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ABSTRACT. One of the most commonly occurring aminoglycoside resistance enzymes is aminoglycoside
2""-O-nucleotidyltransferase [ANT(3]. In the present study molecular determinants of affinity and
specificity for aminoglycoside binding to this enzyme are investigated using isothermal titration calorimetry
(ITC). Binding of aminoglycosides is enthalpically driven accompanied by negative entropy changes.
The presence of metahucleotide increases the affinity for all but one of the aminoglycosides studied
but has no effect on specificity. The substituents at positions$, B2l 6 are important determinants of
substrate specificity. An amino group at these positions leads to greater affinity. No correlation is observed
between the change in affinity and enthalpy. At thpdsition greater affinity results from a more negative
enthalpy for an aminoglycoside containing an amino rather than a hydroxyl at that position. At the 6
position the greater affinity for an aminoglycoside containing an amino substituent results from a less
disfavorable entropic contribution. The thermodynamic basis for the change in affinity at position 1 could
not be determined because of the weak binding of one of the aminoglycoside substrates, amikacin. The
effect of increasing osmotic stress on affinity was used to determine that a net release of approximately
four water molecules occurs when tobramycin binds to ANT.(Ro measurable net change in the number

of bound water molecules is observed when neomycin binds the enzyme. Data acquired in this work
provide the rationale for the ability of ANT{(2 to confer resistance against kanamycins but not neomycins.

The increasing incidence of bacteria resistant to treatmentwhich can modify at different positions, each aminoglycoside
with antibiotics is a major concern for the medical com- is capable of being modified by several different enzymes
munity. One class of antibiotics particularly susceptible to (4).

res@s;ar)ce .is _the aminoglycoside antibiotics. This group of 5.4 of the most prevalent of these enzymes is aminogly-
antibiotics is important because they are often used to treat, jcide nucleotidyltransferaséf@a [ANT(2")]. ANT(2")

hospital-acquired infections caused by Gram-negative bac'catalyzes the direct nucleophilic attack on th@hosphate

teria. Resistance to .ammo_glycosldes may be caused by & ATP producing AMP-aminoglycosidés), This enzyme

number of mechanisms including altered target RNA, . ; . N 4
provides resistance against tobramycin, kanamycin, gen-

decreased membrane permeability, or drug efflux puraps ( - ; . L
2). The most prevalent cause of resistance, however, istamlcm, and other ammoglycos@e antibiotics. A.NTXZS
one of the most frequently occurring AGMES. This enzyme

covalent modification of aminoglycosides by aminoglyco- has b d di | f resi G
side-modifying enzymes (AGMES)3). Three classes of as been etecFe In a large perc_:entage of resistant Gram-
negative bacteria in North America as well as the other

AGMEs exist. These includé&-acetyltransferases which . X X

catalyze the acetyl-CoA-dependent acetylation of an amino Nhabited continents6( 7).

group on an aminoglycosid®-phosphotransferases which Most clinically useful aminoglycoside antibiotics consist
catalyze the ATP-dependent phosphorylation of an ami- of a central 2-deoxystreptamine ring with amino sugars
noglycoside, and-nucleotidyltransferases which catalyze attached by glycosidic bonds at either positions 4 and 6 (4,6-
the ATP-dependent adenylylation of an aminoglycoside. Each disubstituted) or positions 4 and 5 (4,5-disubstituted). ANT-
type of AGME has several members regiospecific primarily (2'") is unusual in that it is one of only two clinically relevant
for one position on aminoglycoside compounds. Most of AGMEs that modify predominantly on ring C of 2-deoxy-
these enzymes are capable of modifying several different streptamines (Figure 1). The other enzyme which modifies
aminoglycosides. Also, since several different enzymes existprimarily on this ring is aminoglycoside phosphotransferase

n " b . ) (2") [APH(2'")]. This AGME is usually found as part of the
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Ficure 1: Structures of the aminoglycoside antibiotics used in this
study. The positions on the A ring are designated as the prfime (

Wright and Serpersu

also performed as described previoudl§)( All assays were
done at pH 7.5. All assay mixtures contained 10 mM MgCl
and 1.0 mM ATP. The concentration of tobramycin was
varied from 10 to 50«:M. The concentrations of inhibitor
were 0, 0.375, 0.75, and 1.5 mM. Kinetic data were fit to eq
1 to determine the kinetic parameters and type of inhibition.
Data were fit to eq 2 to determine the inhibition constants
for neomycin B and paromomycin:

)= VA . (1)
KntA+A /Ki’Sub
Km,app: Km(l + [I]/ Ki,comp) (2)

wherev is the measured rate of the reactidhs the maximal
velocity, A is the concentration of tobramyciy, is the
substrate concentration that yields half-maximal velocity, and
Kisubis the inhibition constant for substrate inhibitid€, app

is the apparenk, in the presence of competitive inhibitor,
and K;comp is the inhibition constant for the competitive
inhibitor. The competitive inhibition constants determined
at each concentration of inhibitor were averaged to obtain
the values and standard errors for the inhibition by neomycin
B and paromomycin | described in the Results and Discus-
sion section.

Isothermal Titration CalorimetrylTC experiments were
performed at 20C using a VP-ITC microcalorimeter from
Microcal, Inc. (Northampton, MA). Ligand solutions were
prepared using the mobile phase from the Sephadex G-25
column used for desalting the enzyme. The final buffer for
ITC experiments was 50 mM HEPES or PIPES, pH 7.5, 50
mM KCI, and 2 mM TCEP. The same stock solution of
aminoglycoside was used for both the binary and quaternary
titrations. The concentration of aminoglycoside was deter-
mined by NMR and activity assays as described previously
(15). Both enzyme and ligand solutions were degassed under
vacuum for 10 min at 15C. Titrations consisted of 29

positions and the positions on the C ring are designated the dOUbIeinjections of 1QuL and were separated by 240 s. Cell stirring

prime (') positions.

Previous studies determining the substrate specificity of

ANT(2") have used kinetic studies to compare the ami-
noglycoside substrate8-¢12). In this work we use isother-
mal titration calorimetry (ITC) to directly measure the
binding affinity of various aminoglycosides for ANT(R
Thermodynamic parameters for the binding of different

aminoglycosides are also determined. ITC has been use

previously to characterize aminoglycoside binding to the
aminoglycoside acetyltransferase-ly [AACMy] (13) and
the aminoglycoside phosphotransferase APH|(8a (14).
Thermodynamic parameters for MgATP and tobramycin
binding have been reported recently for ANTZ15).

MATERIALS AND METHODS

ReagentsAll materials were of the highest purity com-
mercially available. All were purchased from Sigma-Aldrich
Co. (St. Louis, MO) except for tris(2-carboxyethyl)phosphine
(TCEP) purchased from Fluka (Buchs, Switzerland).

Protein Preparation and Kinetic Assay8NT(2'")-la was
prepared as described previouslg), Immediately prior to

speed was 300 rpm. Each titration contained2b uM
enzyme in the sample cell. For binary enzynaninogly-
coside and quaternary enzym®lgAMPCPP-aminoglyco-
side complexes, the aminoglycoside concentration was 60
150uM in the injection syringe. For the quaternary titrations
the sample and ligand solutions each contained 2.0 mM
MgCl, and 0.8 mM AMPCPP. The standard errors represent
he deviation including curve fitting errors of the three
itrations. The c values ¢ = KM where M; is the
concentration of macromolecule binding sitegY)(for all
experiments except the amikacin titrations were in the range
5—20. This range is ideal for accurately determining binding
constants by ITC. For titrations using amikacin thealues
ranged from 0.2 to 0.5. For all complexes observed in this
study the thermodynamic parameters determined were in-
dependent of protein concentration.

The heat of dilution for each aminoglycoside was deter-
mined by titrating aminoglycoside into buffer in the absence
of enzyme and subtracted prior to curve fitting. For all
titrations including the osmotic stress experiments the pH
was confirmed immediately prior to the start of the experi-
ment. All data were fit to the single-site binding model of

use in ITC experiments, the protein was desalted using aOrigin 5.0 (Microcal, Inc.) to determine the binding constant
Sephadex G-25 column. Kinetic assays of the enzyme were(K,), enthalpy of binding AH), and stoichiometryr() (17).
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The fr_ee _energy[ﬁG) and e_ntrOpyf(&S) changes f'iSSOCiated Table 1: Thermodynamic Parameters for Aminoglycoside Binding
with binding were determined using the equations: to ANT(2") (Binary Complex) at pH 75

_ AHw? AHn —TAS AG
AG = —RTInK, 3) Ko  (keall (kcall (kcall (kcall

buffer  (uM) mol)  mol) mol) mol)

kanamycin A HEPES 26 —-156 —-224 81 75
PIPES 3.0 -187 113 7.4
kanamycinB ~ HEPES 0.44-21.4 —-27.8 103 -85

AG = AH — TAS (4)

Determination of the intrinsic enthalpy of binding was

determined by the simultaneous solutions of the equations: PIPES 062 —24.3 13.9 —-83
tobramycin HEPES 0.61-18.2 —26.6 10.0 —8.2

AHp1= AH; + AHjg, AN (5a) PIPES 0.80 —22.0 139 -8.1

sisomicin HEPES 1.7 —-143 -212 66 —7.7

AH., .= AH.. + AH. n 5b PIPES 1.2 —17.4 95 -7.9

obs2 int ion2A (5b) paromomycin| HEPES 115 —-16.3 —19.2 97 —6.6

. . PIPES 7.3 -17.6 10.7 -6.9

yvhere the subscripts 1 and 2 refer to d|ﬁgreqt bufff;ulsl‘,bS neomycin B HEPES 053-143 —-183 59 -84
is the observed enthalpy change upon bindiRkj;,, is the PIPES 0.59 —16.4 81 -83
heat of ionization of the buffer, antin is the net uptake of amikacin HEPES ~60 ND*  ND ND =57

protons by the buffer upon complex formation. The heat of 2 Determined at 293 K. Error valuesip, 4—13%;AH, 1-5%. The

jonization for HEPES ist4.87 kcal/mol and for PIPES is  stoichiometry of complex formation was 10 0.1 for all titrations.

+2.67 kcal/mol 18). ® Intrinsic enthalpy change determined using eqs 5a an€ 8B, not
The net change in the number of solute-excluding water 9€€mned:

molecules was determined using the equati®):(

Table 2: Thermodynamic Parameters for Aminoglycoside Binding
d log K /d[solute] ¢ om= —2.302An,/55.56  (6) to ANT(2") in the Presence of MgAMPCPP and Excess?Mg
(Quaternary Complex) at pH 25

whereAn,, is the number of water molecules coupled to the AHop? AHiwe —TAS AG
binding process and 55.56 is the number of moles of water Ko (kcall (kcall (kcal/ (kcal/
in 1 kg. buffer  (uM) mol) mol) mol) mol)
kanamycin A HEPES 1.1 —-141 -176 6.1 —-8.0

RESULTS AND DISCUSSION PIPES 1.3 -157 78 —7.9
kanamycinB  HEPES 0.24—-13.1 -188 42 -89

Thermodynamics of Aminoglycoside Bindifige binding PIPES 0.37 —15.7 71 —86

interactions between ANT{(2 and seven different aminogly-  tobramycin HEPSES o0.3225 —12.2 —18.6 3_2 —g_o
coside antibiotics were studied by ITC. Titrations of the PIPE 32 —15. 1€ 87

. : i sisomicin HEPES 1.4 -169 —215 9.0 -79
aminoglycosides to enzyme were performed in the absence PIPES 11 -19.0 11.0 -8.0
(binary complex) and in the presence (quaternary complex) paromomycin | HEPES 1.9 —21.1 —-21.1 135 -7.6
of the nonhydrolyzable substrate analogue AMPCPP in _ PIPES 29 -21.9 145 -7.4
complex with Mg (MgAMPCPP). Since binding of ami- ~ "€°mycin B P"I'EESES 00'3207 :i?i —198 g? :g'?
noglycosides to AGME is accompanied by protonation/ gmikacin HEPES ~40  ND*  ND ND —509

depfrotonatl'on of fu.fr;cnonal gf;oupiz(), all tltratloﬂs .Wel.’e . aDetermined at 293 K. Error valueXp, 3—15%; AH, 1-5%. The
performed in two different buffers to determine the intrinsic stoichiometry of complex formation was 19 0.1 for all titrations.

enthalpy of binding AH;x). The observed enthalpy change »intrinsic enthalpy change determined using egs 5a and 8B, not

(AHopg in an ITC experiment reflects contributions from both  determined.

the intrinsic enthalpy of the reaction and the change in

enthalpy due to release or uptake of protons by the buffer mycin, the presence of MgAMPCPP resulted in-a32fold

(20, 22). decrease in the dissociation constant. For all three of these
Thermodynamic data for the formation of the binary substrates a less favorable (less negative) enthalpy of binding

enzyme-aminoglycoside and the quaternary enzyme was overcome by a decrease in the unfavorable entropic

MgAMPCPP-aminoglycoside complexes are presented in contribution resulting in overall greater affinity when ANT-

Tables 1 and 2, respectively. For one of the aminoglycosides(2'") is saturated with metalnucleotide. For the 4,5-

studied, amikacin, the affinity was too low to obtain accurate disubstituted aminoglycosides tested, neomycin B and par-

values for AH and TAS All binding interactions were  amomycin |, the dissociation constant also decreased in the

characterized by favorable enthalpyAH) and unfavorable  presence of MgAMPCPP. This increase in affinity, in

entropy TAS), which is typical for carbohydrateprotein contrast to the increase observed with the kanamycins, results

interactions 22—24). The binding was tighter in the presence from an increase in favorable enthalpy of binding.

of MgGAMPCPP for all aminoglycosides studied with the There is a correlation between the data from ITC experi-

exception of sisomicin. In the case of sisomicin the dissocia- ments and previously determined kinetic dat&)(for the

tion constant is similar in the presence and absence of tetal 4,6-disubstituted aminoglycosides. A decreasKdivalues

nucleotide. For sisomicin, a member of the gentamicin family is observed with decreasirig, values. In the quaternary

of 4,6-disubstituted aminoglycosides, a slightly more negative complex an increase irrAH is observed with increasing

enthalpy and slightly more negative entropy in the presencek., values.

of MQAMPCPP results in a similar free energy of binding. Differences in the free energy of binding between structur-

For the members of the kanamycin family of 4,6-disubstituted ally different aminoglycosides and the enzyme showed the

aminoglycosides, kanamycin A, kanamycin B, and tobra- importance of several positions for affinity and specificity.
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Ficure 2: ITC profile of kanamycin A (left) and kanamycin B (right) binding to ANT}§Zbinary complex). Enzyme and ligand solutions
contained 50 mM HEPES, pH 7.5, 50 mM KCI, and 2 mM TCEP. Identical ratios of titrant to protein were used.

Four pairs of the aminoglycosides tested differed only by approximately 5-fold higher affinity for the enzyme in both
the substituent at a single position. Comparison of the affinity the binary and quaternary complexes. The thermodynamic
within these sets of substrates was used to determine theasis for this difference in affinity is different for the two
role of each position in determination of specifity. complexes. In the binary complex, the enthalpy of binding
Importance of the 1 PositiorThe importance of position is about 5.5 kcal/mol more negative for kanamycin B than
1 on the deoxystreptamine ring is evident by comparing the kanamycin A. This difference is partially diminished by a
binding affinities of amikacin and kanamycin A. These more unfavorable (more negative) entropic contribution with
aminoglycosides are identical except that amikacin containskanamycin B, resulting in an overall more favorable free
a 4-amino-2-hydroxybutyryl (AHB) attachment on the amine energy of binding for kanamycin B compared to kanamycin
at position 1 (Figure 1). The acylation of the amine at A. In the quaternary complex the difference in enthalpy is
position 1 results in an approximately 20-fold increase in much smaller. The intrinsic enthalpy of binding is only 1.2
the dissociation constant of the binary complex and an kcal/mol more negative for kanamycin B, and the observed
approximately 30-fold increase in the dissociation constant AH values are similar. However, in the quaternary complex
in the quaternary complex. This may, however, contain the entropy TAS is more negative for kanamycin A,
additional contributions and may cause overestimation of the resulting in weaker binding for kanamycin A compared to
effect of position 1 because the size of the AHB group may kanamycin B. The ability of an amino group to form more
allow it to interfere with interactions with other positions hydrogen bonds than a hydroxyl group may explain the
on the aminoglycoside. The bulky AHB group may also greater affinity for kanamycin B. Hydrogen bonds are the
provide a steric hindrance to aminoglycoside binding. major interactions governing affinity and specificity in
Importance of the'2Position.Early kinetic studies already  enzyme-carbohydrate interactiong%, 23, 25). The change
showed that the presence of an amino group at trete, from an amino to a hydroxyl group can alter the number
instead of a hydroxyl, makes aminoglycosides better sub-and geometry of hydrogen bonds formed in the complex.
strates {2, 15). In this work, we demonstrate the significant This change can not only have a direct effect but it can also
effect of the presence of NH, vs —OH in the thermody- alter the hydrogen-bonding network in the active site.
namic properties of enzymeminoglycoside complexes. Alternatively, a positively charged-2mino group (K. =
Figure 2 illustrates the dramatic difference in the binding 8.3 in free kanamycin B)26) may also be involved in
affinity of kanamycin B vs kanamycin A. Please note that electrostatic interactions with negatively charged side chains
the substrate-to-enzyme ratio has to be significantly increasedof ANT(2").
with kanamycin A to achieve a similar binding curve Importance of the '6Position.Neomycin B and paromo-
observed with kanamycin B. These two aminoglycosides are mycin are not substrates for ANT(R These two compounds
identical with the exception of the substituent at tHe 2 are competitive inhibitors of the enzyme wikh values of
position. Kanamycin A contains d-®H while kanamycin 7.0 + 3.1 uM for neomycin and 78t 24 uM for paromo-
B contains a 2NH,. We also note that this site is one of mycin at pH 7.5. These two 4,5-disubstituted aminoglyco-
the most remote sites from the site of modification by this sides differ only at the 'position. Neomycin B contains a
enzyme (2) on aminoglycosides. Kanamycin B has an 6'-amino while paromomycin | contains &Bydroxyl. This
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Ficure 3: ITC profile of neomycin B (left) and paromomycin | (right) binding to ANT}2n the presence of excess MGAMPCPP (quaternary

complex). Enzyme and ligand solutions contained 50 mM PIPES, pH 7.5, 50 mM KCI, and 2 mM TCEP. Identical ratios of titrant to
protein were used. The experiments were performed under identical conditions.

site is also remote from the site of modification by ANT- in the absence of the critical hydrogen bo28)( Similarly,
(2"). In the binary enzymeaminoglycoside complexes the on the basis of the crystal structure and the presence of a
dissociation constant is at least 10-fold lower for neomycin single hydrogen bond between the ligand and the enzyme
than paromomycin. In the quaternary complexes the dis-in the hydrophobic active site pocket, an entropy-driven
sociation constant is 7-fold higher for paromomycin in binding was anticipated with the major urinary prote2®)(
HEPES and 10-fold higher in PIPES at pH 7.5. In both the ITC studies, however, revealed an enthalpy-driven binding
binary and quaternary titrations paromomycin had more process. In the case of neomycin vs paromomycin binding
favorable observed enthalpy of binding. The weaker binding to ANT(2") a single difference exists on the ligand which
is evident in Figure 3, which shows titration of the two 4,5- results in increased affinity but a less favorable enthalpy.
disubstituted aminoglycosides. In both cases, though, paro- Not every position on the aminoglycoside is important for
momycin had a more disfavorable entropy of binding leading binding to ANT(2'). Although the nature of the substituent
to lower affinity compared to neomycin. Again, as discussed at the 1, 2 or 6 position caused a significant change in
for kanamycin A and kanamycin B, the ability of the amino affinity, a change at the'3osition did not effect binding.
group to be involved in more hydrogen bonds or in Kanamycin B and tobramycin are identical except for the 3
electrostatic interactions Kp of the 6-NH, is 8.6 in free position. Kanamycin B contains a-®@H while tobramycin
neomycin) R7) is a possible reason for the observed tighter has a 3H. The thermodynamic parameters of the binding
binding of neomycin to the enzyme compared to paromo- of these two aminoglycoside antibiotics to ANT{Zre very
mycin. These findings clearly indicate that th&anino similar to each other in both the binary and quaternary
group is important for binding to ANT(J. complexes. This suggest that thepdsition does not play

At first glance the explanation that improved hydrogen an important role in determining specificity for ANT(2-
bonding or an electrostatic interaction may increase affinity aminoglycoside interactions. Interestingly, tHg8sition is
in the enzyme-neomycin complex may seem counterintui- located between the’ 2and the 6 positions, both of which
tive since the change in enthalpy is more favorable in the affect the aminoglycoside binding.
enzyme-paromomycin complex. One must remember, how-  Role of Water in the Binding of Aminoglycosides to ANT-
ever, that ITC-determined quantities reflect global thermo- (2'"). The effect of osmolytes on the affinity of a ligand for
dynamic changes. Therefore, the effect of an additional a macromolecule can be utilized to determine the difference
hydrogen bond or electrostatic interaction may not result in between the number of water molecules associated with a
a more favorable enthalpy change. The number and geometryprotein-ligand complex compared to the total number of
of hydrogen bonds between protein and ligand are directly water molecules associated with the free protein and free
related to affinity 25). However, the number of hydrogen ligand (19, 30, 31). In the present study ethylene glycol and
bonds or electrostatic interactions is not directly correlated glycerol are used to increase the osmotic pressure of the
to the net enthalpy of the interactio®?j. A notable example  solution. Also, an antibiotic from each of the two major
is the binding of ligands to FK506 binding protein. A point classes of aminoglycosides was used to compare the role of
mutation on the protein which removes a hydrogen bond water in binding of 4,5- and 4,6-disubstituted aminoglyco-
decreases affinity, but the enthalpy becomes more favorablesides. The slope of the line in Figure 4 and eq 6 were used
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Ficure 4: Change in binding affinity as a function of osmolality
for neomycin &) and tobramycinm). The line fit was determined

by linear regression. The slopes of the lines are 0.18 for tobramycin
and 0.003 for neomycin.
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Ficure 5: Kanamycin A (red) and neomycin B (blue) from the
crystal structure of APH(3 (37) superimposed as described in ref
27. The A and B rings superimpose with enzyme-bound conforma-
tions determined by NMR spectroscopy with an RMSD of less than

0.18 A. Positions (1, 2 and 6) determined in this study to be
important for aminoglycoside binding to ANT(R are indicated

Table 3: Effect of Osmolytes on Binding of Tobramycin to
ANT(2") at pH 7.5

K Ka x 10P (kAcHaI / zk-lc—:gi (kACC; / with green arrows. The site of modification't®H) on kanamycin
(,ul\lil) ?M*l) mol) mol)  mol) A is shown as a red ball. Thé'20H on neomycin B is indicated
with a blue ball.

no osmolyte 1.7 59 -10.7 3.0 77
ethylene glycol, 2.5% 1.5 68 —-11.1 33 -7.8 At position 1, modification of the amine leads to a dramatic
emy:e”e 9:y°°:~ ?0/500/ %%5 1%55 :ﬁ-g g-g :g-? decrease in affinity. These observations are similar to those
gth%:ﬂg 3&2&’ 1o o8l 123 _172 40 82 made with two other AGMESs, the aminoglycoside phospho-
glycerol, 5% 1.2 81 -120 41 -79 transferase(¥Illa [APH(3')] and the aminoglycoside acetyl-
glycerol, 10% 11 93 -126 46 —8.0 transferase(§-ly [AAC(6")], where the presence of an amino

group in place of a hydroxyl at thé @8r 6 position increased
the binding affinity of aminoglycosides to these enzymes.
Similar preference shown by ANT(2is unusual in that it

to determine that a net release of 44.2 water molecules  modifies a remote site from these positions while APH(3
occurs when the 4,6-disubstituted aminoglycoside tobramycinand AAC(8) modify sites on the ring (A) containing these
binds ANT(2') using ethylene glycol as the osmolyte. When two positions. The results observed with ANT{2xot only
glycerol is the osmolyte, the calculated loss of water provide insight into the role of these functional groups in
molecules is 4.6t 0.7. For titrations in both glycerol and determining substrate specificity of this enzyme but also
ethylene glycol the increased affinity is due to a more provide a rationale for the specificity for 4,6-disubstituted
favorable enthalpic contribution (Table 3). In contrast to the aminoglycosides as opposed to 4,5-disubstituted aminogly-
results obtained using tobramycin, no change in affinity was cosides when combined with studies determining the sub-
observed under increasing osmotic stress in the case ofstrate conformations of aminoglycoside antibiotics. Earlier

aDetermined at 293 K. Error values(p, 2—8%; AH, 1—4%. The
stoichiometry of complex formation was 10 0.1 for all titrations.

neomycin binding to ANT(2). The net change in bound
water molecules is-0.1 + 0.01 using ethylene glycol as
the osmolyte (Figure 4) and 08 0.03 using glycerol. In
the absence of a structure of ANT§2any interpretation of

studies showed that the A and B rings of aminoglycoside

antibiotics adopt similar conformations in the active sites of

different AGMEs including ANT(2) (32, 33), which led to

a hypothesis that these two rings make the most important

these results is subjective. The role of water at the interfacecontacts with enzymes and RNA34). Thermodynamic
of the protein and rings A and B is likely to be similar with parameters of enzymeminoglycoside complexes deter-
tobramycin and neomycin. Therefore, the difference most mined in this work lend further support to this hypothesis
likely arises from the other parts of the aminoglycosides. and indicate that indeed several groups on rings A and B of
One possibility is that ring C of tobramycin is more aminoglycosides make the most important contacts with
complementary to the active site of the enzyme than ring C ANT(2"). These three positions anchor rings A and B in
of neomycin so the interaction of ring C with the active site the active site. This “anchoring” positions the hydroxyl at
requires more water molecules in the case of neomycin.the 2' position suitably for a nucleophilic attack on the
Another possibility is that the loss of water may result from o-phosphate of ATP. In the case of 4,5-disubstituted ami-
the interactions of rings A and B in both cases; however, noglycosides rings A and B are also anchored in the active
rings C and D of neomycin or paromomycin may protrude site, but ring C is not in position for the reaction to occur.
away from the enzyme into solution. Water associated with As discussed earlier, water molecules may span the area
these rings would increase the net number of bound waterbetween ring C and the active site, or rings C and D may
molecules, which may cause coincidental compensation of point away from the enzyme into solution. Figure 5 shows
the loss due to binding of rings A and B. kanamycin A and neomycin B superimposed at the primed
Implications for Substrate Specificitt both the 2 and and unprimed rings as described in a previous waa.(A
6' positions the presence of an amine rather than a hydroxylfull rotation of the glycosidic bond between the B and C
increases the affinity of the aminoglycoside for the enzyme. rings will not bring any hydroxyls of neomycin B closer than
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3.3 A to the 2-OH of kanamycin A. Thus, this explains
why neomycins can bind to ANT(2 competitively with
substrates but are not modified by this enzyme.

The conclusions of this study are based solely on the
importance of the individual substituents on the aminogly-
coside molecule. Since no structure has yet been determined
for ANT(2'""), specific amino acietaminoglycoside interac-
tions are not known. Because of this limitation, the possibility
of alternate modes of binding cannot be unequivocally ruled
out. Specifically, there is the possibility that the aminogly-
coside can bind in an inverted manner in which ring A can
occupy the site normally occupied by ring C and ring C can
occupy the site normally occupied by ring 8uch binding
is observed with a nucleotidyltransferase that modifiesr4
4" positions on kanamycins3$). We note that this was
observed for kanamycins only, which are more symmetric
molecules and the'4DH and 4'-OH almost swap positions
in the inverted binding mode. Thus, either can act as the
attacking nucleophile. Such inverted binding with less
symmetric neomycins would be less likely to position another
hydroxyl group suitable for a nucleophilic attack on MgATP.
Additionally, this binding mode would require the ribose
moiety (ring C) of neomycin to make similar contacts with
the enzyme as the 2-deoxystreptamine ring. It is unlikely
that the ribose ring of neomycin could effectively bind at
the deoxystreptamine binding site because of the importance
of the amine at position 1. The amine at position 3 is also
important for binding to many AGMEs. Ring C of neomycin
(and paromomycin) does not contain any amine groups.
Furthermore, there is no evidence for alternate modes of
productive binding to ANT(2) even for kanamycins. NMR
spectra of the isolated product show only a single product,
aminoglycoside-22AMP (32, 36). The existence of an
alternate mode of binding which is nonproductive is a
possibility, however, because of the substrate inhibition
observed with ANT(2). If this occurs, the affinity for both
modes must be similar because only a single binding event
is observed in the ITC titrations.

There is no structural information available for ANT}2
Therefore, assigning specific interactions to the changes in
enthalpy, entropy, and free energy is not possible. In addition,
any interpretation of changes in enthalpy and entropy due
to the change in one substituent on the aminoglycoside is
complicated by the contribution of solvent, by enthalpy
entropy compensation, and by the effects of cooperative
hydrogen bonding. However, the change in free energy due
to the change in a single substituent on the aminoglycoside
does reveal the molecular determinants of affinity and
specificity for aminoglycoside binding to ANT(2. Under-
standing the contributions of specific functional groups to
the free energy of binding of different aminoglycoside
antibiotics to this important resistance enzyme will be useful
in designing new antimicrobial agents less susceptible to
modification.

REFERENCES

1. Benveniste, R., and Davies, J. (1973) Mechanisms of antibiotic
resistance in bacteridynnu. Re. Biochem. 42471—-506.

2. Edgar, R., and Bibi, E. (1997) MdfA, dfscherichia colmultidrug
resistance protein with an extraordinarily broad spectrum of drug
recognition,J. Bacteriol. 179 2274-2280 [erratum: (1997).
Bacteriol. 179 5654].

3

IN

10

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

Biochemistry, Vol. 45, No. 34, 2006.0249

. Smith, C. A., and Baker, E. N. (2002) Aminoglycoside antibiotic
resistance by enzymatic deactivati@urr. Drug Targets: Infect.
Disord. 2 143-160.

. Shaw, K. J., Rather, P. N., Hare, R. S., and Miller, G. H. (1993)
Molecular genetics of aminoglycoside resistance genes and familial
relationships of the aminoglycoside-modifying enzynidgro-
biol. Rev. 57, 138-163.

.Van Pelt, J. E., lyengar, R., and Frey, P. A. (1986) Gentamicin
nucleotidyltransferase. Stereochemical inversion at phosphorus in
enzymatic 2deoxyadenylyl transfer to tobramycih,Biol. Chem.
261, 15995-15999.

. O'Brien, T. F., Pla, M. P., Mayer, K. H., Kishi, H., Gilleece, E.,
Syvanen, M., and Hopkins, J. D. (1985) Intercontinental spread
of a new antibiotic resistance gene on an epidemic plasmid,
Science 23087—88.

. Shimizu, K., Kumada, T., Hsieh, W. C., Chung, H. Y., Chong,
Y., Hare, R. S., Miller, G. H., Sabatelli, F. J., and Howard, J.
(1985) Comparison of aminoglycoside resistance patterns in Japan,
Formosa, and Korea, Chile, and the United Stafegjmicrob.
Agents Chemother. 2282-288.

. Daigle, D. M., Hughes, D. W., and Wright, G. D. (1999)
Prodigious substrate specificity of AACJ6APH(2), an ami-
noglycoside antibiotic resistance determinant in enterococci and
staphylococciChem. Biol. 6 99-110.

. Smith, A. L., and Smith, D. H. (1974) Gentamicin:adenine
mononucleotide transferase: partial purification, characterization,
and use in the clinical quantitation of gentamicin,Infect. Dis.

129 391-401.

. Bongaerts, G. P., and Molendijk, L. (1984) Relation between

aminoglycoside 2-O-nucleotidyltransferase activity and ami-

noglycoside resistancéntimicrob. Agents Chemother. 2534—

237.

Devaud, M., Kayser, F. H., and Huber, U. (1977) Resistance of

bacteria to the newer aminoglycoside antibiotics: an epidemio-

logical and enzymatic studyl, Antibiot. 30 655-664.

Gates, C. A, and Northrop, D. B. (1988) Substrate specificities

and structure-activity relationships for the nucleotidylation of

antibiotics catalyzed by aminoglycoside nucleotidyltransferase 2

|, Biochemistry 273820-3825.

Hegde, S. S., Dam, T. K., Brewer, C. F., and Blanchard, J. S.

(2002) Thermodynamics of aminoglycoside and acyl-coenzyme

A binding to theSalmonella entericAAC(6')-ly aminoglycoside

N-acetyltransferaséBiochemistry 417519-7527.

Ozen, C., and Serpersu, E. H. (2004) Thermodynamics of

aminoglycoside binding to aminoglycosideghosphotransferase

Illa studied by isothermal titration calorimetrigjochemistry 43

14667-14675.

Wright, E., and Serpersu, E. H. (2005) Enzymsabstrate interac-

tions with the antibiotic resistance enzyme: aminoglycoside

nucleotidyltransferase(2")-la characterized by kinetic and ther-

modynamic methodsBiochemistry 441158111591.

Wright, E., and Serpersu, E. H. (2004) Isolation of aminoglycoside

nucleotidyltransferase(2la from inclusion bodies as active,

monomeric enzymeRrotein Expression Purif. 35373-380.

Wiseman, T., Williston, S., Brandts, J. F., and Lin, L. N. (1989)

Rapid measurement of binding constants and heats of binding

using a new titration calorimetef\nal. Biochem. 179131—-137.

Goldberg, R. N., Kishore, N., and Lennen, R. M. (2002)

Thermodynamic quantities for the ionization reactions of buffers,

J. Phys. Chem. Ref. Data 3231-370.

Swaminathan, C. P., Nandi, A., Visweswariah, S. S., and Surolia,

A. (1999) Thermodynamic analyses reveal role of water release

in epitope recognition by a monoclonal antibody against the human

guanylyl cyclase C receptod, Biol. Chem. 27431272-31278

[erratum: (2002)J. Biol. Chem. 27,717374].

Gomez, J., and Freire, E. (1995) Thermodynamic mapping of the

inhibitor site of the aspartic protease endothiapepkiiol. Biol.

252, 337-350.

Baker, B. M., and Murphy, K. P. (1996) Evaluation of linked

protonation effects in protein binding reactions using isothermal

titration calorimetry Biophys. J. 712049-2055.

Burkhalter, N. F., Dimick, S. M., and Toone, E. J. (2000) Protein-

carbohydrate interaction: Fundamental considerationSaito-

hydtrates in Chemistry and Biolod§rnst, B., Hart, G. W., and

Sinay, P., Eds.) pp 863214, Wiley-VCH, New York.

Dam, T. K., and Brewer, C. F. (2002) Thermodynamic studies of

lectin-carbohydrate interactions by isothermal titration calorimetry,

Chem. Re. 102 387-429.



10250 Biochemistry, Vol. 45, No. 34, 2006

24.

25.
26.

27.

28.

29.

30.

31.

Chervenak, M. C., and Toone, E. J. (1995) Calorimetric analysis
of the binding of lectins with overlapping carbohydrae-binding
ligand specificitiesBiochemistry 345685-5695.

Quiocho, F. A. (1989) Protein-carbohydrate interacticiBasic
molecular featuresRure Appl. Chem. §11293-1306.
Jezowska-Bojczuk, M., Bal, W., and Kozlowski, H. (1998)
Kanamycin revisited: a combined potentiometric and spectro-
scopic study of copper(ll) binding to kanamycin IBprg. Chim.
Acta 276 541-545.

Botto, R. E., and Coxon, B. (1983) N-15 nuclear magnetic-
resonance spectroscopy of neomycin-B and related aminoglyco-
sides,J. Am. Chem. Soc. 105021-1028.

Connelly, P. R., Aldape, R. A., Bruzzese, F. J., Chambers, S. P.,
Fitzgibbon, M. J., Fleming, M. A., Itoh, S., Livingston, D. J.,
Navia, M. A., and Thomson, J. A. (1994) Enthalpy of hydrogen
bond formation in a proteinligand binding reactionProc. Natl.
Acad. Sci. U.S.A. 911964-1968.

Bingham, R. J., Findlay, J. B. C., Hsieh, S.-Y., Kalverda, A. P.,
Kjellberg, A., Perazzolo, C., Phillips, S. E. V., Seshadri, K., Trinh,
C. H., Turnbull, W. B., Bodenhausen, G., and Homans, S. W.
(2004) Thermodynamics of binding of 2-methoxy-3-isopropyl-
pyrazine and 2-methoxy-3-isobutylpyrazine to the major urinary
protein,J. Am. Chem. Soc. 126675-1681.

Parsegian, V. A., Rand, R. P., and Rau, D. C. (1995) Macromol-
ecules and water: probing with osmotic strédsthods Enzymol.
259 43-94.

Jelesarov, |., and Bosshard, H. R. (1994) Thermodynamics of
ferredoxin binding to ferredoxin:NADPreductase and the role

of water at the complex interfacBjochemistry 3313321-13328.

32.

35.

36.

Wright and Serpersu

Ekman, D. R., DiGiammarino, E. L., Wright, E., Witter, E. D.,
and Serpersu, E. H. (2001) Cloning, overexpression, and purifica-
tion of aminoglycoside antibiotic nucleotidyltransferasg-(a:
conformational studies with bound substratBmchemistry 40
7017-7024.

. Owston, M. A., and Serpersu, E. H. (2002) Cloning, overexpres-

sion, and purification of aminoglycoside antibiotic 3-acetyltrans-
ferase-lllb: conformational studies with bound substraBis;
chemistry 4110764-10770.

. Serpersu, E. H., Cox, J. R., DiGiammarino, E. L., Mohler, M. L.,

Ekman, D. R., Akal-Strader, A., and Owston, M. (2000) Confor-
mations of antibiotics in active sites of aminoglycoside-detoxifying
enzymesCell Biochem. Biophys. 3309-321.

Schwotzer, U., Kayser, F. H., and Schwotzer, W. (1978) R-plasmid
mediated aminoglycoside resistanceSiaphylococcus epidermi-

dis: Structure determination of the products of an enzyme
nucleotidylating the 4 and 4"-hydroxyl group of aminoglycoside
antibiotics,FEMS Microbiol. Lett. 329—33.

Vanpelt, J. E., Mooberry, E. S., and Frey, P. A. (1990) H-1, C-13,
and P-31 nuclear-magnetic-resonance spectral assignments for
tobramycin, 2(adenosine-sphosphoryl)-tobramycin and-2ad-
enosine-5thiophosphoryl)-tobramycirArch. Biochem. Biophys.

280, 284-291.

. Fong, D. H., and Berghuis, A. M. (2002) Substrate promiscuity

of an aminoglycoside antibiotic resistance enzyme via target
mimicry, EMBO J. 21 2323-2331.

BI060935D



