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Summary

A key contact in the active site of an aminoglycoside
phosphotransferase enzyme (APH(3')-llla) is a w-m
stacking interaction between Tyr42 and the adenine
ring of bound nucleotides. We investigated the preva-
lence of similar Tyr-adenine contacts and found that
many different protein systems employ Tyr residues
in the recognition of the adenine ring. The geometry
of these stacking interactions suggests that electro-
statics play a role in the attraction between these aro-
matic systems. Kinetic and calorimetric experiments
on wild-type and mutant forms of APH(3’)-llla yielded
further experimental evidence of the importance of
electrostatics in the adenine binding region and sug-
gested that the stacking interaction contributes ~2
kcal/mol of binding energy. This type of information
concerning the forces that govern nucleotide binding
in APH(3’)-llla will facilitate inhibitor design strategies
that target the nucleotide binding site of APH-type
enzymes.

Introduction

Noncovalent interactions play vital roles in many as-
pects of chemistry and biology, and consequently, vari-
ous types of experimental and theoretical approaches
have been used to study these forces [1]. Special atten-
tion has been placed on interactions involving aromatic
systems (mw- interactions) since they play important
roles in the stabilization of macromolecular structures
involving nucleic acids, proteins, and materials such as
liquid crystal copolymers [2-9].

Some of the most significant w-type interactions may
be found in protein complexes involving ligands with
purine- and pyrimidine-type ring systems. There is a
diverse set of large and small molecules that contain
these types of rings and make biologically important
complexes with proteins. For example, studies have
clearly demonstrated the prevalence of w-w stacking
interactions in complexes involving proteins and nucleic
acids, most notably single-stranded RNA [10-15]. Fur-
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thermore, there have been numerous other reports of
-7 stacking interactions in protein complexes involving
ligands (other than DNA/RNA) containing the adenine
and guanine ring [16-23]. This seems to be in contrast
with a report that downplayed the involvement of aro-
matic amino acids in the packing of the adenine ring in
protein structures [24].

A prominent example of such a - interaction involv-
ing an aromatic amino acid and an adenine ring can be
found in an aminoglycoside antibiotic 3’,5”-phospho-
transferase (APH(3')-llla). Scrutiny of the nucleotide
binding site of the enzyme reveals there are three major
contacts with the adenine ring of bound ADP. This in-
cludes a w-m stacking interaction involving Tyr42 and
two hydrogen bonding interactions with backbone
atoms of Ser91 and Ala93 (Figure 1) [18, 25]. APH(3')-llla
belongs to a family of aminoglycoside antibiotic kinases
that phosphorylate various hydroxyl groups around the
aminoglycoside structure [26-29]. Phosphorylated anti-
biotic does not bind efficiently to its target, the bacterial
ribosomal aminoacyl-tRNA site of the 16S RNA, resulting
in a resistance phenotype in organisms harboring the
aminoglycoside phosphotransferases [30].

One approach to returning efficacy to aminoglyco-
sides in resistant organisms is to coadminister potent
and specific inhibitors of APHs with the antibiotics,
allowing the drug to bypass the resistance mechanism
[31]. Athorough analysis of the specific binding opportu-
nities and energies available in APHs, specifically the
enterococcal and staphylococcal resistance determi-
nant APH(3')-llla, will be beneficial toward the develop-
ment of potent inhibitors. This is very important consid-
ering that APH(3')-llla is structurally similar to Ser/Thr/
Tyr protein kinases [18]. Moreover, the structural homol-
ogy translates into functional similarity in that APHs can
phosphorylate peptides [32], and in that APHs and pro-
tein kinases likely have similar catalytic mechanisms
[33, 34]. Not surprisingly then, among the first generation
of APH inhibitors [35-38] include compounds that also
act as protein/lipid kinase inhibitors [39, 40]. However,
to minimize host toxicity, inhibitors of APHs should not
be cross-reactive with eukaryotic protein kinases. Thus,
the identification and understanding of the differences
in the active sites between protein kinases and APHs
are critical to developing specific inhibitors of aminogly-
coside kinases, especially if directed against the nucleo-
tide binding pocket.

It has been previously noted that the w-m stacking
arrangement observed in the crystal structures of
APH(3’')-llla complexed with ADP and the nonhydrolyz-
able ATP analogue AMPPNP is not shared with the pro-
tein kinase family, where an alanine is at the equivalent
position [25]. In the structure of APH(3')-llla, the pres-
ence of Tyr42 causes the adenine ring to be turned 40°
relative to its counterparts in the protein kinases. Thus,
considering that the =~ stacking arrangement is con-
served in the APH(3’) family of enzymes (either Tyr or
Phe at this position) but is lacking in protein kinases,
taking advantage of this interaction in the design of
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Figure 1. The Adenine Binding Pocket in the Active Site of APH(3')-llla

The three major contacts with the adenine ring of the bound nucleo-
tide are presented. H bonds are represented by the dashed yellow
lines and are drawn between the amide group of Ala93 and N1 of
the adenine ring and the carbonyl group of Ser91 and the amino
group at position 6 of the adenine ring. Hydrogen atoms have been
omitted for clarity. The w-m stacking interaction between Tyr42 of
the enzyme and the bound nucleotide is also shown. A standard
CPK color scheme has been used where carbons are gray, oxygens
are red, and nitrogens are blue. This figure was generated in the
program PyMol (http://pymol.sourceforge.net/).

inhibitors will provide some measure of specificity to-
wards aminoglycoside kinases. Understanding the mag-
nitude and the nature of the energy involved in this
interaction will allow us to design compounds that max-
imize this discriminating binding opportunity. APH(3')-
llla can also then serve as a point of reference when
examining aromatic protein-ligand interactions in other
protein complexes.

In this report, we provide a survey of the interaction
of Tyr side chains with the adenine ring of bound ligands
in protein complexes. This frequency data has allowed
us to compare the mw-m stacking interaction observed
in APH(3')-llla to other similar stacking interactions. In
addition, to probe the Tyr42-adenine contact in APH(3')-
llla, Tyr42 mutants have been analyzed both in terms
of their effects on enzyme activity, and the enthalpic
and entropic contributions to binding energy using iso-
thermal titration calorimetry.

Results and Discussion

Electrostatic Potential Surfaces of Adenine

and p-Hydroxytoluene

To gain a better perspective on the Tyr-adenine contact
in APH(3')-llla, we wanted to understand the electronic
factors associated with the stacking interaction and to
compare similar interactions in other protein complexes.
Towards the first goal, the electrostatic potential sur-
faces of adenine and p-hydroxytoluene were calculated
using quantum mechanical methods (Figure 2). The elec-
trostatic map of adenine indicates that most of the nega-
tive charge is centered around N1, N3, and N7 and the
positive charge is on hydrogens bound to nitrogen
atoms or sp?-hybridized carbon atoms. The calculation
and electrostatic map of adenine also suggests that N9

NH,
6 7
1., N
N 8
N ey
H N3 \
H

Figure 2. Electrostatic Potential Maps of Important Aromatic
Systems

The electrostatic potential maps of adenine (top) and p-hydroxytolu-
ene (bottom) calculated at the HF/6-311G* level of theory. The struc-
ture of each molecule is provided on the right for reference. The
numbering of p-hydroxytoluene is based on the side chain of Tyr
and was adopted from Creighton [72]. The potential energy extremes
are —25 to +25 kcal/mol. The color red indicates areas of greater
electron density, while blue indicates areas of less electron density.
From negative to positive potentials, the colors progress red-orange-
yellow-green-cyan-blue.

is less electronegative compared to the other heterocy-
clic nitrogen atoms. Other calculations on adenine deriv-
atives (data not shown) also suggest that whether a
hydrogen atom, -CH,-, or -CH; group is attached to N9,
these substituents lead to an electropositive region. This
can be visualized in the electrostatic potential surface
of adenine in Figure 2, with a hydrogen atom bonded
to N9. These results are in qualitative agreement with
previous electronic studies on the adenine ring system
[41]. The electrostatic potential surface of p-hydroxytol-
uene (Figure 2) illustrates the charge distribution in the
Tyr side chain, where most of the negative charge is
distributed on the electronegative oxygen atom and in
the body of the aromatic ring. This surface is similar to
that generated through previous quantum-mechanical
calculations on phenol [42].

Frequency and Nature of Tyrosine-Adenine

Stacking Interactions in Protein Complexes

To place the stacking interaction in APH(3')-llla in con-
text with other similar interactions, the Protein Data
Bank was searched to establish the frequency and na-
ture of these types of interactions. Overall, 281 protein
complexes that contain an adenine-bearing ligand were
identified and investigated. Including APH(3')-llla, a total
of 34 unique complexes were recognized as having a
Tyr residue in the vicinity of an adenine moiety. The
categorization of w-w stacking interactions can be
somewhat subjective; therefore, any Tyr residue nearly
parallel to the adenine ring was included in the analysis.
The following is a list of the diverse set of ligands in
these 34 complexes and the number of examples found
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Figure 3. =-7 Interactions in Protein Complexes

(A) The overlay of the Tyr-adenine model systems generated from
34 protein coordinate files and deleting all of the atoms except for
the two aromatic rings is shown. All of the model systems were
superimposed at the adenine ring, and hydrogens are not shown
for clarity. A total of 35 Tyr residues are shown as one coordinate
file (1AMO) contained two stacking interactions. A standard CPK
color scheme has been used where carbons are gray, oxygens are
red, and nitrogens are blue. The oxygen atom of Tyr42 in APH(3')-
llla is shown as a green sphere. The B face of the adenine ring is
above the plane of the ring and the A face is below the plane of the
ring [43]. The PDB codes used to construct the model systems
include: 1DGY, 1QD2,1QG0, 1QGX, 1YKF,1QKI, 1FA9, 1AMO, 1CNF,
1PFK, 1QCl, 1G18, 1MAB, 1IFS, 1DDG, 1J7L, 1IMRG, 1EWY, 1B0U,
1A0l, 1EFR, 1E19, 1DQA, 1CXY, 1QHG, 1DGS, 1D9Z, 1ECJ, 1FNB,
1QUE, 8GPB, 1E0J, 1CR2, and 1G60.

(B) A zoomed view of the w-m stacking interaction between Tyr42
and the adenine ring of ADP in the active site of APH(3')-llla. The
carbon atoms of Tyr42 are green; otherwise, a standard CPK color
scheme has been used. The numbering of the Tyr side chain was
adopted from Creighton [72]. This figure was generated from the
coordinates of the APH(3')-Illa-ADP complex (PDB code: 1J7L) and
removing all the atoms except for the interacting rings. The images
in this figure were generated in the program PyMol (http://
pymol.sourceforge.net/).

with each: adenine (5), adenosine (1), FAD (6), ATP (5),
dATP (1), ADP (6), AMP (5), cAMP (1), and NADP" (5).
In NADH:Cytochrome P450 Reductase (1AMO), two dif-
ferent Tyr residues are stacking against the adenine ring
of FAD and NADP*. Overall, there were a total of 35
stacking interactions in the 34 protein complexes. The
results of this survey suggest that - stacking interac-
tions involving aromatic amino acids and the adenine
ring are important contacts and cannot be ignored when
dissecting the adenine binding region of proteins.

Model systems of the Tyr-adenine interactions were
constructed using the coordinate files of the 34 protein
complexes. Each of the model systems contained only
the Tyr residue (represented as p-hydroxytoluene) and
N9-methyladenine or adenine. The model systems were
superimposed at the adenine ring, and the overlay is
presented in Figure 3A. The faces of the adenine ring
can be designated as A or B, depending on whether
the numbering of the ring progresses in a clockwise or
counterclockwise direction, respectively [24, 43]. Of the
35 stacking interactions, 17 were at the A face and 18
were at located at the B face of the adenine ring. In the
orientation presented in Figure 3A, the B face is above
the plane of the ring, and the A face is below the plane
of the ring.

The arrangements of Tyr side chains in Figure 3 are
similar in that most of the rings are in a region of space

above or below the adenine ring. It is also clear that
some of the 35 interactions can be described as tradi-
tional w-m stacking interactions, while others may not
deserve that description because of a slight tilted orien-
tation. All of the Tyr side chains in the vicinity of an
adenine ring were retained because we were also inter-
ested in the distribution of Tyr side chain oxygen atoms
relative to the adenine ring. The clustering of the Tyr
oxygen atoms in the overlay was striking and unex-
pected. Most of the oxygen atoms are outside the plane
of the adenine ring and project to a region near N9 or
the atom attached to this nitrogen atom, especially on
the B face. According to the electrostatic potential map
of adenine (Figure 2), and previous calculations on the
adenine ring system [41], this is one of the least electro-
negative regions of the adenine ring. Having the electro-
negative oxygen atom of Tyr project away from highly
electronegative regions of the adenine ring (such as
N1, N3, and N7) avoids charge-charge repulsions in the
stacking interaction. As mentioned previously, there is
significant = electron density in the phenolic side chain
of Tyr. This correlates well with the fact that many of
the Tyr side chains have aromatic rings that are posi-
tioned such that they also avoid the highly electronega-
tive regions of the adenine ring in the stacking interac-
tions (Figure 3A).

The stacking interaction in the active site of APH(3')-
llla is rather distinctive from the other stacking interac-
tions, as indicated by the green sphere in Figure 3A.
This sphere is the oxygen atom of Tyr42 and is at the
periphery of the cluster of oxygen atoms at the B face
and is projected more toward N3 of the adenine ring. A
closer view of the stacking interaction in APH(3')-llla
(Figure 3B) reveals that the two rings are coplanar (also
see Figure 1) and the distances between the oxygen
atom of Tyr42 and N3 and N9 of the adenine ring system
are 3.52 and 4.38 A, respectively. In addition, the dis-
tances between €', €2, and { carbons of the Tyr ring and
N3 are 3.49, 3.89, and 3.37 A, respectively. As the body
of the aromatic ring and the electronegative oxygen of
Tyrd2 is projected more toward N3 (Figure 3B), which
is one of the most electronegative regions of the adenine
ring, it is reasonable to expect there may be an element
of electrostatic repulsion in the arrangement of the Tyr-
adenine contact and lead to a partial destabilization of
the APH(3')-llla-ADP complex. In other words, the fact
that the two electronegative atoms are close to each
other may make the interaction between the aromatic
systems less attractive compared to other possible ori-
entations observed in Tyr-adenine stacking contacts.
An extremely tight complex between ADP and APH(3')-
llla would put the enzyme at a catalytic disadvantage
because release of ADP is the last and rate-determining
step in the phosphorylation of aminoglycoside antibiot-
ics. Thus, electrostatic considerations seem to play a
role in aligning the adenine ring with the phenolic side
chain of Tyr in the stacking interactions identified in this
study.

Kinetic and Thermodynamic Analyses of the -
Stacking Interaction between APH(3')-llla

and Nucleotide Ligands

To investigate the nature of the m-m interaction in the
nucleotide binding site of APH(3')-llla, we produced mu-
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Table 1. Kinetic Analyses of APH(3')-llla Wild-Type and Tyr42 Mutants

Ku keat KealKu
(ILM) (571) (Mi‘sq) KMmm/KMWl kcalw1 kcatmm (kcat/KM)m/(kcat/KM)mm
APH(3')-llla wt*
ATP® 27.7 £ 3.7 1.76 + 0.08 6.35 x 10* - - -
Kanamycin A° 12.6 = 2.6 1.79 = 0.08 1.42 X 10° - - -
Neomycin B° 7.72 + 0.9 2.08 + 0.07 2.69 x 10° - - -
APH(3')-llla Tyr42Phe
ATP® 6.31 * 0.57 0.34 + 0.01 5.32 x 10* 0.23 5.2 1.2
Kanamycin A° 8.74 £ 2.6 0.36 + 0.02 4.08 x 10* 0.69 5.0 3.5
Neomycin B°® 13.8 + 1.6 1.54 + 0.05 1.11 X 10° 1.8 1.4 24
APH(3')-llla Tyr42Val
ATP® 272 = 23 2.93 + 0.07 1.08 x 10* 9.8 0.60 5.9
Kanamycin A¢ 3.56 + 1.29 2.70 £ 0.14 7.59 x 10° 0.28 0.66 0.19
Neomycin B¢ 6.93 + 1.68 1.87 = 0.10 2.70 x 10° 0.90 1.1 1.0

2Kinetic parameters for ATP taken from [18], whereas those for aminoglycoside substrates taken from [26].

>Parameters determined in the presence of 125 pM kanamycin A.
¢Parameters determined in the presence of 1 mM ATP.
dParameters determined in the presence of 3 mM ATP.

tant proteins Tyr42Ala, Tyr42Phe, and Tyr42Val.
APH(3')-llla Tyr42Ala was insoluble (data not shown)
and could not be used in the study. This indicates that
Tyrd2 may be important in the proper folding of the
enzyme. Proteolysis studies of the mutant Tyr42Val and
Tyr42Phe proteins with subtilisin yielded the same frag-
ment pattern as APH(3')-llla wt protein (data not shown),
suggesting that there are no gross alterations in protein
structure with these mutant proteins. Furthermore, the
far-UV circular dichroism (CD) spectra for APH(3')-llla
wt and APH(3')-llla Tyr42Val (data not shown) are essen-
tially identical, verifying that proper secondary structure
is maintained upon mutation of Tyr42. Together, these
results suggest that there are no significant structural
differences between APH(3')-llla wt and Tyr42Phe and
Tyr42Val proteins.

Kinetic Analyses

APH(3')-llla follows a special form of an ordered BiBi
kinetic mechanism in the steady state known as
Theorell-Chance [27, 44], where the Michaelis-Menten
constant (Ky,) for ATP closely approximates the dissocia-
tion constant (Kp) for ATP. Thus, for APH(3')-llla, Ky, for
ATP gives a true dissociation constant and can be used
as a measure of nucleotide affinity for the protein. Fur-
thermore, ADP depatrture is rate limiting, and so, tighter
binding of nucleotide may result in a slower release of
ADP and a decrease in the overall rate (k..).

APH(3')-llla Tyr42Phe appeared to bind ATP more
tightly than wild-type enzyme, where Ky for ATP de-
creased 4-fold compared to wt enzyme (Table 1). The
apparent affinities for the aminoglycosides kanamycin
A and neomycin B were less affected by the mutation,
where the changes in Ky were less than two-fold. The
tighter binding of nucleotide (ATP/ADP) is reflected in
the decrease in k. (1.4- to 5.2-fold; Table 1).

The mutation of Tyr42Val had a much more dramatic
effect on the affinity for ATP, where K\, for ATP increased
nearly 10-fold (Table 1). The affinity for ADP was likely
decreased as well considering the modest increase in
k.. (2-fold), despite an overall decrease in the catalytic
efficiency (k.a/Kyw; 5.9-fold). The Ky values for the 4,6-
disubstituted aminoglycoside kanamycin A, but not the
4,5-disubstituted neomycin, is reduced modestly in the

Tyr42Val mutant compared to the wt and Tyr42Phe en-
zymes. Unlike ATP, the Kj, for aminoglycosides is a com-
plex function of several rate constants, and this slight
change in value is not likely attributable to a change in
Kp, especially as the amino acid is remote from the
aminoglycoside binding site and there is no comparable
effect on neomycin Ky,.

Thermodynamic Analyses

The thermodynamics of the interaction between
APH(3')-llla and nucleotide ligand can be investigated
directly through isothermal titration calorimetry (ITC).
ITC measures the heat exchanged with the environment
upon association between areceptor and aligand. Thus,
ITC directly measures the enthalpy of binding (AH), and
a titration of the binding sites will yield an association
constant (K,). Using these two values, we can obtain a
complete thermodynamic profile of the interaction using
the formula —RT In K, = AG = AH — TAS.

As Ky for ATP closely approximates K, for ATP, we
can get an estimate of the Gibbs free energy of ATP
binding (Table 2). These values are very comparable to
those values for the Gibbs free energy of ADP binding
using ITC (Figure 4; Table 2). From the ITC experiments,
it can be seen that ADP binding to APH(3')-llla wt is
dominated by enthalpic forces, whereas the entropic
contribution is unfavorable (Table 2). Similarly, binding
of ADP to APH(3’)-llla Tyr42Phe is governed by enthalpy
and entropy is unfavorable; however, enthalpy is slightly
less favorable and entropy is slightly more favorable with
the Tyr42Phe mutant protein compared to wt (Figure 5).

This result may seem counterintuitive to the argument
presented before where electrostatic repulsion may ex-
ist in the Tyr42-adenine stacking interaction. On the
other hand, the crystal structure of the APH(3’)-llla-ADP
complex shows several water molecules in the vicinity
of the hydroxyl group on Tyr42 and N3 of the adenine
ring [25]. A hydrogen bonding network in this area will
help support the stacking interaction and the binding
of nucleotide to the enzyme. Upon mutation to Phe at
position 42, the electrostatic repulsion in the stacking
interaction would be diminished, but the hydrogen
bonding network would also be partially disrupted.
Taken together, this will lead to an overall negative AAH
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Table 2. Thermodynamic Parameters for Nucleotide Binding to APH(3')-llla Wild-Type and Tyr42 Mutants

ATP3P ADP°
Ko AG Ko AH —TAS AG
(n.M) (kcal/mol) (M) (kcal/mol) (kcal/mol) (kcal/mol)
Wild-Type 27.7 =+ 3.7 —6.46 17.06 * 2.60 -11.52 = 0.5 +4.90 —6.62
Tyr42Phe 6.31 = 0.57 -7.38 6.46 = 0.28 -10.20 = 0.2 +3.00 -7.20
Tyrd42Val 272 = 23 —5.06 186.7 = 25.7 -1.95 £ 0.2 -3.22 -5.17

2The values determined in 50 mM HEPES-NaOH (pH 7.5), 40 mM KCI, 10 mM MgCl,.
°In APH(3')-llla, the Ky for ATP approximates K for ATP [27], so AG was calculated according to AG = —RT In (1/K;), where T = 310 K in

the kinetic assays.

¢Parameters for ADP were determined using ITC at 303 K as described in Experimental Procedures.

value for the mutant and suggests that enthalpy has
become less favorable toward nucleotide binding (Fig-
ure 5). Also, a partial loss of the hydrogen bonding inter-
actions may lead to greater flexibility of the bound nucle-
otide in this region and result in a positive AAS value
for this mutant with respect to ADP binding (Figure 5).

In contrast to the results for APH(3')-llla wt and Tyr42-
Phe, the entropy contribution is favorable for Tyr42Val
and is most responsible for the interaction with ADP,
although enthalpy still makes an important contribution
(Table 2; Figure 5). Molecular modeling on the nucleotide
binding site of APH(3')-llla (data not shown) has revealed
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Figure 4. Isothermal Calorimetric Titration for the Interaction be-
tween ADP and APH(3')-llla

(A) Raw data for 22 10 pl injections of ADP (2.0 mM stock) into the
isothermal cell containing 100 ©M APH(3’)-llla wt at 4 min intervals
and 30°C. Both the protein and ADP were in 50 mM HEPES-NaOH
(pH 7.5), 40 mM KCI, and 10 mM MgCl,.

(B) Experimental points were obtained by the integration of the
above peaks and plotted against the molar ratio of ADP to protein
in the reaction cell.

that replacing Tyr with Val at position 42 should not
hinder the nucleotide from entering the adenine binding
region or making hydrogen bonding contacts with the
backbone atoms of Ser91 and Ala93. In addition, the
mutation to Val makes the adenine binding region more
hydrophobic, an environment common to the binding
of the adenine ring in other protein complexes [24]. Our
results with the Tyr42Val mutant suggest that the bind-
ing of ADP is entropically driven, which is to be expected
when binding is mostly hydrophobic or dispersive in
nature [45]. However, in the case of APH(3')-llla, having
a more hydrophobic nucleotide binding pocket (as in
the Tyr42Val mutant) compromises nucleotide affinity.
This result highlights the importance of polar interac-
tions in the association of an aromatic amino acid in
position 42 and the adenine ring and the difference be-
tween the nucleotide binding pocket of APH(3')-llla and
those of other similar ATP binding proteins, including
Ser/Thr protein kinases. These discrete requirements
for high-affinity binding to APH(3’)-llla and the conserva-
tion of the Tyr residue among six of the APH-class en-
zymes [46] provides the structural and energetic lever-
age for the development of ATP-site-directed inhibitors
specific for APH enzymes.

Comparison to Other Stacking Interactions
Previous studies have addressed the energy associated
with the stacking of an aromatic amino acid with a
nucleobase in RNA. RNA-protein complexes have been
destabilized 3.0-5.5 kcal/mol (AAG values) upon muta-
tion of the aromatic side chain to Ala[15, 47, 48]. Experi-
mental and theoretical studies on nucleic acid base
stacking in DNA and RNA have estimated the stacking
of two nucleobases in these structures contribute no
more than 4.0 kcal/mol (AAG values) of stabilization [5,
49, 50]. Model calculations on benzene and toluene di-
mers (parallel and off center) have yielded interaction
energies (gas phase and aqueous solution) for these
systems to be in the range of 1.0-4.0 kcal/mol [51, 52].
In APH(3')-llla, the thermodynamic parameters asso-
ciated with ADP binding to the Tyr42Phe and Tyr42Val
mutants should be a good measure of the energy lost
upon removing the stacking interacting (Table 2). The
AAG value associated with these two mutants is 2.03
kcal/mol, which is in the range of energies given above.
This number can only be used as a qualitative guide as
there may be some dispersive-type interactions be-
tween the isopropyl side chain of Val and the adenine
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Figure 5. Thermodynamic Analysis of Nucle-

ogin

otide Binding to APH(3')-llla Mutants
AAGae Changes in the thermodynamic contributions
AAHapp to nucleotide binding upon mutation of
TAASADP APH(3')-llla Tyr42 are based on the values in

Table 2. Plotted values are relative to wt (i.e.,
AAGape AAValue = AValueyyr — AValue,,); thus, posi-

AValuggyr-AValueg (kcal/mol)

Tyr42Phe

Tyrd42Val

ring in the Tyr42Val mutant. Since the free energy values
presented in other studies are not broken down into
enthalpic and entropic contributions, a more detailed
comparison is not possible.

The fundamental forces that govern w-m interactions
are widely debated, with some studies highlighting polar
or electrostatic (dipolar/quadrupolar) contributions,
while others point to the importance of hydrophobic
effects and dispersion forces [1, 5, 8, 50-67]. Many of the
previous studies have used experimental approaches
employing model systems or theoretical calculations on
such systems as the benzene dimer or stacked nucleo-
bases. For example, a recent study using carefully de-
signed model systems concluded that polar interactions
play an important role in heteroaromatic-(hetero)aromatic
attractions in water [56]. The results of this study have
implications in nucleic acid base stacking and provide an
interesting comparison to our finding that polar interac-
tions play a role in stacking interactions involving aro-
matic amino acids and the heteroaromatic adenine ring.

When placing our results in context with previous
studies in the vast arena of w-w interactions, we believe
that it is important to note that we are commenting
on a class of interactions that have been observed in
biologically important protein complexes. We have also
shown that the cataloging of different types of w-m inter-
actions and analysis of their geometry need to accom-
pany studies to investigate their nature and energetics.
The reason that a theory unifying the nature of - inter-
actions has not emerged may be due to the fact that
the formation of specific types of m-m interactions is
governed by different factors or a combination of differ-
ent factors that contribute to their stability. Our conclu-
sion that electrostatics are important in Tyr/Phe-adenine
stacking interactions may only be applicable to this sub-
set of biological - interactions. Therefore, the diver-
sity of m-m interactions found in biological molecules
will certainly demand that specific examples be cata-
loged and investigated to fully understand their ability
to help stabilize macromolecular structures.

Significance

It is becoming clear that w-w interactions are impor-
tant components in the structural architecture of many
types of biological molecules. The nature of the inter-
action has been described as primarily electrostatic
or primarily hydrophobic and dispersive depending on
the system in question. As the stabilizing forces may

tive values indicate that the thermodynamic
parameter is more favorable in the mutant
compared to wt.

be interaction specific, it is informative to provide a
diverse range of examples. An understudied area is the
7i-w interactions found in protein-ligand complexes
where the aminoglycoside resistance enzyme APH(3')-
Illa provides an important example. Our approach is
unique in that we combine a survey of Tyr-adenine
stacking contacts in protein complexes with calori-
metric studies to probe the energetics of such interac-
tions. The survey of Tyr-adenine interactions indicates
that stacking interactions are used by a variety of pro-
tein systems to recognize adenine-bearing ligands.
The geometry of these interactions suggests that polar
or electronic forces play an important role in the inter-
play of these aromatic systems. In the case of APH(3’)-
Illa, this finding is further supported by our mutation
studies where a thermodynamic analysis with wild-
type and mutant forms of the enzyme indicates that
the =-w stacking interaction provides an electrostatic
contribution to nucleotide binding, where the stacking
interaction provides up to 2 kcal/mol toward stabiliza-
tion of the complex. Moreover, these results suggest
that high-affinity interaction with the adenine binding
pocket of APH(3')-llla will require the proper electro-
static complementation to the protein. This is in con-
trast to other nucleotide binding proteins including the
structurally similar Ser/Thr/Tyr protein kinases, where
the adenine binding pockets are mostly hydrophobic
and binding interactions would be predicted to be dis-
persive in nature. As Tyr42 is conserved among most
APH proteins, this unique feature of APHs provides the
structural basis for the design of APH-specific inhibitors,
which could reverse antibiotic resistance in vivo.

Experimental Procedures

Chemicals

Neomycin B, ATP, 3-NADH, phosphoenol pyruvate, and PK/LDH
enzymes were from Sigma (St. Louis, MO). Kanamycin A was from
Bioshop (Burlington, ON, Canada). Oligonucleotide primers were
purchased from the Central Facility of the Institute for Molecular
Biology and Biotechnology, McMaster University.

Ab Initio Calculations on Adenine and p-Hydroxytoluene

Adenine and p-hydroxytoluene were constructed and underwent
geometry optimization using the HF/6-311G** level of theory. Elec-
trostatic potential surfaces were generated by mapping the 6-311G**
potentials onto surfaces of molecular electron density. The potential
energy extremes shown in Figure 2 are —25 to +25 kcal/mol. The
areas in red represent negative electrostatic potentials, and the
areas in blue represent positive potentials. All calculations were
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performed in Spartan '02 (Wavefunction, Inc., Irvine, CA) running on
a SGI Octane Workstation.

Searching the Protein Data Bank

To investigate the frequency of Tyr-adenine interactions, the Protein
Data Bank (PDB), housed at The Research Collaboratory for Struc-
tural Bioinformatics (http://www.rcsb.org) [68], was searched using
ReliBase (http://relibase.ccdc.cam.ac.uk) [69], a program designed
to identify protein-ligand complexes. Search terms in ReliBase in-
cluded such words as adenine, adenosine, and adenosine triphos-
phate. Overall, 281 protein complexes that contained a ligand with
an adenine ring (other than RNA/DNA) were derived from the analysis
and visualized in Protein Explorer (http://www.proteinexplorer.org)
[70]. Tyr residues in the vicinity of an adenine ring in the protein
complexes were highlighted and underwent further investigation if
the two rings were nearly parallel and no longer than 4 A apart. Model
systems of these interactions were generated by downloading the
coordinate files from the Protein Data Bank. The interacting rings
were identified, and the remaining atoms in the coordinate file were
removed. Hydrogen atoms were added to the rings and used to fill
open valences, which created methyl derivatives of the aromatic ring
systems, except when adenine itself was the ligand. It is important to
note that the model systems resulting from this method have the
aromatic rings in the exact geometry as found in the crystal struc-
tures. The model systems were superimposed at the adenine ring
to investigate the distribution of Tyr side chains around the adenine
ring in protein complexes.

Site-Directed Mutagenesis

Tyr42 mutants were generated using the QuikChange mutagenesis
protocol (Stratagene, La Jolla, CA) using appropriate primers. All
mutant genes were sequenced in their entirety at the Central Facility
of the Institute for Molecular Biology and Biotechnology, McMaster
University, to ensure that undesired mutations had not been incor-
porated during the PCR reactions.

Purification of Mutant APH(3’)-llla Proteins

The purification of APH(3')-1lla overexpressed from Escherichia coli
BL21(DE3)/pETSACGH1 has previously been described [26], and the
purification of mutant proteins followed a similar procedure.

Kinetic Assay

The kinetic assay used to monitor APH(3') activity has been pre-
viously described [26]. For this study, the reaction volumes were
scaled down from 1 ml to 250 pl so the assays could be conducted
in 96-well microtitre plates using a Molecular Devices SpectraMax
Plus plate reader. The assay measures the production of ADP gener-
ated upon aminoglycoside phosphorylation and couples that pro-
duction to the oxidation of 3-NADH using the enzymes pyruvate
kinase and lactate dehydrogenase. The rate of ADP production was
thus determined by monitoring the decrease in absorbance at 340
nm. Initial rates were fit by nonlinear least square methods to Equa-
tion 1,

v = kaE[SV(Ku + [S]), (1)
or Equation 2,
v = kaESV(Ku + [S)(1 + [SV/K), 2

if substrate inhibition was detected using Grafit version 4.0 (Eritha-
cus Software, Ltd., Staines, UK), where v is the initial velocity, E; is
the total amount of enzyme present, and [S] is the concentration of
substrate.

Isothermal Titration Calorimetry

All of the ITC experiments were performed on a VP-ITC from Microcal
Inc. (Northampton, MA). The experiments were conducted at 30°C
in APH assay buffer that includes 50 mM HEPES-NaOH, pH 7.5, 40
mM KCI, and 10 mM MgCl,. The proteins were dialyzed completely
against buffer, and the buffer was used to dissolve ADP. The ADP
solution was readjusted to pH 7.5 with a small amount of NaOH.
The protein concentration in the sample cell of the calorimeter was
100-300 pM, and the ADP concentration in the syringe was 2 mM.

The volume of the individual injection was 10 pl set at a syringe rate
of 0.5 pl/s. Atime period of 240 s was allowed between each injection
for recovery back to baseline, and the stirring speed was set at 300
rpm. The experimental titrations were corrected for by subtracting
the heat of dilution for ADP into buffer. The heat of dilution for
the protein was found to be negligible. The binding data was then
analyzed using Origin software [71]. The binding constant (K) and
the enthalpy change (AH) were used to calculate the free energy
change (AG), and the entropy change (AS) according to the relations
in Equation 3.

—RTInK = AG = AH — TAS (3)
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