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Metal Ligand Aromatic Cation—m Interactions in Metalloproteins:
Ligands Coordinated to Metal Interact with Aromatic Residues

Snezana D. Zari¢,**! Dragan M. Popovi¢,™ and Ernst-Walter Knapp!™!

Abstract: Cation—n interactions be-
tween aromatic residues and cationic
amino groups in side chains and have
been recognized as noncovalent bonding
interactions relevant for molecular rec-
ognition and for stabilization and defi-
nition of the native structure of proteins.
We propose a novel type of cation—mn
interaction in metalloproteins; namely
interaction between ligands coordinated
to a metal cation—which gain positive
charge from the metal—and aromatic

loproteins in the Protein Data Bank
(PDB) has revealed that there exist
quite a number of metalloproteins in
which aromatic rings of phenylalanine,
tyrosine, and tryptophan are situated
close to a metal center interacting with
coordinated ligands. Among these li-
gands are amino acids such as aspara-
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gine, aspartate, glutamate, histidine, and
threonine, but also water and substrates
like ethanol. These interactions play a
role in the stability and conformation of
metalloproteins, and in some cases may
also be directly involved in the mecha-
nism of enzymatic reactions, which oc-
cur at the metal center. For the enzyme
superoxide dismutase, we used quantum
chemical computation to calculate that
Trpl63 has an interaction energy of
10.09 kcalmol~! with the ligands coordi-

groups in amino acid side chains. Inves-
tigation of crystal structures of metal-

actions

Introduction

It has recently become apparent that cation—z interactions
are important for molecular recognition and stabilization in
many biological systems. Experimental and theoretical studies
provide an understanding of the nature of the cation—mx
interaction and show that this interaction is a strong, non-
covalent one.ll Tt is mainly electrostatic in character and is
dependent upon the quadrupole moment of the aromatic
moieties. A number of studies have established that cation—
aromatic interactions play an important role in protein—li-
gand interactions.??! Statistical analyses of crystal structures of
proteins showed that the nitrogen atoms in the side chains of
arginine, lysine, asparagine, glutamine, and histidine prefer-
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nated to iron.

entially adopt positions close to the aromatic residues
phenylalanine, tyrosine, and tryptophan. 4

Recent investigations into cation - interactions in protein
structures—between the cationic side chains of lysine and
arginine and aromatic side chains—were based on energy
criteria for selecting significant pairs of side chains. In this
way, cation— 5t interactions of different molecular fragments
were put on equal footing and it was possible to analyze their
frequency of occurrence in proteins and to evaluate whether
specific cation—m interaction pairs are preferred. These
analyses showed that the tryptophan aromatic residue is the
most likely to be involved in cation—m interactions in
proteins, and that arginine is more likely than lysine to be
capable of involvement in energetically stronger cation-m
interactions. It was found that energetically significant
cation - interactions are common in proteins and that they
probably contribute to protein stability. Some of the favorable
cation—7 interaction pairs contribute at least as much to
protein stability and the structural profile of a native protein
as do more conventional interactions. Hence, it was proposed
that cation—um interactions should be considered in the same
way as hydrogen bonds, salt bridges, and hydrophobic effects
in analyses of the stability of native protein structure.[*l

There is experimental evidence for cation — interaction in
proteins in which a metal cation interacts directly with an
aromatic group. In the crystal structure of hen egg-white
lysozyme, an interaction between the sodium cation and the
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indole ring of tryptophan (residue Trp123) was observed.P!
The distance between the center of the indole ring of Trp123
and the Na* ion is 4.07 A. However, an interaction between
an aromatic m system and a metal complex as cation was
neither observed nor investigated.

Recently, however, interactions of metal complexes as
cation with it systems were investigated. In theoretical work, it
has been shown that calculated interaction energies for
cation—m systems are in agreement with experimental
data,*'8] and so it is possible to predict cation - interactions
by quantum chemical calculations. In our previous work, the
interactions of m systems with the cationic metal complex
[Co(NH;)s]** were predicted by quantum chemical calcula-
tions. The bonding energies obtained using the B3LYP
method for benzene, acetylene, and ethylene & com-
plexes are 31.34 kcalmol~ 1"} 18.30 kcalmol~!, and
17.02 kcalmol ', respectively. Since these calculations
showed strong cation-g interactions, it was proposed® 2!
that cation—m interaction may also play a role when
[Co(NH;)e]?* interacts with nucleic acids.?") Cation - inter-
actions with a cationic metal complex were observed in
analyses of crystal structures of DNA and RNA. It was
noticed that cation—m interactions between divalent cations
and the & systems of bases are important for stabilization of
unstacked conformations of DNA and RNA.?2 23]

We propose a new type of cation—m interaction, with a
metal complex as cation, in which ligands coordinated to the
metal can form contacts with m systems. Such interactions
occur in many biological molecular systems, including metal-
loproteins, where the metal center is often functionally
relevant. In a basic investigation into metalloproteins, it was
found that the first layer of a metal center involves hydro-
philic atoms of ligands—such as carbonyl oxygen atoms,
water, hydroxy groups, and sulfur—while the second layer of
atoms involves hydrophobic groups.?!l These, however, be-
long mainly to the carbon-containing side chains of amino
acids bearing the hydrophilic atoms ligated to the metal
complex. In that study no attention was paid to aromatic
groups in the second coordination shell. Aromatic groups
found close to the zinc binding site in carbonic anhydrase?> 2°!
are too distant to enter into cation - interaction with a zinc
ligand.

Herein, we present the results of an analyis of metal-
loproteins geared to search for this novel type of metal ligand
aromatic cation—nt (MLACH) interaction. For this purpose,
we screened crystal structures of metalloproteins in the
Protein Data Bank (PDB) and studied in more detail the
structures of a selection of metalloproteins in which we found
this specific cation—m interaction; between ligands coordi-
nated to a metal cation and aromatic residues. As well as this,
we used quantum-chemical calculations to compute the
energy of this type of interaction for superoxide dismutase
(SOD).7

Data Screening and Computational Methods

Crystal structures of proteins containing Ca, Co, Cr, Cu, Fe,
Mg, Mn, Ni, and Zn as cations were obtained from the PDB.
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The structures of these proteins were screened for cation—m
interactions between metal-coordinated ligands and aromatic
residues, using geometric criteria. (These criteria were the
same as those proposed by McFail-Isom et al.??l for screening
crystal structures of DNA for conventional cation— inter-
actions between a metal and a DNA aromatic base.) We
searched for structures in which the distance between the
metal and the center of the aromatic ring of an aromatic
amino acid was less than d,=5.5 A and where the angle 6, of
the normal of the aromatic ring plane with the distance vector
between the center of the aromatic ring and the metal was less
than 52° (for definitions of d, and 6, see Figure 1). In our
application, the distance criterion was more conservative,

normal

M

aromatic ring
Figure 1. Distances (d,, d,), and angles (6,, 6,) used to search for and to
characterize MLACH interactions. The distance d, is measured between the
positions of metal cation (M) and the center of the aromatic ring
participating in the MLACr interaction. The angle 6, is defined as the
angle of the normal of the aromatic ring plane with the distance vector d,.
The distance d,; and angle 6, with respect to the non-hydrogen ligand atom
(L) closest to the ring center is defined analogously. The search criterion for
MLACT interaction in the PDB was d, < 5.5 A, and |6, | < 52°.

since it was applied to the metal atom, even though the
cation - interactions of interest here are those between the
metal-coordinated ligand extending towards the aromatic ring
and the aromatic group. The screening was performed for the
aromatic groups in phenylalanine, tyrosine, and tryptophan.
Although the side chain of histidine, with its aromatic ring,
can also participate as an aromatic component in this type of
cation—gt interaction, we did not include it in this search.
Since histidine is very often directly coordinated to a metal,
we would have obtained a large number of structures that did
not belong to the type of cation—m interaction we were
looking for. On the other hand, if histidine were coordinated
to a metal, it could be involved in an MLACH interaction as a
ligand, with partial positive charge transferred from the metal
cation. Such histidines, however, would be found by our
selection criteria. Screening the PDB using the described
criteria provided a large number of structures in which an
aromatic ring is close to a metal. We inspected these structures
visually, and selected a number in which it was clear that an
MLACH interaction between a coordinated ligand and the
aromatic ring of phenylalanine, tyrosine, or tryptophan
existed. Data on these structures are compiled in Table 1.
The energy of the cation—m interaction in the protein SOD
(PDB code 1avm, chain A) was calculated by using the density
functional theory (DFT) with the Becke (B3) three-param-
eter exchange functional®! and the Lee - Yang-Parr (LYP)
correlation functional.” These B3LYP calculations were
carried out using the Gaussian98 program.” For the carbon,
nitrogen, and hydrogen atoms, STO-3G basis sets were
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Table 1. Metalloproteins showing metal ligand aromatic cation—x (MLACH) interactions.?]

Entry Ref. Namel® PDBcode Chain Resolu- Metal CN Chargeld Ligands!d Bond Aromatic  Distance Angle
tionl®! numberl®  residuest!  d,[A] 0,[°]
1 [54] ADH 1ladc B 270 Znt 4 0 (0) ethanol (C1) 2 Phe93 421 35.8
[55] ADH  1ldy B 2.50 Zn* 4 0 (NE2) His67 (CD2) 2 Phe93 428 352
(09) CXF378 (CT) 3 Phe93 3.46 19.6
3 [56] ADH 1laxe B 220 4 0 (NE2) His67 (CD2) 2 Tep93 (5)  3.77 215
(O) ETF404 (C2) 2 Tip93 (6)  3.65 40.9
4 [56] ADH laxg D 2.50 et 4 0 (NE2) His67 (CD2) 2 Phe93 3.94 16.6
(O) ETF404 (C2) 2 Phe93 3.94 44.6
5 [577 ADH  2ohx A 1.80 4 (NE2) His67 (CD2) 2 Phe93 44 33.6
6 [70] AO lasp A 2.59 et 4 41 (NE2) His62 (ND1) 3 Phel02 411 429
7 [63] CBP  2cbp 1.80 cuet 4 41 (ND1) His39 (CE1) 2 Phel3 412 33.5
8 [62] CheY 1chn 1.76 Mg?* 6 H,0300 1 Phel4 4.12 27.7
H,0301 1 Phel4 3.50 24.9
9  [71] DYD  Tlafr A 2.40 Fe* 4 0 (OE2) Glul43 (CG) 3 Tepl39(5,6) 3.93 26.0
10 [72] EndN  1ak0 1.80 et 4 41 (NE2) Hisl5 (CD2) 2 Tyrl6 3.69 14.1
11 [73] FBC 1hfc 1.56 Zn* 4 +1 (NE2) His168 (CE1) 2 Phel74 4.00 38.0
12 [74] GLI  2gli A 2.60 Cor 4 0 (NE2) His129 (CD2) 2 Tepl08 (5) 3.0 17.9
13 [75] HeC 1l 220 Cut 4 41 (NE2) His364 (CD2) 2 Phe360 3.50 16.9
14 [76] MMP8 1mmb 2.10 Zn?* 4 11 (NE2) His147 (CE1) 2 Phel53 3.82 349
15 [777 NPR  1lnpc 2.00 Ca?' 6  +1 (OG1) Thrl95 (CG2) 3 Tyr194 3.58 16.0
16 [78] SBA  1lsbd 2.52 Ca* 4 41 (OD1) Asn130 (CB) 3 Tipl32 (6) 337 277
17 [27] SOD  lavm A 1.55 Fe 6 ? H,01 1 Tepl63 (5) 335 16.3
(OD2) Aspl6l (CB) 3 Tipl26 (6) 375 215
18 [59] SOD  1mmm A 220 Fet 5 ? H,0207 1 Tepl69 (5)  3.12 144
(OD2) Aspl67 (CB) 3 Tepl28 (6)  3.53 16.0
19  [60] SOD  1laps A 220 Mn2G0 5 ? H,0200 1 Tepl6l (5) 3.5 25.4
(OD2) Aspl59 (CB) 3 Tepl23 (6)  3.66 15.0
20 [61] SOD  1lar A 1.90 Mn2 G0 5 ? H,01 1 Tepl63 (5)  3.29 19.7
(OD2) Aspl61 (CB) 3 Tepl26 (6) 375 217
21 [8) SOD  1mng(L) B 1.80 Mn** 6 ? H,0205 1 Tepl68 (5)  3.57 19.7
(OD2) Aspl66 (CB) 3 Tepl32 (6)  3.59 147
2 [58] SOD  1mng(U) B 1.80 Mn* S ? H,0205 1 Tepl68 (5) 3.5 26.9
(OD2) Aspl66 (CB) 3 Tepl32 (6)  3.54 15.4
23 [79] TNC 1tn4 1.90 Ca?* 6 -1 H,05 1 Tyr109 4.03 42.6

[a] Abbreviations: EndN, endonuclease; FBC, fibroplast collagenase; GLI, zinc finger protein GLI; HeC, hemocyanin; MMP-8, metalloproteinase-8; NPR,
neutral protease; SBA, soybean agglutinin; others are given in the text. [b] The resolution of the crystal structure. [c] Total charge of the first coordination
sphere. In some cases the exact value of this charge is uncertain, since the redox state of the metal is unclear, or it is not clear whether a water ligand is neutral
(HOH) or negatively charged (OH"). [d] Ligands (ETF, trifluoroethanol) taking part in metal ligand-aromatic cation —x interaction (MLACH). The atoms,
denoted in brackets are the ligand atom coordinated to metal (to the left of ligand name) and the non-hydrogen ligand atom closest to the center of the
aromatic ring (to the right of ligand name). [e] The number of bonds in the ligand (including the bond to the hydrogen atom extending towards the aromatic
ring) which are involved in the MLACH interaction. In some structures, there are two ligands interacting with the same or with two different aromatic
residues. [f] The tryptophan indole group consists of two aromatic rings: a five-membered and a six-membered ring. Both can take part in MLACn
interactions. The digit 5 or 6 given in brackets after the name of the tryptophan indicates which ring of the indole ring system is involved in the MLACx
interaction.

chosen, while LANL2DZ was used for the iron atom. In Results and Discussion

previous theoretical work on cation—m interactions, Har-

tree — Fock and MP2 methods were mainly used.l*'8 The MP2 We have found that these specific cation—m interactions—
method was used very successfully for some transition metal between a coordinated ligand and the aromatic ring of
complexes,?'~* but no good results were obtained for the first phenylalanine, tyrosine, and tryptophan—can be observed
row transition metal complexes.® " In contrast, DFT meth- in a number of crystal structures of metalloproteins. Data
ods give good results for all transition metal complexes, relating to MLACHr interactions in different crystal structures
including those of the first row.?** Accordingly, the DFT are compiled in Table 1. With less conservative search criteria,
method was used in this work, because of the presence of first- many more metalloproteins containing MLACx interactions
row transition metal complexes. It was shown that the B3LYP can be found. These data show that this type of interaction
method is suitable for characterizing cation —m interactions by exists in numerous metalloproteins, and that different metals
calculating the geometry and bonding energy of the and ligands can be involved. Table 1 lists the abbreviated
NH,—C¢H¢ complex with LANL2DZ basis sets.'”] The name of the protein and the resolution of the crystal structure,
obtained bonding energy of 16.43 kcalmol™ and geometry metal, ligand, and aromatic residue involved in the MLACn
are in good agreement with previous results, where bonding interaction, as well as the PDB code.

energies are in the range from 16.3 to 22.2 kcalmol-L[6 12-16] In all of the observed cases in which the MLACx
Recently, reliable results were also obtained for other cation — interaction was identified, the ligand participating in the
7t systems using DFT methods.'-3) interaction possesses a hydrogen atom extending towards the
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aromatic ring of the molecular group involved in the cation -
interaction. A partial positive charge on the ligand, induced
by the charge on the metal, is situated on the hydrogen atom
interacting with the aromatic ring. With the exception of the
basic blue copper protein from cucumber (CBP), the positions
of hydrogen atoms are not available from the crystal structure
in any of the protein structures listed in Table 1. Therefore, it
was not possible to ascertain the distance between aromatic
ring and interacting hydrogen atom directly. Hence, the
geometry of the special cation -t interaction is characterized
by the distance d; (between the center of the aromatic ring
and the non-hydrogen ligand atom closest to the ring center)
and the angle 6, (between the corresponding distance vector
d, and the normal of the aromatic ring plane), as explained in
Figure 1. For the protein structures with MLACz interaction
that we found, the distance d, varies between 3.09 and 4.41 A.
The angle 6, is often smaller than 30°, but can become as large
as 45°. By visualizing the corresponding protein structures, we
often observed that the ligand atom closest to the aromatic
ring was oriented so that the attached hydrogen atom would
extend towards a bond rather than towards the center of the
aromatic ring. This is particularly the case when the angle 6, is
large. Similar geometries for cation - interactions were found
by quantum chemical calculations on the [Co(NH;)s]**—ben-
zene model system.[!"]

For some metalloproteins, a number of crystal structures
that may involve more than one chain are available. For the
same protein, all crystal structures possess the same MLACx
interaction, though the redox state and the coordination
number may vary (see column 8, lower part of Table 1). In
some metalloproteins, more than one ligand coordinated to
the same metal cation interacts with the same aromatic group;
as, for instance, in alcohol dehydrogenase (ADH).>* 3556571 In
other  proteins, such as superoxide dismutase
(SOD),b8 2% 59, 60.61] different ligands (water and asparagine)
can interact with different aromatics (in SOD, two different
tryptophans). As well as the name of the ligand involved in
the MLACHr interaction, the ligand atom directly bound to the
metal (to the left of the ligand name in Table 1) and the non-
hydrogen atom closest to the aromatic ring (to the right of the
ligand name in Table 1) are also given, in brackets (column 10
in Table 1). (For water as ligand, that information is obvious
and so not given, since the oxygen atom of water is closest to
the metal and also to the aromatic ring involved in the
MLACH interaction.)

The indole group of tryptophan consists of two aromatic
rings: one five-membered and one six-membered. Both can
take part in MLACH interactions and they can even do this
simultaneously. See, for instance, the structure of A9-stearoyl-
acyl carrier protein desaturase (D9D), entry 9 in Table 1. The
aromatic ring actively participating in MLACHm interaction is
denoted with the digit 5 or 6 in brackets after the name of the
aromatic residue (see Table 1). In SOD, the water always
interacts with the five-membered ring, whereas the asparagine
interacts with the six-membered ring of another tryptophan.
In the mutant Phe93Trp of ADH, both ligands interact with
the same tryptophan residue. The histidine interacts with the
five-membered, the trifluoroethanol (ETF) with the six-
membered ring.

3938
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In SOD, the distances d; between the tryptophan—the
aromatic group involved in the MLACHm interaction—and the
oxygen atom of coordinated water range from 3.12 to 3.57 A.
This is generally shorter than the corresponding distances—
between the two water oxygen atoms and Pheld4—in the
bacterial chemotaxis protein (CheY)®, which are 3.50 and
4.12 A. Interestingly, in the mutant Phe93Trp of ADH, the
distances between tryptophan and the histidine and ETF
ligands are 3.77 and 3.65 A, respectively; shorter than in the
native protein, where Phe93 is the aromatic group involved in
cation -t interactions, with distances of 3.94 A. The shortest
distance (d; =3.09 A) occurring in Table 1 also relates to an
interaction with tryptophan. Hence, it seems that tryptophan
enters into the strongest interactions with coordinated ligands.
This is in agreement with calculated electrostatic potential
surfaces around aromatics—which are a qualitative guide to
cation—m interactions—and with analyses of protein struc-
tures that showed that tryptophan is most likely to be involved
in cation—g interactions.> 489 Calculated interaction en-
ergies of benzene and indole ring with Na* also indicated that
the indole ring interacts more strongly than benzene.P! This
agreement with previous results demonstrates that the nature
of the new type of cation—mx interaction (MLACmr), in which
ligands coordinated to a metal interact with aromatic
molecular groups, is related to other already observed and
investigated cation - interactions.

The number of bonds in the ligand (including the bond to
the hydrogen atom extending towards the aromatic ring) that
are involved in the cation — i interaction is given in column 11
of Table 1. The MLACH interaction will generally be stronger,
the fewer the ligand bonds lying between the atom coordi-
nated to metal and the interacting hydrogen atom. Water is
the ligand with the smallest number of bonds between the
atom coordinated to a metal cation and the interacting
hydrogen atom, since it involves just a single O—H bond. The
largest number of bonds that we found in a ligand is three; see
column 11 of Table 1. From the above reasoning, we expect
that MLACn interactions with water as ligand are the
strongest. As a matter of fact, almost the smallest distance
d,, at 3.12 A, was found between water and tryptophan in an
Fe** SOD.

Four selected structures involving the new type of cation —
interaction—namely blue copper protein phytocyanin (CBP,
PDB code 2cbp),[ bacterial chemotaxis protein (CheY, PDB
code 1chn),[? superoxide dismutase (SOD, PDB code 1lavm/
A),8 and alcohol dehydrogenase (ADH, PDB code ladc/
B)B*—will now be discussed in more detail. The geometry of
the MLACT interaction in these structures, with different
metals, ligands, and aromatic groups, is depicted in Figure 2.

Phytocyanin: The exact biological function of phytocyanin,
the basic blue copper protein from cucumber (CBP),[] is
unknown; however, it is considered that phytocyanin is an
electron transport protein®! or is involved in redox reac-
tions.[! In the crystal structure of phytocyanin, there are two
histidines (His39 and His84) coordinated to copper(ii), as well
as one cysteine (Cys79) and one methionine (Met98) (see
Figure 2 A). As is typical for blue copper proteins, the bond to
one ligand, Met98, is rather long (2.61 A).3] The Phel3
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Figure 2. Four examples of the new type of cation - interaction (MLACH). Ball-and-stick presentation of a
selection of four metal complexes in proteins with cation— interactions. A: blue copper protein phytocyanin
(CBP, PDB code 2cbp), B: bacterial chemotaxis protein (CheY, PDB code 1chn), C: superoxide dismutase
(SOD, PDB code lavm/A), and D: alcohol dehydrogenase (ADH, PDB code 1adc/B). All ligands (amino acids,
water, substrates, and inhibitors) coordinated to the metal center and all aromatic residues relevant for MLACn
interaction are displayed. The color is as follows: side chains of aromatic residues and ligands involved in

ure 2B); these coordinated li-
gands are characteristic for mag-
nesium.[! There are three ami-
no acids acting as ligands:
namely Asp57, Aspl3, and
Asn59, together with three wa-
ter molecules. The distance d,
from the magnesium atom to
the center of the aromatic ring of
Phel4 is 4.89 A. The aromatic
amino acid Phel4 is involved in
two cation—7 interactions with
two of the coordinated water
molecules, H,0301 and H,0300
(see Table 1). The distances be-
tween the oxygen atoms of the
coordinated water molecules
and the center of the phenyl ring
are 3.50 and 4.12 A, respectively,
and the angles 0, are 24.9 and
27.7°. In the crystal structure, the
interaction of H,0301 with the
aromatic ring of Phe14 was orig-
inally classified as a hydrogen
bond with the phenyl ring.[%
Although at greater distance
from Phel4, the other water
molecule H,0300 may also be
considered to interact with
Phel4. According to our analy-
sis, the interactions of the water
molecules with the phenylala-
nine are examples of MLACn
interaction rather than hydrogen
bonding.

1chn

AapsT

1@de

MLACH interaction in dark green, water oxygen atoms and ligand atoms in red, the metal in brown, the
hydrogen atom extending towards the aromatic ring which participates in MLACHr interaction in light green,

while for all other atoms a standard color is used. Red dashed lines represent distances between the aromatic
group and ligand atoms closest to it. Green dashed lines represent the coordination bonds of ligands with the
metal involved in MLACT interaction. Black dashed lines represent hydrogen bonds.

residue is close to the metal complex, the center of the phenyl
ring is 5.31 A away from the copper. In this high-resolution
(1.8 A) crystal structure, the positions of hydrogen atoms were
determined, allowing us to observe the distance between the
interacting hydrogen atom and the aromatic ring directly. The
cation - interaction occurs between the metal ligand His39
and the aromatic group Phel3. The distance from the
hydrogen atom of His39 to the center of the aromatic ring
of Phel3is 3.16 A, whereas the distance to the closest carbon
atom of the aromatic ring is 2.71 A. The distance between the
carbon atom of His39, the hydrogen atom of which is involved
in the interaction, and the center of the Phe13 aromatic ring is
4.12 A (Table 1).

Bacterial chemotaxis protein: Large conformational changes
in the bacterial chemotaxis protein (CheY)[? are caused by
the bonding of a magnesium cation, which is known to be
essential for the function of this protein. This structure
contains a hexacoordinate magnesium(il) cation (see Fig-

Chem. Eur. J. 2000, 6, No. 21
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Superoxide dismutase: In Fig-
ure 2C, we show structural de-
tails of the metal complex of
SOD from Propionibacterium
shermanii (PDB code lavm/A), containing a hexacoordinate
iron(111) center, with one ligand a negatively charged azide. In
the corresponding iron(i1) SOD structure (PDB 1mmm/A),
the azide is lacking and the iron center is pentacoordinate.
There are six structures of FeSOD and MnSOD listed in
Table 1, with data for the cation — i interaction of coordinated
water with tryptophan. Two of these have a pentacoordinate
metal center (Fe>*SOD, Mn**SOD); the other four possess a
hexacoordinate metal center. Since the charge state of the
water ligand, and in some cases also the redox state of the
metal center, are uncertain, the total charge of the first
coordination sphere cannot be given for the SODs.

In the iron(in) SOD structure, with a resolution of 1.55 A,
there are two tryptophans close to the metal center.’s! Both
are involved in cation—m interactions. There are four amino
acids coordinated to the iron: three histidines (His27, His75,
His165), and one aspartate (Asp161). The other two ligands
are water and azide. The MLACx interaction with the
shortest distance is the interaction of a coordinated water
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with the five-membered ring of Trp163. The distance from the
center of the five-membered ring to the iron is d,=5.24 A and
the angle is 6,=27.3°. The distance from the oxygen atom of
the coordinated water to the center of the five-membered ring
is d,=3.35 A with the angle 6, =16.3°. The MLACx inter-
action in SOD may be important for the mechanism of the
enzymatic reaction, since it has been proposed that the
coordinated water is involved in a functionally relevant
proton transfer process.?”

The second interaction occurs with the six-membered ring
of Trp126. The distance of the center of the six-membered ring
to the metal ion is dy=5.42 A and the angle is 6,=51.4°.
Trp126 interacts with the CB atom of the coordinated ligand
Aspl61 (see Figure 2C). The distance between the center of
the six-membered ring to the CB atom is 3.75 A with an angle
of 21.5°. This cation— interaction is probably weaker than
the first one, since the CB atom is two bonds away from the
oxygen atom OD?2 coordinating with the iron atom.

Importantly, the two tryptophans involved in cation—mn
interactions in SOD are among the twelve residues of FeSOD
and MnSOD which are strictly conserved.l® These trypto-
phans probably play an important role in the enzymatic
reaction mechanism of SOD, and the cation— interactions
may be important for their function. Interestingly, the
tryptophan that interacts with water is destroyed by the
reaction of hydrogen peroxide with FeSOD.[”]

Density functional and electrostatic calculations on the
MnSOD active site complex showed that, for accurate
energetic calculations, it is essential to involve the second-
shell ligands not directly bound to the central metal.[] Since
the indole ring of Trp168 was not included in these compu-
tations, it would be interesting to find out how the involve-
ment of tryptophan in DFT calculations would influence the
results.

Calculated MLACHr interaction for superoxide dismutase: For
the FeSOD structure (PDB code lavm) the energy of the
cation - interaction was computed by using DFT calcula-
tions. This protein was chosen for the computation as its X-ray
structure is the one of highest resolution (1.55 A) for which we
found this new type of cation—m interaction. We expected a
strong MLACH interaction in this case, since water H,O1 as
ligand interacts with the s system of tryptophan Trp163. The
oxygen—metal distance between the coordinated water and
iron is, at 2.15 A, relatively large, and so it is assumed that
H,O rather than OH™ is present. To ascertain the cation—mx
interaction, we considered a molecular model of the FeSOD
containing the relevant molecular components coordinated to
iron(111) and Trp163 (see Figure 3). Of the iron ligands (His27,
His75, His165, azide, Asp161, and H,0), the histidines were
modeled by imidazole rings, and the aspartate as acetate. The
tryptophan was modeled as indole ring system and an
ammonia was used for the backbone of Trp163 to model the
hydrogen bond, with the oxygen atom of the aspartate
extending away from the iron. The imidazole ring of His146,
which might form a hydrogen bond with one hydrogen atom
of the water ligand, was also included. Hydrogen atoms were
added with the aid of CHARMM22.I! Subsequently, the
positions of the hydrogen atoms were optimized by energy
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Figure 3. Model of active site of FeSOD (PDB lavm/A) used in DFT
calculation. The iron ligands were modeled from the side chains of the
amino acids His27, His75, His165, azide, Asp161, and H,O1 of the first
coordination shell, using PBD coordinates as explained in text. The
histidines were modeled by imidazole rings, the Asp161 was replaced by
acetate. The aromatic side chain of Trp163 was modeled as an indole ring
system, the backbone NH group of Trp163 was replaced by ammonia. The
energy of the MLACH interaction calculated as the bonding energy of the
metal complex (iron with its coordinated ligands) and the indole ring of
Trp163 was 10.09 kcal mol~.

minimization, while the coordinates of all non-hydrogen
atoms were fixed. To avoid artifacts during the optimization
procedure, the atomic partial charge of the iron was reduced
to the value +1.20 and the charge on the aspartate oxygen
atom directly bound to the iron was increased to the value
—0.36, as compared to its value in the CHARMM forcefield,
which is —0.76. The atomic charges on azide were chosen as
—0.5 for the nitrogen closest to the iron and —0.25 for the
other two. As a result of this optimization, one hydrogen atom
of the water ligand makes a hydrogen bond with the nitrogen
atom of His146 (H-N distance of 2.17 A), while the other
hydrogen atom extends towards the edge of the five-
membered ring of the indole system. The distances from this
hydrogen atom to the two nearest carbon atoms of Trp163 are
231 and 2.50 A. The quantum-chemical computation was
performed after removal of the His146. The energy of the
MLACTHT interaction, calculated as the bonding energy of the
metal complex (iron with its coordinated ligands) with the
indole ring system of tryptophan, amounted to
10.09 kcalmol~!. This interaction energy is comparable to a
strong hydrogen bond.

Alcohol dehydrogenase: The structure of horse liver alcohol
dehydrogenase (LADH) with PDB code ladc/B contains
CPAD (5-f-p-ribofuranosylpicolinamide adenine dinucleo-
tide), an isosteric analogue of nicotinamide adenine dinucleo-
tide (NAD), the cofactor in native LADH.F* CPAD exhibits
competitive inhibition of LADH with respect to NAD and
binds to LADH in a very similar way to NAD. Alcohol that
binds to the LADH - CPAD system is not oxidized, and the
LAHD - CPAD —alcohol complex is a potentially useful
model system for studying the process of alcohol binding
and dehydrogenation. In the crystal structure of the LAHD -
CPAD - alcohol complex, solved with a resolution of 2.7 A,
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zinc(1)) is tetracoordinate. Three of the ligands are amino
acids: two cysteines (Cys46 and Cys174) and one histidine
(His67). The fourth ligand is the bound ethanol (Figure 2D).
Close to the metal is the aromatic ring of Phe93. The distance
dy from the zinc atom to the center of the phenyl ring is
5.45 A, with an angle 6, of 20.5°. The Phe93 is in close contact
with the coordinated ethanol. The hydrogen atoms of ethanol
were modeled into this structure; the positions of the hydro-
gen atoms of the ethanol -CH,- group are available in the
PDB structure (the hydrogen atoms of the ethanol methyl
group are also added in the structure shown in Figure 2D).
The distance from the ethanol -CH,- group hydrogen atom
closest to the center of the phenyl ring is 3.19 A, and to the
closest carbon atom of the phenyl ring 2.64 A.

In other structures of alcohol dehydrogenases that we
found while searching for the MLACm interaction, there are
interactions between different ligands coordinated to the zinc
atom and Phe93 (Table 1). In the 20hx/A structure,’”) there is
an interaction of the coordinated His67 with Phe93. In the
ADH structures 1axg/DF and 11dy/B,5 there are interac-
tions between Phe93 and two coordinated ligands: His67 and
trifluoroethanol (ETF) or cyclohexylformamide (CXF), re-
spectively. In the ADH structure laxe/B,\® there is the
mutation Phe93Trp. Trp93 is involved in cation—z interac-
tions with the coordinated ligands His67 and ETF. The
distances associated with cation—m interactions with Trp93
are shorter, and probably stronger than the interactions with
Phe93. It was found experimentally that the mutation from
Phe93 to Trp93 increases the tunneling of hydrogen in the
hydride transfer reaction from alcohol to NAD. The
question is whether there is a connection between a stronger
cation— interaction and an increase in hydrogen tunneling.
In the ADH crystal structure (1adc/B), ethanol engages in an
MLACHT interaction with Phe93, which may be needed to
place the second hydrogen atom at the carbon C1 of ethanol
in a position suitable for hydrogen transfer to NAD®, such
that a replacement of Phe93 by Trp93 would increase the
hydrogen tunneling. As a consequence, the cation-m inter-
action of the alcohol with Phe93 may play a role in the
reaction mechanism of the enzyme ADH.

Conclusion

A novel type of interaction is proposed. In this metal ligand
aromatic cation—m interaction (MLACHr), a ligand coordi-
nated to a metal cation interacts with an aromatic component.
The metal lends positive charge to the ligand, which in turn
gains cationic character to interact strongly with aromatic
moieties. We searched systematically in the PDB, using
conservative geometric criteria, to find such interactions
between ligands coordinated to a metal and aromatic entities.
It turned out that this type of interaction is ubiquitous in
metalloproteins. Examples were found for each of the three
aromatic residues searched for: phenylalanine, tryptophan,
and tyrosine. Practically all metals commonly occurring in
enzymes can participate in such interactions. The ligands
involved in the MLACHr interaction can be amino acids and
water, as well as different substrates and inhibitors. The indole
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ring system of tryptophan possesses two aromatic entities: a
six- and a five-membered ring. Both were observed to
participate in the MLACHm interaction, and they can even do
this simultaneously. From the atomic separations, we can
conclude that, of the aromatic amino acids, tryptophan
produces the strongest MLACHr interactions, and that, among
the ligands, water produces the strongest interactions.

We found a number of typical examples of this interaction
in the PDB. Four structures in which we found the new type of
cation—gt interaction were selected in order to study it in
more detail. For the enzyme superoxide dismutase, we used
quantum-chemical computations to ascertain that Trp163 has
an interaction energy with the ligands coordinated to the iron
center of 10.09 kcalmol~.. In some cases we have indications
that this specific interaction may be relevant for enzyme
function.
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