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ABSTRACT. The aminoglycoside:gphosphotransferase llla [APH}3lla] phosphorylates aminoglycoside
antibiotics and renders them ineffective against bacteria. AP#(@ is the most promiscuous
aminoglycoside phosphotransferase enzyme, and it modifies more than 10 different aminoglycoside
antibiotics. A wealth of information exists about the enzyme; however, thermodynamic properties of
enzyme-aminoglycoside complexes are still not known. This study describes the determination of the
thermodynamic parameters of the binary enzyraminoglycoside and the ternary enzynmaetal-ATP-
aminoglycoside complexes of structurally related aminoglycosides using isothermal titration calorimetry.
Formation of the binary enzyme&aminoglycoside complexes is enthalpically driven and exhibits a strongly
disfavored entropic contribution. Formation of the ternary enzymetal-ATP-aminoglycoside complexes
yields much smaller negativAH values and more favorable entropic contributions. The presence of
metal-ATP generally increases the affinity of aminoglycosides to the enzyme. This is consistent with the
kinetic mechanism of the enzyme in which ordered binding of substrates occurs. However, the observed
AH values neither correlate with kinetic parametegss Kn, andk.a/Kn nor correlate with the molecular

size of the substrates. Comparison of the thermodynamic properties of the complexes formed by structurally
similar aminoglycosides indicated that the @nd the 6amino groups of the substrates are involved in
binding to the enzyme. Thermodynamic properties of the complexes formed by aminoglycosides differing
only at the 3-hydroxyl group suggested that the absence of this group does not alter the thermodynamic
parameters of the ternary APH)3Ila—metal-ATP-aminoglycoside complex. Our results also indicate
that protonation of ligand and protein ionizable groups is coupled to the complex formation between
aminoglycosides and APH{3llla. Comparison ofAH values for different aminoglycosideenzyme
complexes indicates that enzyme and substrates undergo significant conformational changes in complex
formation.

Aminoglycoside antibiotics are highly potent, wide- contain 2-DOS are generally further separated into two
spectrum bactericidald {3). Since the discovery of strep-  groups, the neomycin group (4,5-disubstituted 2-DOS) and
tomycin in 1943, they have been successfully used in the kanamycin group (4,6-disubstituted 2-DOS), based on
treatment of various important bacterial infections such as the substitution pattern of the 2-DOS (Figure 1).
tuberculosis and the plague. Aminoglycosides target the 16S As for any antibiotic drug in use, bacterial resistance is
rRNA of the 30S ribosomal subunit and interfere with its the major problem in clinical effectiveness of aminoglyco-
translational fidelity and the translocation step of protein sides. Covalent modification is the most frequent mode of
synthesis, eventually resulting in cell deafl) 4). Amino- resistance among several resistance mechanisms employed
glycosides are hydrophilic molecules carrying several hy- by resistant pathogens$,(5). Three families of aminogly-
droxyl and amino functional groups. Most of the aminogly- coside-modifying enzymes, containing more than 50 mem-
cosides have one or more amino sugars that are attached tbers, have been identified so far. On the basis of the
a 2-deoxystreptamine (2-DOS)ng. Aminoglycosides that  maodification reaction catalyzed, enzymes are designated as
O-phosphotransferasds;acetyltransferases, abdnucleo-
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Ficure 1: Structures of aminoglycosides containing a (A) 4,6-disubstituted or (B) 4,5-disubsituted 2-DOS ring. Single functional group
differences between structurally similar aminoglycosides are indicated with dotted circles markirrgathd @-positions in (A) and (B),
respectively. Dotted squares in (A) show tHep8sition. Rings A, B, C, D, and E are also named as primegdi(primed, double primed

('), triple primed ("), and quadruple primed'() respectively. The numbering of carbon atom positions is shown on the amikacin structure.

droxyl groups. The aminoglycosidé-ghosphotransferase Protein Purification APH(3)-llla was expressed i&s-

llla [APH(3')-llla] has the broadest substrate specificity cherichia coliBL21(DE3) carrying the overexpression plas-
within the 3-subfamily of the aminoglycoside-modifying mid pETPCR6, which was provided by Dr. Gerard D.
enzymes T). The enzyme has been extensively studied Wright. APH(3)-llla was purified using a modified version
mainly by kinetic and crystallographic metho@-12), and of the original procedure described by McKay et 8). (Ten

the crystal structures of enzym&gADP—aminoglycoside liters of Luria broth (LB) media in a New Brunswick (Edison,
complexes are available with kanamycin A and neomycin NJ) BioFlo 110 fermentor vessel was inoculated with a 100
B (7). Enzyme-bound conformations of several aminogly- mL overnight grown subculture. The cells were grown at
cosides were also determined by NMR spectroscopy in our 37 °C. The culture was induced at the mid log phase {&D
laboratory (3—17). Although APH(3)-Illais an extensively = 0.6) with 1 mM final concentration of IPTG. Aftea 5 h
studied and relatively well-characterized aminoglycoside induction period, the culture was divided into 1.5 L fractions,
kinase, thermodynamic properties of its complexes with and then the cells were harvested by centrifugation. Each
aminoglycosides have not previously been described. To thefraction was solubilized in 35 mL of lysis buffer (50 mM
best of our knowledge, there is only one study describing Tris, 5 mM EDTA, 200 mM NaCl, 1 mM PMSF, 0.2 mM
binding of nucleotide ligands to APH(3llla (18). In this DTT) and lysed by three to four passages through a French
paper, we report the thermodynamic characterization of press at 16000 psi. Cell debris was removed by centrifuga-
binary APH(3)-Illa—aminoglycoside and ternary APH)3 tion, and the supernatant was diluted to 50 mL with buffer
[lla—metal-ATP-aminoglycoside complexes studied by A (50 mM Tris, 1 mM EDTA, pH 8.0) before loading it
isothermal titration calorimetry (ITC) using aminoglycosides onto a strong anion-exchange POROS 20HQ column (250
containing a 4,5- or a 4,6-disubstituted 2-DOS ring. Pre- x 4.6 mm) attached to a BIOCAD 700E perfusion chroma-

liminary results of this work were presented earli&8)( tography workstation from Applied Biosystems. After the
cell hydrolysate was loaded, the column was washed with
MATERIALS AND METHODS four column volumes of buffer A. A linear gradient of

0—20% buffer B in buffer A was applied through five
Aminoglycoside antibiotics, adenosin€-tiphosphate column volumes to elute contaminant proteins. The pure
(ATP), and all other chemicals were of highest available APH(3)-llla was then eluted with two column volumes of
purity and were obtained from Sigma (St. Louis, MO). The 20% buffer B in buffer A. Pooled fractions were dialyzed
strong anion-exchange medium POROS 20HQ was pur-against buffer A, freeze-dried, and stored-&80 °C. The
chased from Applied Biosystems (Foster City, CA). purity of the enzyme was 98% as judged by SDSPAGE.



Thermodynamics of AminoglycosideEnzyme Interactions

The activity of the enzyme was determined by using a
coupled-enzyme assay as described previoly (

ITC Experimentslsothermal titration calorimetry experi-
ments were performed at 3T using a VP-ITC microcalo-
rimeter from Microcal, Inc. (Northampton, MA). Measure-
ments were carried out in 50 mM Tris or Bicine buffers
which also contained 100 mM KCI at pH values of 7.5 and

8.5. Enzyme preparations were dialyzed extensively against kanamycin B

buffer, and ligand solutions were prepared in the final

dialyzate. Both solutions were degassed under vacuum for

10 min. Titrations consisted of 29 injections programmed
as 10uL per injection and separated by 240 s. Cell stirring
speed was 300 rpm.

Binary complex titrations were performed by titrating
0.75-3.0 mM aminoglycoside solution into a solution
containing 56-100uM APH(3)-1lla in the sample cell. To
obtain reliable dissociation constants, taealue, a parameter
obtained by the multiplication of the association constant
and the total concentration of ligand binding sit26)( was
kept between 10 and 100 for all titrations. Due to tight
binding of neomycin B and paromomycin ¢-¢alues were
~600 at 8QuM enzyme concentration), the ternary titrations
with these antibiotics were repeated at AM enzyme
concentration for more accurate determination of the dis-
sociation constants. CalL.5 mM) and ATP (1.0 mM) were
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Table 1: Thermodynamic Parameters for Aminoglycoside Binding
to APH(3)-llla (Binary Complex) at pH 7.5

AHeps AHin® —TAS  AG

Kb (kcal/  (kcal/  (kcal/ (kcal/

buffer (M) mol)  mol) mol)  mol)

kanamycin A Tris 6.2 —33.0 —449 256 -74
Bicine 4.6 —38.3 308 -75

Tris 03 —224 —-413 132 -9.2

Bicine 0.5 —30.8 218 —-9.0

tobramycin Tris 08 -—-29.2 —-470 205 -87
Bicine 0.6 —37.1 283 —88

amikacin Tris 926 -195 -179 138 57
Bicine 435 —18.8 126 -6.2

ribostamycin Tris 1.7 —-30.1 —-256 220 -8.1
Bicine 1.9 -—281 200 81

neomycin B Tris 0.26 —33.4 —-55.7 241 -93
Bicine  0.30 —43.3 340 -93

paromomycin | Tris 0.44 —-304 —-439 214 -90
Bicine 0.30 —36.4 271 -93

lividomycin A Tris 0.81 —336 —-573 250 -—86
Bicine 057 —44.1 353 —838

aDetermined at 310 KKp values were calculated from ITC-derived
Ka. Fitting errors: Kp, 2—12%; AH, 0.2-3%. The stoichiometry of
complex formation was 1.8 0.2 in all titrations.? Intrinsic enthalpy
changes AHi.) were calculated using egs 3a and 3b.

In general, the binding of aminoglycosides to APBK3
llla is an enthalpically driven process accompanied by an

present in the syringe and sample cell during ternary complexunfavorable entropic contribution. NegativdH values

titrations. Control runs were performed by titrating ligands

associated with the formation of binary APH{BIla—

to buffer, and the resulting reference signal was subtractedaminoglycoside and ternary APHJ3lla—CaATP—ami-
from corresponding experimental data. The enzymatic activ- noglycoside complexes suggest that favorable binding con-

ity of APH(3')-llla was tested before and after titrations, and
no loss of activity was detected.

Thermodynamic parameteld (stoichiometry),Ka (as-
sociation constant), andiH (enthalpy change) were obtained

tacts such as polar, electrostatic, van der Waals, and hydrogen
bonds exist between aminoglycosides and APHI(&.
Exothermic heat and binding affinities were not, however,
proportional with the size of aminoglycosides (i.e., larger

by nonlinear least-squares fitting of experimental data using aminoglycosides did not necessarily exhibit greater heats of

a single-site binding model of the Origin software package
(version 5.0) provided with the instrument. The free energy
of binding (AG) and entropy changeA§) were obtained
using the equations:

AG = —RTInK, (1)

()

The affinity of the aminoglycoside to the enzyme and
enzyme-CaATP complex is given as the dissociation
constant Kp = 1/K,). CaATP, a competitive inhibitor of
the enzyme 13), was used instead of MgATP to prevent
product formation in the ternary titrations.

AG=AH —TAS

RESULTS AND DISCUSSION

ITC is a direct method for characterizing the stoichiometry,
affinity, and enthalpy of binding reactions in solutid?i{-

association or tighter binding). Also, there was no correlation
between the heat of binding and the kinetic paramefegrs
Keat, OF KealKm.

Binary Enzyme Aminoglycoside ComplexdResults sum-
marized in Table 1 show that formation of APH)BIla—
aminoglycoside complexes exhibits large, exothermic heats
of association, and they are entropically disfavored. This
observation indicates that the sum of total binding entropy
due to solvation effects and to the rotational, translational,
and configurational freedoms of aminoglycosides and ABH(3
Illa was greatly reduced as a result of complex formation.
However, the large exothermic heats of association com-
pensate the entropic penalty to yield negath@ values in
each case. In all cases, the best fits were obtained with a
single-site model. Figure 2 shows the titration isotherms
obtained for binary titrations of APH(BIIla with the tightest
(neomycin B) and the weakest (amikacin) binding aminogly-
cosides. The differences between the heats of association and

23) and has been employed in binding studies of saccharidesthe binding affinities of the two aminoglycosides are clearly

with their partner lectins 24—26) or proteins 27), or
aminoglycoside-RNA complexes 28), aminoglycoside
acetyltransferase interaction®%, and nucleotide binding
to APH(3)-llla (18). In this study, we used ITC to determine
the thermodynamic parameters for aminoglycoside binding

visible in this figure.

There were no clear trends with respect to dissociation
constant Kp) or other thermodynamic parameters to distin-
guish aminoglycosides with the 4,5- or 4,6-disubstituted
2-DOS rings from each other. Whil&, values varied-400-

to APH(3)-llla in the presence and absence of CaATP. fold, AHqsValues were between18.8 and—44.1 kcal/mol,

Several aminoglycosides with 4,5- and 4,6-disubstituted
2-deoxystreptamine rings were used in binding studies
(Figure 1).

and TAS values were betweenr12.6 and—35.3 kcal/mol.
Overall, however, all binary enzym@aminoglycoside com-
plexes gave negativAG values. Also, with the exception
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Ficure 2: Isotherms of (A) 3.0 mM amikacin and (B) 1.5 mM neomycin B titration tou®0 APH(3')-1lla. All solutions contained 50

mM Tris, pH 7.5, and 100 mM KCI, and titrations were performed at 310 K. The upper panel shows the raw data (thermal power). Time
integration of the thermal power yields the heat of injection, which is plotted against the molar ratio of ligand to enzyme in the lower panel.
The solid line in bottom panel represents the least-squares fitting of the data to a one-site binding model.

of amikacin, a"AG. Value.S W?re within 1.8 kcal/mol. The_ Table 2: Protonation Coupled to Aminoglycoside Binding to
results observed with amikacin are somewhat expected sinCeaAPH(3)-llla (Binary Complex) at pH 7.5
amikacin is one of the worst substrates of APh{8a (high

K, 10W ke and keadKom) with the lowest affinity and the fraction ot N A
smallest negativé\G among the aminoglycosides tested. kanamycin A 551 102
Amikacin has a bulky group attached to the N-1 of the kanamycin B 2.59 1.62
2-DOS ring (Figure 1), which may interfere with the tobramycin 2.59 1.52
interaction of aminoglycoside with the enzyme. This may amikacin 1.25 —0.13
: - P . s P ribostamycin 1.71 —0.38

explain why amikacin is still a clinically useful antibiotic. neomycin B 115 190

ObservedAH values were different for the same complex paromomycin | 1.18 1.15
when titrations were performed in buffers with different heats lividomycin A 1.14 2.03
of ionization [Tris, 11.7 kcal/mol30), vs Bicine, 6.5 kcal/ 2The total fraction of deprotonated amino groups was calculated
mol (31)]. This observation indicates that the formation of on the basis of the determine&pvalues of aminoglycosided4, 28,
enzyme-aminoglycoside complexes causes shiftsk pf 33). P The net number of binding-coupled protons was calculated using

ionizable groups and further protonation/deprotonation occurs 9 3a and 3b.

in the complex. The data obtained in two different buffers than~3-fold). In addition, as shown in Table 2, the observed

then can be used to determine the intrinsic enthalpy changesAn values for the binary enzvmaminoalvcoside complexes
(AHiny) and net number of binding-coupled protondsj for fy enzy gy b

aminoglycoside APH binary complex formation. These with neomycin B and lividomycin A exceed the total fraction

values were calculated by simultaneous solution of the of ._NH2 groups on _these ligands. Thus, adqmonal proto-
nation must occur in the enzyme side chains. Also, the

equations &2): comparison ofAn values of kanamycin A and kanamycin B
AH o= AH,, + AH, ;AN (3a) shows that the differencé\An) is 0.6. The only difference
between these two antibiotics is the presence of an amino
AH o= AH; + AH,,,AN (3b) (kanamycin B) vs hydroxyl (kanamycin A) at the@osition.
However, the protonation of this group alone cannot be
where AHgps is the observed enthalpy changeio, is the responsible for the observekh with kanamycin B, because

ionization enthalpy change for the particular buffer used, and it is already 92% protonated at pH 7.5. Similarly, the
An s the net number of protons released or absorbed by thecomparison of the complexes of neomycin B and ribosta-
buffer upon complex formation. Positive values of the mycin shows aAAn value of 2.28, which exceeds the
determinedAn for the formation of the binary enzyme differences in the fraction of NH; groups of two antibiotics.
aminoglycoside complexes with kanamycin A, kanamycin These observations suggest that not only does the ionization
B, tobramycin, neomycin B, paramomycin, and lividomycin of enzyme side chains contribute to the observed heat of the
A indicate binding-coupled protonation whereas negative complex formation but the contribution is different for every
values observed for ribostamycin and amikacin are due to aminoglycoside. These are in excellent agreement with the
the deprotonation of ligand and/or protein groups. results obtained by NMR studies. Heteronucléidr1°N

The data shown in Table 1 also indicate thad;; values HSQC spectra acquired with enzymaminoglycoside com-
show a large variation for different aminoglycosides (more plexes using®N-enriched enzyme showed that different sets
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Ficure 3: ITC profiles of 1.2 mM ribostamycin titration to M APH(3')-llla in the absence (A) and presence (B) of CaATP. Other
experimental conditions were as described in Figure 2. The raw data are shown in the upper panels, and plots of the heat of injection
against the molar ratio of ligand to enzyme are shown in the lower panels with the best-fit lines to a one-site model. The steeper saturation
curve in (B) yields more than a 6-fold higher association constant for the complex formation.
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of backbone amide resonances were shifted with eachTable 3: Thermodynamic Parameters for Aminoglycoside Binding
aminoglycoside, suggesting that the conformation of the to APH(3)-llla—CaATP (Ternary Complex) at pH 25

active site is altered to accommodate each aminoglycoside AHops AHin® —TAS AG
(Whittemore and Serpersu, unpublished data). Thus, the Ko  (kcal/ (kcal/ (kcal/ (kcal/ )
contribution of the enzyme to the determin&dl;,, may be buffer (M) mol) mol) mol) mol) An
different for each aminoglycoside. kanamycin A Tris 099 -94 -31.0 09 -85 1.85
inodl id | Bicine 1.3 —19.0 10.7 —83
Ternary E_nzymeCaATP—Ammog ycoside Comp EXES.  kanamycinB  Tris 022 -82 —-291 —-1.2 -94 1.79
An exothermic heat also accompanied titration of aminogly- Bicine 0.39 —17.5 84 -9.1

cosides into the enzymeCaATP complex. However, the  tobramycin Tris 022 -9.1 -30.7 -03 -94 185
observed heat was significantly lower than thel values Bicine  0.55 —18.7 98 -89

observed in the binary titrations. As shown in Figure 3, the amikacin BTi(r:'isne 235373 __1;‘;'.? —280 _%% :g:g 1.98
titration of ribostamycin into the solutions containing enzyme ribostamycin ~ Tris 027-116 —145 23 —-93 025
alone or the enzymeCaATP complex exhibits different Bicine 0.53 —12.9 4.0 -8.9

i i i indi neomycin B Tris 0.13-12.2 -36.3 24 —9.8 2.06
patterns. Comparison of aminoglycoside binding to APH(3 Bicine 0.30 —22.9 136 —93

Illa shows that binding is generally tighter or unchanged in paromomycin | Tris 016-115 —27.9 18 —-9.7 1.40

the presence of CaATP (Tables 1 and 3). These results are Bicine 0.12 —18.8 9.0 -98

in agreement with previous steady-state kinetics, viscosity, lividomycin A Tris 0.78 —10.5 —36.6 1.8 —8.7 223
thio, and solvent isotope effect studi&s {0) suggesting a Bicine 0.55 —22.1 132 -89
sequential substrate binding by a Theor&hance kinetic 2 Determined at 310 KKp values were calculated from ITC-derived

mechanism for APH(3-Illa. It can also be suggested that Ka. Fitting errors: Kp, 2-12%; AH, 0.2-3%. The stoichiometry of
the large exothermic heats observed in the formation of the SomPplex formation was 1.8: 0.2 in all fitrations.” Intrinsic enthalpy
. . . changesAHin) and net number of binding-coupled protosf were
binary enzyme-aminoglycoside complexes were mostly due  cacylated using eqs 3a and 3b.
to conformational changes in enzyme or ligand or both. Our
earlier work showed that the enzyme-bound aminoglycosides, In the ternary complex formation, as was the case with
unlike their unbound forms, do not necessarily adopt the the binary complexes, there were no trends separating the
lowest energy conformationl$, 16). Thus, binding to aminoglycosides with 4,5-disubstituted 2-DOS from those
enzyme causes conformational changes in aminoglycosideswith 4,6-disubstituted 2-DOS with respect to the thermody-
In addition, NMR spectra acquired with enzyme, enzyme namic parameters. Overall, the entropic contribution was
CaATP, enzymeaminoglycoside, and enzym&€aATP- more favorable in the ternary complexes with all aminogly-
aminoglycoside complexes, using uniformi8N-enriched cosides when compared to the respective binary complexes.
APH(3)-llla, showed that the binding of aminoglycosides An explanation for this observation can be that the binding
to the APH(3)-1lla or APH(3)-llla—CaATP caused a larger in the ternary complex is accompanied by expulsion of more
number of backbone resonances to shift when compared towater molecules from the binding interface when compared
the addition of CaATP to the enzyme or enzyraninogly- to the binary aminoglycosideenzyme interaction. Thus, gain
coside complex, suggesting that the binding of aminogly- in entropy of the freed water molecules would provide a more
coside causes significant conformational changes in thefavorable driving force for the formation of the ternary
enzyme (Whittemore and Serpersu, unpublished data). complex. Alternatively, more favorable entropic contribution
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may come from the increased hydrophobic interactions A
between the enzyme and the ligands. It is already shown in
the crystal structure of the enzyme with substrai@stiat

the adenine moiety of MgADP is involved in a stacking
interaction with the aromatic ring of the Tyr 42. This
interaction is absent in the binary enzysr@minoglycoside
complex.

The spread between the lowest and highest affinity toward
the enzyme was somewhat narrower in ternary complexes.
Overall, AG value for each antibiotic was only slightly more
negative in the ternary complexes when compared to the
respective binary complexes. In the ternary complexes, more
uniform An values were obtained, and the valuesAd;y
varied between-14.5 and—36.6 kcal/mol. The analysis of
these values, however, is even more complicated than those
of the binary complexes due to contributions that may result
from the interactions of ATP with protein and ligand
coordination to the metal ion. On the other hand, comparison
of the dissociation constants of various enzyraeninogly-
coside complexes (a thermodynamic property which is not
directly correlated to the heat of reaction) with several
aminoglycosides that have a structural difference of either a
single functional group or a complete sugar ring between
two aminoglycosides afforded some clues about the roles of
these groups in enzym@aminoglycoside interactions. Sev-
eral specific comparisons are presented in the following
paragraphs.

2'-Amino vs Hydroxyl.Kanamycin A and kanamycin B
differ only by the presence of an amino group at the 2
position of kanamycin B instead of the hydroxyl in kana- Ficure4: Crystal structures of (A) kanamycin A and (B) neomycin
mycin A (Figure 1).AHiy is 3.6 kcal/mol less negative with B complexed with ADP and APH(Bllla (7). Images were

kanamycin B when compared to kanamycin A in the binary Produced by Deep Viewst) and Pymol §6). The relevant distances
. . . between ligand functional groups and enzyme residues are indicated
enzyme-aminoglycoside complex (Table 1), while the

= ) ) X with dotted lines.
affinity of kanamycin B to the enzyme is15-fold higher
than that of kanamycin A. These differences between the enzyme contacts in previous structural analys@s Qur
kanamycins are significantly reduced in the ternary com- results suggest that the-@mino group of kanamycin B is
plexes (Table 3). If one assumes the ability of the protonatedinvolved in enzyme-ligand interactions and makes more
(or unprotonated) amino group to engage in one or more favorable contacts possibly with Asp 190 either through
hydrogen bonds than the hydroxyl group, then the expectedhydrogen bonding or electrostatic interactions or both to yield
AH should have been more negative with kanamycin B. On more negative AG values for the binary and ternary
the other hand, formation of additional hydrogen bonds complexes of kanamycin B when compared to the respective
mediated by the '2amino group may weaken the strength complexes of kanamycin A. TheKp of the 2-amino group
of other favorable interactions, i.e., altered cooperativity is ~8.6 (33), which is the highest of all amine groups on
among hydrogen bonds, causing a less enthalphically drivenkanamycin B. At pH 7.5 only the'zamino group would be
complex formation for kanamycin B. Alternatively, the more ~90% protonated while all others would be50% or less
negativeAH with kanamycin A may be the result of larger protonated. Experiments performed with the ternary com-
conformational changes in enzyme or antibiotic or both. If plexes at pH 8.5 (Figure 5) showed tiet;; for kanamycin
the protonated amino group is involved in ionic interactions A was only slighty changed, while it became significantly
with the protein side chains, then this would provide more more negative for kanamycin B. The entropic contributions
positive entropic contribution to the binding through desol- were reversed in both cases and became more disfavored
vation. The second alternative appears to account for thewith kanamycin B (Table 4). At this pH only thé-a2mino
relatively more favorable entropic terms in the binary and group of unbound kanamycin B would bé0% protonated
ternary complexes of kanamycin B with respect to kanamycin while the others are onk10% protonated. Since kanamycin

A. A lacks the 2amino group, at pH 8.5, all of its amino groups

A crystal structure for the binary kanamyeidPH(3)- would be only about 10% protonated. This suggests that
Illa complex is not available; however, the crystal structure charged amino groups of aminoglycosides provide favorable
of the ternary APH(3-llla—MgADP—kanamycin A com- binding interactions in enzymeaminoglycoside complexes.
plex is available 7). Examination of the crystal structure These observations are also consistent with the involvement
reveals that the closest enzyme atom to thdny2iroxyl of the charged '2amino group in enzymekanamycin B

oxygen is the side chain carboxyl oxygen of Asp 190 at a interactions. The determinetiAn value between the kana-
distance of 4.2 A in the ternary complex (Figure 4), and mycins is 0.8 at pH 8.5. This value, again, exceeds the total
therefore the 2position was not considered among the protonation capacity of the-amino group and suggests that
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L S B B B B L B (Figure 1). Binary complexes of both aminoglycosides with
0 ] the enzyme exhibit similaKp values, but their intrinsic
binding enthalpies differ by 13.4 kcal/mol (Table 1).
However, when the ternary titrations were performed at pH
8.5, at which only the '8éamino group would be~50%
protonated while the others are ind 0% protonated state,
significant differences were observed between the binding
pattern of two antibiotics. The dissociation constant of
paromomycin | from the ternary APH(3llIla—CaATP—
paromomycin | complex was increased bY0-fold, while
the same effect was only 1.3-fold for neomycin B. This
05 00 05 10 15 20 25 30 35 40 observation suggests that the remaining charge on 'the 6
amino group of neomycin B is responsible for tk&0-fold
tighter binding of this antibiotic to the enzyme when
L L L L L L compared to paromomycin | at pH 8.5. Thus, theaBino
group must be involved in enzym@aminoglycoside interac-
0 — tions, and it contributes 1.3 kcal/mol favorablyAg when
itis in the ~50% protonated state. Although the determined
AAnN value of 0.56 can be attributed to the protonation of
the B8-amino group alone, as indicated above, this may be
coincidental, and contributions due to protonation/deproto-
nation of other groups cannot be ruled out.
2 B 7 The crystal structure of the ternary APH¢8la—MgADP—
neomycin B complex shows that the&@mino group is 2.6

A away from one of the carboxyl oxygens of the C-terminal
00 05 10 15 20 25 30 35 40 45 residue Phe 264 (Figure 4). Entropic contributions are similar
in the ternary complexes of neomycin B and paramomycin
E 5: Heat of iniection ob din the titration of k .l at pH 8.5. Thus, the observed differenceA is solely
A"i’gr‘é%ﬂ'M AGSHC(’S,')rHﬁg e Z?Q;een::g Ofecgli‘T'cF’,nact’?_gn(zTgﬁhn due to the difference inH, and it may reflect the ability of

8.5 (B). Other experimental conditions were as described in Figure the amino group to form more hydrogen bonds than the
2. The solid line represents the best fit to the data using a one-sitehydroxyl group with Phe 264.

binding model. The importance of the’2and the 6:amino groups is also
supported by the chemical modification studies in which
Table 4: Thermodynamic Parameters for Aminoglycoside Binding particular amino groups were one-by-one deaminated to study
to APH(3)-llla—CaATP (Ternary Complex) at pH 8.5 their role in enzyme catalysi84). Elimination of the 2
AHobs AHin® —TAS AG and the 6amino groups was shown to incredggand bring
butter (/'jsl) (r';%"’l‘)'/ (r':]‘zfl‘)'/ (r';%"’ll)'/ (r':]ffl‘)'/ A about 10- and 30-fold losses of catalytic efficiency of
APH(3)-Illa, respectively. In this work, we showed that even

kanamycin A Tris 28.3 —3.7 —34.1 —2.8 —-6.5 2.60 i i
Bicine 242 —17.2 107 —68 replacement of these amino groups by hydroxyl groups still

2 4

-4 4

6 i

kcal/mole of injectant

-8 A -

-10

Molar Ratio

kcal/mole of injectant

Molar Ratio

kanamycinB  Trs 9.4 -85 —483 13 -7.1 3.40 shows significant effects on the thermodynamic properties
Bicine 4.4 —26.2 186 -7.6 of the binary and ternary enzymaminoglycoside com-

tobramycin Tri_s 126 —7.0 —484 0.09 —7.0 3.54 plexes.

neomycin B BT'fi'Qe 5(5.640 :ﬁ:‘ll 557 13_-8 :;:g a8l 3-Deoxyvs Hydroxyl.Tobramycin, a competitive inhibitor
Bicine 0.17 —30.9 213 -96 of APH(3)-lla, lacks the 3-hydroxyl group of kanamycin

paromomycin | Tris 3.7 —109 —489 31 -7.8 3.25 B and therefore cannot be modified by the enzyme. Com-
Bicine 1.88 —27.8 19.7 -81 parison ofKp for tobramycin and kanamycin B shows that

a Determined at 310 KKp values were calculated from ITC-derived ~ the presence or absence of a hydroxyl group at p@8ition
Ka. Fitting errors: Kp, 2—10%; AH, 0.5-6%. The stoichiometry of  does not have an effect on the affinity of aminoglycoside to
complex formation was 1.8 0.2 in all titrations.” Intrinsic enthalpy the enzyme-metal-ATP complex. As was the case with
changesAHim_) and net number of binding-coupled protonsf were kanamycin A vs kanamycin B, there were differences
calculated using egs 3a and 3b. . ’ .
between the thermodynamic parameters of the binary com-
plexes of kanamycin B and tobramycin with APH¢8la
other groups must be involved. These results also sugges{Table 1). Kanamycin B exhibited lowexH andTASvalues
that even very small structural differences between ligandsin the binary complex. These differences disappeared almost
may alter other enzymsdigand interactions involving the completely in the ternary complexes, yielding not only
similar structural parts of ligands (i.e., increased or decreasedigentical AG and Kp values but also similaanH and TAS
cooperativity among the hydrogen bonds). Thus observedyalyes (Table 3). These observations suggest that once the
changes in the thermodynamic parameters may not easilynycleotide-binding site is occupied, thetg/droxyl group
be reconciled in a quantitative manner. has no significant contribution to the thermodynamic pa-
6'-Amino vs Hydroxyl. The presence of an amino or rameters. This is somewhat surprising since th@d is the
hydroxyl group at the '6position is the only difference  point of modification by APH(3-Illa, and it is located near
between neomycin B (amine) and paromomycin | (hydroxyl) the catalytically required residue Asp 190 (Figure 4). Thus,
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Ficure 6: Thermodynamic parameters of aminoglycoside binding g 15 - -
to (A) APH(3)-llla and (B) the APH(3-llla—CaATP complex at =
310 K in Bicine buffer. Bars represenH (black), —TAS (white), §
andAG (crossed). Abbreviations: Kan. A, kanamycin A; Kan. B, =10
kanamycin B; Tob., tobramycin; Ami., amikacin; Rib., ribostamy- E
cin; Neo. B, neomycin B; Par. |, paromomycin I; Liv. A, '
lividomycin A. 5
one would expect this group to be positioned precisely for a
nucleophilic attack on thg-phosphoryl group of ATP via 0 o 3 10 15
interaction(s) with Asp 190. A plausible explanation may -TAS (kcal/mol)

be that the removal of the hydroxyl group leads to stronger .
interactions via other existing hydrogen bonds between the F'SURE 7: Enthalpy-entropy compensation plots constructed by

aminoglycoside and the enzyme and/or alters the organizatiorlg?r?:rryri%rf;;'ggﬁq?r?%sl'yscgfs%gdég?n%?éigrso?;ggglisoé aF?d:& )

Of water |n the aCt'Ve S'te, Wh'Ch Compensates fOI’ the |OSS 099) and (B) ternary enzyrﬁé:aATP—amnﬂloglycoswle Comp|exes
of a hydrogen bond through thé-Bydroxyl. These results,  (slope= 1.04,R = 0.96).

again, clearly suggest that interpretation of thermodynamic = . . ,
data, even for very similar compounds, may not be straight- binding entrop|e§4AS) between the different ligands of an
forward, and detailed structural information on the complexes €NZyme. IFAAH is greater tham\AS, a slope greater than
of each compound is necessary for a more quantitative UNity is obtained. In the case whefeAH is smaller than
interpretation. the AAS the slope is smaller than unity. Suc_:h plots for binary
Size of Substrate€omparison of thermodynamic param- and termary complexes of APHfdlla with substrates
eters of the binary and ternary complexes of ribostamycin yielded slopes of 1.09 and 1.04, respectively (Figure 7),
(three rings), neomycinB/paramomycin | (four rings), and |nd|9at|ng that,_ in both cases, changes in binding enthalpies
lividomycin A (five rings) shows that the determinddin of dlfferent amlnoglycos!des are equally compensated by the
is significantly different for ribostamycin. Since ribostamycin  €hanges in their entropic terms.
is the smallest of them, these _observatiqns suggest that theCONCLUSIONS
fourth rings of the longer aminoglycosides contribute to
binding. Examination of the data also yields that the fifth ~ With the exception of amikacin, the free energies of
ring of lividomycin A does not contribute to binding. The formation for the binary enzymeaminoglycoside and the
crystal structure of the APH(BIlla—MgADP—neomycin B ternary enzyme CaATP—aminoglycoside complexes were
complex {) shows that the side chain nitrogens and oxygens similar to each other regardless of the structure of the
of Asn 134, Asp 193, Ser 194, and Glu 230 are within 4 A aminoglycosides involved. The heat of formation and the
distance of the fourth ring of neomycin B. Thus one or more entropic contribution to complex formation, however, showed
of these side chains may interact with this ring. significant variation among the aminoglycosides. The forma-
Enthalpy-Entropy CompensatioMhe determinedHgps tion of all binary complexes exhibits large negatié
andTAS values were plotted for the binary and the ternary values with strongly disfavored entropic contribution. This
complexes to investigate the enthalmntropy compensation is significantly different from the aminoglycosigd&RNA
of the aminoglycoside binding to APH{3llla. Enthalpy- interactions that show favorable entropic contribution to the
entropy compensation for the formation of the binary and complex formationZ8). The formation of ternary complexes,
ternary complexes of each aminoglycoside are shown inon the other hand, was entropically more favored when
Figures 6 and 7. Plots of enthalpgntropy compensation  compared to the binary complexes. Overall, there were no
with a slope of unity indicate that changes in binding strong correlations between the thermodynamic parameters
enthalpies AAH) are equally compensated by changes in and the size of the aminoglycosides, or the kinetic param-
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eters, or the substitution pattern of the 2-DOS ring (4,5 vs
4,6). Also, comparisons between structurally very similar

aminoglycosides showed that the presence of an amino or

hydroxyl group at the 2 and the 6-positions affected the
thermodynamic properties of various enzynsminoglyco-
side complexes significantly, while the lack of a hydroxyl
group at the 3position had no detectable effect. Similarly,
additional sugar rings of larger aminoglycosides beyond the
fourth ring appear to have no significant effect on the
thermodynamic properties of enzymaminoglycoside com-
plexes.
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