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One of the major problems in interpreting the mode of action of atoms is 4.7 A; pdb file 1LAM). However, in most of the inhibitor
zinc-based bimetalloenzymes is that, in most cases, the structurecomplexes, Ns2s2 has moved in ca2 A to help stabilize the
of the reactive species is not known. The hypersurface of zinc is tetrahedral structure of the complex. We find that, if we constrain
intrinsically quite flat (easy change in coordination number and the NH;* ion in our model to remain within this radius of allowed
geometry), and in the presence of water, the possibility of specific motion, it spontaneously moves in to form a hydrogen bondito O

hydration (to an unknown extent) must be considered.
Bovine lens leucine aminopeptidagall(AP) is a widespread

Except for the Nszso—Ou distance, the individual calculated
parameters for comple2 match the solid-state structure quite

bizinc hydrolase whose function is to remove the N-terminal residue satisfactorily. The free electron pair onu@s purely p in character

in a peptide chaid.It plays a key role in the degradation and
modification of proteins in the metabolism of mamniasd has
even been implicated in human HIV pathophysiolddyLAP has
a hexameric structutén which each monomer functions indepen-
dently of the other§.The active site (one per monomer) is sitting

(epr = —9.0 eV) and is well-positioned for nucleophilic attack on
a substrate approaching Zn2.

As we have discussed earlfEZnl exhibits an unusual trigonal
bipyramidal coordination. The carbonyl (amide bond to Ala333)
is only loosely coordinated. Zn1 easily undergoes a pseudorotation

on the edge of two water channels: a large one for the subStrate that pulls thex-OH unit to the Znl side of the active site. A
located below the two metal ions and a much smaller one (function |ocalized, Zn1-bound hydroxide is formed in a slightly endothermic

unknown) located above Znl (Figure 8.
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Figure 1. Solid-state structure of the active site @f.AP.

We have modified simple DFT models for the active site of
bILAP developed by t,sand Karplus et al® to include part of the

process £3.3 kcal/mol). An AM1/MM study has postulated that
such a monodentate Znl-bound hydroxide is the active species in
the mode of action obILAP.1* Judging by the energy of the p
orbital (€, = —8.1 eV), speciesl is indeed slightly more
nucleophilic tharg.

Placement of a water in the small water channel (located just
above Ala333 in the active site) and optimization resulted in
complex3. The wateispontaneouslinserted itself (quasi barrierless
process) into the relatively weak ZaD carbonyl bond. Intermedi-
ate 3 is only slightly less stable 40.9 kcal/mol) than the
correspondingi-OH specie® and a free water. The inserted water
in 3 cannot function as a nucleophile since it is located too far
away from the substrate docking channel.

Species3 then undergoes a slightly exothermieX.6 kcal/mol)
conversion tod. A pseudorotation on Zn1l lowers its coordination

backbone connecting Ala333 to Asp332. We found that this linkage to four by breaking the:-OH contact. A metal-bound @, func-
is necessary for modulating the coordination of the carbonyl group tjonality results. The hypersurface is quite flat, and after extensive

to Znl. In addition, we used an NHion to model the side chain
of Lys262M Lys262 is involved in the hydrolysis mechaniSrand
provides direct hydrogen-bond stabilization in inhibitor compléges.

calculations, we conclude that the interconversion barrier is less
than 3 kcal/mol. Similar “loosely bridged” 4@, zinc species have
been considered in DFT and MD calculations Sractamase

Using this extended model for the resting state of the enzyme (spe-isplated fromBacteroides fragilig® Experimental support fof is

cies2), we have examined the effect of specific water molecules to jngependently offered by several solid-state structures of biomimetic
investigate the role of the second smaller water channel as well as;inc complexed® Intermediatet contains a lone pair on the Zn2-

to identify likely candidates for the nucleophilic species in the mode ,nq water that is optimally oriented to attack a substrate. Similar

of action ofbILAP. Our calculations show that at least five interme-

diates1—5, all in equilibrium with each other, have to be considered.

X-ray structural analyses dILAP show that the solid-state form
of the active site contains a bridgipgOH unit which has been
postulated to be the nucleophilic speci@$ie position of the N

group in the Lys262 side chain is flexible and has a ca. 2.5 A radius
of allowed motion below Zn1l. There is no direct hydrogen bond
between Nsz62and Qu in the solid state (the distance between these 5. which we describe as a “

T Phillips University.
* Friedrich Schiller University.
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to 1, this orbital is activated for nucleophilic attaci,{= —8.7 eV)
as compared t@ or 3. Kinetic investigations on binuclear zinc
complexes have also reported thaj4 species are intrinsically
more reactive tham-OH units!®1” Table 1 shows hybridization
and NBO energies of the nucleophilic lone electron pair on oxygen
in 1-5.

Complex4 is capable of adding a second water molecule to form
water sluice”. Spe&esn be expected
to be every bit as nucleophilic as(e, = —8.6 eV) and is only
slightly (3.5 kcal/mol) more unstable. Although this activated Zn2-

10.1021/ja042797¢ CCC: $30.25 © 2005 American Chemical Society
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Table 1. Hybridization (%p) and NBO Energies (eV) of the
Nucleophilic Lone Electron Pair on Oxygen in 1-5

Table 2. Equilibrium Positions (Gibb’s Free Energies in kcal/mol)
for the Interconversions 1 == =

%p € (8V) AG (kcal/mol) AG (kcal/mol)
1 Ozn1 96 -8.1 1=2 +3.3 3<=4 -1.6
2 B 100 -9.0 2+ H,0=3 +0.9 4+ H,0=5 +3.5
3 Oy 99 -9.1
4 Ozn1 87 -10.2
Ozn2 100 —8.7 . . . .
5 Oz 88 —99 etries. NBO analyses of the bonding orbitald.ir5 were performed
Ozn2 100 —8.6 using B3LYP/[D95(first row atoms}- 6-3114+-G(d) (Zn)]//B3LYP/

lanl2dz wave functions. The B3LYP method has been reported to
prefer bidentate coordination modes for zinc-bound carboxylates
(models for Asp and Glu) with the smaller lanl2dz basis and
monodentate modes with the larger 6-313(d,p) basis® In our
case, the H-bond network provided by Lys262 avoids this problem,
and we find that B3LYP/6-31tG(d,p) geometries (calculated for
selected structures) are very similar to their B3LYP/lanl2dz
counterparts. Basis set effects will be discussed in a forthcoming
full article on the mode of action oblLAP. Table 2 shows
equilibrium positions for the interconversiofis= = 5.
Acknowledgment. This work was financed by Land Thiagen,
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Figure 2. Hydrated intermediates found for the active sitebtifAP.
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