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ABSTRACT: The aminoglycoside nucleotidyltransferase (4’)
(ANT) is an aminoglycoside-modifying enzyme that detoxifies
antibiotics by nucleotidylating at the C4’-OH site. Previous
crystallographic studies show that the enzyme is a homodimer
and each subunit binds one kanamycin and one Mg-AMPCPP,
where the transfer of the nucleotidyl group occurs between the
substrates bound to different subunits. In this work,
sedimentation velocity analysis of ANT by analytical ultra-
centrifugation showed the enzyme exists as a mixture of a

monomer and a dimer in solution and that dimer formation is driven by hydrophobic interactions between the subunits. The
binding of aminoglycosides shifts the equilibrium toward dimer formation, while the binding of the cosubstrate, Mg-ATP, has no
effect on the monomer—dimer equilibrium. Surprisingly, binding of several divalent cations, including Mg**, Mn**, and Ca*, to
the enzyme also shifted the equilibrium in favor of dimer formation. Binding studies, performed by electron paramagnetic
resonance spectroscopy, showed that divalent cations bind to the aminoglycoside binding site in the absence of substrates with a
stoichiometry of 2:1. Energetic aspects of binding of all aminoglycosides to ANT were determined by isothermal titration
calorimetry to be enthalpically favored and entropically disfavored with an overall favorable Gibbs energy. Aminoglycosides in the
neomycin class each bind to the enzyme with significantly different enthalpic and entropic contributions, while those of the

kanamycin class bind with similar thermodynamic parameters.

minoglycoside antibiotics (AGs) are pseudosaccharides,

and a majority of them contain a central 2-deoxystrept-
amine group with attached sugars (Figure 1). Several classes of
aminoglycosides, including gentamycins, kanamycins, and
neomycins, function as antibiotics by binding to the 16S
RNA of the 30S ribosomal subunit, which causes mistransla-
tions and premature stops leading to cell death."” A large
number of enzymes expressed in bacteria are capable of
modifying aminoglycosides and rendering them ineffective as
antibiotics.

Aminoglycoside-modifying enzymes (AGMEs) are classified
as acetyltransferases, nucleotidyltransferases, or phosphotrans-
ferases.””* Nucleotidyltransferases are the less abundant among
the three types of aminoglycoside-modifying enzymes and
generally have more limited substrate profiles. They catalyze
the covalent attachment of nucleotide monophosphate to
hydroxyl groups of aminoglycosides via a metal-ATP cofactor.
To date, there are only a few studies describing enzymatic and
thermodynamic properties of these enzymes.” '* In this work,
we have used a previously described kanamycin resistance
gene'' from the thermophilic bacterium Bacillus stearothermo-
philus that encodes a thermostable kanamycin nucleotidyl-
transferase. Prior to use, this gene was modified to be codon-
optimized for expression in Thermosynechococcus elongatus."
This thermostable variant of the aminoglycoside nucleotidyl-
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transferase (4') (ANT) was found to confer resistance to a
large number of aminoglycosides.® A crystal structure is
available for an ANT variant, D80Y TI130K, which was
determined at 3.0 A resolution in the absence of substrates."
Additionally, the structure of the D80Y variant was determined
at 2.5 A resolution with kanamycin and Mg-AMPCPP."* Both
the apo and substrate-bound structures are homodimers that
are highly similar with a 0.75 A root-mean-square deviation of
superimposed a@-carbon positions. Each monomer is shown to
bind both the antibiotic and the metal-bound nucleotide
(Figure 2). The binding sites for both substrates are solvent-
exposed and contain charged residues contributed by both
subunits, establishing an active site between the two protein
monomers. The orientation of substrates facilitates the transfer
of the nucleotidyl group between the substrates bound to
different monomers. In this paper, we describe unique features
of subunit—subunit interactions that are differentially affected
by substrates, as well as the thermodynamic properties of
enzyme—aminoglycoside complexes. Data presented here
represent the first characterization of the thermodynamic
properties of a thermostable variant of AGMEs.
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Figure 1. Chemical structures of aminoglycoside antibiotics. Ring D of the neomycin class is shown within the dotted rectangle. Kanamycin A,
kanamycin B, and tobramycin are aminoglycosides with a 4,6-disubstituted ring, and neomycin, paromomycin, and ribostamycin are aminoglycosides

with 4,5-disubstituted central 2-deoxystreptamine rings.

Figure 2. Backbone of the ANT D80Y TI130K variant in ribbon
representation. Two monomer subunits are colored red and green.
Bound kanamycin A molecules are colored blue, and Mg-AMPCPP
molecules are colored yellow (Protein Data Bank entry 1KNY)."

B MATERIALS AND METHODS

Reagents. All materials were of the highest purity
commercially available and were purchased from Sigma-Aldrich
Co. (St. Louis, MO) unless otherwise noted. Ni** Sepharose
High Performance resin was purchased from GE Healthcare
(formerly Amersham, Piscataway, NJ). The Marco-Prep High
Q_Support strong anion exchange column was purchased from
Bio-Rad Laboratories (Hercules, CA). Thrombin, prepared
from thrombostat by catlon exchange chromatography as
described previously,'> was graciously provided by E.
Fernandez (The University of Tennessee).

Protein Expression and Purification. A thermostable
variant of ANT, D80Y T130K, was obtained from thermophilic
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cyanobacteium T. elongatus. The target gene was inserted into a
pET14b vector with an N-terminal six-His tag and transformed
into an Escherichia coli BL21(DE3) pLysS cell line. Bacteria
containing the plasmid were selected on LB plates with 50 pg/
mL ampicillin and 34 pg/mL chloramphenicol. Cells were
grown at 37 °C, induced with 1 mM IPTG, and harvested after
being induced for 4 h. Cells were resuspended in 50 mM Tris-
HCI (pH 7.5), 100 mM NaCl, and 1 mM EDTA and lysed by
three freeze—thaw cycles. The lysate was treated with DNase
for 1 h and centrifuged at 14000 rpm for 30 min. ANT, carrying
a His tag consisting of six histidines, was isolated by Ni**
affinity chromatography. The six-His tag was removed by
thrombin cleavage for 1 h at room temperature. Following
cleavage, the protease was removed by chromatography over a
strong anion exchange resin. Fractions containing ANT were
pooled and dialyzed against SO mM PIPES buffer (pH 7.5),
concentrated by ultrafiltration, and stored at 4 °C. Under these
conditions, the enzyme remained active for several weeks.
Protein concentrations were determined by absorbance at 280
nm using an extinction coefficient of 50880 M~ cm™'. Protein
concentrations are reported as monomer concentrations unless
otherwise indicated.

Analytical Ultracentrifugation (AUC). Sedimentation
velocity experiments were performed in a Beckman XL-I
analytical ultracentrifuge using an An-S50Ti rotor. Sample
volumes of 400 uL were loaded into double-sector cells and
allowed to equilibrate for 1 h at 25 °C prior to the run.
Absorbance scans at 280 nm were collected at a rotor speed of
50000 rpm and 25 °C. Sedimentation data were fit to a
continuous [c(s)] distribution model using SEDFIT (version
12.44).'° The protein partial specific volume, buffer den51ty,
and buffer viscosity were calculated using SEDNTERP."”

Prior to all experiments, the enzyme was dialyzed extensively
against the buffer of interest. For analysis of salt-dependent and
concentration-dependent dimerization of ANT, the buffer
contained S0 mM PIPES (pH 7.5) and variable concentrations
of NaCl. For analysis of aminoglycoside-dependent, nucleotide-
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dependent, and divalent cation-dependent dimerization, the
buffer contained 50 mM PIPES (pH 7.5) and 100 mM NaCl
For pH dependence, a triple-buffer system (10 mM MES, 10
mM HEPES, and 10 mM BICINE with 50 mM NaCl) was used
to minimize any non-pH-related effects arising from the use of
different buffer components. For temperature dependence, the
buffer consisted of S0 mM MOPS (pH 7.5) and 50 mM NaCl.
To evaluate the effect of metals on the monomer—dimer
equilibrium of this enzyme, 2.0 mM Mg**, Mn**, or Ca** was
added to 10 yuM ANT.

For quantitative analysis of the monomer—dimer equilibrium
of ANT, a protein concentration range of 1—40 M was used.
Different detection strategies were required to maximize
sensitivity and ensure that measurements were within the
linear region over this concentration range. At lower
concentrations (1.0—3.5 pM), absorbance at 230 nm was
used to monitor sedimentation. Absorbance data at 280 nm
were acquired for ANT at 5—20 yM, and at 40 uM enzyme, the
interference optical system was used for detection. For data
analysis, the weight-average sedimentation coefficients [s,,(S)]
were determined at each concentration by integrating the peaks
from the c(s) distributions using SEDFIT.'® Isotherm analysis
of 5,(S) as a function of protein concentration with the
monomer—dimer self-association model in SEDPHAT was
employed to determine the dissociation constant."® The values
from isotherm analysis were used as the initial guesses in global
analysis to determine the kinetics of the interaction.'®'” For the
determination of k., multiple data sets were analyzed in
SEDPHAT using a form of the Lamm equation that explicitly
incorporates the reaction kinetics occurring during sedimenta-
tion.” All reported errors from data analyses with SEDPHAT
were generated using the F statistic calculator.

Electron Paramagnetic Resonance. Continuous-wave X-
band (9.78 GHz) EPR spectra of free Mn>" were recorded by
using a Bruker (Billerica, MA) EMX spectrometer. All EPR
experiments were performed at room temperature using a thin
wall quartz capillary with a volume of 80 uL. Spectra were
collected with a 20 mW power, a 100 kHz modulation
frequency, a 4.0 G modulation amplitude, and four scans. All
the samples were prepared in 50 mM Pipes and 100 mM NaCl
(pH 7.5). The enzyme concentration was 60 yM for all EPR
experiments, and the manganese concentration ranged from 10
to 300 #M. To observe the effect of aminoglycoside on metal
binding, the concentration of neomycin was adjusted to 100
UM to achieve >99% enzyme saturation.

Isothermal Titration Calorimetry. ITC experiments were
performed at 25 °C using a VP_ITC mircocalorimeter from
Microcal, Inc. (Northampton, MA). The concentrations of
aminoglycoside antibiotics were determined by the enzymatic
assay with aminoglycoside acetyltransferase(3)-IIIb as described
previously.”" Both enzyme and ligand solutions were degassed
under vacuum for 10 min at 20 °C. Titrations consisted of 27
injections of 10 uL and were separated by 240 s, and a cell
stirring speed of 300 rpm was used. For each titration, the ANT
concentration was 20 uM, resulting in ¢ values (enzyme
concentration X K,.) ranging from 1.3 to 100, with the
exception of that of neomycin, which is 100. These values fall
within the acceptable range (1—1000) for determining binding
constants by ITC.** The observed heat change (AH) evolving
from binary complex formation and the binding affinity were
directly determined from titration. Free energy (AG) and
entropy (AS) changes associated with binding were determined
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from eqs 1 and 2. All data were fit to a single-site binding model
using Origin 5.0 from Microcal, Inc.

AG = —RT In K, (1)

AG = AH — TAS ()

Determination of the intrinsic enthalpy of binding was done as
described previously.”* Briefly, the following equation was used
to evaluate and subtract the contribution, if any, by pK, shifts of
titratable sites:

AH,, = AH,,, + AH, An 3)

where AH,,, is the observed enthalpy change, AH,,, is the heat
of ionization of the buffer, and An is the net transfer of protons
by the buffer upon formation of the complex. AH;,, and An are
determined from the intercept and slope, respectively. Under
these experimental conditions, a net proton uptake by the

enzyme—ligand complex yields a positive An.

int

B RESULTS AND DISCUSSION

ANT Is in Equilibrium between Monomeric and
Dimeric Forms. Initial sedimentation velocity data with 5
UM ANT in the absence of substrates showed a broad peak
with a sedimentation coefficient (S) of 3.7 and a frictional
coefficient (f/f,) of 1.17. These values result in a molecular
mass of 43.2 kDa, which is intermediate between those of the
monomeric (28.9 kDa) and dimeric species of this protein.
Subsequent experiments showed a concentration-dependent
increase in S (Figure 3). These observations suggested that the

0.0

Figure 3. Size distribution of apo-ANT at different concentrations.
Dashed, dotted, and solid lines represent data for 5, 10, and 20 uM
ANT, respectively. All the runs were performed in S0 mM PIPES (pH
7.5) and 100 mM NaCl.

apoenzyme is in equilibrium between monomer and dimer
species with fast association—dissociation kinetics relative to the
time scale of the sedimentation experiment. Therefore, the
observed peak positions reflect the weight-average S of
monomeric and dimeric species.

The weight-average sedimentation coefficients were plotted
as a function of protein concentration to determine the
distribution of species and the monomer—dimer equilibrium
constant. Figure 4 shows isotherm analysis using the data
acquired with an enzyme concentration range of 1—40 yM. The
data were fit to the monomer—dimer self-association model in
SEDPHAT." The curve represents the best fit to the data
points that yields a dissociation constant of 1.7 + 0.4 uM for
the dimer and sedimentation coefficients of 2.7 and 4.4 S for
the monomer and dimer, respectively. Global analysis of the
sedimentation velocity data acquired at 280 nm showed the
dissociation rate constant (k) to be on the order of 1072 s~
for the ANT dimer in the absence of substrates (Figure 4).

dx.doi.org/10.1021/bi3011264g | Biochemistry 2012, 51, 9147—9155



Biochemistry

4.5

4.0

sw(S)
w
¢

01 1 0 100
Concentration (M)
T

5
0.1 1 10 100
Concentration (pM)

Figure 4. Isotherm of the weight-average sedimentation coefficient as
a function of ANT concentration. The fitted curve is shown with the
original data points. The monomer—monomer self-association model
was utilized to characterize the dissociation constants and
sedimentation coefficients of two species. The inset shows the
residuals.

Binding of Aminoglycosides Promotes the Dimeriza-
tion of ANT. The crystal structure of ANT shows that the C4'-
OH group of kanamycin is ~S A from the a-phosphorus of the
nucleotide bound to the opposite subunit (Figure 2). This is an
optimal orientation for a direct nucleophilic attack to facilitate
nucleotide transfer. However, the distance between the
substrates bound to the same monomer is ~24 A, indicating
that the enzyme must be in its dimeric form to catalyze the
reaction.'* Because solution studies showed that the enzyme
exists in equilibrium between the monomeric and dimeric
forms, we evaluated the effect of various factors on this
equilibrium. First, two different substrates, kanamycin and
neomycin B (henceforth neomycin), representing each of the
two major structurally different groups of aminoglycoside
antibiotics (Figure 1), were tested. As shown in Figure S,
increasing concentrations of either aminoglycoside cause a clear
shift to higher S values. These results demonstrate that
aminoglycosides shift the equilibrium heavily in favor of
dimer formation. Additionally, both antibiotics slow the
dissociation rate of the dimer by >100-fold (k. > 107* s7').
Unlike the apoenzyme, two separate signals for the monomer
and dimer are clearly visible in binary enzyme—aminoglycoside
complexes, confirming the slow dissociation rates of the dimer
in the presence of both antibiotics. Neomycin is able to achieve
this effect at lower concentrations, reflecting the tighter binding
of neomycin versus that of kanamycin A. An additional 2.5-fold
increase in the neomycin concentration above the saturation
level did not lead to the formation of any higher-order

complexes. In contrast, the binding of the cosubstrate Mg-ATP
to the enzyme does not lead to dimerization of the enzyme .
These data are consistent with the kinetic studies that showed
that substrate binding is ordered when the aminoglycoside
binds before the nucleotide.® Thus, the binding of an
aminoglycoside to the enzyme induces the formation of the
“active” form of the enzyme.

Binding of Divalent Cations to ANT Induces Enzyme
Dimerization. In the absence of substrates, the sedimentation
velocity results show an increase in the sedimentation
coefficient consistent with almost complete dimerization for
all three of the divalent cations tested (Mg>, Mn*', and Ca®").
These observations are consistent with the crystal structure of
the apoprotein that showed a dimeric protein with a divalent
cation bound to each monomer,"® which was proposed to be
Zn*". However, other transition metals were also consistent
with the observed electron density. Our attempts to test the
effect of Zn** were unsuccessful because the presence of
millimolar concentrations of zinc caused precipitation of the
enzyme under our experimental conditions.

In an attempt to clarify the effects observed with Mg*" versus
Mg-ATP, experiments were conducted with ATP in sufficient
excess of Mg** to ensure that all Mg”* was in complex with
ATP. In these experiments, no effect on the monomer—dimer
equilibrium was observed, indicating that free Mg** binds to a
site different from that of Mg-ATP. To gain insight into the
binding of the divalent cations to the apoenzyme, we used
electron paramagnetic resonance (EPR) spectroscopy. Para-
magnetic Mn>* was used as the EPR probe. In aqueous
solution, free manganese gives a sharp concentration-depend-
ent EPR signal. When the metal binds to the protein, the signal
broadens to undetectable levels. Titration of the enzyme with
Mn** showed that Mn** binds to ANT with a dissociation
constant of 100 + 20 uM and an Mn?*:enzyme stoichiometry
of 2:1. In the crystal structure of apo-ANT, two cations were
observed in symmetrical locations between the carboxylate
groups of two glutamate residues (E76 and E145) from
opposite monomers."® In the substrate-bound structure, these
two residues were shown to make important contacts with the
aminoglycoside.'* To test whether aminoglycoside inhibits
metal binding, the Mn>* binding experiment was repeated in
the presence of neomycin. The presence of the aminoglycoside
prevented binding of Mn®* to the enzyme (Figures S1 and S2
of the Supporting Information), suggesting that the divalent
cations exert their effect on the monomer—dimer equilibrium
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Figure S. Effect of aminoglycosides on the monomer—dimer equilibrium of ANT. AUC data for kanamycin (left) and neomycin (right) complexes
as a function of the increased level of saturation of ANT with antibiotics (black, no aminoglycoside; saturation progressively increases with colors
orange, blue, green, and red, where red represents full saturation). For kanamycin, the lines represent 0, 45, 85, 95, and >97% saturation of ANT,
respectively. For neomycin, the lines correspond to 0, 20, 50, 95, and >98% saturation, respectively. Experiments were performed at 25 °C in 50 mM

PIPES (pH 7.5) containing 100 mM NaCl.
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Figure 6. Thermograms (top) and isotherms (bottom) obtained from the titration of aminoglycosides (left, neomycin; right, kanamycin A) into a
solution containing 20 uM ANT in 50 mM PIPES (pH 7.5) and 100 mM NaCl at 25 °C. In both cases, the best fit was obtained from a single-site

binding model.

Table 1. ITC-Derived Thermodynamics of Aminoglycoside Binding®

Ky (uM) AH,, (kcal/mol)
kanamycin A 6.6 + 1.1 —20.7 + 04
kanamycin B 46 + 1.6 =227 + 2.8
tobramycin 1.1+03 -193 + 14
neomycin 0.02 + 0.01 —32.0 £ 0.6
paromomycin 0.2 + 0.04 —38.0 + 1.8
ribostamycin 154 + 42 —12.6 + 12

TAS (kcal/mol) AG (kcal/mol) An
-13.6 =7.1 %+ 0.1 14 +£01
—-154 =73 £ 03 13+ 05
-112 -8.1+ 1.0 14 +£02
—-22.3 —-104 + 0.3 2.0 £0.1
—28.9 -9.1 +0.1 24 £02

—6.0 —6.6 £ 0.2 0.7 £ 0.2

“Errors in the intrinsic enthalpy (AH,,,) and in net protonation (An) were derived from the deviation from linearity of observed enthalpies as a
function of the heat of ionization of the buffer used. Data and errors in the Gibbs energy (AG), entropy (TAS), and dissociation constant (K,) were
calculated from the average of three to six trials, with errors being the standard error of the mean. In all the cases, the best fit was obtained by using

the single-site binding model.

through the antibiotic binding site, which is rich in negatively
charged titratable groups.

Effects of Salt, pH, and Temperature on Equilibrium.
Other factors were tested in sedimentation velocity experiments
to gain insight into the nature of the dimerization process of
ANT. Increasing the salt concentration favored the formation
of the dimer. Because the dimerization interface consists of
primarily complementary electrostatic interactions and hydro-
phobic interactions, an increased level of dimerization with an
increasing salt concentration suggests that hydrophobic
interactions are the major cause of dimer formation. These
data do not exclude the possibility that high salt could be
shielding repulsive ionic interactions to promote dimerization
(Figure S2 of the Supporting Information). However, neither
pH changes between pH 6.5 and 8.5 nor the temperature range
between 15 and 35 °C showed a significant effect on the
monomer—dimer equilibrium.

Thermodynamic Properties of Aminoglycoside—En-
zyme Complexes. Thermodynamic parameters of the binary
enzyme—aminoglycoside complexes were determined by
isothermal titration calorimetry (ITC) using six different

9151

aminoglycosides representing two major groups of aminoglyco-
side antibiotics, kanamycins and neomycins (Figure 1).
Experimental conditions were selected to ensure that the
predominant form of the apoenzyme was a dimer. Therefore,
the heat of dimerization, if any, should not contribute
significantly to the observed enthalpy. Furthermore, separate
experiments showed that no detectable heat was observed as a
concentrated enzyme solution was diluted into the ITC cuvette,
suggesting that the heat of dimerization was very small. A
typical ITC data set for the binding of two aminoglycosides
with highly different binding affinities for ANT is shown in
Figure 6.

Binding of all aminoglycosides to ANT was enthalpically
favored and entropically disfavored (Table 1) following the
general trend observed with several different aminoglycoside-
modifying enzymes.”"*>">* Enthalpy—entropy compensation
plots shown in Figure 7 yield a slope of 1.13 + 0.1 indicating a
slightly more significant role for enthalpy in the formation of
the binary enzyme—aminoglycoside complexes. A AAH/
(=TAAS) slope of 1.0 would indicate than any increase in
favorable enthalpy would be offset by a corresponding

dx.doi.org/10.1021/bi301126g | Biochemistry 2012, 51, 9147—9155
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Figure 7. Enthalpy—entropy compensation plot. Data representing the
intrinsic binding enthalpies from Table 1 were used to construct the
plot.

unfavorable entropy. A slope of >1.0 shows that increased
affinity correlates with enthalpy. In the context of aminoglyco-
sides binding to ANT, a more favorable enthalpy from the
number and strength of the hydrogen bonds to the enzyme and
other factors is not countered by an equal decrease in the
favorable AS, resulting from a loss of conformational and
desolvation entropy. Prior to this work, such data with all other
aminoglycoside-modifying enzymes yielded slopes in the range
of 1.00—1.09.*"**? Data acquired in this work show that ANT
exhibits the most enthalpy-driven ligand binding among the
AGME:s tested to date.

The binding enthalpy of kanamycins varied less than 3.5
kcal/mol with similar variations in entropy. This yielded similar
Gibbs energies of binding for all three kanamycins, which are
also reflected in the narrow range of dissociation constants for
these aminoglycosides (Table 1). In contrast, the neomycin
group aminoglycosides showed significant differences in most
of the thermodynamic parameters.

One member of the neomycin group, ribostamycin, binds to
ANT ~800- and ~80-fold weaker than neomycin and
paromomycin, respectively. The binding enthalpy for ribosta-
mycin was also significantly lower than those for the
kanamycins. The binding affinity of ribostamycin was also the
lowest among all antibiotics tested. These observations are
likely due to the structure of ribostamycin, which is identical to
that of neomycin but without the fourth ring (Figure 1). This
ring could make a number of contacts with the enzyme, leading
to the significantly more favorable enthalpy of binding observed
with neomycin and paromomycin relative to that with
ribostamycin. Because the crystal structure of the enzyme is
available only with bound kanamycin, it is not easy to predict

what interactions will occur between the enzyme and the
neomycins to determine specifically the effect of the fourth ring.
However, one may speculate that larger antibiotics such as
neomycin and paromomycin would fit into the large active site
cavity between the two subunits of the enzyme better than
smaller aminoglycosides such as kanamycins and thus would
make more favorable contacts with the enzyme. An analogous
situation was observed with another aminoglycoside-modifying
enzyme, the aminoglycoside N-acetyltransferase(3)-IIIb, in
which the larger aminoglycosides with four rings (neomycin
and paromomycin) bind to the enzyme with significantly more
favorable enthalpies than three-ring aminoglycosides. The size
of the active site cavity also affected the stoichiometry of
binding of aminoglycosides to this enzyme such that three-ring
aminoglycosides bind to the enzyme with stoichiometries of >1
while the complexes of larger aminoglycosides with the enzyme
displayed a 1:1 stoichiometry, suggesting that bulkier amino-
glycosides provide better fits to the large active site cavity of
this protein as well.*!

Binding of aminoglycosides to AGMEs is typically
accompanied by changes in the net protonation caused by
shifts in pK, values of functional groups in both the enzyme and
the ligand.*"***® Therefore, we determined binding enthalpies
in three different buffers with different heats of ionization to
determine the intrinsic binding enthalpies (AH;,) and the
change in net protonation (An) upon binding of aminoglyco-
side to ANT (Figure 8). Data showed that the net protonation
remained the same with all three kanamycin group amino-
glycosides, while significant differences were observed between
the members of the neomycin group (Table 1). The net
protonation was highest with paromomycin (2.4 + 0.2) and
neomycin (2.0 + 0.1). The lowest value among all amino-
glycosides also belongs to the neomycin group where
ribostamycin has a An value of 0.7 + 0.2. This suggests that
the two amine functions in the fourth ring of neomycin and
paromomycin may have upshifted pK, values in the enzyme—
aminoglycoside complexes and their contribution must be
significant. Therefore, the lack of the fourth ring in
ribostamycin excludes their contribution to the observed An.
This is also consistent with the differences in binding enthalpies
and suggests that multiple, strong interactions between the
fourth ring in aminoglycosides and the enzyme exist. Other
effects such as the contributions from the functional groups of
the enzyme to the observed An, however, cannot be excluded.
In fact, attribution of the changes in An to only the functional
groups of the ligand is incorrect and has already been
demonstrated with a different aminoglycoside-modifying

0 0
5 5 3 -10- /
E E
= -104 =
[v] [V
£ £ -20-
§ -154 _§

A
E T .30
2 204 = 30
-25 T T -40 T T
0 5 10 15 0 5 10 15

AHjqp, (kcalimol)

AHjon, (kealimol)

Figure 8. Effect of titratable groups on the observed enthalpy of binding. Observed enthalpies of kanamycins (left) and neomycins (right) as a
function of the heat of ionization of the buffer used, 11.70 kcal/mol for Tris, 4.87 kcal/mol for HEPES, and 2.67 kcal/mol for PIPES. Left:
tobramycin (0), kanamycin A (@), and kanamycin B (A). Right: paromomycin (0), ribostamycin (@), and neomycin (A).
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Figure 9. (a) Residue contacts of the kanamycin 2’-OH within 4.0 A. E67 and E141 are shown as sticks. The yellow molecule in ball-and-stick
representation is kanamycin A. 02’ is colored pink. (b) Residue contacts of the kanamycin A 3'-OH within 4.0 A. E67, E76, and E145 are shown as
sticks. The yellow molecule in ball-and-stick representation is kanamycin A. O3’ is colored pink.

enzyme.”® Therefore, in the absence of data for the functional
groups of the enzyme, any further attributions on the sites that
may contribute to An will be misleading.

Aminoglycoside Recognition by ANT. Single-site differ-
ences between structurally similar aminoglycosides can lead to
dramatic changes in the thermodynamic parameters of
enzyme—aminoglycoside complexes.”® If one compares the
small differences in thermodynamic parameters of ANT-—
aminoglycoside complexes, it becomes clear that the change of
the hydroxyl function (kanamycin A) to an amine (kanamycin
B) at the C2' site yields a 2 kcal/mol more favorable enthalpy,
suggesting that the amine group makes an additional
contribution to the enthalpy that may be due to ionic
interactions with the enzyme. Two ionizable groups, E67 and
E141, are the most likely candidates for the interaction of this
site with the enzyme as they are 2.2 and 3.1 A distant,
respectively (Figure 9a). Although that represents a significant
difference between the binding enthalpies of kanamycin A and
kanamycin B, the observed 2 kcal/mol difference in AH,,
between these two aminoglycosides is smaller compared to data
acquired with other aminoglycoside-modifying enzymes,”">>*
suggesting that ANT is the least capable enzyme in differ-
entiating these two aminoglycosides.

Comparison of AH;;, of kanamycin B to tobramycin suggests
that the replacement of the hydroxyl group at the C3’ site
(kanamycin B) with hydrogen (tobramycin) lowers the binding
enthalpy by 3.4 kcal/mol. Because the enthalpy of a hydrogen
bond can be between 1 and S kcal/mol,*>*" these data thus
strongly suggest that the OH group at this site is involved in H-
bond interactions. Three residues with a <4 A distance from the
C3’-OH group of kanamycin A are E67, E76, and E145 (Figure
9b) and are good candidates for this interaction. Thus, the
observed 3.4 kcal/mol lowering of the binding enthalpy with
tobramycin is consistent with the loss of one or two hydrogen
bonds.
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Comparison of neomycin and paromomycin reveals the
contribution of the group at the C6’ position to the formation
of the binary enzyme—aminoglycoside complex. It appears that
this site makes the most significant impact on the binding of
aminoglycosides to the enzyme among the three similar pairs
and suggests that interactions of this site with the enzyme are
more susceptible to changes. Substitution of C6’-OH with C6'-
NH, in neomycin yields a 10-fold increase in binding affinity.
The Gibbs energy for the binding of neomycin is more
favorable despite the fact that binding of paromomycin to ANT
is enthalpically favored by 5.3 kcal/mol over neomycin, which is
slightly overcompensated by a more disfavorable entropy
(Table 1).

The kanamycin-bound structure of ANT shows that there are
no functional groups in the enzyme within a 4.0 A distance of
the C6’ site. The closest residue is E46, which is 4.9 A distant.
Therefore, the insertion of a charged group at this site must
lead to an altered binding mode for the aminoglycoside or an
altered conformation of the active site, which has a significant
effect on the thermodynamic parameters of antibiotic
association. The result is the significantly different thermody-
namic properties observed with these two structurally similar
aminoglycosides. Such significant differences between the
thermodynamic properties of complexes formed with structur-
ally similar aminoglycosides are not surprising. In fact, far more
dramatic differences between the complexes of neomycin and
paromomycin have been observed with another aminoglyco-
side-modifying enzyme, the aminoglycoside N-
acetyltransferase(3)-I1Ib, where the change in heat capacity
showed opposite signs with these aminoglycosides.*

Bl CONCLUSIONS
Although the binding pockets for both the aminoglycoside and

nucleotide are composed of amino acids contributed by both
subunits of the dimer, only the aminoglycoside affects the
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monomer—dimer equilibrium of the enzyme by favoring dimer
formation. A large excess of aminoglycosides does not cause
any further aggregation, indicating that the dimer formation is
specific and relevant to the catalytic activity of the enzyme. This
is also consistent with kinetic data that showed that the
aminoglycoside substrate binds first to the enzyme. Surpris-
ingly, divalent cations also shifted the equilibrium toward the
dimer formation through the aminoglycoside binding site, in
contrast to no effect by Mg-ATP. Such a ligand-dependent
monomer—dimer equilibrium has not been observed with any
other AGME.

Binding of aminoglycosides to ANT occurs with a favorable
enthalpy and unfavorable entropy, yielding an overall favorable
Gibbs energy. This is similar to the observations with other
AGMEs. The size of aminoglycosides has a significant effect on
the binding enthalpy, and the presence of the fourth ring on
aminoglycosides renders the binding significantly more
favorable. These studies also showed that ANT is the least
capable AGME characterized to date to discriminate the
substitution at the C2' site of the aminoglycosides (kanamycin
A vs kanamycin B). The most significant effects are observed
with the changes in the substitution at the C6’ site (neomycin
vs paromomycin), which is the most distant position from the
nucleotidylation site.

B ASSOCIATED CONTENT

© Supporting Information

Two figures showing free- and enzyme-bound EPR spectra for
Mn®* and data acquired by analytical ultracentrifugation
showing the effect of salt concentration on the monomer—
dimer equilibrium of the enzyme. This material is available free
of charge via the Internet at http://pubs.acs.org.
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AG, aminoglycoside; AGME, aminoglycoside-modifying en-
zyme; ANT, aminoglycoside nucleotidyltransferase (4'); EPR,
electron paramagnetic resonance; ITC, isothermal titration
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propyl p-p-1-thiogalactopyranoside; MOPS, 3-(N-
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ethanesulfonic acid; HEPES, 4-(2-hydroxyethyl)-1-piperazinee-
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BICINE, glycine, N,N-bis(2-hydroxyethyl)-; Tris, 1,3-propane-
diol, 2-amino-2-(hydroxymethyl)-.
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