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ABSTRACT: NMR spectroscopy experiments and molecular dynamics simulations
were performed to describe the dynamic properties of the aminoglycoside
acetyltransferase (3)-IIlb (AAC) in its apo and coenzyme A (CoASH) bound
forms. The "N—"H HSQC spectra indicate a partial structural change and coupling of
the CoASH binding site with another region in the protein upon the CoASH titration
into the apo enzyme. Molecular dynamics simulations indicate a significant structural
and dynamic variation of the long loop in the antibiotic binding domain in the form of
a relatively slow (250 ns), concerted opening motion in the CoASH—enzyme
complex and that binding of the CoASH increases the structural flexibility of the loop,
leading to an interchange between several similar equally populated conformations.

minoglycoside (AG)-based antibiotics are used to treat
infections caused by both Gram-positive and Gram-negative
bacteria. These antibiotics bind to the 30S subunit of the
prokaryotic ribosome and interrupt the bacterial protein syn-
thesis." However, the clinical effectiveness of these drugs is
threatened due to emerging resistance to their action.” The main
resistance mechanism is the enzymatic covalent modification of
the AG, which causes a strong decrease in the AG’s binding
affinity to the prokaryotic ribosome.’” One enzyme that can
covalently modify AGs is the aminoglycoside acetyltransferase(3)-
IIb (AAC), which transfers an acetyl group donated by the
cofactor acetyl-CoA to the 3-N position on the central 2-
deoxystreptamine ring (2-DOS).* AAC has a very broad substrate
spectrum and is one of the most promiscuous aminoglycoside-
modifying enzymes (AGME).” Homology modeling studies
indicated that this enzyme belongs to the GNAT superfamily*®
and that the antibiotic binding domain (motif B) contains a large,
flexible loop (residues 66—101, blue segment in Figure 1a,b). This
loop is 35 residues long and contains 14 charged residues (S Arg,
S Asp, and 4 Glu). Flexibility of another highly promiscuous
AGME, the aminoglycoside phosphotransferase (3)-IIla, has been
described to be involved in the mechanism of its broad substrate
promiscuity.” Likewise, the flexible loop in AAC could possibly be
involved in this enzyme’s promiscuity.*®
Because of substrate overlap among many AGMEs, the
development of new drugs to overcome the antibiotic resistance
toward aminoglycosides requires a detailed understanding of
ligand—enzyme interactions with several highly promiscuous
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members of AGMEs. The presence of the cofactor, CoASH, has
been previously shown to significantly increase the binding affinity
of aminoglycosides to the AAC. The more favorable Gibbs free
energy of antibiotic binding observed in the ternary complex is
the result of an increase in favorable enthalpic contributions,
which comgensate the increase in unfavorable entropic
contribution.” However, binding of different substrates exhibits
a diverse set of individual kinetic and thermodynamic properties
even for structurally similar aminoglycosides such as neomycin
and paromomycin.* The rationalization of the molecular basis of
these differences in thermodynamics of enzyme—ligand com-
plexes requires an understanding of the enzyme structure and
dynamics in the atomic resolution, such as obtained from the
integration of NMR and molecular simulation approaches.

B MATERIALS AND METHODS

NMR Spectroscopy. Uniformly enriched N-AAC was
purified as in ref 5 from cells grown in M9 minimal media with
NH4CL Amino acid-specific labeled AAC was also prepared in the
same manner except that each amino acid was added individually in
the M9 minimal media with only the amino acid of interest (*N-
Ala or *N-Leu in this case) being "*N-enriched. The NMR sample
contained 230 M "*N-AAC in 50 mM Tris-HCl pH 7.6 with 100
mM NaCl at 25 °C. Sensitivity-enhanced *N—"H HSQC spectra
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(c) Superposition of the backbones of the structures shown in (a) and (b)

Figure 1. Initial structures for the MD production runs: the apo
enzyme (a) and the CoASH-enzyme complex (b) are shown in the
“cartoon” representation, and the CoASH is shown in the “sticks”
representation. In each figure, the conserved antibiotic binding motif
(loop-b-strand, residues 27—58) is colored in blue, and the conserved
CoASH binding structural motif (strand-loop-a-helix, residues 61—94)
is colored in red. (c) Superposition of the peptide backbone of the
initial structures of apo enzyme (green) and the CoA-complex (cyan);
the average RMSD between these two structures is 1.62 A.

(will be referred as HSQC henceforth) provided by the standard
Varian software (VNMR]) based on the pulse sequence described
in ref 22 with TROSY option™ were acquired on a 600 MHz
Varian INOVA equipped with a salt tolerant, cryogenic probe.
Spectra were acquired with 64—128 transients and 64 s dimension
increments. Data were processed with nmrPipe® and displayed by
SPARKY software.” Substrate titrations were performed by adding
concentrated CoASH directly to the enzyme solution. HSQC
spectra were acquired after each addition to identify changes in the
spectrum as a function of CoASH binding to the enzyme.

Molecular Dynamics Simulations Setups. Three in-
dependent simulation systems were built: (I) apo-species of the
enzyme based on the homology structure by Norris et al,,* (II)
enzyme—CoASH complex, and (III) apo enzyme species
obtained from the direct removal of CoASH from system II
after equilibration (i.e., systems II and III have identical initial
structures at the beginning of the MD production run, but II
contains CoASH, while III does not).

For system II, the CoASH was included in the protein
structure using the program MOE®' by superimposing the
homology model used in system I with the X-ray crystal
structure of the aminoglycoside N3-acetyltransferase from
Bacillus anthracis (PDB entry 3IJW). This protein shares
>25% sequence identity and >60% similarity to AAC and was
one of the template proteins used in the development of the
homology model.* The simulated AAC model (full-length
protein with 274 residues) consists of 4073 protein atoms.

The AMBER ff99sb force field parameters'® were used for the
protein in all systems while the force field parameters for CoASH
were obtained from the AMBER general force field (GAFF)"

using the program ANTECHAMBER' from the AMBER tool
package (version 1.4). All three systems are explicitly solvated using
TIP3P water molecules™ in a cubic simulation box of 8 nm X
8 nm X 8 nm, leading to a total atom number of about 50 000.
All three systems were first subject to an energy minimization of
10000 steps using the steepest decent algorithm, followed by an
equilibration stage in the NTP thermodynamic ensemble (constant
particle number, temperature, and pressure) at 300 K and 1 bar
pressure for S ns, using the Nosé-Hoover temperature control
algorithm'*"® and the Berendsen weak coupling pressure control
algorithm.'® Another 10 ns equilibration was carried out in the
same ensemble with the same temperature and pressure but with
the Berendsen pressure control replaced by the Panirello—Rahman
algorithm,"” which is also used in the subsequent production runs,
to ensure correct thermodynamics ensemble properties.'® After the
second equilibration, 0.5 us long production runs were carried out
for each of the three simulation systems, leading to 1.5 s total
simulation time. A 2 fs integration time step was used for both
equilibration and production runs, and the atomic coordinates
were saved into the trajectory every 10 ps. All minimization,
equilibration, and production runs were performed with the
GROMACS MD simulation engine (version 4.0.7)." The last 300
ns of the production runs, exhibiting converged backbone Ca root-
mean-square deviation (RMSD) (with respect to the initial
structure of the production run), was used for analysis. Details
about the analysis are available in the Supporting Information.

B RESULTS AND DISCUSSION

CoASH Interaction with AAC Implies Dynamics
Variations of Certain Residues. The full NMR HSQC
spectrum of apo-AAC shows about 200 resonances of this 274
amino acid enzyme.’ AAC contains 20 proline residues, which
are invisible in the HSQC spectrum; however, the AAC
spectrum is missing about 50 additional resonances. These are
likely to represent resonances that fall into an intermediary
exchange regime between two or more conformations of the
peptide backbone and are consequently undetectable due to
line broadening. These observations are consistent with the
data from homology modeling* and independent bioinformatics
analysis (Supporting Information, section 1, Figures S1 and S2)
of the enzyme, where the AG binding loop (residues 66—101)
is suggested to be unstructured. The missing resonances may
belong to residues in this site and/or to the flexible N- and C-
termini of AAC. Additional experimental evidence supporting
these conclusions were obtained by acquiring HSQC spectra
with selectively enriched AAC. The first of these is *N-Leu-
enriched AAC. As shown in Figure S4a, 28—29 cross-peaks
representing almost all of the 29 leucines of AAC are visible in
the HSQC spectrum. Contrary to this, about 8—9 of the
expected 39 cross-peaks are missing from the spectrum of 'SN-
Ala enriched AAC (Figure S4b). These observations are
consistent with the expected dynamic behavior of the protein.
There are three alanine residues in the N-terminus and four are
on the AG binding loop. The missing cross peaks are likely to
belong to these residues. Contrary to this, there is no leucine at
either terminus and only one is located in the AG binding loop
(Leu 75). Thus, the data strongly suggest that these cross-peaks
are missing due to dynamic properties of the backbone segment
that they are located rather than being masked by other cross-
peaks in the crowded region of the spectrum.

Titrations with substrates also provided evidence for the
dynamic behavior of the enzyme. Addition of CoASH to AAC
causes changes in the dynamic behavior of a number of residues
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Figure 2. Shown here is an expanded view of a region of the HSQC spectrum in which several '"N—'H correlation peaks from uniformly “N-
enriched AAC respond to CoASH (panel A) or aminoglycoside antibiotic (panel B) titration. The full spectrum is provided in the Supporting
Information. Black peaks correspond to the unliganded form of AAC with increasing concentrations of either CoASH or antibiotic overlaid from
levels of partial to full saturation of the binding sites (purple to blue to red). All spectra are shown at the same level of contour.

such that some (~26) disappear from the HSQC spectrum (peak
E in the left panel of Figure 2) while others (~10) undergo
concentration-dependent line broadening (peaks A and C).
CoASH has a strong affinity to the enzyme where the dissociation
constant of the binary AAC—CoASH complex, determined by
NMR, fluorescence, and ITC yielded values ranging from 1.5 to
3.8 uM.> Thus, the tight binding of CoASH to the enzyme
strongly suggests that the broadening observed in these cross-peaks
are not due to transient binding and dissociation of CoASH
because it is unlikely that CoASH would be in fast exchange under
these conditions. We should also indicate that the binding of
CoASH to AAC is enthalpically disfavored and entropically
favored yielding a net favorable Gibbs energy for the formation of
the complex (ie., entropy-driven).” Although a favorable entropic
contribution can be from different sources such as release of water
molecules upon ligand binding, it is also consistent with increased
freedom of mobility of the AG binding loop. Furthermore, some
of the peaks (>15) affected by CoASH binding are similarly
perturbed by antibiotic titration (Figure 2, right panel), indicating
that the binding of CoASH at the CoASH binding site may trigger
structural rearrangement of the protein backbone in the substrate
binding region or vice versa. Since these perturbations involve
broadening of peaks even with the tightest binding aminoglyco-
side neomycin (Kp < 0.6 4uM), it provides further support to the
previous suggestion that the broadening observed in some
resonances represents changes in dynamic behavior of these
residues rather than exchange broadening due to ligand binding
and dissociation. Such differences are also observed between the
complexes of different antibiotics regardless of the tightness of the
binding, which is again consistent with the ligand-dependent
changes in protein dynamics. Such behavior appears to be common
with aminoglycoside modifying enzymes because we also observed
similar aminoglycoside-dependent spectral changes in dynamic
properties of a different enzyme, the aminoglycoside phospho-
transferase(3)-Ila.”** Previous data acquired by isothermal

titration calorimetry (ITC) indicated that CoASH is able to
increase antibiotic binding affinity to AAC in an antibiotic-
dependent manner that varies from 4-fold up to 15-fold,” pro-
viding additional evidence that there is a link between these two
distinct ligand binding sites. It is likely that binding of CoASH to
AAC causes conformational changes in the aminoglycoside bind-
ing site, which also affects dynamic properties of some backbone
amides. Together, these findings suggest that CoASH alters dyna-
mic properties of residues in the AG binding site to render binding
of structurally diverse antibiotics to AAC thermodynamically more
favorable. This is, again, similar to what is observed the amino-
glycoside phosphotransferase(3)-Illa** where binding of Mg-
nucleotide increases the mobility of the residues on the AG
binding site. Since the aminoglycoside phosphotransferase(3)-IIla
has even a broader substrate specificity than AAC, it appears that
this mode of action may be the mechanism of achieving substrate
promiscuity in the aminoglycoside modifying enzymes.

CoASH Binding Induces Increased Backbone Dynam-
ics and Structural Fluctuations of the Loop Region. The
root-mean-square fluctuation (RMSF) of the backbone Ca
atoms for all three simulation systems with respect to the
protein average structure are shown in Figure 3a. Figure 3a
shows that the residues in the loop region of the CoASH
complex exhibit higher fluctuations compared to the same
residues in the apo and CoASH-deleted systems.

A principal component analysis (PCA) was performed to identify
different “principal (eigen)motions” that contribute to the otherwise
complex global protein dynamics. The most important contribution
to the collective, global motions originates from the first few
eigenmotions, considered to be essential for the biological functions
of the protein.” The all atom covariance matrix and its eigenvalues
and eigenvectors were calculated as described in the Supporting
Information. The results for the first 20 eigenvalues are shown in
Figure 4a. A graphical illustration of the motions corresponding to
the 20 most dominant eigenvalues for each system is shown in
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Figure 3. (a) Comparison of the root-mean-square fluctuation (RMSF) between different systems. The protein is divided into the loop and a “rigid
core” part due to differences in the dynamics and presence (or absence) of a well-defined secondary structure. (b) Illustration of the loop part and
the “rigid core” as a 3D structure. The loop is colored with magenta, and the rigid core is colored with cyan. The termini residues are colored in gray.
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Figure 4. Principal motions of the protein backbone obtained from the projection of the trajectory of each system on their respective first 10 eigenvectors
calculated from the PCA. The first 20 eigenvalues of different simulation systems are shown in (a); the dashed line at eigenvector index 10 is plotted as a
visual aid. The motions are illustrated by arrows pointed from the Car atoms to the direction of the motions, and the length of the arrow is proportional to
the magnitude of the motion. The loop region is colored in magenta. The loop in the CoA complex (c) carries out a large concerted “opening motion”
while the loops in the apo and CoA-deleted systems (b and d, respectively) move rather randomly with significantly smaller amplitudes.

Figure 4b,c. The arrows are pointing to the direction of the motion In all three systems, the motions of the rigid core regions are
of the respective Car atoms. The length of the vector is proportional marginal outside of the termini. Larger amplitude motion
to the magnitude of the motion it represents. originates from the loop region, in agreement with the RMSF
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Figure 5. The diagram (a) shows the normalized relative occurrence of clusters in different systems indexed by the cluster population. A $% mark is
plotted as a visual aid. (b) illustrates the superposition of the first S most dominant structures from the 3 different simulation systems (therefore total
1S structures) viewed from 2 different perspectives. The loop regions of the structures from different systems are colored differently: green = apo,

red = AAC—CoASH complex, blue = CoA-deleted.

results shown in Figure 3a. However, the dynamics of the loop in
the CoASH complex is different than those in the CoASH-free
systems. In the CoASH complex, the loop performs a concerted
large “opening” motion, on a time scale of about 250 ns, while
the motions of the loops in the apo and CoASH-deleted systems
exhibit smaller magnitudes without systematic concerted
directions. The magnitudes of different essential motions in
different systems are also described by Figure 4a, since a given
eigenvalue is proportional to the mean-square fluctuation of the
respective principal motion. Figure 4a shows that the first 10
eigenvalues of the CoASH complex are higher than those of the
apo and CoASH-deleted systems. The first 10 eigenvalues of the
apo and CoASH-deleted systems are similar to each other except
in the first eigenvalue, suggesting that the magnitudes of the
second to tenth principal modes of motions in these two systems
do not differ systematically. Together, these results indicate that
CoASH binding to AAC induces higher backbone fluctuations in
the loop region than in the case of the apo-species, through a
relatively large concerted motion of the loop.

Dominant Loop Structures Are Different in the
CoASH Complex. A clustering analysis of the trajectories
was performed using the algorithm described in the Supporting
Information (section 3) using the all-atom RMSD as metric. To
provide a qualitative description of the loop structure, the
RMSD was calculated by superimposing the backbone Coa

10563

atoms of the rigid core. The clustering analysis algorithm yields
a series of nonoverlapping conformational clusters that
represent a conformational substate and a cluster population
proportional to the occupation probability for the correspond-
ing conformation. Using an all-atom RMSD cutoff of 1.3 A, 15,
18, and 19 clusters were found for the apo, CoASH complex,
and CoASH-deleted system, respectively. The corresponding
structures are superimposed and are shown in Figure 5b. The
main difference between structures from different systems
originates in differences in the loop structures. In the CoASH
complex, the loops are more opened and stretched away from
the center cavity of the protein. In both, the apo and CoASH-
deleted systems, the loop structures are not exactly identical but
do share some similar characteristics: in both cases, the loop is
folded more tightly than the loop of the CoASH complex and
remains closer to the folded core of the protein. The distinct
differences in dominant structures between the CoASH-bound
and CoASH-free systems suggest that CoASH binding induces
a change in the conformation of the loop, in addition to the
dynamics changes as shown in Figure 4.

The normalized populations of different clusters are shown
in Figure Sa, where different clusters are indexed by the
population of conformations within each cluster; i.e., the largest
cluster is indexed as 1, the second largest 2, and so on. There is
a particularly dominant cluster in both apo and CoASH-deleted

dx.doi.org/10.1021/bi201008f| Biochemistry 2011, 50, 10559—10565
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systems, populated between 50% and 60% of the total analyzed
simulation time. The second largest clusters are populated 15—
20% of the time. However, in the case of the CoASH complex,
the largest cluster is only occupied about 35% of the time and
about 27.5% for the second largest cluster. The time
dependency of the occupation of different clusters is shown
in Figure S3 of the Supporting Information for each of the
three simulated systems, where the y-axes indicate the cluster
index (same indexing as in Figure Sa). Figure S3 shows that in
both apo and CoASH-deleted simulations (i.e., Figure S3a,c)
the majority of transitions between different conformation
clusters are transitions from and to the dominant structural
cluster (index 1). However, in the CoASH complex system, the
transitions between clusters imply three clusters (index 1-3)
with a similar population. These results suggest that the loop
conformation in the CoASH complex switches between several
different conformations with similar free energy rather than
predominantly occupying one particular conformation, i.e., like
in the case of the apo-species.

The binding of the CoASH significantly alters the protein
surface around the aminoglycoside binding site. In Figure 6, we

CoA binding site

Potential AG
binding site

Figure 6. Average structures of the AAC—CoASH complex (left) and
apo AAC (right) obtained from the last 100 ns of the simulation
trajectories. CoA is shown in the “sticks” representation. Coloring
represents the electrostatic potential along the protein van der Waals
surface; color scales range from —2.5 (red) to +2.5 (blue) kzT/e,
where ky is the Boltzmann constant, T = 300 K is the temperature, and
e is the elementary charge.

compared the average structures of the apo-AAC and AAC—
CoASH complex calculated from the last 100 ns of the
respective simulation trajectories, which should provide a good
representation of the final structures of the simulations. The
protein structures are illustrated in the van der Waals surface
representation, and the coloring is based on the electrostatic
surface potential calculated with the adopted Poisson—
Boltzmann solver (APBS) package.26 In the CoASH bound
form, putative substrate binding site takes a form of a negatively
charged cavity that has a significantly wider opening and also
more shallow than that of the apo enzyme, where the cavity is
deeper and also has a significantly smaller opening. This
structural difference of the potential substrate binding site is
caused by the conformational change of the loop in the CoA
complex as described above. This finding is in agreement with
the experimental observation that the aminoglycoside binding
affinity increases if CoASH is bound to the enzyme, since a
shallower and negatively charged cavity with a wider opening
may allow positive substrates to find the binding site more
efficiently during the diffusion process.

B CONCLUSIONS

The NMR experiments and MD simulations presented here
suggest spatially anisotropic protein dynamics that differ
between the apo- and CoASH-bound species. The tertiary
structure of the protein can be divided into a rigid core region
(residues 6—65 and residues 102—269) and flexible loop region
(residue 66—101) based on different RMSF values. The rigid
core has, in general, well-defined secondary structures. The
loop region (residues 66—101), in contrast, lacks a well-defined
secondary structure and exhibits RMSFs over the course of the
MD simulations that are higher in the AAC—CoASH complex
than in the apo-species. The loop region located in the
substrate binding motif undergoes a concerted opening motion
in the CoASH-bound species, apparently moving away from the
antibiotic binding site. The conformational change of the loop
caused by the CoASH binding creates a larger opening of the
cavity and also decreases its depth simultaneously. Increased
flexibility of this loop may also aid in binding of structurally
diverse aminoglycosides to AAC to be thermodynamically more
favorable. This conformational change is not observed in the
apo-species. The clustering analysis indicated that the loop in
the antibiotic binding motif occupies several similarly populated
and relatively long-lived conformations (50—100 ns) in the
CoASH complex rather than one dominant conformation as in
the apo-species. While the MD simulations performed here are
about 3 orders of magnitude faster than the time scale
investigated by the NMR experiments, the simulation suggests
possible dynamics and structural differences of AAC upon
binding of the coenzyme that are in agreement with the
increased flexibility of the complex observed in the NMR
experiments. It will be interesting to investigate the AAC loop
dynamics further on slower time scales, possibly using coarse-
grained molecular dynamics simulations, to describe the
structural changes induced by coenzyme binding.

B ASSOCIATED CONTENT

© Supporting Information

Protein sequence, folding statistical analysis, details of the
principal component analysis and clustering analysis, as well as
time series of cluster population in the simulated models. This
material is available free of charge via the Internet at http://
pubs.acs.org.
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AAC, aminoglycoside acetyltransferase (3)-IIIb; CoA/CoASH,
coenzyme A; 2-DOS, 2-deoxystreptamine; AGME, aminoglyco-
side-modifying enzymes; HSQC, heteronuclear single quantum
coherence; MD, molecular dynamics; PCA, principal compo-
nent analysis.
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