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We present a DFT study on the reactivity of an alkoxide and a thiolate toward the neutral and all ionic forms

of arsenate and phosphate. The isolated neutral, mono-, di-, and trianionic arsenate/phosphate (electrophiles)
and thiolate/methanolate (nucleophiles) species are used as model systems of reacting partners in the enzymatic
reactions catalyzed by arsenate reductase and phosphatase. The onset of the displacement reaction at the
electrophilic center by the attacking nucleophile is described by the DFT descriptor local softness, applied in

a HSAB context. The instability of multiply charged anions in gas phase necessitates the use of a solvent
model with an appropriate dielectric constant mimicking the enzymatic environment. Gas-phase and solvent-
reactivity studies of isolated compounds indicate that the nucleophilic attack of a thiolate during the first
catalysis step of arsenate reductase (ArsC) and low molecular weight phosphatase (LMWPTPase) preferably
occurs via the dianionic arsenate and phosphate. This computational approach confirms and supplements
earlier experimental data.

1. Introduction experimentally not accessible. Since the knowledge of the

. . rotonation state of enzyme-bound substrates is indispensable
In the present work, isolated arsenate, phosphate, and thmlatior the understanding of enzymatic catalysis, theoretical studies
are considered as model systems for the enzymatic catalyze 9 y ysIS,

nucleophilic reaction of the related enzymes arsenate reductaseaﬁomIlng its prediction are of crucial importance. From this point

- of view, in this study, the strong indication for a dianionic bound
(ArsC) of Staphylococcus aureusnd low molecular weight X B . h
phosphatase (LMWPTPase). In their first reaction step, thesephosphate n LMWPTPase W'". be investigated. Also, the
enzymes catalyze the nucleophilic attack of a thiolate on question concerning the protonation state of the enzyme-bound
arsenatk or on phosphaté,respectively (Figure 1). The pH arsenate in ArsC will be addressed. y
optimum for enzymatic catalysis lies in the range-6830 for This study will be. performed by considering the reactivity
ArsC34 and 5-8 for LMWPTPasé. Since these pH ranges betwee; the 2‘3"0""'“9 isolated S)istems:zgfksoé,lgljzAsO(/
include the a2 values of arsenate (6.9) and phosphate (7.2), HASQ,” /AsQ;*" and HPQY/ HoPQy /HPO /PO, as elec-

determination of the protonation state of the substrate remainstrc’ph'.Ies .and isolated QS. as a nucleophllg n aII. possible .
problematic. combinations of electrophiles and nucleophiles. Since arsenic

In the past, both experimental studies (kinetic isotope and phosphorus are chemically related, it is also interesting to

. o ) - ' .~ ~ compare the nucleophile GB~ with the chemically related
investigations and pH rate profiles) and computational investiga- - . L .

. . . ' . . CHsO™. As such, the relative reactivities of both electronically
tions (K, calculations and mechanistic studies with calculation

of reaction energies) have been conducted for PTP#sés, related nucleophiles a_md e_Iectroph|Ies can pe compared.
i ; oo ; Formally, the following displacement reactions that could be
leading to proposals of either a monoanidfi® or a dian-

ionic?6.911substrate. The proposed thiolate attack on a dianionic considered as a measure of the reactivity of the substrate to the

. . nucleophile can be written for these nucleophiles and electro-
substrate experiences resistance because of the large electrostat]

repulsion between the dianionic substrate and the negativelyp%'les'
charged nucleophile in the active sltRecently, however, the

dianionic substrate received strong support from a density
functional theory (DFT) study on the mechanism of tyrosine

CHyX ™ + HyYO, — CHX—YH,0, + OH~

PTPasé? CHX +H,YO, — CHX—-YHO; + OH"
In the case of ArsC, the situation is even poorer: kinetic

isotope i tigati d pH rat fil tb f d - 2- 2- -

isotope investigations and pH rate profiles cannot be performe CHX™ + HYO,? — CH.X—YO,2" + OH

because of the instability of arsenate estérBhis means that

the protonation state of arsenate in the active site of ArsC is _ 3- 3= _
CH X" +YO,” —CHX-YO;” +0
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Figure 1. Schematic representation of the active site of ArsC (LMWPTPase) and the enzyme-catalyzed nucleophilic attack of a thiolate (here
Cysteine 10 (C10)) on arsenate, with formation of a covalent sulfer-arseno intermediate. Color code: O (red), As (purple), N (blue), S (yellow), C
(gray), H (white).

This instability is seen by the positive HOMO energies, obtained local counterparts were used in an abundance of reactivity
in agreement with ref 15 for the di- and trianionic species in studies, considering almost all neutral or monoanionic systms.
the gas-phase. However, tunneling through a barrier of severalln this study, we will analyze the global and local softness of
eV is necessary for these anions to detach an eleétron, neutral, mono-, as well as dianionic and trianionic species of
indicating their metastability. Since these anions play an arsenate and phosphate and their consequence for interaction
important role in chemistry and biochemistry, where they are on the basis of the HSAB principle.
stabilized in solutions and in enzymatic systems, we will also
use a solvent model, where the dielectric constant is a scaling2. Theory and Computational Details
parameter meant to represent contributions of the enzymatic 1o ppT descriptor used in this work is the local softness
environment that are not included explicitly in the mo#fel. S(r), obtained as

This reactivity analysis is adequately performed within a '
conceptual density functional theory (DFT) context, using the ) =(r)S 1)
hard and soft acids and basis (HSAB) principle, at a local level.

Since both reagents (As/P and O/S) are highly polarizable and\here S is the global softness of the syst&nandf(r) is the
thus soft® and since the displacement reactions are most likely s5_called Fukui functioB® a frontier MO reactivity index

orbital cgntrolled, a crucial role will thus be played by the yefined as the derivative of the electronic chemical potential
softness? The softness matching procedure as proposed by the,yit, respect to the external (i.e., because of the nuclei) potential
present authof$ (for a generalization see Pofffiis then a ) This can also be written as the change of the electron

useful strategy to test all possible combinations of the reagentsyensity in case an electron is withdrawn or added to the system.
in a local/local approact?

In recent years, there has been an increasing interest in density 5 ap(r)
functional theory, both in its conceptual and computational f(r)= [—'u— = [— (2)
aspectg3~27 Using the electron density as the fundamental ov(r)]n N Loy
property leads to a better quality/cost ratio when evaluating . . . .
molecular properties (computational DFT). On the other hand, S p(r) is expected to be a discontinuous function of the
conceptual DFT™-30 offers many concepts to describe the number of electronBl, the use of different reactivity descriptors

reactivity between reaction partners. Global reactivity descriptors &S Proposed for electrophilic and nucleophilic attacks.

of this type3are electronegativity, chemical potential, global The left de_nvatlve can be used when an electrophilic attack

hardness, and global softness. Local hardness, local softnesdS © be studied

and Fukui functions are examples of local reactivity descrip- . -

tors23:30A quantitative treatment was hampered for a long time (r) = dp(r) 3)

because of a shortage for quantifying hardness and softness. A L ON | »()

breakthrough was reached in Parr and Pearson’s seminatiwork

identifying the chemical hardness as the difference between thefor the attack of a nucleophile the right derivative is to be chosen

ionization energyl( and the electron affinityX) of a species. ) ]

Both the experimental determination and the quantum chemical £ (r) = 8P_(f) " (4)

evaluation of these properties were thereby made possible. | ON | +v()

Within the same context of the conceptual DFT, Parr &g al.

presented evidence for the HSAB principle, and a more detailed Within a finite difference approximation combined with the

treatment was presented later byzGaez and Medez33 idea of integrating the Fukui function over atomic regions, one
In the past, the concepts of hardness and softness and theifinds the condensed Fukui functions for nucleophilic and
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electrophilic attack on atom A haviny electrons:
fa=0da(Ng) — ga(Np — 1) (5)

f+A = 0a(Ng + 1) — da(No) (6)

da(No), ga(No + 1), andga(No — 1) are the atomic populations

parts (atoms, functional groups, ...) of these reaction partners

As() =1s"(r) — s (1) 12)
which should be minimal for optimal interaction, a criterion
used throughout this paper.

The HSAB principle offers the advantage that the character-
for atom A in the neutral moleculeNg electrons) and the  istics of a reaction (mainly kinetic aspects) are described in terms
corresponding aniori\p + 1) or cation Np — 1), all evaluated of the properties of the reagents (in this particular case called
at the neutral (as reference) molecular geometry (cf. the demandreagents and substrate), in the ground state, without explicit

for constant extern potential in eq 2).

For calculating the condensed Fukui functfanwe will use
NPA charge¥ calculated on the fully optimized (using the DFT-
B3LYP methodolog§’ with a 6-3H-G** basis set) structures

numerical calculation of characteristics along the reaction path.
The use of the HSAB principle is indeed based on a perturba-
tional “ansatz” as formulated by P&&Assuming that reaction
paths will not cross (Klopman’s ruld, the relative energies at

of arsenate/phosphate and thiolate/methanolate described in théhe beginning of the reaction obtained in this approach thus can

Introduction.
We select NPA charges for the calculation of Fukui function

be expected to predict a sequence of activation energies from
information on the reactant properties only.

indices on the basis of several successful applications in the When a solvent model is used, the solvent is treated as a
past of these population analysis in the calculation of Fukui continuum with a uniform dielectric constant surrounding the
function and local softness of neutral and monoanionic sys- isolated arsenate and phosphate as solute molecules which are
tems3° This population analysis offers the important advantage placed in a cavity (continuum methtji As a method for

that we obtain in contradiction to Mulliken population analysis defining the cavity and the reaction field, the self-consistent

and electrostatic potential derived charges (ChelpG) non-
negative Fukui function indices for a series of dianionic systems

isodensity polarized continuum model (SERCM*@E) is
choseA?d with an isodensity surface specified as 0.001*%u.

(arsenate, phosphate, sulfate, and selenate) and for the trianions All structures (coordinates given in the Supporting Informa-

AsO2~ and PQ® as well. This is important in view of the
fact that although the problem of negative Fukui function indices
has been looked upon in detéfilno definitive answer has been

tion) were optimized in gas phase and solution with the dielectric
constants used, before the properties were calculated.
All calculations were performed in a DFT context using the

given yet to the question whether negative values are physicallyB3LYP exchange correlation functiodalwith a 6-3H-G**

acceptable or are artifacts.
As a direct consequence of eqs 3 and 4, two types of local
softness are defined:

s (r)=Sf(r) 7
s'(r)=sf(r) )
with associated condensed local softness
s» =Sh ©)
S =Sh' (10)

In our study, st indicates the local softness of arsenic/
phosphorus and~ the local softness of sulfur/oxygen.

The global softnessS is given by the finite difference
approximation

1

S=IZaA

11)

wherel andA are the ionization energy and the electronaffinity,
respectively.

basis sef using the GAUSSIAN 9& package.

3. Results and Discussion

Calculation of S. The computation of the global softness for
the di- and trianionic species in gas-phase with eq 11 is
problematic because of the obvious rise of EneersusN curve
caused by their instabilty in the gas-phase. The unusual evolution
of this curve is also found in the prototypical multiply charged
gas-phase unstable sulfate anfé.o overcome this problem,
one can apply Koopman’s theor&massumption of frozen
orbitals) as an alternative approach, approximalingy the
energy of the highest occupied molecular orbitloyo) and
A by the energy of the lowest unoccupied molecular orbital
(eLumo), Yielding for S:

S= U(eLumo ~ €romo) (13)

Before adopting eq 13 as a working equation in the calculation
of S a remark should be made. Koopman'’s theorem is defined
within the context of HartreeFock theory. DFT identifies
with the HOMO energ$f but does not make a statement about
A, making the proposed methodology less well established.
Calculating the properties with Hartre€ock theory does not

The concepts of hardness and softness of a system had alreadgose an alternative either, because in applying this method the
been introduced by Pearson in the 1960s. They were at thatinclusion of electron correlation is missing. However, the

time used in the explanation of acithase reactions in their
most general form (Lewis acid/Lewis base).

Pearson then stated that “Hard Acids prefer to react with Hard
Bases whereas Soft Acids prefer to interact with Soft Bases.”

observation that the hardness (inverse of the softness) correlates

with the band gap? the difference between the LUMO and

HOMO energies, advocates for using eq 13 as working equation.
To further assess our adopted methodology, we use the well-

This is known as the hard and soft acids and bases (HSAB) established proportionality between the global softness and the

principle.
According to this principle and in analogy with earlier work
by Gazque#! and our grouf? and its generalization by Porii,

polarizability o of a system, presented and used several times
in the literature®? for systems with spherical symmetry such as
atoms and monatomic ions.

the (preferred) reactivity between the reaction partners can be As in a first approximation the neutral and deprotonated forms

based on the difference in local softnegg of the interacting

of arsenate and phosphate are also highly symmetrical systems,
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Figure 2. Energy E) versus number of electronbl) curve for (A) PQ3, (B) AsOs2~, (C) HAsQ?™, and (D) S@ in solvent € = 20.7). SQ*",
a frequently studied multiply charged anion, is included for comparisleralways refers to the number of electrons of the reference anion.

we can consider the correlation between the calcul8tead o The equivalence of the two methods (eqs 11 and 13) as well
for the series BASOY/HLASO, THASO2 /ASO2~/ H3POy/Hy- as the comparable values &# found in gas phase and in the
PO, /HPOZ/PO2~, wherea is now calculated as the arith-  solvent models give confidence for the calculationSdfy eq
metic average of the three diagonal elements of the polarizability 13, even in a DFT approach. Consequently, in this work, we
tensor will use eq 13 throughout.
Gas-Phase ModelOn the basis of the sequence of increasing
o= (O + oy + ,)/3 (14) polarizability while descending a column in the periodical
system, one should expect arsenic to be softer than phosphorus
The situation is quite different in solvent. It is well known and sulfur softer than oxygen (confirmed in the overview table
from experimental data that multiply charged anions become given by Par#).
stabilized in solvent. When the solvent effect is approximated  The global softness of G3%$~ is higher than that of CkD~
by a continuum model, the multiply charged anions considered and as we notice, the softness of the sulfur atom remains higher
are also stabilized (moreover, negative HOMO energies as wellthan that of the oxygen atom (Table 5), which is in line with
as decliningke versusN curves are encountered (Figure 2)). So, the higher softness of the isolated sulfur atom as compared to
we are in a position to calculate the global softness for these the oxygen ator?
species with eq 11. This allows a comparison of the correlation  The global softness of arsenates is higher than that of
betweenS anda, found whenSis calculated by eq 11 (finite  phosphates with the exception of the trianionic compounds. In
difference method) or by eq 13 (HOME@.UMO gap) for the the neutral molecule, phosphorus is 0.07’asofter than arsenic.
series HASO/H2ASO, THASOLZ /ASOs3/H3POy/HPOy~HP- In the di- and monoprotonated species, arsenic is softer than
042 /PO~ stabilized in solutions with different dielectric  phosphorus, but when the trianion is considered, phosphorus
constantse values of 20.7 and 78.39 were chosen motivated becomes much softer than arsenic (Table 1), which is the
as follows: 20.7 is the value that we will use later in this  opposite of the expectation based on the literature.
study to mimic the enzymatic environment and 78.39 ise¢the Confronting the local softness of arsenic and phosphorus with
value of water. sulfur and oxygen (in all possible combinations) gives the
Clearly, egs 11 and 13 are never used simultaneously for following sequences of reactivity (applying the HSAB principle
studying a sequence of reactivity. They are only used to compare(eq 12) (Table 6).
the adequateness of the approximation eq 13 to the “exact”
(finite difference) eq 11. neutral: P-O > As—0O > P-S> As—S
The results of this comparison indicate that both methods to

calculateS—finite difference as well as HOMO/LUMO gap monoanion: As-O > P—O > As=S> P—S

give almost the same, high correlation betwSamda. (Figure dianion: As-S > P—0O > P—S > As—O
3 and Tables 14).

Politzer was the first to put forward a relationship between trianion: As=S > As—0O > P—S > P-0O
the polarizability and the softne&%Vela and Gaquez derived
an expression of the proportionality betwe&nhand o.51P Experimental data indicate that in phosphate esters an
Correlations betweerS and a'® on the other hand were alkoxide is a much better nucleophile than a thioft@ur
presented by various other authéts. calculations of reactivities between phosphorus and oxygen/

Here, both proportionalities are tested yielding correlation sulfur for the phosphoesters are consistent with these experi-
coefficients of comparable magnitude (Table 4). mental data.
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Figure 3. Correlation between global softnesy ¢alculated by eq 11 (A) and eq 13 (B) and polarizability ¢alculated by eq 14 for the species
considered in this work: BASOJ/H2ASOs /HASOs? /ASO2~/H3POy/H,PO, /HPO,2 /PO~ (Data from tables £3.)

The greatest reactivity between sulfur and phosphorus is TABLE 1: Softness and Polarizability of the Electrophiles in
found for the dianionic phosphate (Table 6), which is in line Gas Phase

with the conclusions drawn from experimental and earlier S(eq 13) a st
theoretical stg_dleé?xg'“'lzthe r_eSL_JIts_ of which strongly endor_se_ HAASOs 4.029 42.90 1982
the nucleophilic attack on a dianionic rather than a monoanionic H,ASO, 4.914 5051 3.561
substrate in the reaction catalyzed by LMWPTPase. These 5502 7.648 66.54 6.438
results obtained when applying the HSAB principle to isolated AsO#~ 9.905 117.65 6.821
compounds in the gas phase may be directing when studying  H,pq, 3.500 35.94 1.989
enzymatic reaction mechanisms. H.PO,~ 4.920 42.40 3.395
At first sight, the increased reactivity toward sulfur in the HPO2~ 7.364 55.63 5.424
series HAsO; < HyAsO;~ < HAsOs2~ < AsO,%~ (Table 6) PO2~ 11.388 89.23 10.771

complies with the increasing values of tkg? with increasing 2 Global softnessS) (calculated from eq 13) and polarizabilits)

pH of the reductase reaction as catalyzed by ArsC. However, (calculated from eq 14) of arsenate and phosphate and local softness
the measuredcy values are macroscopic rate constants. This (s*) (calculated from eq 10) of the electrophilic arsenic (As) and
means that the comparison between these experimental data anghosphorus (P) atom (in a.u.x € 1.)
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TABLE 2: Softness and Polarizability of the Electrophiles in
the Enzymatic Environment (¢ = 20.7¢

S(eq 11) S(eq 13) o st
H3AsO, 3.933 3.923 42.87 1.855
H>ASO,s~ 4.991 4.410 49.13 2.515
HAsO,*~ 6.774 5.238 58.16 3.702
AsOs*~ 11.675 6.064 69.88 5.079
HsPO, 3.450 3.439 35.92 1.748
HoPOy™ 4.713 4.209 41.59 2.172
HPOZ~ 7.868 5.592 50.35 3.530
PO~ 12.955 6.563 62.26 5.610

a Global softnessS) (calculated from eqgs 11 and 13) and polariz-

ability (o) (calculated from eq 14) of arsenate and phosphate and local

softness ") (calculated from eq 10) of the electrophilic arsenic (As)
and phosphorus (P) atom (in a.ug.= 20.7.)

TABLE 3: Softness and Polarizability of the Electrophiles in
Water (e = 78.9%

S(eq 11) S(eq 13) o
H3AsO, 4.306 3.855 43.07
H,ASO,~ 5.218 4.214 48.33
HAsO4?~ 7.072 4.749 54.77
AsO2~ 9.424 4.995 61.16
HsPOy 3.696 3.402 36.03
HPO~ 4.894 4.019 41.09
HPO2? 7.549 4.935 47.64
PO2~ 10.954 5.324 54.72

a Global softnesss) (calculated from eq 11 and 13) and polarizability
(o) (calculated from eq 14) of arsenate and phosphate (in asls. (
78.9.)

TABLE 4: Values of the Correlation Coefficients R? for the
Correlation between S, a, and a3 for Varying Dielectric
Constantse and for Varying Methods of Calculation of S

correlation coefficients

€ Scalculated by eq o ol
1 13 0.7861 0.8444
20.7 11 0.8019 0.7923
13 0.8185 0.8351
78.9 11 0.7186 0.7162
13 0.7530 0.7722

TABLE 5: Softness of the Nucleophiles in Gas Phase

S s
CH3S™ 7.963 6.807
CH;O~ 7.257 4.821

aGlobal softnessS) of CH;S™ and CHO™ (calculated from eq 13)
and local softness() (calculated from eq 9) of the nucleophilic atoms
sulfur (S) and oxygen (O) (in a.u.)s & 1.)

TABLE 6: Reactivity in Gas Phase as Measured by
Difference in Local Softnesd

As(a.u.) HAsO, H,AsO, ™ HAsO.2~ AsOz~
CH30O~ 2.838 1.259 1.617 2.000
CH3S™ 4.824 3.246 0.369 0.014

HsPQO, H.PO, HPO?2 PO?-
CHzO~ 2.831 1.425 0.603 5.950
CHsS™ 4.818 3.412 1.383 3.964

a Differences in local softnesds, between As and O, As and S, P

and O, and P and S calculated from eq ¥2—=(1.)
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the agreement could mean that the nucleophilic attack could be
the rate-limiting step of the enzyme-catalyzed reaction. From
the calculated data, it is clear that according to the HSAB
principle the nucleophilic attack of a thiolate on a dianionic
substrate is favored over the attack on a monoanionic substrate
during the first reaction step of the enzymatic catalysis by ArsC.
In light of the results obtained with the HSAB principle for the
description of the reactivity for LMWPTPase, we can argue on
the same basis for the attack on a dianionic substrate in the
case of ArsC. We finally note that although the greatest
reactivity occurs for As@¥~, considering this anion as a ligand

is less relevant because if the pH reaches values over 11.53,
where this anion becomes predominant, the three-dimensional
structure of ArsC is lost.

Because of the intrinsicKy, values of the entities carrying

electrophile and nucleophile centers, not all the displacement
reactions presented in the Introduction are experimentally
accessible. We therefore cannot compare the complete calculated
reactivity sequence with experimental data.

Nevertheless, the values of our theoretical calculations of

properties and reactivity that do not have an experimental
counterpart are presented as they afford the examination of
factors influencing reactivity over a broader range.

It can be seen that when the protonation state of the

compounds decreases, both the global softness of the system
and the local softness of the central atom of the species increase
(Table 1). If the softness of the central electrophilic atoms As
or P increases, the reactivity toward the softer sulfur atom
(except for PGP™) increases too, even taking the upper hand
over the reactivity of the oxygen atom (except for HPQ.

The decrease of reactivity of the electrophiles toward the harder
oxygen atom is less pronounced when the electrophiles become
softer (Table 6).

The reactivity sequence illustrates the evolution of the

combination with the highest reactivity of the haidard
combination (P and O), for the neutral molecule to the-soft
soft (As and S) combination, for the trianionic compounds. The
combination with the lowest reactivity goes from the safoft
combination (As and S) in the neutral molecule to the kard
hard combination (P and O) in the trianions.

Another way to confirm the preference for interaction comes

from the calculation of the reaction energies of the displacement
reactions considered in this study.

We calculated the reaction energies (Table 7) for the

nucleophilic attack on the mono- and dianionic substrates, which
gives the following sequence of interaction strength:

monoanion: As-O > P—-O > As—S > P-S

dianion: As-O > P—0O > As—S> P-S

For the monoanionic substrates, the sequence is the same as

those obtained by applying the HSAB principle. This is not the
case for the dianionic substrates, for which the metastability of
these compounds should be kept in mind. The observation that
the HSAB principle seems already not to work for the dianionic
compounds questions the use of the HSAB principle for
trianionic substrates in gas phase. To investigate the role of the
instability in the discrepancy between the reactivity sequences

our theoretical calculations is only meaningful in the hypothesis obtained by the application of the HSAB principle or by the

that the values of the macroscopg; reflect the rate of the

calculation of the interaction energy, we therefore used a solvent

first reaction step during the enzymatic catalysis. Nevertheless,model in which the considered anions are stabilized. Such a
these HSAB results are presented as a microscopic tool whichmodel also enables us to validate the conclusions drawn in gas-
may shed some light on the macroscopic data, in the sense thaphase about the preferential protonation state of the substrate
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Figure 4. Solvent accessibility of the substrate binding pocket of ArsC. 3D-structure of ArsC. Red: substrate binding pocket; Green: substrate;
Gray and blue: ArsC.

TABLE 7: Reaction Energies of Some Displacement TABLE 8: Softness of the Nucleophiles in the Enzymatic
Reactions (kcal/mol} Environment (e = 20.7}
AE(e = 1) AE(e = 20.7) S s
CH3S™ + HASOs~ 22.22 13.59 CHsS™ 5.458 5.001
CHsS™ + HPOZ™ 24.53 14.10 CH:O~ 5.008 4.028
— 2— —
g:zg, I :éé?{‘, iég _gég a Global softnessS) of CH:S~ and CHO™ (calculated from eq 13)
CHsS™ + HoASOs~ 30'.96 7'.84 and local softnesss() (calculated from eq 9) of the nucleophilic atoms
CHsS + HoPO,~ 37.64 15.24 sulfur (S) and oxygen (O) (in a.u.) & 20.7.)
2:387 I :zé(s]?f g'g% :g'gg TABLE 9: Reactivity in the Enzymatic Environment (e =
¢ 2 : ' 20.7) as Measured by Difference in Local Softness
@ Reaction energie\E) of the displacement reactions in gas phase — - —
(e = 1) and in the enzymatic environment< 20.7) (kcal/mol). As(au) HASO, HzASO. HASOx ASOy
CH3O~ 2173 1.513 0.326 1.051
- . . CHsS™ 3.146 2.486 1.299 0.078
for the nucleophilic attack of a thiolate and about the change in °
the reactivity sequence as a function of the protonation state of HsPO, H2PO,~ HPQ2 POS~
the electrophile. CHsO" 2.281 1.757 0.499 1.582
Solvent Model. Dianionic compounds are observed in several ~ CHsS 3.253 2829 Lant 0.609

enzymatic systems, where they become stabilized by electro- 2 Differences in local softness between As and O, As and S, P and
static and hydrogen-bonding interactions within the active site. O, and P and S calculated from eq 12~ 20.7.)

From this point of view, it is interesting to evaluate the . - -

reactivities in proteins by using an implicit solvent model with reactivity matrix” (Table 9)

an appropriate dielectric constantepresenting the enzymatic neutral: As-O> P-O> As-S> P-S

environment. “Appropriate” means thashould depend on the

position of the relevant region in the prot&irand that the monoanion: AsO > P-O > As—S> P—-S
optimal value ofe depends on the model usédthe more of
the surrounding enzymatic environment is included explicitly, dianion: As-O > P-O > As—S> P-S

the lower the optimat).

The internal, ligand binding side of the loop that forms the

active site of ArsC (Figure 1) is readily solvent accessible as  As far as we have experimental data (relative reactivity of
depicted in Figure 4. Various studies point eut= 20 as an phosphate esters toward an alkoxide and thiolate, relative
empirical value that maximizes the agreement between calcu-softness of phosphorus compared to arsenic and of oxygen to
lated and measuredKp values of surface groups to represent sulfur) to compare with our calculated global and local softness
the enzymatic environmett:3556We therefore choose= 20.7 and reactivity sequences, our data are in agreement with
(the dielectric constant of acetone, a frequently used organic experiment, with exception of the trianionic species where one
solvent) in an implicit continuum model (see Theory and €xpects arsenic to be softer than phosphorus and where our
Computational Details). calculations show the opposite (Tables 2, 8, and 9).

Although we find a decliningE versusN curve for the The sequence of reaction preference obtained by the calcula-

. . . ) tion of the reaction energies (Table 7) for the mono- and
multiply charged anionic compounds in solvent (Figure 2), also 9 ( )

. . . dianionic compounds is equal to the sequence obtained by
the global softness is calculated with eq 13 to be conS'StentappIying the HSAB principle. This indicates that for the
with the methodology followed in gas phase (Tables 2 and 8). giapilized (dianionic) species in solvent the HSAB principle

Applying the HSAB principle (eq 12) gives the following offers a successful tool to predict reactivities.

trianion: As-S> P—S> As—0 > P-0O
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