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Abstract. Zinc plays an important role in the structure
and function of many enzymes, including alcohol
dehydrogenases (ADHs) of the MDR type (medium-
chain dehydrogenases/reductases). Active site zinc
participates in catalytic events, and structural site zinc
maintains structural stability. MDR-types of ADHs
have both of these zinc sites but with some variation in
ligands and spacing. The catalytic zinc sites involve
three residues with different spacings from two
separate protein segments, while the structural zinc
sites involve four residues and cover a local segment of
the protein chain (Cys97-Cysl111 in horse liver class I

ADH). This review summarizes properties of both
ADH zinc sites, and relates them to zinc sites of
proteins in general. In addition, it highlights a separate
study of zinc binding peptide variants of the horse liver
ADH structural zinc site. The results show that zinc
coordination of the free peptide differs markedly from
that of the enzyme (one His / three Cys versus four
Cys), suggesting that the protein zinc site is in an
energetically strained conformation relative to that of
the peptide. This finding is a characteristic of an
entatic state, implying a functional nature for this zinc
site.
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Alcohol dehydrogenase of MDR type: a zinc
metalloenzyme

Alcohol dehydrogenase (EC 1.1.1.1) of the medium-
chain dehydrogenases/reductases (MDR) type cata-
lyzes reversible oxidation of primary and secondary
alcohols using the coenzyme NAD(H) [1, 2]. These
ADHs are zinc metalloenzymes [3-5] with frequently
two tetrahedrally coordinated zinc ions per subunit,
one catalytic at the active site, and one structural at a
site thought to influence subunit interactions [6, 7]. As
in most other zinc metalloenzymes, the catalytic zinc
interacts with three protein ligands, one His and two
Cys residues, and a water molecule, while the struc-
tural zinc interacts with four protein ligands (Tables 1
and 2).

* Corresponding author.

The catalytic zinc binding site for the entire alcohol
dehydrogenase family does show some variation.
The short spacer varies from 20 to 29 residues, while
the long spacer is 84—110 residues (Table 1). The
short spacer ligands are Cys and His in all the
enzymes. The first ligand (Cys) resides in a loop
structure, being the first residue after a f-sheetof 11—
13 residues and 2 residues before a 7-residue a-helix.
The second ligand (His) is always the first residue
before a (-sheet of 10-12 residues (Table 1). The
greatest variation in this site comes from the third
ligand. In the dehydrogenases using NADP(H), an
Asp sometimes replaces the long spacer Cys ligand,
and for the polyol dehydrogenase family, the ligand is
Glu (Table 1). In the latter family, the Glu may be
either the residue adjacent to the His ligand or
another Glu, 85 residues away. The crystal structures
of the catalytic zinc sites in the ADH family indicate
it shifts between two types of coordination where the
fourth ligand is either a water molecule or a Glu
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Table 1. Catalytic zinc sites of dehydrogenases.®

Enzyme PDB# L, X L, Y L, Z L, Ref.
ADH family
Class I
Horse EE 8ADH, 2JHG Cys, 20 Hisyg 106 Cys, - H,O [70,71]
Cod 1CDO Cys, 21  Hisy; 106  Cys, - HO [72]
Human
ADHIA (ac) 1HSO,1UST ~ Cys, 20  His, 106  Cys, -  HO [73,74]
ADHIB (,8,) 3HUD,1HSZ  Cys, 20 Hisy; 106  Cys, - HO [73,75]
ADHIB (B, p,) 1HDY Cys, 20 Hisyg 106 Cys, - H,O [76]
ADHIB (B, B;) IHTB Cys, 20 Hisy; 106  Cys, - H0 [77]
ADHIC (v,v,) 1HTO, 1U3W Cys, 20 Hisyg 106 Cys, - H,O [73,74]
Class 11
Human 3COS Cys, 21 Hisyg 110 Cys, - H,O *
Mouse 1E3E Cys, 20 Hisyg 110 Cys, - H,O [78]
Class I1I
Human (yy) 1TEH Cys, 20 Hisyg 106 Cys, - Glu, [79]
Human glutathione-dependent 1M6H, 2FZE Cys, 21 Hisyg 106 Cys, - H,O [9,10]
formaldehyde dehydrogenase
Pseudomonas putida 1KOL Cys, 20 Hisyg 101 Asp, - H,O [57]
formaldehyde dehydrogenase
Class IV
Human (o0) 1AGN Cys, 20 Hisyg 106 Cys, - H,O [80]
Bacterial ADH family
Bacillus stearothermophilus 1RIW Cys, 22 Hisyg 86 Cys, - H,O [81]
(LLD-R)
E. coli protein YAHK 1UUF Cys, 21 Hisy 95 Cys, - H,O *
Pseudomonas aeruginosa 1LLU Cys, 22 Hisyg 86 Cys, - H,O [82]
Acinetobacter calcoaceticus 1F8F Cys, 20 Hisyg 106 Cys, - H,0 *
Thermotoga maritime (TM0436) 1VJO Cys, 21 Hisyg 100 Cys, - Gluyg *
Archaea family
Sulfolobus solfataricus 1R37,1JVB Cys, 29 Hisyg 85 Cys, Gluy, [83, 84]
Sulfolobus tokodaii (strain 7) 2EER Cys, 29 Hisyg 85 Cys, Glug *
Sulfolobus solfataricus 2H6E Cys, 23 Hisyg 84 Cys, - H,0 [85]
D-arabinose dehydrogenase
Aeropyrum pernix 1H2B Cys, 24 Hisyg 88 Asp, - H,O [86]
NADP(H)-dependent family
Amphibian (ADHS) 1POF Cys, 20 Hisyg 105 Cys, - H,O [87]
Clostridium beijerinckii 1JOB, 1IKEV Cys, 21 Hisyg 90 Asp, - H,O [11,88]
Thermoanaerobacter brockii 1YKF Cys, 21 Hisy 90 Asp, - H,O [11]
Entamoeba histolytica 1Y9A, 10UI Cys, 21 Hisyg 90 Asp, - H,O [89,90]
Saccharomyces cerevisiae 1Q1N, 1PSO Cys, 21 Hisyg 94 Cys, - H,O [91]
Cinnamyl ADH
Saccharomyces cerevisiae 2HCY Cys, 22 Hisyg 86 Cys, - H,O *
Yeast ADH I
Populus tremuloides 1YQD Cys, 21 Hisyg 93 Cys, - H,O [92]
Sinapyl ADH
Arabidopsis thaliana Cinnamyl 2CF5 Cys, 21 His, 92 Cys, - Glug [93]

ADH (AtCAD4 and AtCAD)S)
Polyol dehydrogenase family

Bemisia argentifolii or 1E3J Cys, 24 Hisyg 0 Glug - H,O [94]
Silverleaf white fly ketose reductase
Human SDH 1PL8 Cys, 24 Hisy 0 Glug - H,O [58]
Rat SDH Cys 24 Hisyg 0 Glug - H,O [95]
Sulfolobus solfatarius 2CD9 Cys, 26 Hisyg 0 Glug - H,0 [96]
glucose dehydrogenase
Thermoplasma acidophilum Cys, 26 Hisyg 87 Glu, - H,O [16]
glucose dehydrogenase

Other dehydrogenases
Bacillus stearothermophilus 1JQ5 His, 17 His, 82 Asp,(N) - H,O [97]
glycerol dehydrogenase
Thermotoga maritime 1KQ3 His, 16 His, 82 Asp,(N) - Tris [98]
glycerol dehydrogenase (OH,NH,)

“PDB# indicates Protein Data Bank accession code. The amino acid spacer between ligands L, and L, is X; that between L; and nearest
ligand L, or L, is Y, and that between L; and L, is Z. The symbol N indicates that L; is located on the amino (N) side of L,. If no letter is
present, L is located on the carboxy-terminal side of L,. The subscripts a, 3 refer to the a-3,, helix and 3-sheet structure which supplies the
ligand. The letter subscript L denotes an amino acid sequence of < 8 residues between two structural elements. The subscripts a and b refer
to one residue after or before the secondary element. In some ADH structures, the glutamate after the His ligand is observed to bind to the
catalytic zinc. This interaction is recorded as Glu being the 4™ ligand with no spacer given in order to keep the information on the other 3
ligands consistent with the majority of the structures. *Obtained from PDB structure, paper to be published.
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Table 2. Structural zinc sites of dehydrogenases.”
Enzyme PDB# L, X L, Y L V4 L, Ref.
ADH family
Class I
Horse EE 8ADH, 2JHG Cys, 2 CySpq 2 Cys, 7 Cys [70,71]
Cod 1CDO Cys, 2 CySpe 2 Cys, 7 Cys [72]
Human
ADHI1A (aa) 1HSO, 1UST Cys, 2 CySpq 2 Cys, 7 Cys [73,74]
ADHI1B (B,f,) 3HUD, 1HSZ Cys, 2 CySpq 2 Cys, 7 Cys [73,75]
ADHIB ($, f8,) 1HDY Cys, 2 CySpq 2 Cys, 7 Cys [76]
ADHI1B (B; B3) 1HTB Cys, 2 CySpq 2 Cys, 7 Cys [77]
ADHIC (y,Y,) 1HTO, 1U3W Cys, 2 CySpe 2 Cys, 7 Cys [73,74]
Class 11
Human 3COS Cys, 2 CySspq 2 Cys, 7 Cys *
Mouse 1E3E Cys, 2 CySpq 2 Cys, 7 Cys [78]
Class III
Human (yy) 1TEH Cys, 2 CySpq 2 Cys, 7 Cys [79]
Human glutathione-dependent 1M6H, 2FZE Cys, 2 CySpq 2 Cys, 7 Cys [9,10]
formaldehyde dehydrogenase
Pseudomonas putida 1KOL Cys, 2 CySpq 2 Cys, 7 Cys [57]
formaldehyde dehydrogenase
Class IV
Human (o0) 1AGN Cys, 2 CySpq 2 Cys, 7 Cys [80]
Bacterial ADH family
Bacillus stearothermophilus LLD-R 1RJW Cys, 2 CySpq 2 Cys, 7 Cys [81]
E. coli protein YAHK 1UUF Cys, 2 CySpq 2 Cys, 7 Cys *
Pseudomonas aeruginosa 1LLU Cys, 2 CySpe 2 Cys, 7 Cys [82]
Acinetobacter calcoaceticus 1F8F Cys, 2 CySpq 2 Cys, 7 Cys *
Thermotoga maritime TM0436 1VJ0 Cys,qp 2 Cys 2 Cys 8 Cys *
Thermus thermophilus HB8 2EIH Cys, 2 CySpq 2 Cys, 7 Cys *
Archaea family
Sulfolobus solfataricus 1R37,1JVB Glu, 2 CySpq 2 Cys, 7 Cys [83, 84]
Sulfolobus tokodaii (strain 7) 2EER Glu, 2 CySpq 2 Cys, 7 Cys *
Sulfolobus solfataricus 2H6E Asp, 2 CySpq 2 Cys, 7 Cys [85]
D-arabinose dehydrogenase
Aeropyrum pernix 1H2B Asp, 2 CySpq 2 Cys, 7 Cys [86]
NADP(H)-dependent family
Amphibian (ADHS) 1POF Cys, 2 CySpe 2 Cys, 7 Cys [87]
Saccharomyces cerevisiae 1Q1N, 1PSO Cys, 2 CySspq 2 Cys, 7 Cys [91]
Cinnamyl ADH
Saccharomyces cerevisiae 2HCY Cys, 2 CySspq 2 Cys, 7 Cys *
Yeast ADH I
Arabidopsis thaliana Cinnamyl ADH 2CF5 Cys, 2 CySpq 2 Cys, 7 Cys, [93]
(AtCAD4 and AtCADS)
Populus tremuloides 1YQD Cys, 2 CySpe 2 Cys, 7 Cys, [92]
Sinapyl ADH
Polyol dehydrogenase family
Bemisia argentifolii ketose reductase 1E3J Cys, 2 CySpqy 2 Cys, 7 Cys, [94]
Thermoplasma acidophilum Cys 2 Cys 7 Cys 3 Aspyg [16]
glucose dehydrogenase
Sulfolobus solfatarius 2CD9 Cys, 2 CySpq 2 Cys, 7 Cys, [96]

glucose dehydrogenase

*See footnote to Table 1 for definitions.

residue (corresponding to Glu68 in horse liver ADH)
[8-13]. Moreover, the type of coordination adopted
correlates with binding of coenzyme. This in part
Glu-coordinated zinc could represent an inactive
form of ADH since the zincion is displaced about 2 A
from the active site [8], or indicate that Glu
coordination during the reaction cycle could have
the function of facilitating expulsion of the water
and/or the product [12, 13], or of a change to form the
coenzyme binding site.

The structural zinc site of ADH was the first such site
to be recognized in any protein and led to the

definition of structural zinc sites as consisting of one
zinc ion bound to four protein ligands but no water
[14]. X-ray crystallographic studies reveal that the
structural zinc site of horse liver ADH is composed of
four closely spaced Cys residues (positions 97, 100,
103,and 111 in a separate loop structure) [7, 15] (Table
2). This site is highly conserved for all classes of the
ADH family and for the bacterial enzyme family. The
first Cys ligand resides in an 8-amino acid loop, the
ligand being positioned 5 residues after a (3-sheet of 5
residues, and 4 residues before an a-helix of 4 residues.
The second Cys ligand resides immediately before an
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a-helix of 4 or 5 residues (Table 2). The third Cys
ligand resides in the third position of a 4- or 5-residue
a-helix. The last Cys ligand comes from a largely
irregular polypeptide segment. The Archaea type of
ADHs do show some variation in this site. The first
ligand is either an Asp or Glu (Table 2). The fourth
ligand is reported to be an Asp for a Thermoplasma
acidophilum glucose dehydrogenase which also has an
altered pattern in the spacing of the ligands (Table 2)
[16].

The structural zinc site of ADH has been assigned a
role in the maintenance of a proper tertiary/quater-
nary structure. Early experiments suggested that the
zinc ligands are prone to oxidation followed by zinc
loss [17], and a similar oxidoreductive interplay
between thiols/disulfides was later shown to be a
general phenomenon [18] associated with zinc trans-
port in metallothionein [19, 20] and metalloproteins in
general [21, 22]. Loss of function through removal of
the zinc ion by dialysis was an early argument for its
structural importance [5, 6, 23]. Related enzymes not
containing this zinc ion, like sorbitol dehydrogenase,
display a different quaternary structure [24, 25], and
recombinant variants of ADH where one Cys ligand at
the time has been changed to Ala, are structurally
labile [26].

Since the ligand-altered enzymes are labile, they are
not suitable for use in a study of zinc binding to the
ADH structural site and its dependence on individual
ligands, their spacing, coordination, and associated
binding constants. As an alternative, we have exam-
ined zinc binding to synthetic peptides corresponding
to the structural zinc site of horse liver ADH, with and
without amino acid replacements/deletions. The pep-
tide replica of the protein segment (the loop surround-
ing the structural zinc ion) mimics the metal binding
stoichiometry of horse liver ADH [27], and for a
peptide set (the 23-residue replica and 17 analogs),
zinc stoichiometry, coordination properties and bind-
ing affinities were determined and functional inter-
pretations were made [28, 29] (Table 3).

The use of synthetic peptides to study a zinc binding
protein segment and its specific metal coordination
properties is an approach with several advantages,
including experimental flexibility. In the investigation
of the horse liver ADH structural zinc site [29], novel
insights regarding zinc ligation and potential reactivity
in this protein region were obtained, but it was also
realized that a careful examination of available three-
dimensional structures is vital for interpretations and
conclusions. These issues will be discussed in detail
after a general background on the multiple roles of
zinc in ADHs and metalloproteins in general.

Zinc in alcohol dehydrogenase

Table 3. Schematic overview of the peptide set studied [29].

Four Cys (peptide replica)

1. -C-C-C-H-C-

Three Cys One Cys
2.-A-C-C-H-C 12. -C-A-A-H-A-
3.-C-A-C-H-C 13. -A-C-A-H-A-
4. -C-C-A-H-C- 14. -A-A-C-H-A-
5.-C-C-C-H-A- 15. -A-A-A-H-C-

Two Cys Zero Cys
6. -A-A-C-H-C- 16. —-A-A-A-H-A-
7. -C-A-A-H-C-

8. -C-C-A-H-A-

9.-A-C-A-H-C Zero His
10. -C-A-C-H-A- 17. -C-C-C-A-C-
11. -A-C-C-H-A 18. -C-C-C-* -C-

*Residues HPE are deleted from the peptide.

The table contains the replica of the zinc binding ADH protein
segment FTPQCGKCRVCKHPEGNFCLKND (residues
93-115, Cys ligands underlined) and analogs with replacements/
deletions. Only the peptide replica Cys ligands and H105 are
shown.

Metalloproteins and zinc

Metals and metalloproteins are receiving increasing
recognition for their roles in biological processes. Zinc
is after iron the most abundant transition metal in
proteins, affecting both structure and function [30, 31].
Since the early experiments with molds by Raulin in
1869 [32], a large amount of data has accumulated
showing zinc to be a factor in growth, development
and differentiation, and in the transmission of the
genetic message in microorganisms, plants and ani-
mals [30]. Protein-bound zinc is a key player in a wide
range of metabolic processes involving carbohydrates,
lipids, proteins and nucleic acids [33], and there are
estimates that up to 10% of the human proteome
consists of zinc proteins [34, 35].

There are a few distinctive physico-chemical proper-
ties of zinc that have a great impact on its reactivity
and suitability for catalysis and structural stabiliza-
tion. The zinc ion (Zn”") is stable towards reduction
and oxidation since it contains a filled d orbital (d'’),
yet it participates in enzymatic redox reactions in
combination with organic cofactors [33]. The reac-
tivity of Zn*" is governed by its potential as a Lewis
acid (i.e. an electron-pair acceptor), and by its
amphoteric properties (i.e. zinc-bound water can
exist either as a ‘hydronium’ ion or a hydroxide ion
at physiological pH) [33, 36]. In particular, the fact
that the oxidation state of Zn*" does not vary in the
highly redox-active environment of a cell is important
for its function as a Lewis acid catalyst [37]. Although
the cellular redox potential shifts and is in a constant
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flux, zinc efficiently fulfills its function as an electro-
philic catalyst and stabilizes negative charges that
appear during a catalytic cycle [38]. In addition, the
filled d orbital of zinc results in a ligand-field
stabilization energy that is zero in all directions [38].
Hence, the geometry and coordination number of zinc
sites can vary greatly since no particular arrangement
of the ligands is energetically more favourable than
another. This inherent flexibility allows coordination
numbers of from 2 to 8 and a multiplicity of
accompanying geometries for zinc interactions with
small molecules. Our knowledge of zinc structures in
proteins suggests that coordination numbers of 4, 5
and 6 are most important to their influence on enzyme
structure and function [14,39-44]. When considering
the strength of zinc binding to a protein, its rate of
release and its effect on protein structure, one must
consider not only the inner shell ligands but also the
scaffolding of these sites [43, 45]. The scaffolding
encompasses not only the type of secondary structure
that supplies the ligands but also the interactions of
other amino acids with the inner shell ligands. This fine
tuning of zinc ion reactivity and participation in
catalytic events involves changes in the charge on the
zinc and orientation of the metal ligands [43, 46, 47],
and is thus an important determinant for zinc function.
Finally, an important factor for the catalytic potential
of Zn*" is also the rapid ligand exchange, which allows
fast dissociation of products and high turnover num-
bers [48].

Zinc metalloenzymes are common. Since the discov-
ery of carbonic anhydrase in 1940 by Keilin and Mann
[49], about 400 zinc-containing protein structures
representing all six enzyme classes and a broad range
of phyla and species have been reported [42-44]. The
structural data reveal details about the ligands to zinc,
zinc binding motifs and the geometry of zinc coordi-
nation sites, and in this respect constitute a reference
that aids identification of potential zinc binding sites
in proteins for which only the amino acid sequences
are known [14].

Four distinct types of zinc binding sites in enzymes
have thus far been identified: catalytic, cocatalytic,
structural and protein interface, and the most frequent
amino acid ligands are His, Glu, Asp and Cys [43, 44].
Catalytic zinc sites are generally composed of three
protein ligands and a water molecule with His being
the predominant ligand. The spacing between the
three zinc ligands reveals a pattern composed of a short
spacer and a long spacer. The length of the short spacer
is often dictated by the type of secondary support
structure, 3 for an a-helix and 1 for a B-sheet [36]. In
the case of oxidoreductases, the involvement of H-
bonding interactions between residues in the short
spacer and the presence of the large cofactor, reduced
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nicotinamide adenine dinucleotide (NADH), may
have led to the extension of the short spacer to 16 to
29 residues (Table 1). The short spacer provides a
bidentate nucleus for zinc binding, while the long
spacer, in addition to making the zinc coordination
complete, provides structural flexibility so that protein
residues can be aligned for interaction with the
substrate or influence the catalytic activity of the zinc
ion [50]. The universal water molecule in catalytic zinc
sites is activated by ionization, polarization or poised
for displacement, and it has been postulated that the
activation mechanism is highly dependent on the
identity of the other three zinc ligands and their
spacing [36, 39]. Structural zinc sites are characterized
by four protein ligands and no zinc bound water [14].
While Cys is the most frequent ligand to these sites, in
principle a combination of 4 Cys, His, Glu and Asp
residues could also form this type of zinc site [51]. Of
the 22 permutations of these four ligands, 12 combi-
nations have been observed thus far [51]. The role of
the structural zinc site is likely to maintain the
structure of the protein in the immediate vicinity,
which could in turn effect protein folding. In some
cases it may influence enzyme function by supplying
enzyme active site residues involved in catalysis which
arise from within the spacer arms [51]. Cocatalytic (or
coactive) zinc sites are found in enzymes containing
two or more zinc and/or other metal atoms (such as
manganese) in close proximity to each other and that
operate in concert as a catalytic unit [40, 52]. In this
type of metal site, the side chain of a single residue,
such as Asp, Glu, His or a carboxylated Lys, simulta-
neously binds (or bridges) both metal ions and thereby
determines how far apart the two metals can reside.
Sometimes a water molecule forms the bridge between
the metal atoms in a cocatalytic site. Asp and His are
the most frequent ligands in this type of site [52]. Since
the ligands to these sites often come from nearly the
whole length of the protein, the metals are important
not only to catalytic function but to protein stability.
Proteininterface is a novel type of zinc binding site that
was identified based on the observations that zinc can
have an impact on the quaternary structure of a protein
[42]. The protein interface zinc binding site thus
contains amino acid ligands that reside in the binding
surface between two interacting proteins (or protein
subunits), and where the ligands are supplied by both
proteins (or protein subunits). The coordination prop-
erties are generally those of catalytic or structural zinc
binding sites [42, 43, 53].

The general importance of zinc in biology, and the fact
that zinc in living organisms mainly exists bound to
proteins, make characterization of zinc in protein
structure and function highly important. Since many
zinc-containing proteins are enzymes involved in vital
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Figure 1. PAR titration of a pep-
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metabolic functions, studies aimed to find rules for
zinc ion reactivity and its dependence on the ligands
involved, their coordination geometry, and the zinc
binding affinity, are important to advance our under-
standing of catalytic processes and enzyme function,
and require specialized methods and strategies.

Zinc binding to alcohol dehydrogenase structural zinc
site

The results from examination of zinc binding to
synthetic peptides corresponding to the structural
zinc site of horse liver ADH, with and without amino
acid replacements/deletions, indicate that both the
number of Cys residues, the presence of His, and the
spacing between Cys/His residues are important
variables (Table 3) [29]. The metallochromic chelator
4-(2-pyridylazo)resorcinol (PAR) proves to be effec-
tive in direct titration of peptide/zinc complexes and
allows the determination of zinc binding constants.
Depending on the number and position of ligands, the
zinc binding constants range in an ordered fashion
from tight to low binding (from 10" to 10° M™) [29].
Thus, the binding constants determined by competi-
tion with PAR reflect the nature of zinc coordination
sites.

Exclusion chromatography reveals that all combina-
tions of four, three and two Cys residues generate
significant zinc binding [29]. However, X-ray absorp-
tion fine structure (XAFS) measurements of the
peptide/zinc complexes, using procedures developed
for the study of zinc enzymes [54, 55], indicate that the
single His residue, corresponding to His105, is a zinc
ligand. The presence of His in the peptides results in a
three Cys/one His coordination (zinc binding constant
(Kg) for the peptide replica is 7.0 x 10° M™), rather
than that of four Cys reported for the protein [15].
When Ala replaces His (peptide 17, Table 4), zinc is

tide/zinc complex with four Cys
ligands (peptide 17, Tables 3 and
® * 4).
700 800 900 1000

still bound (Ky 1.3 x 10" M), and XAFS analysis
reveals a distinct four-Cys coordination [29].

The three Cys/one His coordination for the peptide
replica leaves one Cys which does not bind. Judging
from the zinc stability constants of the three-Cys
analogs, Cys103 is a likely candidate (peptide 4,
Table 4). When this Cys residue is replaced by Ala,
the peptide exhibits almost the same zinc stability as
the replica (Kg 6.9 x 10° M™). Moreover, the XAFS
spectra for the peptide replica and the peptide where
Ala replaces Cysl03 are essentially identical. This
further substantiates that replacement of His105 with
Ala in peptide 17 (Table 4 and Fig. 1) results in firm
zinc binding (of the order 10" M™) to the four Cys
residues as observed in the XAFS analysis.

The coordination of His105 to the zinc in the peptides
suggests that its replacement by Cys103 as ligand in
the protein is likely to be accompanied by structural
strain and higher energy, which could be due to forces
exerted upon Cys103 and/or residue 105 in the protein.
Analysis of 52 ADH family member sequences using
the PIR BLAST and Multiple Alignment programs
[56], as well as inspection of three-dimensional

Table 4. Structures, zinc-to-peptide stoichiometries, and zinc bind-
ing constants for three of the 18 peptides studied [29].

Peptide Zinc/ Kg Zinc

Peptide (M™)

Four cysteines (peptide replica)

1.FTPQCGK CRV CKHPEGNFCLKND 1.1  7.0x10°
Three cysteines

4. FTPQ CGK CRVAKHPEGNF CLKND 12  69x10°
Zero histidine
17.FTPQ CGK CRV CKAPEGNFCLKND 09  13x10°

The top peptide is the replica of the zinc binding ADH segment
(residues 93115, Cys ligands underlined); the other two contain
Cys(103)-to-Ala and His(105)-to-Ala replacements, respectively.
Peptide numbers refer to the complete set defined in Table 3.
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structures, provides insight into how this zinc coordi-
nation might occur and what its function might be [29].
The data reveal that position 105 is not conserved and
that Asn (62%), Ser (21 %) and His (10%) are the
three residues most frequently found at this position.
Three-dimensional structures of ADH enzymes exist
for the three major variants of residue 105. They show
that Cys103 is directed towards the interior of the
protein to ligate the zinc, while the side chain of the
residue at position 105 is directed to the exterior
solvent with its potential zinc binding nitrogen or
oxygen of the side chain 11.5—13 A from the structural
zinc ion [29]. Further examination suggests why the
residue at position 105 likely exists in this conforma-
tion. An a-helix of 14 residues extending from amino
acid 324 to 337 places the e-amino group of Lys323
within H-bonding distance of the amide carbonyl
oxygens of residues 103, 105 and 108. While the
residues at positions 105 and 108 are not conserved,
the interaction of their amide carbonyl oxygen with
the e-amino group of Lys323 is maintained throughout
the structures. This interaction directs the side chain of
residue 105 to the exterior solvent. Lys323 is con-
served in all 52 sequences of the ADH enzymes,
further indicating the importance of this interaction.
The available three-dimensional structures for class [ -
IV ADH family members (Table 2) show this same
type of interaction with the conserved Lys at the
beginning of a 13-14-residue a-helix with the ex-
ception of the Pseudomonas putida formaldehyde
dehydrogenase [57]. In this case Lys323 is replaced by
a Phe residue, and only a 6-residue helix is formed. In
addition, this helix is now not near the structural zinc
site. The aromatic ring of Phe323 is about 28 A from
the amide oxygen of Cys103. In all the bacterial,
Archaea, NADP(H) and polyol dehydrogenase fam-
ilies, the Lys residue is generally missing and the helix
is either shortened greatly or missing. These are the
classes that also have the greatest changes in the
structural zinc site. Thus, a Glu or Asp residue
substitutes for the first Cys ligand in the Archaea
family (Table 2). Human sorbitol dehydrogenase is
lacking a structural zinc site since only one Cys residue
(position 105) is found in the region of the putative
zinc site [58]. No Lys323 is found in this enzyme.
Lys329 does reside one amino acid ahead of an a-helix
of 9 residues, but the e-amino group is 48 A from the
amide oxygen of Cys105. The elimination of Lys323
and its associated o-helix maybe related to the
changes in the structural zinc site in this type of
enzyme.

The PAR titrations and XAFS analysis of the synthetic
peptides reveals a strikingly different zinc ligation
pattern for the peptides in relation to what is known
from the crystal structure of horse liver ADH [15],
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suggesting that the ‘structural’ zinc site in the enzyme
is in a configuration that is energetically strained
relative to that of the peptides. At the present time, we
can only speculate as to why this different coordina-
tion for the zinc occurs. A post-translational modifi-
cation of the side chain of residue 105 may occur that is
involved in e.g. a binding or a signaling process.
Residue 105 in combination with other amino acids on
the surface of the protein could also be involved in an
as yet unidentified ADH protein complex. In this
regard it is of interest to note that for the horse E
enzyme, the positively charged side chains of Lys99,
Argl01, Lys104 and Lys113 are all directed into the
exterior solvent. None of these residues are con-
served. Glu99 and LeulOl occur in 65 and 48 %,
respectively, of the ADH family sequences. Residues
104 and 113 carry a positive charge in 75 and 85 %,
respectively, of the sequences. All of these residues
would be available for interaction with side chains of
amino acid residues in another protein.

Modification of the Cys sulfurs by some as yet
unidentified means might also occur. This could
involve reactions with the bound thiolate ligand or
after it is released from the zinc. A prototype for
reactions of zinc-bound thiolates is the Escherichia
coli Ada DNA-repair protein [59]. This protein
contains a structural-like zinc site that has the zinc
bound to the thiolates of Cys38, Cys42, Cys69 and
Cys72 (Protein Data Bank: 1USB). Ada repairs
methyl phosphotriester lesions in DNA by transfer-
ring the aberrant methyl group to Cys38, which in turn
enhances DNA binding by 10°-fold enabling activa-
tion of a methylation resistance regulon [60]. The
results of studies on small-molecule methylation
reactions have shown that metalation and protonation
can differ greatly in their ability to regulate the
nucleophilicity of a thiolate [61]. Cys38 can be
specifically methylated by CH;l, while all the other
sulfur ligands are unreactive [60]. The presence of an
amide N-H in the vicinity (3.1-3.7 A) of the non-
reactive sulfur ligands is believed to be responsible for
their inactivity. Examination of a wide variety of zinc
finger structures led to the postulate that H-bonds
between neighboring amides and thiolate ligands
electronically stabilize the thiolates [62, 63]. Further
studies of model complexes designed to mimic the
binding site of zinc-thiolate proteins show that a single
hydrogen bond between an amide N-H and a zinc-
coordinated thiolate reduces its reactivity toward an
electrophile by up to 2 orders of magnitude [64]. These
studies suggest that the zinc thiolates in the ADH
structural site should be unreactive towards electro-
philes since they have 2—4 amide N-H bonds within
3.1-3.6 A of each of the zinc-bound thiolates.
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In contrast to the deactivating effect of neighboring
amide N-H on zinc thiolates, the presence of lysine
and arginine side chains within 6.5 A of Cys residues
has been postulated to increase the nucleophilicity of
thiolate groups, possibly by enhancing the dissociation
of thiol to form the thiolate anion [65]. This type of
mechanism would require a Cys ligand to be released
from the zinc. The most likely candidate in this case is
Cys97, since it is near the exterior solvent and the
equivalent residue in a structural zinc site in E. coli
threonine dehydrogenase has been implicated in
forming an air-dependent disulfide bond without loss
of enzymatic activity [66]. In addition, the e-amino
group of Lys113 is 443 A from Cys97 in the horse
enzyme.

Another driving force for the reaction of the zinc
thiolates may be through the proper orientation of an
agent capable of reacting with the thiolate. This
mechanism would require docking of the agent on
the enzyme surface in the proper orientation. Each of
the ADH enzyme families has at least two conserved
positive charges within 8-12 A from the thiolate
ligands, which could serve as docking residues. The
specific modification of the catalytic zinc site thiolate
ligand, Cys46, of horse liver ADH by iodoacetic acid
likely occurs in this manner [67]. The presence of the
neighboring positively charged Arg47 could serve as a
docking residue for the carboxylate group of iodo-
acetic acid, since butandione modification prevents
the reaction.

A number of structural zinc sites are indirectly
involved in the function of the enzyme through the
action of the side chains of the amino acid residues
that reside within the spacer arms [43, 51]. Zinc
transcription factors also have the properties of a
structural zinc site, i.e. four ligands and no bound
water molecule. The zinc influences the function of the
transcription factor not by direct interaction of the
zinc ion with the DNA but rather through the action of
residues in its spacer arms to bind to the DNA. Our
study [29] shows that the coordination of zinc in the
peptide replica of the ADH structural zinc site differs
from the coordination seen in the enzyme, suggesting
that the structural zinc site in the enzyme is in a
strained conformation reminiscent of the entatic state
of catalytic zinc sites (i.e. an energized structural
condition of an enzyme poised for catalytic action in
the absence of substrate) [68, 69]. The results may
therefore have implications for an extension of the
entatic state hypothesis, originally proposed for active
sites, to include also certain structural zinc sites [29].
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