\ o579 (a1 3.81 A). In the case of mutant V381, in which

tionship between the .change in dissociation energy of th%othymethyl groups are present, tigwas similar to that of
fr?ernizIS;:aee;?s,AefAir??[hr:IZEZE (;(;Jr:/?)ln,rtrfecIﬁ;ﬁa??a?l:ﬁa?:?hi\'\/tpa' Figure 8 shows a stereo view of one model built mu-
change according to equation 6: ' tsant of PCI, lle38, in the S1 subsite of CPA. It can be seen that
' thed methyl group of the mutant is directed backwards to the
PCI core, specifically to Trp28 of PCI, and has no significant
£( AC} =- %V;XC'. \ﬁx‘j:- I\ \/ExC (6) contacts with CPA. Therefore, it cannot contribute to the sta-
bility of the complex.

v® = VCPA+ VCPCI VCRA PCI

Fig. 8 Computer graphic visualisation of the
model-built mutant PCI V38I interacting with
CPA in the S1 subsite. The stereo view depicts
the spline Connolly surface (rolling sphere 1.4 A)
of CPA in blue.




66

J. Mol. Model.1995,1

Conclusions lowship recipient from the Programa de Quimica Fina

(CICYT). This work has been supported by grants
Despite its inaccuracy, the experimental results corroborateBI094-0912-C02, BI092-0458 and IN94-0347 from the
the predictions made by MD simulation for the C-tail mu- CICYT (Ministerio de Educacion, Spain) and by Fundacién
tants P36G and Y37F, that is, both mutants P36G and Y37Francisca de Roviralta. The authors acknowledge CRAY
remained good inhibitors. It has to be kept in mind that thecomputing facilities provided by CESCA.

wide confidence interval found in th€; determinations is
quite normal in assays of inhibitory activities [7,15]. As a con-

sequence, thi; experimental values are not accurate enougtReferences

to allow an exact quantification and comparison to those com-
ing from molecular dynamics, which are also an approximad.
tion. However, the fact that tH§ (or AGH0) of the mutant
P36G (designed to enhance C-tail mobility) is quite similar2.
to that of the wild-type clearly indicates that proline 36 does
not play such an important role for the inhibitory activity of 3.
PCI as was previously considered][1Although the present
approach is still a qualitative one, in that a simplified molecu4.
lar dynamics procedure is utilised, on many occasions this
approach will be helpful to protein designers. At the presenk.
state of computer simulation methodology, it is generally
assumed that it is quicker to create a site-directed mutant than
to analyse it by MD. This is true when the replacement leads.
to a mutant polypeptide expressed as a soluble protein, as it
was here, but when a mutation affects the folding or struc?.
tural stability, obtaining the mutant polypeptide can be time-
consuming or even impossible. This was the case for th8.
G35P+P36G mutant, where we predicted an important varia-
tion on the functionality of the mutant. We found when trying 9.
to obtain the mutant that the net of hydrogen bonds found
around residue 35 is also probably involved in the folding of

PCI. Except for the case of mutations involved in the folding10.

of a protein, the MD methodology in its present state may

become not only competitive but an indispensable tool. 11.

We have also shown that an MD simulation is not always
needed.Thus, it is not an standard recipe for the theoretical

study of mutations on proteins but a tool for analysis of its12.

properties. As it is shown on our second approach for analys-
ing the experimental results obtained in the case of mutants

on residue 38 of PCI, an MD simulation would not have beeri3.

helpful because the free energy exchange of the inhibition is
related to the interaction of residue 38 with its environment,

including the hydration energy of the molecules and the vari14.

ation of contacts within the active site cavity of CPA. The

most common method used for this kind of analysis, and als5.

expensive on calculation, is the Free Energy Perturbation
methodology [30]. Instead of this, we have taken advantage

of the experimental knowledge of the protein used. We havé6.

tried to elude several long FEP calculations by a simple hy-

pothesis to model the inhibitory mechanism of the mutantl?.
forms of PCI on residue 38. This approach has been succeskS.

ful with a simple refined model.
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