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We present a comparative study between two members of serine and aspartic proteases complexed with a
peptide substrate. The same computational setup is used to characterize the structural, electrostatic, and
electronic properties for the Michaelis complex of furin, a serine protease, and of the aspartic protease from
HIV-1. In both cases plane-wave density functional theory (PW-DFT) and empirical force-field-based molecular
dynamics calculations are used. For furin, calculations are extended to the complex with the intermediate of
the first step of the reaction. Comparisons are also made with results from recent PW-DFT investigations on
both families of enzymes and with the same chemical groups in an aqueous environment. It is found that the
substrate carbonyl group is more polarized in the furin complex than in the HIV-1 protease one. A further
difference regards the large-scale motions of the complexes as a whole and local conformational fluctuations
at the active site. The global and local fluctuations are well coupled for HIV-1 protease but not for furin.
Thus, despite some chemical analogies in the first step of the reaction mechanism, furin and HIV-1 protease
complexes appear to be characterized by a different interplay of electrostatics and conformational fluctuations.

Introduction
Asp153 Aspl53

Atomistic molecular dynamics (MD) simulations as well as - ﬁz o - R ./%
mesoscopic approaches have highlighted the general importance Y l “ T T,
of concerted structural fluctuations for the internal dynamics NG o
of enzymes:~15 Owing to their important role in the cell cycle =~ W ~ W
of all living organism&® proteolytic enzymes have been an early Ser368 Ser368
target for these dynamics-based investigatioh5-1° Only His194 His194
recent MD simulations, however, have shown that two proteases
with distinct folds (HIV-1 protease and-secretase) possess E-S E-INT
similar large-scale concerted movements modulating the active .
site geometry:1° %N

The introduction of suitable coarse-grained models has /0/%_ ™,
broadened the scope of the atomistic approaches by enablinq)) T
the systematic characterization of collective movements for . " (o
representatives of the entire superfamily of proteolytic en- ""}-J\ / ’/&o o%
zymes? It was found that several proteases, differing by folds e } C. Asp2 i
and catalytic chemistry, can nevertheless sustain similar large- O,H' ) P E-INT1 Asp25
scale concerted movemerfsAn exception to this pervasive PN
and remarkable overall accord of concerted movements is rgo % G w
constituted by aspartic and serine proteases (APs and SPs , S
hereafterf° Their low degree of similarity stimulated the present Asp2> Asp25 H/"/ol@_ e,
study, which compares, for the two systems, aspects related to o He
electrostatics and conformational fluctuations. "

The comparison of serine and aspartic proteases is made E-S o d
particularly interesting by the fact that the first step of their Asp25 E_INT2 Asp25'

catalytic cycle shows nontrivial chemical similariti€s25 ) ] ) )
Figure 1. Scheme of the first step of the hydrolysis reaction catalyzed

_Indeed, the first sta_g_e of this multistep hydrolysis reaction by serine proteas&q(a) and asparic proteadégh). In (a) the catalytic
involves a nUCIeO_ph'I'C attack toward the su’bstrate carbonyl serine residue (Ser368 in furin, the serine protease considered in this
group. The attack is performed by a sefftie SP’s and awater  ork) performs a nucleophilic attack on the carbonyl carbon of the
molecul&17-19.27in AP’s (E-S in Figure 1). Both nucleophiles  substrate, with the formation of a negatively charged tetrahedral
interact by H-bond donor functionalities (stronger for water), intermediate. In (b) a water molecule, H-bonded to the catalytic Asp
which might modify their nucleophilic power relatively to the dyad, performs a nucleophilic attack on the carbonyl carbon of the

; T substrate forming a highly reactive intermediate. The latter has been
bulk aqueous environment. The nucleophilic attack leads to the proposed to be either neufa(E-INT1) or negatively charg@dE-
INT2). Residue numbers refer to those of HIV-1 PR, the aspartic
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traits, the two enzymes exhibit a different interplay of electro-
statics and conformational fluctuations.

Materials and Methods

Furin. The E-S and E-INT models are based on the structure
of mouse-furin ectodomain (residues 1&878) covalently
bound to the tetrapeptide inhibitor decanoyl-Arg-Val-Lys-Arg-
chloromethylketone (pdb code: 1P83)This inhibitor, which
contains the consensus sequence for furin cleavage, is slightly
modified to generate a functional substrate for the enzyme
(acetyl-Arg-Val-Lys-ArgN-methyl)3* In E-S, Aspl53 and
His194 are assumed to be charged angrotonated, respec-
tively.3L In E-INT the Q, of the serine is bound to the carbonyl
carbon of the scissile peptide bond and Asp153 and His194 are
assumed to be both in their charged stété® E-S and E-INT
are immersed in a rectangular box containing 17 365 water
molecules. Their overall negative charge is neutralized by adding
5 sodium ions, located far from the active site to minimize their

PM(A) PM(f\) electrostatic effect on the reactants. .
Figure 2. Upper panels: HIV-1 PR (a) and furin (b) Michaelis Constant t?’"peg’“@ﬁa{‘ﬁ ngs(;",‘\;l‘;pcrgwﬁi\%"f S.'m“:‘;‘
complexes (E-S). The top four eigenvectors of the covariance matrix lons are performed with the packagesing the
are represented as arrows of width and length proportional to the AMBER parm94 force field® For E-INT, all the tetrahedral
modulus. The first, second, third, and fourth eigenvectors are colored intermediate parameters were taken from the general AMBER
in red, gray, orange, and yellow, respectively. Active site residues and force field (GAFF), whereas point charges were obtained
the substrate are highlighted in green. Bottom panels: Equal time following the standard procedure adopted in AMBER force
ﬁ'rrgtlizt;‘;';?i;féhﬁ;pnsigl‘tsap“af’coeufof?h”g?,;’g‘;goM“ﬁ:'Jgjecﬁtgig%‘; ;;Q% the fie|d.38 Periodic boundary conditions are applied by treating
and for the act%(/e site region®4s) of HIV-1 PR (c) and furin (d). long-range glectrostgtic interactions vyith the particle-mesh
Ewald techniqué? A time step of 1.5 fs is used with all bond
formation of a negatively charged transition state (TS) for lengths kept fixed by applying LINCS algorithf.The time
SP’s23-25 stabilized by the electric field of the active sfé&?8 evolution of the system is followed for 10 ns, after an
and, subsequently, to a negatively charged intermediate (E-INT equilibration period of 0.5 ns at 310 K and 1 bar. Electrostatic
in Figure 1la). For AP’s, instead, two alternatives have been effects are calculated carrying out QM/MM hybrid Car
proposed: either a negatively charged tetrahedral intermétliate Parrinello DFT based molecular dynamics simulations on the
or a neutral on&'81°(E-INT1 and E-INT2 in Figure 1b). E-S complex using the CPMD3.10/Gromos cét&he calcula-

To investigate similarities and differences between serine andtions are performed employing the BLY#3gradient-corrected
aspartic proteases, we compare, within the same computationakxchange and correlation energy functional, along with a plane
setup, structural and electronic properties of the Michaelis wave expansion of the valence electrons wavefunctfomith
complexes (E-S) for two specific enzymes: futhan o/p a cutoff of 70 Ry and TroullierMartins pseudopotentiafs.
monomeric SP member and the maiplydimeric AP from The QM region contains the catalytic residues (Asp153, His194,
human immunodeficiency virus HIV-1 PR (Figure 2a,b). For and Ser368) and the scissile peptide bond. Hydrogen atoms are
the latter we perform novel analysis on data collected by our added to saturate the bonds at the interface between the QM
group in previously published QM/MM and classical MD region and the MM one. The rest of the system is treated using
studiest®1930 For furin, the investigation is extended to the the same force field as in classical MD simulation (AMBER
complex with the negatively charged INT species (Figure 1a), parm94 force fieléf). The calculations were started from the
whose existence was established by previous calculdfiéhs last configuration of the 10 ns long classical MD simulation
as well as experimental wofR. Although enzymes clearly  and the QM/MM dynamical evolution was monitored for 3 ps
stabilize the TS (and not the intermediate) relatively to the (NVT ensemblef®
Michaelis complex, calculations on the E-INT complex might HIV-1 PR. The novel analysis on HIV-1 PR and on the
provide insights on the mechanism, as in SP’s the reaction reactants (bulk water and ethanol in water solution) presented
proceeds through late-1%5.Data from simulations of simple  here is performed on trajectories obtained previously for the
systems such as bulk watéand ethanol in water solutiéh E-S complex (see ref 19) using the same computational setup
are used here as reference systems for the nucleophilic agentdiscussed for furin. In particular for HIV-1 PR the analysis is

The calculations provide new elements regarding the reactantsperformed on a 10 ns trajectory from a constant temperature
polarization. It is found that the substrate carbonyl group in the constant pressure classical MD simulation performed using the
furin complex is more polarized than that in the HIV-1 PR one. same force field used for furin. Likewise, 4 ps hybrid QM/MM
On the other hand, for the nucleophiles we found that the Car—Parrinello simulations were performed using the same
catalytic water in HIV-1 PR is more polarized than in the bulk, gradient-corrected exchange and correlation energy functional
whereas the opposite is true for the catalytic serine in furin. A and the same cutoff in the plane-wave expansion of the wave
further salient difference concerns large-scale conformational function. The DFT region is constituted by the catalytic residues
fluctuations. The global concerted movements do not ap- (Asp25 and Asp29, the scissile peptide bond and the catalytic
preciably modulate the active site geometry in furin, whereas water molecule.
they significantly couple to the active site conformational Most of the presented results are based on the following
fluctuations in HIV-1 PR. analysis:

Thus, although the first step of the proteolytic reaction (i) Principal Component Analysis (PCA)The large-scale
mechanism of furin and HIV-1 protease share some common concerted movements of the enzymes are obtained as the top
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eigenvectors of the covariance mat@x The latter is obtained  TABLE 1: Electronic Structure of the Reactive Groups

from the instantaneous displacement veetr(after removal ~ Involved in the Peptide Hydrolysis Reaction in HIV-1 PR
of rigid body motions) of théth C, atom from the reference ~ and Furin?
(time-averaged) position. The matrix elem€&hfq is, in fact, . ehiaey e -
defined asCijqop = X" éfowherea and 8 denote the .o. offe _,/Q_
Cartesian components and the brackets indicate the time i CH, . :d “H
averagefs47 sl Ve a

(i) Electrostatics.Bond polarizations are obtained by analyz- ]
ing the many-body wave function. As a practical descriptor we furin HIV-1 PR
used the Boys orbital$ calculated as in ref 32 on 30 and 40
configurations equispaced in time, spanning the 3 and 4 ps for furin  HIV-1PR  ethanol  bulk water
furin and HIV-1 PR, respectively. d(Ope—BOL,) 0.33 0.34

As fewer computational characterizations exist for furin than  d(Ope;~BOg,.) 0.31 0.32
HIV-1 PR, we have carried out for the former additional  d(Cpes—BOp_o) 0.88 0.86
classical electrostatic calculations. Specifically, the classical MD  d(Crey—BOZ_o) 0.89 0.88
trajectory was used to obtain the electrostatic interaction energy d(Opes—BOp—o) ~ 0.47 0.48
between residues at the catalytic site and their surrounding d(OperBO—)  0:47 0.47
protein/solvent environment. It should be pointed out that the d(Ona—BOp,) 031 0.33
resulting electrostatic description in terms of effective point d(Owa—BOg,) 031 0.32
charges has not the same transparency and reliability as quantumggg”yd:ggo‘“; 8'29 8'2(5)
calculations. In the present context it will therefore be used to d(O::\/y:_BOf('}S ' 0.32 ' 0.33
draw only qualitative conclusions. d(OWat—BOﬁc::e) 0.33 0.33

d(Owar—BOo-ts1, 0.47 0.50

Results and Discussion deNZ:_Bog—HZ; 0.53 0.50

The results of our investigations for the HIV-1 protease and _ ®Bottom: distances (in A) of the center of selected Boys orbitals
furin are hereafter presented in a comparative fashion. The(Bgsz frr10m selected d"?‘toms 'rl‘ theh."ilc“‘ze ﬁ'te C?f f“&'” and)l—_|lv-1 PR
: - . ._and of the corresponding nucleophiles (ethanol and water) in aqueous
material has bee_n organized s0as to cover the sahent prOpemegolution. Distances are reported for: (i) the hydroxyl group of Ser368
of the conformational fluctuations of the Michaelis complexes 5,4 the carbonyl group of the scissile peptide bond for furin; (ii) the
(E-S). For furin the discussion is extended to the structural catalytic water molecule and the carbonyl group of the scissile peptide
characterization of Michaelis complex and of the first reaction bond for HIV-1 PR. Top: picture of the BO’s considered for furin and

intermediate. Finally, we provide a discussion on the electrostatic HIV-1 PR.

field at the active site. amplitude of the system motion projected (at equal times) on
HIV-1 PR Michaelis Complex: Structures and Confor- the first essential eigenvector of (i) the entire complex and (ii)
mational Fluctuations. To investigate the role of conforma-  of the active site region. The essential eigenvector and the
tional fluctuations for the enzymatic reaction, we monitored the amplitudes of the projected motion are calculated after removal
time evolution of the sum of the distances between thatGms of the rigid body motion of (i) the whole complex and (ii) the
of the substrate and those of the catalytic Asp’s (the sum active site region. The plot therefore provides a visual perception
involves four atom pairs in total). These distances show two of the high degree of correlation between the fluctuation
abrupt changes, which correspond to the forward and reversedynamics of the complex as a whole and that of the active site
transition from an average distance of 7.5 A to an average region.
distance of 8.5 A occurring respectively after 0.8 and 1.8 ns of  Furin: Structures and Dynamics of E-S and E-INT. The
the simulated evolution (10 ns in total). Previous ab initioc MD-averaged distances among active site atoms in the two
calculations, aimed at clarifying the reaction mechanism of this species are very similar to those calculated from the X-ray
protease, demonstrated that only one of these two active sitestructure (Table 1, Supporting Information). In both cases, the
conformations is capable of catalyzing the proteolytic rea2®n initial active site H-bond pattern involving the catalytic triad
and showed a role for global conformational fluctuations in (Asp153-His194-Ser368, Table 1, Supporting Information) is
modulating these conformational transitions. preserved all along the MD trajectory. There are, however,
To ascertain if the global conformational fluctuations of the significant differences in the active site geometry (Table 1,
complex as a whole are capable of modulating the active site Supporting Information). (i) Asn295 residue, which constitutes
region, we performed and compared two principal component the so-called oxyanion hole and is fully conserved in subtilisin-
analyses (PCA's). The first analysis was performed over the like serine proteasé;*® points toward the solvent in E-S,
entire enzyme/substrate complex, and the second was restrictedvhereas it forms an H-bond interaction with the substrate. (ii)
to the active site region. We define the latter as comprising all The number of H-bonds between the catalytic triad and three
residues at a distance smaller than 10 A from the catalytic Asp25 of the substrate residues (Arg2, Nme4, and Arg5) is larger in
(the distance was measured between the afbms). This E-INT than in E-S (Figure 3). In particular, the carbonyl oxygen
criterion lead to the selection of 23 residues defining the active of Arg5, which is hydrogen-bonded to Asn295 in E-INT, in
site region. E-S is found to be H-bonded to a water molecules coming from
The top eigenvectors of the covariance matrix (essential the bulk. The difference in H-bond interactions is also supported
dynamical spaces) calculated for the whole complex were found by the calculation of the E-INT and E-S electrostatic interaction
to have a significant norm on the active site region, particularly energy, which in the AMBER force field takes into account
on the flaps, suggesting a strong mechanical coupling betweenH-bonding interactiond As can be seen from Figure 4, the
the active site and the rest of the protein (see Figure 2a). Theelectrostatic stabilization of E-INT is larger than that of E-S.
strength of this mechanical coupling is conveyed by the scatter These observations are consistent with a previous QM/MM
plot of Figure 2c where we have represented the instantaneousnvestigation on trypsid! which showed that the electrostatic
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20 60 the active site. As for the HIV-1 PR case, this region is defined
2 st a) 1 oF b) ] as the set of 24 residues for which the distance of that6m
Z w0 30l 1 from the G, atom of the catalytic His194 is smaller than 10 A.
a?\, st ] fg: ] The top eigenvectors of the covariance matrix calculated on
0 the whole complex do not show a significant norm on residues
100> ! 2 belonging to the active site pocket (see Figure 2b). This contrasts
2 sof c) ] gg: d) ] to what observed in HIV-1 PR (Figure 2a). Notably, also the
-2 60f 1 ot ] coupling between the active site motion and that of the whole
S 40 301 ] complex is much less pronounced than in the case HIV-1 PR.
B 20t 1 fg: i This is readily perceived in the scatter plot of Figure 2d which,
0 analogously to the Figure 2c, provides the amplitudes at equal
] 100 times of the motion projected along the first essential eigenvector
g 4o €) | sof D ] of the whole complex versus the one of the active site region.
a.; ;E_ ] jg_ In summary, conformational fluctuations at the furin active
® 10l 1 a0l ] site have a smaller amplitude (by a factor 2) compared to HIV-1
0 0 PR (see Figure 2d) and are more weakly coupled to the global
23456789 0 ] 2 concerted motions of the complex.
# of hbonds # of hbonds Polarization of the Reactants in the Michaelis Complexes.

Figure 3. MD of furin: normalized distributions (black, E-S; red,  We extended the investigations presented above to analyze the
E-INT) of the number of H-bonds involving the Ace-RVKR-Nme infiyence of the protein electrostatic field. To this end, DFT
substrate investigated in this study: (a) Acel; (b) Arg2; (c) Val3; (d) . .
. . calculations on furin were performed here, whereas for HIV-1
Lys4; (e) Arg5; (f) Nme6. . :
PR we relied on data previously collected by our grétpor

a) _ ; completeness, comparisons with models of nucleophilic agents
10 g in aqueous solution have also been carried out. Specifically,
I R 1 ethanol in wate® and bulk wate¥ were used for SP’s and AP’s,
= T I TT | T respectively.
E -10F l ] The electronic structure of functional groups involved in the
G T 1 reaction is characterized in terms of Boys orbitals (B®?s),
¥ 20r I 1 iy which permits an expansion of the many-body wave function
= _30'_ i onto doubly occupied orbitals corresponding to covalent bonds
I ] and lone pairs. The center of charge of the BO (BOC) provides
401 . a useful tool to quantify the polarization of covalent bonds and
AspIS3HisId Scr368 Acel Arg2 Va3 Lysd Args Nmch to analyze differences in the electronic structure of the same
b) 006 functional group in different environments.
We first discuss the polarization of the nucleophilic agents.
0.05- In furin, the serine hydroxyl group donates a hydrogen bond to
ooak His194 and does not receive any H-bond from the surrounding
residues. Instead, in solution two water molecules are H-bonded
0.03F to the hydroxyl oxygen of ethanol. As a result, an appreciable

shift of electron density from the carbon atom to the oxygen
atom and a displacement of the lone pairs BOC's (see Table 1)
001k dﬂ takes place. This is an indication of a larger polarization of the
’Iﬂm hydroxyl moiety of ethanol in aqueous solution than of serine
L 0 in the furin active site. On the other hand, the charge distribution
E (Kcal/mol) of the nucleophilic agent in HIV-1 PR is strongly asymmetric
because of the presence of the charged Asp25 to which water

Figure 4. Interactions in furin: (a) difference, between E-S and E-INT,  is pound. The BOC placed between the oxygen atom and the
in the electrostatic interaction energy between each residue and the . :
rest of the system (standard deviations are represented as error bars;;]ydrogen atom H-bonded to the Asp25 carboxylate is systemai-

(b) normalized distribution of the total interaction energy between the Cally closer to oxygen than the one of the other waterHD
active site and the rest of system (black, E-S; red, E-INT). The obtained bond. The difference between the two distances (0.47 and 0.53

electrostatic energies should be taken only for a qualitative comparison. A respectively) hints at the role of the carboxylate moiety in
interaction energy between the active site and the protein the activation of the water molecule and in the breaking of the

environment is more negative for E-INT than for E-S with a O—H bond during the nucleophilic attack. Thus, the electronic
difference of about 20 kcal/mol (Figure 4 of ref 31) and that Structure of the nucleophile appears to be significantly affected
the carbonyl oxygen forms one H-bond in E-S and two in DY the active site environment, which, arguably, enhances the
E-INT. water reactivity. When the total water charge distribution is

The relative distances between the &oms of the substrate ~ considered, this asymmetry in the electronic distribution results
and those of the active site fluctuate with a rather constant only in the deviation of the dipole moment vector from the
dispersion around an average value of 3.1 A with a standard molecular G axis. The overall electrostatic properties, mostly
deviation of 0.17 A. Compared to the case of HIV-1 PR this determined by the molecular dipole moment, do not appreciably
motion appears to be less correlated to that of the residues indiffer from that of bulk water (3.2 D versus 3.15%).
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of 1072 A, as those observed here, have been experimentally
associated with variations of about 10 kcal/mol in the activation
barrier for the nucleophilic attack to the carbonyl carBbrt3

Both aspects appear noteworthy, as in HIV-1 PR the substrate
carbonyl group is hydrogen-bonded to Asp2Bhich is by far
more acid than the water molecule bound to the substrate
carbonyl group of furin. The opposite effect on the bond lengths
would be therefore expected on the basis of the chemical nature
of reactive groups in the two active sites. An explanation for
this fact might involve the different electrostatic interactions
with the protein/solvent environment. To investigate this point,
we have compared the electronic structure of the electrophile
calculated in the enzyme active site with that calculated in the
gas phase for the same configurations. Parts ¢ and d of Figure
5 report the displacement of the BOC’s on passing from the
gas phase to the enzyme. In both enzymes a sizable displacement
of the bond BOC'’s of the carbonyl group toward the oxygen
atom results from the electrostatic interaction with the environ-
ment. In the case of furin, again, this displacement is more
pronounced. This finding is consistent with the hypothesis that
electrostatic interactions are responsible for the differences in
electronic structure observed between furin and HIV-1 PR
Michaelis complexes.
05 -0.045 -0.04 0,035 -0.03 -0.025 -0.02 -0.015 -0.01 -0.005 This set of observations are compatible with an opposite role
of polarization of nucleophilic and electrophilic groups in the
two enzymes active sites. In HIV-1 PR not only the first step
of the catalytic reaction involves a stronger nucleophile, but
7 also there are also indications that the reactivity of the catalytic
water could be increased by the Asp2arboxylate group. In
furin the presence of a weaker nucleophile might be compen-
sated by a greater electrophilicity of the substrate carbonyl
carbon atom induced by the electrostatic field of the environ-
ment.

[

C-0 distance (A)

time (ps) time (ps)

Frequency (%)

difference (;&)

Frequency (%)

Conclusions

Ol] 0.005 001 0015 002 0025 003 0035 004 0045 0.05 . .

. 0 We have compared structural fluctuations and electronic

difference (A) properties of the Michaelis complexes for two members of the
Figure 5. Comparative analysis of structural and electronic properties protease enzymatic class: furin (a serine protease) and the
of furin (black) and HIV-1 PR (red) Michaelis complexes (E-S). The H|v-1 protease (an aspartic protease). The analysis was carried

C=0 bond length is reported, for selected configurations, as a function : ; : ;

of time for furin (a) and HIV-1 PR (b). Displacements of=O double outon l(iiata obtained frorT|1 S|mullat_|onsfperfor_med| for thlls Tutjdg
bond Boys orbitals centers on going from the gas phase to the enzymeas_ we . ai’g ;n a novel ana y_SIS o_ previously caiculate
active site: (c) differences in the distance from the carbon atom to the trajectories®=*Results of DFT simulations of bulk water and

Boys orbital centers; (d) differences in the distance from the oxygen ethanol in water solution have been used as reference for
atom to the Boys orbital centers. comparing the polarization of the reactive groups of the two
enzymes. For furin, we have extended our study to the complex
The analysis of the dynamical evolution of the enzyme with the negatively charged INT. Within this single method-
substrate in the two different active sites reveals that the ological framework, we compare the complexes as a transparent
distribution of G=0 bond lengths is rather different. As shown mean of highlighting differences in conformational fluctuations
in Figure 5a,b, the bond length in furin fluctuates in the [1.25, and electronic properties.
1.26] A range, whereas for HIV-1 PR the populated range is A key role for the nucleophilic power of catalytic water and
[1.22, 1.27] A. By comparison with furin, the distribution of  serine is played by the presence of the general bases, an aspartate
HIV-1 PR not only is broader but also extends toward smaller and a histidine, respectively. Our investigation suggests that the
bond lengths. The bond length difference is, on averagex8.2 hydroxyl group of Ser368 in furin, which is responsible for the
1073 A and the error, estimated from the semidispersion of data nucleophilic attack to the carbonyl carbon atom of the substrate,
from the first and the second halves of the trajectories, i$10 is less polarized by the protein environment than the same
A. The wider spread of bond length distribution for HIV-1 PR functional group of an ethanol molecule in aqueous solution.
arguably reflects the larger oscillation of the carbonyl and In contrast, in HIV-1 PR, the ©H bonds are more polarized
H-bond donor G-O distance (40% larger in HIV-1 PR thanin  than in the bulk. The analysis of the substrates electronic
furin). Instead, the average difference in bond lengths suggestsdensities gives evidence that the weaker nucleophilic character
that in furin the carbonyl carbon atom is more susceptible to of serine relative to the catalytic water in HIV-1 PR might be
the nucleophilic attack. The carbonyl bond length is, in fact, compensated by a larger polarization of the substrate carbonyl
generally associated with the electrophilic character of the carbon induced by the furin environment, which increases its
carbon aton®! In addition, bond length differences of the order electrophilic character.
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A further difference emerging from our investigation regards
the concerted movements of the protein/substrate complex. Thi
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