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Abstract: The position, bonding and dynamics of hydrogen
atoms in the catalytic centers of proteins are essential for
catalysis. The role of short hydrogen bonds in catalysis has
remained highly debated and led to establishment of several
distinctive geometrical arrangements of hydrogen atoms vis-/-
vis the heavier donor and acceptor counterparts, that is, low-
barrier, single-well or short canonical hydrogen bonds. Here
we demonstrate how the position of a hydrogen atom in the
catalytic triad of an aminoglycoside inactivating enzyme leads
to a thirty-fold increase in catalytic turnover. A low-barrier
hydrogen bond is present in the enzyme active site for the
substrates that are turned over the best, whereas a canonical
hydrogen bond is found with the least preferred substrate. This
is the first comparison of these hydrogen bonds involving an
identical catalytic network, while directly demonstrating how
active site electrostatics adapt to the electronic nature of
substrates to tune catalysis.

Introduction

Enzyme active sites inherently encode some level of
plasticity as they must be able to accommodate diverse
substrates, stabilize/destabilize intermediates, and release

products within the confines of a restricted space.[1] The
response of an enzyme to substrate molecules at different
stages of the reaction coordinate ultimately tunes catalytic
rate constants and specificity profiles. Molecular recognition
and the response of substrates and reaction intermediates to
the local electrostatic environment of the enzymeQs reaction
center is defined by dissociation constants (pKa) of the active
site residues, which play important roles in the ability to turn
over and catalytically differentiate amongst related sub-
strates.[2]

Matched pKa values for the heavy atom donors and
acceptors are central to the low-barrier hydrogen bond
(LBHB) hypothesis first proposed in the early 1990s.[3] The
hallmark of an LBHB is that they are short hydrogen bonds
(& 2.65 c for nitrogen and oxygen heavy atoms) in which the
matched pKa values of heavy atom donor (N) and acceptor
(O) groups lead to the proton residing equidistant between
these atoms.[4] Due to the nature of this strong hydrogen bond,
LBHBs have been proposed to be responsible for the catalytic
efficiencies of several enzymes including citrate synthase,[5]

serine proteases,[6] ketosteroid isomerase,[7] aspartate amino-
transferase,[8] amongst several others. However, the specific
role of LBHBs in enzyme catalysis remains debated[9] as
direct evidence for LBHB-mediated enhancement of catalysis
is lacking. Moreover, the precise location of a single hydrogen
atom can be experimentally difficult to determine and many
structural and biochemical studies of enzymes have relied
upon neighboring heavy atom distances to predict the
position of a hydrogen atom involved in an LBHB.[10]

Discrepancies among studies of LBHBs,[11] coupled to the
finding of short canonical hydrogen bonds, or short ionic
hydrogen bonds (SIHBs), in place of where LBHBs were
predicted[12] has led to the contentious nature of the proposed
role of LBHBs in catalysis.

Recently, an LBHB was discovered in the non-canonical
catalytic triad (Glu192–His189–antibiotic amine) of the
aminoglycoside-N3-acetyltransferase VIa (AAC-VIa) using
neutron diffraction,[13] and was proposed to play a key role in
enzyme catalysis (Figure 1). Similar to other aminoglycoside
acetyltransferases, AAC-VIa uses acetyl coenzyme A (acetyl
CoASH) as an acetyl donor,[14] but unlike them it has a narrow
substrate specificity profile. AAC-VIa recognizes a set of
highly similar antibiotics, but modifies them with catalytic
efficiencies that vary 30-fold[15] (Figure 1). These previous
kinetic studies determined gentamicin to be the most
preferred substrate, followed by sisomicin, both of which
are structurally identical except for a double bond in the
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primed ring of sisomicin (Figure 1). Among aminoglycosides
that can be modified by AAC-VIa, kanamycin B is the least
preferred substrate. Interestingly, kanamycin A differs from
kanamycin B by just a single amine versus a hydroxyl group
substitution at the C2’ position on the antibiotic and is not
modified by AAC-VIa (Figure 1).

Here we use complementary X-ray and neutron crystallo-
graphic structure determination of a series of similar amino-

glycosides bound to AAC-VIa to understand the underlying
molecular basis for the observed specificity profile of this
enzyme. These studies onAAC-VIa clearly show the presence
of a hydrogen atom involved in an LBHB in the catalytic triad
of the best turned over ligands, yet in the structure of the
substrate which is turned over the poorest a canonical
hydrogen bond is found. Since hydrogen atoms can scatter
neutrons strongly,[16] an LBHB is clearly visible in the catalytic

Figure 1. Aminoglycoside antibiotic substrates and mechanism of AAC-VIa. a) The proposed catalytic mechanism of AAC-VIa. The non-canonical
AAC-VIa catalytic triad consists of Glu192, His189 and the N3 amine of the antibiotic substrates (green atom labels). The hydrogen atom which
was found to be in an LBHB in the presence of sisomicin is colored magenta. b) The antibiotic substrates of AAC-VIa used in this study, as well
as the previously determined[15] kinetic parameters and the SPR-based Kd values determined in this study are shown. The single difference between
kanamycins and tobramycin is circled in red, and the substituent group which is an amine in kanamycin B and a hydroxyl in kanamycin A is
circled in blue. The Km values were not determined (N.D.) for kanamycin A. The single bond difference between gentamicin and sisomicin is
circled in cyan. The site of AAC-VIa mediated acetylation is circled in green. Sisomicin is labeled (magenta text) based on the aminoglycoside
nomenclature for the three rings. The central ring of the aminoglycoside is the 2-deoxystreptamine core (DOS Ring), the ring to the left of the
core is the double primed ring (’’) and the ring to the right is the primed ring (’). *Kinetic parameters were determined for gentamicin C2, which
has a methyl group and a primary amine on the C6 carbon. Gentamicin C1a, which lacks this methyl was used in this study.
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triad of AAC-VIa in the case of those ligands with the best
catalytic efficiency, with a proton residing equidistant be-
tween the donor and acceptor atoms. In the case of the
poorest substrate, a canonical hydrogen bond is observed,
with the proton bound to the nitrogen atom of His189. These
structures demonstrate how the local electrostatic environ-
ment of the enzyme active site responds to different chemical
substituents on the substrate and tunes catalytic activity
through modulating the strength of the catalytic hydrogen
bond, while also shedding light on the molecular principles
underlying ligand selection by enzymes in general.

Results

Interaction of antibiotics with AAC-VIa

The kinetic parameters of AAC-VIa
with the five antibiotics used in this study
were previously determined and showed
that the catalytic efficiency profile was
gentamicin& sisomicin> tobramycin>
kanamycin B@kanamycin A.[15] In what
was largely a Km effect, these substrates
were turned over with an overall 30-fold
difference in catalytic efficiency (Fig-
ure 1). Here we support these earlier
kinetic results using surface plasmon res-
onance (SPR) measurements of substrates
binding to AAC-VIa in the absence of the
acetyl-CoASH acetyl donor molecule, al-
though previous work has shown that
antibiotics bind tighter in the presence of
the cofactor product.[15] In the absence of
coenzyme A, sisomicin and gentamicin
had essentially identical dissociation con-
stants (Kd), whereas tobramycin, kanamy-
cin A and kanamycin B had essentially
identical Kd values relative to each other,
yet approximately two orders of magni-
tude weaker than those for gentamicin and
sisomicin (Figure 1 and Figure S1). The
identical binding constants of kanamyci-
n A and B are surprising as no turnover of
kanamycin A was detected in kinetic as-
says. This suggests something other than
direct molecular recognition of substrates
determines the kinetic distinction between
different aminoglycosides by AAC-VIa.

Structural studies of aminoglycosides bound
to AAC-VIa

To understand the underlying structur-
al basis of the antibiotic substrate profile
of AAC-VIa, the crystal structures of the
complexes of AAC-VIa with sisomicin,
gentamicin C1a, tobramycin, kanamycin B

and kanamycin A were determined to high-resolution (1.14–
1.39c resolution) (Table S1 and Figure S2). Additionally, the
apo structure of AAC-VIa was determined to a resolution of
1.60c (Table S1). The structures of the apo and sisomicin-
bound AAC-VIa were determined previously, yet at a signifi-
cantly lower resolution.[13]

Although AAC-VIa kinetically discriminates among
these five antibiotics, the X-ray crystallographic structures
are all highly similar (Figure 2 and Figure S3). Indeed, the
hydrogen bonding pattern and network of binding site water
molecules are essentially identical, with the largest differ-
ences occurring in the primed ring of the aminoglycosides. In

Figure 2. Ligand conformers of AAC-VIa. a) Hydrogen bonding interactions of the lower
occupancy (occupancy=0.19) gentamicin complex (cyan protein with gentamicin colored
with gray carbon atoms). The higher occupancy gentamicin conformer (occupancy=0.81) is
shown with green carbon atoms. The C2’ substituent and the catalytic nucleophile (N3
amine) are circled in red and black, respectively. b) Hydrogen bonding interactions of the
lower occupancy (occupancy=0.39) tobramycin complex (cyan protein with tobramycin
colored with green carbon atoms). The higher occupancy tobramycin conformer (occupan-
cy=0.61) is shown with grey carbon atoms. c) The AAC-Via-sisomicin complex (cyan protein
carbon atoms with green sisomicin carbon atoms; hydrogen bonds are represented as black
dashed lines) superimposed with the acetyl sisomicin product state (gray protein carbon
atoms with gray sisomicin carbon atoms; hydrogen bonds are represented as red dashed
lines). The primed ring which flips conformation upon acetylation of the central 2-deoxy-
streptamine ring is circled in red.
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the gentamicin and tobramycin complexes, two differentially
occupied conformers of the primed ring are present, whereas
in the sisomicin, kanamycin A and B complexes only a single
major conformer is present (Figure 2a, b and Figure S3). The
primed ring of the kanamycin complexes and the higher
occupancy conformers of tobramycin and gentamicin are in
a similar conformation as the one in acetylated sisomicin
product complex structure of AAC-VIa that was recently
determined[13] (Figure 2 and Figure S3). These same studies
on AAC-VIa showed that the conformation of the primed
ring flips upon formation of the product state as a means to
aid the release of the acetylated sisomicin product (Fig-
ure 2).[13] The lower occupancy gentamicin conformer match-
es the conformer found in the sisomicin complex instead. The
primed ring is in the same conformation in both the
tobramycin conformers but is rotated by the glycosidic bond
by 10788 in the lower occupancy conformer. This places the
tobramycin C2’ amine deeper in the binding site towards the
catalytic triad and the catalytic N3 amine nucleophile (Fig-
ure 2), in a manner similar to the lower occupancy gentamicin
state. The distance of this C2’ group to the catalytic N3
nucleophile is variable in all of the structures, with a distance
of 4.4 c in the sisomicin complex, 4.9c and 4.4c in the
gentamicin high and low occupancy conformers complexes,
5.2c in kanamycin A/B complexes, and 5.0c and 3.6c in
the tobramycin high and low occupancy conformers com-
plexes, respectively. In all aminoglycosides that get modified
the C2’ substituent is an amine which can be positively
charged, whereas a neutral hydroxyl is found in the catalyti-
cally inactive kanamycin A (Figure 1). Moreover, for the
substrate that is turned over the poorest, the primed ring is
found only in a conformation that mimics the product state,
versus either a single catalytically competent conformer, or
a mixture of conformers. The varied conformations of the
primed ring, and in turn the localization of the C2’ substituent
in direct proximity of the nucleophilic N3 amine of the
catalytic triad alter the electrostatic environment of the active
site in a substrate dependent manner.

Neutron crystal structures of AAC-VIa

The room temperature neutron crystal structures of AAC-
VIa with gentamicin C1a and kanamycin B, which allow for
visualization of protons at modest resolutions (< 2.6c), were
determined (Table S2). A single conformer, corresponding to
the higher occupancy conformers in the cryo-cooled X-ray
crystal structures, is present (Figure 3a and c). In the
previously determined neutron structure of AAC-VIa bound
to sisomicin, a single hydrogen atom was observed in an
LBHB in the catalytic triad formed between Glu192, His189
and the N3 amine of the antibiotic.[13] (Figure 3b). In the
neutron crystal structure of AAC-VIa bound to gentamicin
the distance between the Glu192 and His189 heavy atoms is
2.70c and the hydrogen atom is also found residing equi-
distant between heavy atoms in a canonical LBHB (Fig-
ure 3a). Moreover, the position of the hydrogen atom shifts
from the standard distance of 1.0 c, to 1.4 c away from the
His189 nitrogen (Figure 3). In the kanamycin B complex, the
distance between heavy atoms is identical to the gentamicin
complex, yet the hydrogen atom remains completely bound,
and residing 1.0c from the nitrogen of His189, in what is
a canonical hydrogen bond (Figure 3c). Coupled to the
locating the position of the hydrogen atom from the omit
density maps, the maximum coordinate error of the gentami-
cin (0.25c) and the kanamycin B (0.45c) complexes sug-
gests the relevance of observed re-positioning of the His189
hydrogen atom in response to different substrates.

The difference in the location of this single hydrogen atom
indicates the pKa values of the hydrogen bond donor and
acceptor atoms are not matched in the kanamycin B complex,
but they are in the gentamicin and sisomicin antibiotic
complexes. The position of this catalytic hydrogen atom
(LBHB versus canonical hydrogen bond) correlates with the
observed catalytic activity of AAC-VIa with these substrates,
and the predicted enhancement of activity provided by an
LBHB. Owing to the seemingly static nature of the AAC-VIa
active site in the complexes determined with X-ray crystal-

Figure 3. Neutron crystal structures of AAC-VIa. a) Gentamicin. b) Sisomicin. c) Kanamycin B. Hydrogen bonds observed in the nuclear density
are shown as black dashed lines. The Fo@Fc nuclear omit density is shown for the hydrogen atom involved in the hydrogen bond between His189
and Glu192. The distances between heavy atoms (green text) and the distance of the His189 proton from the nitrogen (red text) and Glu192
oxygen (blue text) atoms are shown. The gentamicin, sisomicin and kanamycin B omit maps are contoured at 3.0, 2.8 and 3.0 s, respectively.
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lography, the modulation of this critical hydrogen bond is
likely due to the electrostatics of the antibiotic substrates
modulating the pKa values of the catalytic triad through the
varied conformations of the antibiotic primed ring. We
postulate that the ability of the enzyme to catalytically select
antibiotics is directly related to the modulation of the
hydrogen bond between catalytic residues in response to the
placement of the C2’ substituent of the antibiotic in the
proximity of the catalytic triad.

Molecular dynamics (MD) simulations of AAC-VIa complexes

Since the crystallographic structures of the AAC-VIa
complexes only capture static snapshots of the enzyme, we
were interested in understanding whether the dynamics of the
antibiotic complexes were also modulated in response to the
different substrates. The results of the 400 ns MD simulations
indicate that sisomicin and gentamicin formed the most stable
complexes (Figure 4), while kanamycin B formed a less stable
complex that dissociated in less than 200 ns of the simulations
(Figure S4). Interestingly, the kanamycin A simulations show
tighter binding and stable interactions at this timescale, which
is particularly intriguing as it is not a substrate of AAC-VIa
(Figure S4). Tobramycin showed mixed behavior depending
on the starting structures, with the higher occupancy confor-
mer being more stable during the simulation (Figure S4).

Comparison of the root mean square fluctuation (RMSF)
values of the apoenzyme to the antibiotic-bound complexes
revealed that binding of sisomicin to AAC-VIa lead to the
protein becoming more rigid, while kanamycin B, the least
efficiently turned over substrate, increased its conformational
flexibility (Figure 4). Taken together, the simulations suggest
protein dynamics play a role in the catalytic selection of
antibiotics by AAC-VIa, in addition to the response of the
protein to the electronic nature of substrates.

Discussion

The phenomenon of how the local electronic environment
of enzyme active sites inherently tunes and facilitates
biological catalysis is well known and documented in several
different enzymes,[17] including members of the serine pro-
tease family of enzymes.[18] This is usually accomplished by
altering the intrinsic pKa values of the functional groups
involved, on both the enzymes as well as the substrates. The
protonation states of enzyme functional groups are crucial for
their ability to serve as electrophile, nucleophile or general
acid–base catalysts. The resulting perturbed pKa values can in
turn influence the hydrogen bond distance and geometry,
which can be utilized by the enzyme to kinetically distinguish
between various substrates.[19]

Figure 4. Change in protein flexibility upon antibiotic binding. a) Comparison of RMSF-10 between apoenzyme, and antibiotic bound complexes
indicates that the protein shows decrease in flexibility in case of strongly binding antibiotic (sisomicin) and increase in protein flexibility in case of
weaker binding antibiotic (kanamycin B). b) Quantitative comparison of RMSF-10 for apoenzyme, and sisomicin bound complex. c) Quantitative
comparison of RMSF-10 for apoenzyme, kanamycin A and kanamycin B bound complexes. The scale ranges from 0–4 b in panel (a) and has been
adjusted to 0–3 b in panels (b) and (c) for better comparison.
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The organization and molecular interactions of the AAC-
VIa active site is highly similar among all of the antibiotic
complexes, which suggests that something more than molec-
ular recognition is responsible for the observed specificity
profile. This is not unique for aminoglycoside modifying
enzymes; crystal structures of the aminoglycoside
acetyltransferase(2’)-Ic with several antibiotics failed to
provide explanation for differences in catalytic efficiencies
with these substrates.[20] Like AAC-VIa, the aminoglycoside
acetyltransferase-IIIb (AAC-IIIb) catalyzes the acetylation of
the same antibiotic site and shares the same structural fold,
but is highly promiscuous, modifying many structurally
diverse aminoglycosides with higher turnover rates and
similar catalytic efficiencies. Interestingly, similar to the
differential kinetic behavior of AAC-VIa towards kanamy-
cin B and A, binding of neomycin and paromomycin to AAC-
IIIb leads to significant differences in protein dynamics as
detected by hydrogen/deuterium exchange.[21] Additionally,
the thermodynamics of ligand binding of these two antibiotics
to AAC-IIIb occurs with opposite signs of heat capacity
change (DCp).[22] Neomycin and paromomycin are structur-
ally similar except for an amine group at the 6’ position in
neomycin versus a hydroxyl group in paromomycin,[23] which
clearly demonstrates a catalytic response of the protein to the
electronic nature of the substrates.

In the case of AAC-VIa, the strongest effect on activity,
but not binding, stems from the replacement of a single
positively charged amine at the C2’ found in kanamycin B,
versus a neutral hydroxyl in the catalytically inactive kana-
mycin A. This substitution completely abrogates detectable
turnover in our assay conditions. The present X-ray crystallo-
graphic structural studies showed no obvious differences in
the organization of the relatively static AAC-VIa active site
that would explain the differences in substrate binding and
kinetics. Rather the active site electrostatics, and in turn
catalytic triad hydrogen bonding network is altered by the
electrostatic environment provided by the substrate. Indeed,
the conformation of the primed ring of these antibiotics varies
significantly among the complexes, which suggests the altered
electrostatic environment provided by the primed ring C2’
substituent is a determining factor in AAC-VIa catalytic
activity. The C2’ amine is placed directly adjacent to the N3
nucleophile in the sisomicin and the lower occupancy
gentamicin and tobramycin structures, yet it is the farthest
from the nucleophile in the single kanamycin conformers.

Previous studies onAAC-VIa have also suggested that the
replacement of a protonated C2’ amine with a neutral
hydroxyl is a likely cause for the catalytic discrepancies
observed for this enzyme.[15] Consistent with this, earlier work
with different aminoglycoside modifying enzymes showed
that the presence of an amine at this site affects catalytic
activity[15] and the difference in binding enthalpy (DDH=

DHkanamycin A @ DHkanamycin B) can vary from @3.6 kcalmol@1 [24]

to + 10.4 kcalmol@1 [25] for different enzymes, which clearly
demonstrates the underlying energetic basis of how this
family of enzymes catalytically responds to the variable
electronic nature of the antibiotic substrates.

Conclusion

The electrostatic modulation of a short hydrogen bond
that is linked to AAC-VIa catalytic selection is a crucial piece
of evidence in support of the role of low-barrier hydrogen
bonds in enhancing catalysis. Occurrences of both LBHB and
canonical hydrogen bonds in the same active site have been
reported previously, although involving different residues.[12b]

To our knowledge, this is the first report of both types of
hydrogen bonds observed in the same active site involving the
same residues and a direct demonstration of the catalytic
enhancement provided by and proposed for LBHBs 30 years
ago.

Experimental Section

AAC-VIa used for crystallography was expressed and purified as
previously described.[15] Kinetic assays were carried out as previously
described to ascertain that the enzyme is more than 95% active prior
to flash freezing using liquid nitrogen and storing at @80 88C. Further
experimental details are provided in the Supporting Information.

Accession codes: Structures and reflection data of AAC-VIa
complexes reported here have been deposited to the Protein Data
Bank under the accession codes: 6NP1, 6NP2, 6NP3, 6NP4, 6NP5,
6NTJ, 6NTI and 6O5U.
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