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Abstract: TNF-R converting enzyme (TACE) is a multidomain, membrane-anchored protein that includes
a Zn-dependent protease domain. It releases the soluble form of cytokine tumor necrosis factor-R (TNF-R)
from its membrane-bound precursor. TACE is a metalloprotease containing a catalytic glutamic acid, Glu-
406, and a Zn2+ ion ligated to three imidazoles. The protonation states of the active site glutamic acid and
inhibitors are important factors in understanding the potency of inhibitors with acidic zinc-ligating groups
such as hydroxamic and carboxylic acids. Density functional methods were utilized to compute pKa values
using a model of the catalytic site of TACE and to predict a concomitant mechanism of binding, consistent
with lowering the pKa of the bound ligand and raising the pKa of the active site Glu-406. Weak acids, such
as hydroxamic acids, bind in their neutral form and then transfer an acidic proton to Glu-406. Stronger
acids, such as carboxylic acids, bind in their anionic form and require preprotonation of Glu-406. Similar
binding events would be expected for other zinc-dependent proteases.

Introduction

Tumor necrosis factor-R (TNF-R) is an important cytokine,
responsible for initiating protective inflammatory reactions.
However, it also plays a role in the development of many
diseases. Rheumatoid arthritis, diabetes, endotoxic shock, and
HIV cachexia can all result from the excess production of TNF-
R.1 Increased TNF-R production has also been linked to
advanced cardiac dysfunction in myocarditis,2,3 osteoarthritis,4

and neural damage from the inflammatory response due to
bacterial meningitis infection.5,6 Given these complications, the
reduction of TNF-R activity is an appealing therapeutic goal.

Tumor necrosis factor-R converting enzyme (TACE) is a zinc
endopeptidase that releases soluble TNF-R from its membrane-
bound precursor7-10 through proteolysis of the Ala-76f Val-
77 bond11 by membrane-bound TACE.12,13Since it is the soluble
form of TNF-R that is responsible for its cytokine activity,

inhibition of TACE is an attractive scheme for reducing the
production of active TNF-R. In fact, there has recently been a
great deal of interest in the development of inhibitors for
TACE.14-18
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Ligand geometry and protonation states are important factors
for inhibitor design. Binding geometries of non-hydrogen atoms
are well defined by X-ray crystallography of enzyme/inhibitor
complexes. In this study, theoretical methods were used to
reproduce the known binding geometry of a ligand, to predict
the bound geometry of a second ligand, and to predict
protonation states and pKa values for ligands and TACE groups.
The 2.0-Å X-ray crystal structure of TACE cocrystallized with
a hydroxamic acid inhibitor, 3,N-{(R,S)-[2-(hydroxyaminocar-
bonyl)methyl]-4-methylpentanoyl}-(S)-3-(tert-butyl)glycyl-(S)-
alanoyldiethylene amide (1)11 served as a structural template

for calculations of stationary point geometries. Since predictions
of protonation states are inaccessible by most experimental
methods, we have used density functional methods to compute
pKa values for several ligand and TACE active site functional
groups. These calculations provide the basis for understanding
the changes that occur in the active site environment during
the approach and coordination of potential inhibitors.

Computational Methods

Calculations were performed using the Jaguar 4.1 program.19

Geometry optimizations were carried out using the B3LYP hybrid
density functional20-22 with the LACVP* pseudopotential23 used on
the zinc ion and the 6-31G* basis set used on all other atoms.

pKa calculations were performed using the pKa prediction module24,25

in Jaguar 4.1, which is based on a closed thermodynamic cycle.

This module computes a raw pKa value for a protonated structure,
AH, using eqs 1-4,25 with an added empirical correction shown in eq
5.

EX(gas) is computed with the B3LYP/cc-pVTZ(-f)[+]//B3LYP/6-31G-
[**] method,26-28 and ∆GX(sol) is computed with the self-consistent
reaction field continuum solvation method29 using B3LYP/6-31[+]-
G**//B3LYP/6-31G[**]. The functions in brackets are applied to the

atoms involved in deprotonation. The LACVP basis set, with appropri-
ate polarization functions, is included for the zinc atom. The experi-
mental value for∆GH+(sol) of -259.5 kcal/mol is used.30 T∆S(gas) is
approximated by the value 7.8 kcal/mol, based on the reported entropy
of a proton.31

As models of the TACE active site, molecular fragments from the
TACE complex with1 were extracted from the PDB file 1BKC. All
models included three imidazole rings representing His-405, His-409,
and His-415 and the catalytic zinc ion (Zn2+), abbreviated Zn(Imd)3.
For geometry optimization, the anion of Glu-406 was represented by
the formate anion. The pKa calculations were done for isolated acids,
for a partial active site model [Zn(Imd)3], or for a “complete” active
site model comprising Zn(Imd)3 plus the complete Glu-406 residue with
capped end groups. For all of the calculations, the coordinates of the
active site models were fixed.

Results and Discussion

Acetohydroxamic acid (2) (a model for the hydroxamic acid
inhibitor) and acetic acid (3) were geometry optimized in the
active site model allowing both ligand mobility and proton
transfer. The calculated binding modes for acetohydroxamic acid
and acetic acid are illustrated in Figure 1.

The RMSD for the heavy atoms of acetohydroxamic acid
compared to the corresponding atoms of the inhibitor is 0.17
Å, which suggests the active site model can reproduce the
inhibitor interactions within the binding pocket of TACE.
Acetohydroxamic acid displays bidentate coordination to zinc.
There is proton transfer from acetohydroxamic acid to the
formate (Glu-406) anion with subsequent hydrogen bonding
between the Glu-406 acid proton and the hydroxyl oxygen of
the hydroxamate anion. Another hydrogen-bonding interaction
is predicted between the NH proton of the hydroxamate anion
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Figure 1. TACE active site computational model based on the X-ray crystal
structure. Acetate anion (magenta) and acetohydroxamate anion (yellow)
were geometry optimized while the active site structure was held fixed.
The pKa for the Glu-406 acid proton (green) was calculated for a series of
active site models.

pKa(raw) ) ∆G2/2.3RT) (∆G1 + ∆G4 + ∆GH+(sol) - ∆G3)/2.3RT
(1)

∆G1 ) ∆H(gas)- T∆S(gas)) EA-(gas)- EAH (gas)+ 5/2RT-
T∆S(gas) (2)

∆G3 ) ∆GAH (sol) (3)

∆G4 ) ∆GA-(sol) (4)

pKa ) CpKa(raw)+ D (5)
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and the unprotonated carboxylate oxygen of Glu-406. In the
crystal structure, the hydroxamate nitrogen is equidistant
between the carboxylate oxygen and the backbone carbonyl
oxygen of Gly-131.

The optimized geometry of acetate places the two oxygens
close to those of the hydroxamate, giving bidentate ligation with
equivalent Zn-O distances. Once more, the acidic proton is
transferred from the model inhibitor to the formate anion (Glu-
406). There are no published X-ray structures for carboxylic
acids binding to TACE. Analysis of zinc binding sites in protein
crystal structures has shown that both monodentate and bidentate
ligation are common for carboxylic acids.32 Recently, the ab
initio methods employed herein successfully reproduced the
geometry of carboxylate inhibitors complexed with another
metalloprotease (peptide deformylase).33

The pKa values, Table 1, for acidic protons in proteins are
difficult to measure experimentally. The accurate reproduction
of the experimental binding geometry of a hydroxamate inhibitor
was a prerequisite for the computation of pKa values for various
acidic protons in our models.

The pKa value computed for the acidic proton of isolated
glutamic acid is 4.1, which is comparable to its experimentally
determined value of 4.3.34 From a study of MMP-3 catalysis

and inhibition,35 a pKa of 5.6 has been assigned to the catalytic
glutamic acid residue, which is in agreement with previous
experimental work on carboxypeptidase A.36,37 This shift to a
more neutral value compared to the isolated residue is mimicked
by the calculated pKa of 6.5 for the complete active site model
with a water molecule as the zinc ligand.

Acetohydroxamic acid was used to calculate a representative
pKa value for this group of inhibitors. The use of this model
compound lowered the computational cost while preserving the
binding mode geometry of the hydroxamic acid functional
group, Figure 1. The computed pKa value of isolated aceto-
hydroxamic acid is 8.4, which is in agreement with its
experimentally determined value of 8.7.34 The computed pKa

value of acetohydroxamic acid using the partial active site model
was 5.1, which is significantly more acidic than the uncoordi-
nated acetohydroxamic acid. Using the complete active site
model and hydroxamate anion, the pKa value for Glu-406 was
calculated as 5.9. These pKa values are consistent with transfer
of the acidic proton from hydroxamic acid to the carboxylate
group of Glu-406 as also predicted by the geometry optimiza-
tion. Based on these calculations, a generalized binding mech-
anism for a hydroxamic acid inhibitor in the TACE active site
is proposed, Scheme 1, in which the inhibitor replaces a water
molecule in the zinc coordination sphere.11

Following the protocol outlined for acetohydroxamic acid,
additional calculations were performed using acetic acid as the
coordinating ligand. The calculated pKa value of isolated acetic
acid, 3.7, also agrees fairly well with its experimentally
determined value of 4.7.34 When computed using the partial
active site model, the pKa value of acetic acid is reduced to
1.4. The pKa of Glu-406 in the presence of acetate is 6.2 when
the complete active site model is used. The relative pKa values
indicate that Glu-406 should be protonated prior to binding
carboxylate inhibitors, as indicated in Scheme 2. Thus, the
carboxylate anion can bind only to the lower population of
TACE with protonated Glu-406 at neutral pH (approximately
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Scheme 1. Proposed Binding Mechanism of Acetohydroxamic Acid in the TACE Active Site (w ) H2O)

Scheme 2. Proposed Binding Mechanism of Acetic Acid in the TACE Active Site (w ) H2O)

Table 1. Calculated and Experimental pKa Values for Glutamic
Acid, Acetohydroxamic Acid, and Acetic Acid Protons in the
Absence and Presence of the TACE Active Site

structure calcd pKa exptl pKa

Glu-406 4.1 4.3
Glu-406+ Zn(Imd)3 + H2O 6.5
Glu-406+ Zn(Imd)3 + acetohydroxamate 5.9
Glu-406+ Zn(Imd)3 + acetate 6.2
acetohydroxamic acid 8.4 8.7
acetohydroxamic acid+ Zn(Imd)3 5.1
acetic acid 3.7 4.7
acetic acid+ Zn(Imd)3 1.4
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9% taking the experimental pKa of 5.6 for the active site
glutamic acid of MMP-335). This requirement for protonation
is thought to be partially responsible for the generally lower
affinity that carboxylic acids show toward MMPs in comparison
to hydroxamic acids.33

Conclusions

Our calculations suggest that binding to the zinc ion (Zn2+)
within the binding cavity of TACE lowers the pKa of hydrox-
amic and carboxylic acids. This proposal is consistent with
experimental evidence that zinc-bound water molecules in
MMPs present a decreased pKa.38 In addition, the calculations
suggest that the binding events can be delineated into two
complementary steps: (1) binding to the coordinated zinc ion
decreases the pKa of the ligand (3.3 and 2.3 units for hydroxamic
and acetic acid, respectively) and (2) hydrogen-bonding and
electrostatic interactions raise the pKa of Glu-406 (1.8 and 2.1
units, respectively).

A detailed understanding of the binding process occurring
within binding sites can be utilized to design more efficient
inhibitors. In that sense, the ability to computemicroscopicpKa

values within a binding cavity environment can contribute
significantly to the design of more potent novel therapeutic
agents. While the findings reported herein have concentrated
on the binding events occurring in TACE, similar processes
would be expected for other zinc-dependent proteases.
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