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The first step in the reduction of arsenate to arsenite catalyzed by the enzyme arsenate reductase (ArsC) from
Staphylococcus aureysasmid pl258 involves the nucleophilic attack of a cysteine thiolate (Cys10) on the
arsenic atom, leading to a covalent sutfarseno intermediate. We present a quantum chemical study on the
onset of the nucleophilic displacement reaction. To optimize the reactant state geometry, a density functional
study was performed on Cys10, on dianionic arsenate, and on the catalytic site sequence motif: X-X-Asn13-
X-X-Argl6-Serl7. Both the hydrogen bond from Argl6 to the leaving hydroxyl group of arsenate and the
hydrogen bonds from various backbone amide nitrogens of the catalytic site to the other oxygen atoms of
arsenate are responsible for the increased electrophilicity of the central arsenic atom. In particular, Arg16 is
identified as a residue that destabilizes the groundstate of the complex. Furthermore, the binding of dianionic
arsenate to the enzyme induces negative charge transfer from the substrate to ArsC, which renders arsenic
more receptive to nucleophilic attack. On the other hand;-aelical macrodipole and a*&-Cys10 interaction

network via Asnl3 and Serl7 activate the nucleophile and stabilize the thiolate form of Cys10 by lowering
its pKa to 6.7. By dissection of these interactions and performance of a reactivity analysis, the experimentally
measured steady-state kinetic data and the function of crucial interactions observed in the X-ray structures of
ArsC are illuminated.

Introduction mechanism in which the nucleophilic attack is done by &
charged thiolate on a2 charged substrate has been suggested
a counterintuitive idea that will be documented.

The pH optimum for enzymatic catalysis by ArsC enzymes

Arsenate reductase (ArsC) (Figure 1A), treCgene product
from Staphylococcus aure258 plasmid, has a low molecular
weight phosphatase (LMW PTPase) anion-binding rhetif X = . .
known as the P-loop. It is composed of a nucleophilic cysteine from varlous Species lies n the range-6£80. Ir_‘ this pH range,
(Cys10), an asparagine (Asn13), an arginine (Argl6), and afree cysteine (Ka = 8.3) is largely present in the thiol form
serine (Serl7): Cys10-XX-Asn13-XX-Argl6-Serl7 (ArsC num- which is a far inferior nucleophile than the thiolate fofm.
bering)! which forms the catalytic site in both Ard@nd LMW However, t_he acid/ ba_se pro_perties of functional groups may be
PTPase. The amino acid sequence of the ligand-binding loop pertu_rbegd in a protein environment as compared to aqueous
in pl258 ArsC ist Cys10-Thr11-Gly12-Asn13-Serl4-Cys1s- solution:

Arg16-Serl?. The first step of the catalytic mechanism of ArsC Ig pIéSié ArsC, "’:j hydroggen bqnd ge:)wé?kl](inv?lving .
consists of a phosphatase-like nucleophilic displacement reaction_SV ysl_ ! e:rl?, an Asnl_ , terminated by the electrostatic
interaction with a potassium ion (called the GIK™" interaction

carried out by Cys10 on arsen&{&igure 1B). In the case of A . .
PTPases, there is a disagreement regarding the exact reactiof€WOrk, further on) (Figure 2), is pbserved in all the X-ray
! 'Sag garding X ! structures of pl258 ArsC present in the PBB. ArsC also

mechanism. In a first interpretation, the catalytic cysteine in heli tending f . id 16 t f
the form of a thiolate attacks the substrate in its dianionic fotm. ~ POSSESSES arnelix (ex ending from amino acid 0 29) .
él\lhICh the N-terminal side faces the nucleophile. The experi-

An alternative theory argues against the three negative charge o . !
in the Michaelis complex and proposes that the substrate bindsmemal gletermmauon of thekp of the CySlO.th'c.)l group 1
not straightforward because three redox active intramolecular

as a monoaniofi.A variant of this mechanism considers the . ; . - .

existence of the cysteine in the thiol form, suggesting the cysteine reS|due$ are_mvolved in the successive steps of the

dianionic substrate accepts a proton to activate the nucleophilicreactlon mecha_nlsh(Flgure .18)' On the basis of high level
guantum chemical calculations, the effect of the CKO

thiol to a thiolate! Until today, no mechanistic studies have . . X - .
been performed on ArsC. However, in a HSA®nNtext, it is interaction network and the macrodipole arising fromdHeelix
: i i on the K, of the Cys10 functional group will be revealed.

seen from our preceding wdrkhat the reactivity described b o . . ! X
P g y y All essential intermediates in the reaction mechanism of ArsC

the local softness of a thiolate toward dianionic arsenate is higher . . .
than toward other protonation states of arsenate. So a reactio ave been visualized with X-ray crystallography supplemented
y NMR ' with the exception of a Michaelis complex. We wiill
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Figure 1. (A) Ribbon diagram of the overall structure of the arsenic bound intermediate of pl258 ArsC (PDB: 1LJU). The nucleophilic Cys10 and
the leaving hydroxyl are shown. (B) Scheme of the reaction mechanism of pI258*AT$. reaction starts (1) with the nucleophilic attack of

Cys10 on arsenate leading to a covalent intermediate (2). Arsenite is released after the nucleophilic attack of the thiol of Cys82. The electrons of
the S-As bond shuttle to arsenic (3). A Cys10-Cys82 intermediate is formed (4). Finally, Cys89 attacks Cys82, forming a Cys82-Cys89 disulfide
on the surface of the redox enzyme (5).

Dissecting these interactions and performing a reactivity analysisboth kinetic and thermodynamic aspects of a chemical reaction
provide insight into the structural features of ArsC related to (onset of the reaction, relative stability of reactants and
its capability to activate both the electrophile (arsenate) and the products). This principle formulated by Pear$etates that hard
nucleophile (Cys10) in the reactant state. The experimentally bases prefer hard acids and soft bases, soft acids. The physical
measured steady-state kinetic data are elucidated and crucialnderpinning of the HSAB principle is founded in density
interactions in the X-ray structures of ArsC are explained by functional theory? and is, together with other principles and
looking to the properties of some critical residues into the ground reactivity descriptors, part of conceptual density functional
state. theory?!® Thiolates and arsenate are soft (polarizable) species.
Enzymatic catalysis already starts with the binding of the As a consequence a sofoft mechanism underlies the reactivity
substrate. Therefore, we carefully studied the ground state of of ArsC, which at the local level (cf. ref 15a) can be quantified
this redox enzyme. The theoretically obtained results presentedby the difference in local softness $0f the interacting parts,
here give us the ability to draw conclusions that were inacces- the sulfur and arsenic atoms of the respective reactants Cys10
sible only based on the X-ray and steady-state kinetic data. Asand arsenate.
such, within the framework of ongoing studi¢sombining

theoretical and experimental investigations, our theoretical work As() = |s"(r) — s (1)] Q)
gives an extra dimension in the elucidation of the catalytc o . ] )
mechanism of ArsC. This difference should be minimal for optimal interaction.

The local softness g(is obtained as
Theory and Computations s() =f(r)S (2)

DFT Description of Reactivity. The hard and soft acids and  whereSis the global softness of the syst®&&andf(r) the Fukui
bases principle (HSAB) has been shown to be useful to describefunctionl%® a frontier MO reactivity indexf(r) measures the
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electron densityp(r) response upon electron donation to the A

system (nucleophilic attack)™(r), or electron withdrawing

(electrophilic attackj ~(r). Using electron population analysis,

f(r) can be condensed to atoms, providing atom-centered

reactivity indicesfa: Glu 21 PH»O
fa = da(Ng) — da(Ng — 1) 3)
fA+ = 0da(No + 1) — ga(No) (4)

da(No), da(Not+1), andga(No — 1) are the atomic populations
for atom A in the neutral moleculeN§ electrons) and the
corresponding aniorN\p + 1) or cation Np — 1), all evaluated

at the neutral (as reference) molecular geometry, as requierd . 1
by the constant external (i.e. due to the nuclei) potem{iglin Thr 63
the definition of the Fukui function. Ser l—"'H2 T
As a direct consequence of eqs 3 and 4, two types of local
'Jd

H,O Asp 65
Ser 36 R K+°J Q 1 9

(condensed) softness are defined: <~ Asn 13
T Oy
s =St~ 5) H, f

S =Sh' (6) A Sy
In our studys" indicates the local softness of arsenic and #'C‘}flo
J

the local softness of sulfur.
Using a finite difference approximation together with Koop-
man’s theorent® the global softnesS can be approximated by B

Cysl10--Serl7
S=1/(e, ymo — €romo) (1) Hy-0, H-S, HBS
(kcal/mol)

with eqomo the energy of the highest occupied molecular orbital WT 1.960 1.690 6.90

ano! eLumo the energy of the lowest unoccupied molecular Asn13 - mutant ; 1.700 630
orbital. In our previous studyeq 7 was proven to be a good 700

. . . + o N -
approximation forS, even in a DFT context. K* - mutant 1968 633
A quantitative measure of the electrophilicity of a species A_s;l:t;‘:f / 1.710 -5.68

provides another useful tool for the rationalization of chemical
reactivity. Starting from the question to what extent electron- Figure 2. (A) WT' model. The Asn13, K, and the double mutant are
transfer contributes to the lowering of the total binding energy constructed from this model. In all of the model systems, the hydrogen

by maximal flow of electrons, Parr et & provide validation atoms were optimized at the B3LYP/6-BG* level. The coordinates

P ; _ of the heavy atoms are taken from the PDB structure 1(#e& Model
I/f/)(;rlizzgl‘;gll'lt?rlt:evzIescﬂgogﬁkﬁ};gnporyvigif t;y”é\gl%nard and co Systems and Computational Details, section Activation of the Nucleo-

. . phile). Color code: hydrogen, white; nitrogen, blue; carbon, gray; sulfur,
On the basis of a second-order model for the change in the yellow; potassium, orange. (B) Hydrogen bond distances (A) in the
electronic energy as a function of the changes in the number ofS,Cys10, Ser17, Asn13, potassium network. Cys10-Serl7 hydrogen

electronsAN, at constant external potentig{r), namely Ibon(lal strength (HBS) (kcal/mol) calculated at the B3LYP/6-&t*
evel.
AE = uAN + yAN?2 (8)
Model Systems and Computational DetailsOptimization
with u the electronic chemical potential andthe chemical of the Michaelis Complexpl258 ArsC is a relatively small
hardness; the electrophilicity index may be obtained from  enzyme (131 amino acidsjut there are still too many electrons
minimizing AE with respect toAN. The result can be written  for high level quantum calculations. Therefore, the enzyme
as needs to be described by an adequate model, combining
) accuracy with computational tractability. The model system of
w=uly 9) choice was constructed starting from the X-ray structure
(resolution 1.4 A) of the Cys15Ala mutant of ArsC complexed
with arsenite (product of the first reaction step, PDB 1LJU).
_ 2iq01 _ Our model included the complete conserved catalytic sequence
o=>1+A780-A (10) motif, Cys10-X-X-Asn13-X-X-Argl6-Serl7, since the backbone
wherel andA are the ionization energy and the electron affinity amides of this substrate binding loop form hydrogen bonds with
respectively, calculated as the difference in total energies the oxygen atoms of the substrate. Amino acids 10 and 17 were
between the neutral and the corresponding ionic species. Theterminated respectively with-NH; and —CONH,. The side

or in a finite difference approximation

multiplication of eq 9 by the condensed Fukui functityt chains of residues 11, 12, 14, and 15 were terminated o a C
yields a regional electrophilicity indé¥ w* for atom A. since they are positioned at the periphery of the substrate binding
loop where no interaction with the substrate occurs. The three

ot =wf,’ (11) well positioned water molecules present in the active site of

the PDB structure 1LJU were incorporated. Dianionic arsenate
For recent extensions to the spin polarized case, see ref 18was taken as substrate. Since the hydrogen atom positions cannot
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Figure 3. Reduction of the X-ray structure of ArsC (PDB: 1LJUjo the WT model (See text for details). Partitioning of the WT model system
of ArsC into two layers: high level represented in “Ball & Stick”; low level in “Tube”. A similar division is made for the Asn13Ala and the
Argl6Ala mutants. Color code: hydrogen, white; nitrogen, blue; carbon, gray; oxygen, red; sulfur, yellow; arsenic, purple.

be discerned from a 1.4 A resolution X-ray structure, they were in view of the ChelpG charge-deriving schethéom which
placed with the SPARTAN?2package and subsequently mini- one can suspect a poor description of ligands embedded in large
mized by means of the Merck force field (MMFEP The systems$8 our point of interest.
resulting model is called “wild type (WT)” throughout (Figure Interactions with the Nucleophil&.o study the effect of the
3). The Argl6Ala and the Asnl3Ala mutants were built “in  C10-K™ interaction network on the nucleophilic Cys10, a
silico”,14b-d starting from the coordinates of the WT model. model system was dissected from the X-ray structure of ArsC
The geometry of the structures of the WT and the Asn13Ala Cys10Ser/Cys15Ala (PDB 1JF8Yhis model included Cys10,
and the Argl6Ala mutants were optimized using a QM/QM Serl7, Asn13, potassium, and the potassium binding ptcket
ONIOM?20-23 multilayer model. The ONIOM method has been consisting of Asp65, Glu21 Thr63, Ser36 Asn13, and two water
proven to be a powerful tool for the theoretical treatment of molecules. On the basis of the hydrogen bond interactions
the structure of large molecular systefA3he strength of this present and the interactions with the potassium ion, Cys10 is
method lies in the fact that highly accurate calculations on large modeled as CE&~, Serl7 as CEDH, Asnl13 as NR—CO—
systems are made possible by partitioning the systems intoCHs, Glu21, Thr63 (backbone), and Asp65 as££#€00 -, and
different layers (in general two or three), each of them treated Ser36 as HOCKH-CH,—COH. This model is called WT
at a different level of theory. By this approach, electron (Figure 2). Starting from the Wimodel, the Serl7 mutant, the
correlation effects can be included in quantum calculations of Asn13 mutant{Asn13), the potassium mutartK*), and the
large systems (i.e. more than 100 atoms). The wild type, double mutant{Asn13/- K") were created.
Asnl13Ala, and Arg1l6Ala model systems of ArsC were parti- Mutation of the Asnl13 side chain might prevent binding of
tioned into two layers (Figure 3). The most relevant parts, being the potassium ion, leading to structural perturbations in the
the nucleophile and the substrate, form the inner layer and wereprotein. A theoretical study offers the opportunity to dissect the
treated at a “high” level of theory, namely at the DFT level, C10-K™ interaction network and thus to study the role and
using the Becke three-parameter Lee Yamgrr (B3LYP) impact of every single residue in the activation of Cys10. In
exchange correlation potential, through which electron correla- the considered models, the hydrogen atoms were placed
tion effects are included, with a 6-31G** basis set. The manually with MMFP implemented in the SPARTAN?2
remaining part of the system, the ligand binding loop, constituted package and then optimized at the B3LYP/6+&* level, while
the outer layer and was described by a computationally lessthe coordinates of the heavy atoms (carbon, nitrogen and
demanding method, Hartre€&ock with a 6-31G basis set. oxygen) were taken from the X-ray structure (PDB: 1JF8).
Interactions with the ElectrophileGas-phase free arsenate To calculate the hydrogen bond strength between Cys10 and
was used as the reference state in the study of the enzyme boun&erl7, after the optimization of the hydrogen atoms, the model
ligand. The structure of this arsenate molecule has beenwas simplified to a two-component system consisting of Cys10
optimized at the B3LYP/6-31G** level. and Serl7. The error caused by the basis set superposition, the
For comparison of the charge distribution between enzyme basis set superposition error (BSSE), was taken into account
bound and free arsenate in the gas phase, the NPA populatiorby the counterpoise correction (CP) proposed by Boys and
analysis?* calculated at the B3LYP/6-31G** level, is used. Bernardi?®
This choice is founded on the many successful applications of ~ Since DFT provides reliable hydrogen bond strength&?30
this population analysis in the study of molecular propeffes. our calculations were performed in a DFT context, at the
In contrast, Mulliken charges are not advisable to use becauseB3LYP/6-31+G** level.
of their strong basis set dependeftayhereas electrostatic When studying the effect of tha-helix (extending from
potential derived charges (e.g., ChelpG) are not recommendedamino acid 16 to 29), the dipole of the helix was taken into
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Donor--Acceptor 1A a(®)
NH(Argl6)--OH(LG) 2.82 168
OH(LG)--OHy(1) 2.70 147
Ny H--O(1) 2.86 153
NH--O(1) 2.79 166
HOH(2)--0(2) 2.69 170
Ny, H--0(2) 2.83 153
Ny H--0(3) 2.84 150
N,H(Arg16)--0(3) 2.74 164
HOH(3)--0(3) 2.70 167

Figure 4. (A) Stereoview of the optimized (two-layer ONIOM scheme: B3LYP/6+r&**//HF/6-31G) Michaelis complex. (B) Enzymesubstrate
interactions in the Michaelis complex. HOWK -O(y) points to a hydrogen bond between HOH nunmbas proton donor and the substrate oxygen
atom numbey as proton acceptot.gives the distance between donor and acceptor in Azagides the angle between donor-proton-acceptor in
deg. LG stands for leaving group andHNfor the backbone amide group of the amino acid with number

11

account by representing the atoms of the helix as point charges. R® = 0,882
Before calculating these charges, the hydrogen atoms were '1 a3 10
placed by minimization with MMFEP implemented in the 5

SPARTAN packagé?2No quantum chemical optimization was 4 0
carried out after this step. Since the point charges are required Q L8
to describe the electrostatic effects of the helix, the electrostatic = ug

potential derived Chelp& population analysis executed at the 7
B3LYP/6-31G** level was choseft. One should remark that 6;;2
the 14 amino acids of the helix form a too large system to

perform a ChelpG population analysis, so that a reduction of ' ' ' 5
the helix to a model is required. To verify the notion that mainly -360 355 350 -34S 340 335
the backbone of the helix contributes to the macrodipole, we Proton affinity (kcal/mol)
compared the effect of the Mulliken charges of théelix on Figure 5. Proton affinity—pK, correlation curve calculated in the gas

e ; ; phase for a series of five substituted thiolates= inethanethiol; 2=
the proton affinity of Cys10 with the effect of the Mulliken benzenemethanethiol: 3 mercaptoethanol: 4= cysteine; 5—

charges c_)f a 59'06‘,”90' Ala-helix (obtalneq by termllnatlng trifluoroethanethiol. The effect of the hydrogen bond network on the

every amino acid different from Gly atgE This comparison pKa of Cys10 is shown. The calculated proton affinities of Cys10 in

gives only a negligible difference of 1 kcal/mol on a proton the presence of different elements of the €K interaction network

affinity of 400 kcal/mol, permitting us to use the “Ala-helix”  are inserted. 10.0: Ky of Cys10 in the presence of a solitaryGys10-

safely to study the effect of the dipole of thehelix on Cys10. ~ H—OySerl7 hydrogen bond. 6.2:Kpof Cys10 in the presence of the
T | d tify the effect of the C4R+ int fi C10-K* interaction _network. 6.0: K 01_‘ Cyle in the presence of

o explore and quantify the effect of the interacthon the C10-K* interaction networkt o-helix dipole effect
network and thex-helix on the basicity of Cys10, we calculated
the proton affinity of Cys10 in the presence and absence of the mental (K, values (Figure 5). The resulting linear relationship

components of the CEK™ interaction network and the-helix. was used to extrapolate th&pof Cys10 in the considered
Proton affinities were calculated at the B3LYP/6433** level models from its calculated proton affinity. Ideally, for this
by subtracting the energies of the optimized (B3LYP/6-&F) purpose, aqueous proton affinittéshould be used. However,

protonated and deprotonated forms. To translate changes ingas-phase proton affinities gave a superior correlation to the
proton affinity to changes in the acid dissociation constak)(p one obtained in water, using the advanced-S@CM?3 model.

we calculated proton affinities of a series of five thiolates This might be due to the absence of the hydrogen bond
(methanethiol, benzenemethanethiol, mercaptoethanol, cysteineinteractions between the thiol/thiolate group of the solute and
and trifluoroethanethiol) and plotted these values against experi-the surrounding solvent when using the continuum model.
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DFT Measures of Reacfty. An electrostatic model was used
as an approximation for the influence of ArsC on the reactivity
indices of arsenate and G& (as model for Cys10). Arsenate

J. Phys. Chem. B, Vol. 108, No. 44, 20047221

tetrahedral oxyanions and its stabilization upon binding. Re-
markably, three water molecules in the active site appear to be
necessary to maintain the loop of the ligand-binding pocket as

was embedded in the enzymatic environment of the WT and structured. Without water molecules, the ligand-binding loop

Argl6Ala model systems, while the environments of Véfd
—Asn13/~K* were used to surround GB™. The enzymatic

linearizes during the geometry optimization. This forms a
possible explanation for the observation of four well-defined

environment of wild type and mutant ArsC was represented by water molecules in an unliganded active site in the X-ray

ChelpG point charges, calculated at the B3LYP/6-31G**
level 2731

NPA charge¥-?5calculated at B3LYP/6-3£G** were used
to obtain the Fukui function.

All calculations were performed using the GAUSSIAN 03
package*

Results and Discussion

Theoretically Optimized Michaelis Complex. Calculated
Model. Starting from the X-ray structure of ArsC complexed
with arsenite, i.e., the product of the first reaction step
(PDB: 1LJUY! (Figure 1), a model of the enzymsubstrate
(Michaelis) complex of ArsC is optimized using a two-layer
QM/QM ONIOM?+24scheme (B3LYP/6-31G**//HF/6-31G)

structure of ArsC wild type (1LJLY!

Enzyme-Substrate Interaction®uring ligand binding, the
desolvation energy has to be overcome and entropy is lost by
the stabilization of the ligand-binding loop. To deal with this
energetically costly process several favorable enzysubstrate
interactions are formed in the Michaelis complex of which
Figure 4 presents an overview. All comparisons were performed
with the X-ray structure of pl258 ArsC (PDB: 1LJ&)because
this structure resembles most the Michaelis complex studied in
this work.

To discern which anionic species of arsenate is most likely
to be bound in the active site, we compared the interaction
energies (calculated at B3LYP/6-8G**) of mono- and
dianionic arsenate with ArsC, calculated as the difference

(Figure 3). To check whether this structure is an acceptable between the energy of the optimized complex and the optimized,
Michaelis complex, the same methodology used to obtain the isolated arsenate and the noncomplexed enzyme. These two
ArsC Michaelis complex was also applied to a productlike interaction energies contain the same, unknown energy of the
structure of a protein tyrosine phosphatase (PTPase) of thenoncomplexed enzyme, which cancels upon comparison. The
Yersiniabacteria in complex with N@ (PDB: 1YTN)3 which binding of dianionic arsenate turned out to be 82 kcal/mol more
is analogous to As@. This calculated PTPase Michaelis favorable than that of monoanionic arsenate, despite the vicinity
complex was compared with the experimental X-ray structure of the negatively charged Cys10.

of a complex with a tetrahedral oxyanion (Michaelis complex- | the ArsG-dianionic arsenate complex, all backbone amide

like structure) of the sam¥ersiniaPTPase (PDB: 1YTSE hydrogen atoms in the catalytic loop are oriented toward the
All the observed enzymesubstrate interactions in 1YTS were  onier of the loop. With the exception of Gly12 and Asn13,

retrieved in the optimized Michaelis complex. In analogy with they all form hydrogen bonds with the oxygen atoms of
this result, the structure of the ArsC Michaelis complex obtained dianionic arsenate. All free electron pairs of these oxygens are
from 1LJU by using the QM/QM ONIOM scheme (B3LYP/ involved in hydrogen bonding. In the case of a monoanionic

6'3t+G*¥]/ HF/?GIGI) can fbehtreated_wnh confld(fance. i th arsenate, the extra hydrogen atom on one of the oxygens would
T. € d('j edral ang %S of the pe|:|)t|de fbcxdz gun_d in the experience steric hindrance, making a dianionic form of arsenate
optimized enzymesubstrate complex of Ars eviate on o6 favorable. The nucleophilic,8ys10 interacts with the

avzrage_ by 7fr?r1nlpla(rj1arity (bet;/_vetlen aEdevigtiontrrlla>t<irtY_1utm Gly12 and Asn13 backbone amide groups and with the hydroxyl
and minimum o and‘Z respectively). Experimental statisti- group of Serl7 via hydrogen bonds (Figure 4). In the crystal

cal data report deviations from the exact planar peptide bond structure of the first reaction step product (PDB: 1L3tipe

up to 636 and even more when circular peptides are consid- distances between,Sys10 and the Gly12 amide,Sys10 and

37 i i i i i
ﬁ;esdé gfcjllja Crh’ égrtnheir“g?ﬁg ;)Lgegqgego;:\i;g;?;fgrh WI;'C,[? Olethe Asnl13 amide, , £ys10 and @Serl7 are respectively 4.26,
9 Y, 9 pep 3.65, and 3.28 A. With the exception of the first interaction,

bound planarity can be considered as acceptable and thethese distances are in the same range as those in the “in silico”
activation barriers of peptide bond rotations are properly 9

described by the proposed ONIOM scheme. obtained Michaelis complex (Figure 4).

Structure Stabilization. One of the mechanisms used by ~ Arg16 Guanidinium Grougn the optimized wild-type model,
enzymes to reduce the activation barrier is the constitution of the guanidinium group of Arg16 provides an extension of the
an environment that prepares the substrate(s) to undergo theSubstrate-binding pocket, via a spherllcal stru.cture surrounding
reaction to product(s), as formulated in the “environmental the substrate. In LMW PTPasea crucial Arg is observed at
preorganization concep#bThis concept has long been seen about the same structural position. Nevertheless, the orientation
as a Specia| feature of enzymes, but is nowadays |arge|y of the |Igand in the Michaelis Complex of ArsC is quite different
questioned (for an extended discussion, see ref 38). In the casdrom the position taken by the phosphotyrosine substrate in the
of ArsC, the empty active site is not structured in a preorganized active site of LMW PTPase. In LMW PTPase, strong hydrogen
geometry as seen during a geometry optimization without boundbonds are formed betweentiN,H of the guanidinium group
ligand in which the loop structure of the ligand-binding pocket of the ArsC Arg16 homologue and two nonprotonated oxygen
linearizes. Instead, through a process of induced fit, arsenateatoms of the substrateln contrast, in the optimized structure
causes the alignment of the catalytic groups in their correct of wild type ArsC, only Arg16l)H is involved in a hydrogen
orientation. This is revealed by the observed stabilizing effect bond with a nonprotonated oxygen atom, while ArglieN
on the active site geometry upon ligand binding. Our calculations donates a hydrogen bond to the leaving hydroxyl group. This
are in accordance with the kinetic afid—1°N heteronuclear difference in substrate binding between ArsC and LMW PTPase
single quantum correlation nuclear magnetic resonance (HSQCmight promote ArsC as an arsenate reductase instead of a
NMR) spectroscopy experiments, which demonstrated a  PTPase. After a comparison with the X-ray structure of the first
dynamic character of the active site P-loop in the absence ofreaction step product (1LJU},where Argl6N interacts with
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TABLE 1: Experimentally Measured Ky and k., Values for TABLE 2: Reactivity between As and S in WT and Mutant
Wild Type and Mutant ArsC @ Enzymatic Environments?
ArsC Kw (uM) Keat (Min—1) KealKn (M~1s71) model As (au)
wild type 68 215 5.2 10¢ WT 1.575
Argl6Lys no activity electrophile effect: Argl6Ala 1.601
Asn13Ala 68 29.2 10 nucleophile effect:—N13/-K* 2.269
Serl7Ala 79 38 8« 10°

aReactivity in the enzymatic environment of WT and mutant ArsC

aThe catalysis of arsenate reductase by pl258 ArsC mutaHts.  as measured by difference in local softndsgau) between As and S.
Arsenate reductase activity determined in a coupled enzyme assay with
Trx, TR, and NADPH under standard assay conditions. No activity along the reaction path. As such, application of the HSAB
means &.4 value lower than 0.087 in an initial velocity experiment principle allows the deduction of relative activation energies
in the presence of 20 mM arsenate. from information on the reactant properties only. This principle

offers the possibility to interpret and to predict the results of
the leaving water molecule (2.96 A), we can conclude that our reaction path calculations going along with Parr’s dictum “To
calculated model is in full accordance. compute is not to understané®”

True binding energies cannot be obtained since the geometry The application of the HSAB principle estimates the inter-
of the noncomplexed enzyme is not available. Hence, interaction action strength between two interacting partners by compar-
energies are calculated (at B3LYP/6-3%**) using the ex- ing their local softness in the reactant state. This qualitative
tracted geometry of the uncomplexed enzyme from the com- description of the interaction strength enables us to identify the
plexed one. In the Argl6Ala mutant, the interaction with residues in ArsC responsible for nucleophilic activation in the
dianionic arsenate is found to be less favorable (123 kcal/mol). first reaction step. The reactivity between arsenate and Cys10
This value has to be treated with the necessary caution sinceincreases with decreasing difference in local softness of the two
structural rearrangements in the enzyme and entropic consid-interacting sulfur and arsenic atoms. The difference between
erations upon going from the complexed to the uncomplexed the local softness of1&ys10 and arsenic is minimized in the
form are not taken into account. presence of both Arg16 and the CiR™ interaction network.

With a monoanionic arsenate as ligand, the interaction of the Both have a positive impact on the Cysifrsenate reactivity
leaving group with Argl6Ndisappears. As such, the mono- (Table 2), with the influence of the CHX™ interaction network
anionic substrateenzyme complex resemblksss thecovalent being the most important. According to the HSAB principle,
adduct. As a consequence the binding of a monoanionic we can argue that the stabilization of the nucleophile is of greater
substrate is less probable. Further evidence comes from theimportance than the stabilization of the electrophile, at the onset
optimization (MP2/6-3%+G**) of the CH;S—AsOz*~ and the of the first reaction step, partially explaining the decrease in
CHs—AsHO;~ model systems in the gas phase. TheAS bond keat found for mutant ArsC (Table 1).
distance is respectively 2.32 and 2.23 A in the optimized  Activation of the Electrophile. The active site of ArsC
dianionic and monoanionic adduct, while the crystallographic embraces arsenate upon binding, without any significant con-
(1LJU)'! value of the S-As bond length is 2.4 A. This means  formational changes of the arsenate. Compared to free arsenate
that the S-As bond length of the optimized dianionic adduct in gas phase, the mean deviations of the-@sbond lengths
is closest to the one observed in the crystal structiumher and O-As—O angles are respectively 0.026 A antl 3
evidence for dianionic substrate binding. The largest effect of arsenate binding upon its structure is

Asnl3Ala Structureln the in silico optimized Asnl3Ala  seen for the As- -OH(LG) bond length for which a decrease of
mutant, the enzymesubstrate interactions of the wild-type 0.096 A is observed in comparison to free arsenate in gas phase.
complex are conserved. The average hydrogen bond length isSince geometrical structures are functions of the electron
2.76 A and the average donor-H-acceptor angle is°165 distribution, this diminished bond length seems natural, because
deviation from the average wild type values by only 0.01 A of the observed charge transfer from arsenate to the enzyme
and 5 respectively. As such, all interactions of the optimized (vide infra). In the gas phase, the A®H bond lengths (fully
wild-type ArsC-arsenate complex are maintained in this mutant. optimized geometries calculated at B3LYP/6+33**) for a

This observation is in agreement with the similay values diprotonated nonbound arsenate are also shorter than those for
for WT and Asnl13Ala ArsC. The lovk. values (Table 1) monoprotonated nonbound arsenate (0.089 A).
suggest thaKy is a genuine binding constant. The As--OH(LG) bond length in the Argl6Ala mutant

Reactivity Analysis by Means of the HSAB Principle.The shortens with 0.039 A in comparison to this of the wild type.
experimentally obtainel.:. values for the reduction catalyzed A significant value, as this is almost four times as much as in
by ArsC are macroscopic rate constants. Apart from the first the Asn13Ala mutant. A greater bond length signifies a weaker
reaction step considered hekgy; may comprise other micro-  bond and as a consequence a facilitated dissociation of the
scopic rate constants appearing in the in the successive reactioteaving group. The observation thereof in a Michaelis complex
steps of the catalytic cycle (Figure 1B). As a consequence, nois in line with the catalytic principle of “ground-state destabi-
direct information concerning the activation energy of the first lization”.#° The elongating of the As- -OH(LG) bond in the wild-
reaction step of this multistep reaction mechanism can be type Michaelis complex indicates the importance of Argl6 as
deduced from the experimentally obtained kinetic data. Although ground-state destabilizer.
no microscopick.s value of the first reaction step is known, The energy of the complex with a bound dianionic substrate
the application of the HSAB principle provides information is 375 kcal/mol higher than the energy of the complex with a
regarding the onset of the first catalyzed step by which more bound monoanion. This energy difference correlates with the
insight in the globakgs is gained. ground-state destabilization of the bound dianionic arsenate by

Application of the HSAB principle offers the advantage that the arsenateArgl6N. interaction, which is not present in the
the characteristics of a reaction (mainly kinetic aspects) are monoanionic complex.
described in terms of the properties of the reagents in the ground The sensitivity to nucleophilic attack on a species can be
state, without explicit numerical calculation of characteristics quantified in a DFT context by the electrophilicity index)(
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TABLE 3: Charge Distribution  in Enzyme-Bound and
Water-Solved HASOs2~

charge distribution (au)
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TABLE 4: Spillover Effect in the Charge Transfer in the
ArsC—Arsenate Hydrogen Bonds

¥\

N/O”H - 0" HAsO,

WT complex HAsQ? wateP

As 2.5915 2.4529
O(LG) —1.1264 —1.1278
O —1.2656 —1.2705
(6] —1.2249 —1.2551
H 0.5427 0.4710
) —1.2227 —1.2705
charge transfer 0.2945 0

@ NPA charge distribution (au) in enzyme-bound and water-solvated
monoprotonated arsenate (HA8Q, calculated at the B3LYP/6-
314+G** level. ® SCI-PCM® solvent model used.

calculated with eq 10. Herein, the ionization eneryafid the
electron affinity Q) are set equal to zero when negative values
are found. Ifl andA are both negativay is beyond its action

H-bond donor

acceptor

free enzyme

enzymesubstrate complex

donor- -acceptor  q(N/O) q(H) q(N/O) q(H)
NH(Arg16)- -OH(LG) —0.616 0.449 —0.646 0.484
N1gH- -O(1) —0.670 0.406 —0.683 0.460
N17H- -O(1) —0.670 0.438 —0.683 0.478
HOH(2)- -O(2) —1.033 0.473 —1.072 0.537
N14H- -O(2) —0.670 0.407 —0.668 0.464
N11H- -O(3) —-0.691 0.414 —0.691 0.469
N,H(Arg16)- -O(3) —0.813 0.438 —0.818 0.479
HOH(3)- -O(3) —1.015 0.482 —1.062 0.534

a Spillover effect in the charge in the enzymsubstrate hydrogen
bonds in the ArsC Michaelis complex. The arrows indicate the direction
of negative charge flow. NPA charges (Q) are calculated (B3LYP/
6-31+G**) on the enzyme-substrate complex (WT model) and on

radius and loses its meaning, which is the case for free arsenatehe nonbounded catalytic loop of ArsC. Coordinates of the free catalytic
in gas phase. In the wild-type complex, bound arsenate has arsite are taken from the optimized geometry of the WT Michaelis

o value equal to 5 kcal/mol, whereas for arsenate in the
Argl6Ala mutant is again meaningless, indicating that Arg16

complex.

has a positive influence on the electrophilicity of arsenate and positive charge ™) on the hydrogen atoms of the hydrogen
as a consequence on the accessibility of arsenate to thebond donors increases. The negative charge from arsenate is

nucleophilic attack.
The critical function of Arg16 in As- -OH(LG) bond length

transmitted via these hydrogen atoms to the nitrogen and oxygen
atoms of the hydrogen bond donors. In this way the fractional

extension and on the electrophilicity of arsenate makes this negative charges of the nitrogen and oxygen atoms increase.
residue highly important in the reactant state. As such it was (Table 4) In small molecules, it is well-knowthat, after this

not at all a surprise to observedaamaticdrop in activity of
the Argl6Lys mutant (Table 1), the moment theHNwas
removed.

first spillover transmission, the negative charge is transferred
further to the terminal atoms. In the enzyme, terminal atoms
are at very large distances, so that the transferred charge is

One of the most important and intuitive arguments against a delocalized over the system.

dianionic substrate in the enzymatic mechanism is the Coulomb  The charge transfer from arsenate to ArsC is accompanied
repulsion with the proximal nucleophilic thiolatéNevertheless, by a charge rearrangement within arsenate in such a way that
the nucleophilic attack on a dianionic substrate has beenthe central arsenic atom becomes more positive compared to
proposed on the basis of predicted reactivities and calculated unbound arsenate (0.149 unit charges, almost half of the
interaction energies between sulfur and arsenic: obtainedobserved charge transfer of 0.294 unit charges), while the
through the application of the HSABrinciple. We observed  charges on the oxygen atoms remain more or less the same.
that the difference in softness between arsenic and sulfur Along with this increase in positive charge, the central arsenic
decreases as arsenate becomes more deprotonated (softer). Thrasdom becomes more electrophilic as quantitatively measured by

was observed in the gas phase as well as in an enzymaticthe local electrophilicityn™ (eq 11).w™ passes from meaning-

environment, modeled with a dielectric constant of 20.lh

less (vide supra) for the arsenic atom of free arsenate in gas

the present study, the total calculated charge on arsenate in thgghase toward 4 kcal/mol upon binding. As a consequence,

wild-type Michaelis complex €£1.71 unit charges) clearly

arsenic becomes more receptive to the nucleophilic attack, and

demonstrates a charge transfer to the enzyme (Table 3). Thisis activated by binding to ArsC.

means that through the numerous enzysgbstrate interactions

Activation of the Nucleophile. At the optimum pH for

in the reactant state the original dianionic substrate passes intoenzymatic catalysis by ArsC (p& 8.0),/° a substantial amount
a decreased dianionic state by binding. This negative chargeof free cysteine (o = 8.3) is present in the thiolate form. In
stabilization reduces the electrostatic repulsion in the enzymethe enzyme-substrate complex, however, the presence of

and hence partially explains the binding of a dianionic sub-
strate.

Consider the enzymesubstrate interactions NFO—H?"- - -
O°"HAsOz2~, with N/O—H the backbone amide or water
hydrogen bond donors and OHAgO (arsenate) the hydrogen

bond acceptor. A brief analysis of the charge transfer (Table 4)

dianionic arsenate in the vicinity of Cysl10 is expected to
increase the latter's basicity and to drive the thiol/thiolate
equilibrium toward the thiol form, which is a weaker nucleophile
compared to the thiolate forfHowever, it can be anticipated
that the enzymatic environment favors the deprotonated state.
Apart from the backbone amide hydrogens of Gly 12 and

indicates that the spillover effect of the negative charge, as Asn 13, Ser 17 is the only residue that interacts directly with

described for doneracceptor interactions in general by Gut-
man?2is also found in the Ars€arsenate hydrogen bonds, apart
from two exceptions: the NH--O(2) and the NH--O(3)

Cys10!! Since Serl7 cannot function as a general base, general
base catalysis can be excluded. Rather, we strongly suggest
nucleophilic catalysis with a stabilized thiolate form in the

interactions (Table 4). Upon arsenate binding, the negative reactant state. Hydrogen bonds are known to haveKa p
charge is transferred from arsenate to ArsC. As the hydrogenlowering effect on the acceptor molecule, especially when the
atoms of the backbone amides and the water molecules directlydonor molecule is positively chargéél However, this is not
interact with the substrate arsenate, they are the first acceptorghe case for the Cys19S-H—OySerl7 hydrogen bond in pl258

of the transmitted negative charge. However, the fractional

ArsC and as such it is unlikely that this single interaction will
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sufficiently suppress thelfy of Cys10. As a consequence, one the drop of the experimentally measuregd; values (Table 1)
can think of a possible role for the CA&™* interaction network for mutant ArsC can be explained.
(Figure 2) in strengthening the Cys13SH—OySerl7 hydro- An extra decrease of thekgwith 0.2 units is calculated for
gen bond. the macrodipole moment exerted by tlehelix spanning
Under the influence of Asnl13 and potassium, a clear residues 16 to 29, which brings the final Cys1Qjn S. aureus
displacement of the hydrogen from+®ySer17 toward $Cys10 pI258 ArsC to 6.0 (Figure 5). As mentioned before, the
is observed (Figure 2). Asn13 and potassium have the sameexperimental determination of the Cys1Bjpvalue in pl258
impact on the Cys108 -H—OySer17 distance and their effect ArsC is not evident. FoEscherichia colR773 ArsC’2however,

is additive (Figure 2). The shortening of the Cys¥0SH— the experimental g, value of the Cys1®. aureugl258 ArsC
OySer17 distance, when inserting the elements of the network analogue is 6.3 in the presence of a charged histidine re$idue.
one by one, isin agreement with the increase of tjn@)&l(}— AIthough the Ka values of the nucleophlllc cysteines of both

H—OySer17 hydrogen bond strength. Also here, an additive S. aureusandE. coli ArsC are of similar magnitudehe two
effect of Asn13 and potassium is observed (Figure 2). Under ArsC families are not related. As a consequence, we can
the impulse of potassium, the Asn123-Nydrogen moves toward ~ conclude that an analogous evolution has taken place.SThe
OySerl7 (Figure 2). aureuspl258 ArsC C16-K* interaction network and the.

As mentioned before in the Introduction, the experimental coli R773 ArsC histidine residue have developed separately to

determination of the Ig. is not straightforward because three deal with the same problem of activation of the nucleophile.
of the four cysteine residues present in pl258 ArsC are involved
in the reaction mechanism (Figure 1B). However, evidence for

a shifted K, can be given from high level theoretical Starting from the X-ray structure of the first reaction step
calculations*dFigure 5 gives a proton affinitypK, calibration product, the two-layer QM/QM ONIOM method provides a
curve R = 0.88) for a series of substituted thiolates. Herein, ygliable structure of the Michaelis complex of ArsC. Arsenate
the calculated proton affinities of methanethiol (as model system binding stabilizes the loop structure of the active site.

for Cys10) in the presence of different elements of the €10 Activation of the electrophile in the Michaelis complex of
K™ network are implemented. In the presence of the single 258 ArsC takes place by a charge transfer from arsenate to
SyCys10- -H-OySerl7 hydrogen bond, a decrease of the P the enzyme during the formation of the enzynseibstrate
with 0.3 units is observed. When Asn13 and &e completing  complex. In particular, the central arsenic atom becomes more
the C16-K* network, an additional decrease of thiwith positively charged rendering the substrate more electrophilic
respectively 3.4 and 0.4 units is found, yielding a finkof and more susceptible to nucleophilic attack. The observed charge
methanethiol in the presence of the hydrogen bond network of yansfer strengthens the evidence for a dianionic arsenate in the
6.2. As such, Cys10 can be predicted to be mainly deprotonatedyresence of a negatively charged sulfur on the nucleophilic
in the range of maximal catalytic activity of ArsC. The relative Cys10. Moreover, the interaction with the df Arg16 increases
importance of Serl17 and Asn13 on the;of Cys10 correlates e pond length of the ASOH(LG) bond and will finally lead

with a drop of the experimentally measurkg; values (Table 5 the preaking of this bond in the reaction state.

1) with factors of about 7 and 5 for the Asnl13 and the Serl7  gapilization of the nucleophilic thiolate form of Cys10 is

mutation, respectively. Previously, the increaseafKu™® in accomplished by decreasing it&pto 6.0 by both the mac-
the presence of Khas been explained by its role in the thermal rodipole of a nearbyi-helix and the interaction network from

stabilization of ArsC% Here, we showed the importance of K SyCys10 via HO'Ser17 and HyAsn13 to potassium.

for the a.ctivation of the nucleophilic Cys10. All together, the use of DFT and the application of the HSAB
ArsC is suggested to be evolved from an ancestral LMW principle leads to conclusions that were unpredictable only based
PTPasé, but there, no K is present at this binding site. I on X-ray structures and steady-state kinetic data. This gives the

bovine and human LMW PTPaséSthe imidazole side chain  theoretical model approach an extra dimension in the explanation
of His72 occupies the space of the potassium binding'$ite. of experimental data.

More specifically, the potassium coincides precisely with the
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