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ABSTRACT: 3',5"-Aminoglycoside phosphotransferase type llla [APHH{8a] is a bacterial enzyme that
confers resistance to a range of aminoglycoside antibiotics while exhibiting striking homology to eukaryotic
protein kinases (ePK). The structures of APHH8a in its apoenzyme form and in complex with the
nonhydrolyzable ATP analogue AMPPNP were determined to 3.2 and 2.4 A resolution, respectively.
Furthermore, refinement of the previously determined ADP complex was completed. The structure of the
apoenzyme revealed alternate positioning of a flexible loop (analogous to the P-loop of ePK’s), occupying
part of the nucleotide-binding pocket of the enzyme. Despite structural similarity to protein kinases, there
was no evidence of domain movement associated with nucleotide binding. This rigidity is due to the
presence of more extensive interlobe interactions in the APH(& structure than in the ePK’s. Differences
between the ADP and AMPPNP complexes are confined to the area of the nucleotide-binding pocket.
The position of conserved active site residues and magnesium ions remains unchanged, but there are
differences in metal coordination between the two nucleotide complexes. Comparison of the di/triphosphate
binding site of APH(3-llla with that of ePK’s suggests that the reaction mechanism of APH(3")-llla

and related aminoglycoside kinases will closely resemble that of eukaryotic protein kinases. However,
the orientation of the adenine ring in the binding pocket differs between ARHI@ and the ePK'’s by

a rotation of approximately 40 This alternate binding mode is likely a conserved feature among
aminoglycoside kinases and could be exploited for the structure-based drug design of compounds to combat
antibiotic resistance.

The discovery of antimicrobial compounds such as peni- with penicillin, ampicillin, and vancomycin to treat serious
cillin in the early 20th century ushered in the era of enterococcal infections, endocarditis, urinary tract, and
antibiotics as “wonder drugs”. These compounds have provenintraabdominal infections4j. Aminoglycosides exert their
to be of great value in medicine and have revolutionized the antimicrobial effects by binding to the 30S subunit of the
treatment of infectious disease. However, the increased usebacterial ribosome and obstructing protein synthe®isThis
of antibiotics in the last half of the 20th century, both in leads to a loss of bacterial cell wall integrity via a mechanism
medicine and in the food industry, has been accompaniedthat remains uncleal). Although resistance to aminogly-
by a concomitant increase in bacterial resistance to thesecoside antibiotics as a result of alterations to their ribosomal
compounds. Clinically important resistance to an antibiotic pinding site or as a consequence of a change in the
may appear within months of its introductiod)( and  permeability of the cell has been implicated, the major
multidrug resistance is now the major cause of failure in the mechanism of bacterial resistance to aminoglycosides is the
treatment of infectious diseasg)( chemical modification by bacterial enzyme8).( These

The aminoglycosides are a class of broad-spectrum gminoglycoside-modifying enzymes are a large and diverse
antimicrobial compounds, including streptomycin, kanamy- group that fall into three general classes, depending on the
cin, and gentamicin, with potent and rapid bactericidal jgentity of the chemical group used to modify the antibiotic.
properties §). They are used, for example, in conjunction These classes are aminoglycosi@ephosphotransferases

: _ _ (APH’s), aminoglycosidé-adenyltransferases (ANT's), and
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ANT's, a”‘?‘ _AAC,S has been foun_d in most C"nica”y relevant Table 1: Data Collection Statistics for the APH¢Bla Complexes
Gram-positive and Gram-negative bacterfa ( APHG3) e APH@)Mlla-  APH@3)1Ila
There are a number of types of aminoglycoside phospho- ADPa AMPPMP (apo)
transferases (APH’s), each with a characteristic substrate
. ’ . space grou P2,2,2 P2;2:2 P432,2
profile (3). The largest class, APH(3 catalyzes the modi- ol dmonaons " e a2

fication of 4,5- and 4,6-disubstituted aminoglycosides atthe a(A) 49.7 50.2 55.7
3'-hydroxyl position. One member of this class, APBK3 b((ﬁ)) %-133 %-237 32-572
llla, is found in (_Sram_—posmve cocci such as Staphylococci resolution (A} 2.2 (2.28-2.20) 2.4 (2.49-2.40) 3.2 (3.3+3.20)
and Enterococci. This enzyme has the broadest substratgaa) ohser- =~ 95428 92600 15937
specificity of the APH(3 isozymes, phosphorylating at least vations
nine different aminoglycoside substrates and carrying out unique obser- 30902 24507 5165

it H _di i ihinti vations
add|t|'0nal _p_hosphorylat|on of 4,5-disubstituted a_nt|b|ot|c§ at Ruerg® 0.055(0.213) 0055(0.197)  0.139 (0.495)
the B’ positions 8, 9). The enzyme catalyzes this reaction o 13.9 (4.7) 19.5 (3.0) 7.2 (2.3)
via a Theore-Chance mechanism in which the enzyme first completenegs 96.4 (95.9) 99.2 (97.9) 97.3(96.7)

binds ATP an_d Mg" ions, followed by aminoglycoside. a Data collection statistics for the APH}3lla-ADP complex were
After transferring they-phosphate from ATP, the enzyme published previously 12) and are provided here for comparison
releases the phosphorylated aminoglycoside, followed by purposes® Number in parentheses refers to highest resolution shell.

ADP. The slow release of ADP has been shown to be the ©Rmerge= ¥ |li — I3 Ii, wherel represents the intensities of a multiply

rate-limiting step in the overall reactiod@. Although the ~ Measured reflectiohkl and fCitheir average.

details of the mechanism by which the enzyme carries out

phosphoryl transfer remain unclear, there is evidence from were combined with 23 uL of a well solution consisting

mutagenesis studies, solvent isotope, and solvent viscosityof 100 MM HEPES, pH 7.5, 20% PEG 4000 (w/v), and 10%

experiments that indicates direct transfer of the phosphate2-propanol (v/v). The drops were placed on siliconized cover

group and a dissociative-like transition statd-{13). slips and suspended over wells containing »Q00f the
APH(3)-llla is the only aminoglycoside phosphotrans- Well solution and stored at room temperature. Diffraction

ferase to have its three-dimensional atomic structure char-guality crystals (with approximate dimensions 640.1 x

acterized. The structure was solved to 2.2 A resolution by 0-05 mm) were observed within 1 week.

X-ray crystallography in complex with ADP1p). The Crystals of the APH(3-llla apoenzyme were grown at
enzyme is bilobal, with an N-terminal lobe consisting mainly foom temperature by the hanging drop vapor diffusion
of a five-stranded antiparallgtsheet and a largely-helical method using ammonium sulfate and 2-propanol as precipi-

C-terminal lobe. The nucleotide-binding site lies in a cleft tants. Hanging drops (46 uL), consisting of protein solution
between the two lobes. Surprisingly, the structure revealed (8 mg/mL protein; 5 mM HEPES, pH 7.5; 10 mM Mgl
significant structural similarity between APHjdlla and ~ @nd an equal volume of well solution, were suspended from
ePK’s. Despite low amino acid sequence homology 6%, a siliconized cover slip over a well containing 500 of a
over 40% of the APH(3-llla molecule is structurally similar 2 M ammonium sulfate (w/v) and 5% 2-propanol (v/v)
to ePK’s such as cAMP-dependent protein kinase (CAPK) Solution. Diffraction quality crystals (with approximate
(12). It has subsequently been shown that APH(Ba is dlmenS|9n§ 0f 0.4¢ 0.3x 0.1 mm) were observed in these
also functionally similar to eukaryotic protein kinases in that drops within approximately 1 week. _ .
it phosphorylates a range of peptide and protein substrates Data Collection and ProcessinK-ray diffraction data
(14). Furthermore, several protein kinase inhibitors have beenWere collected from single crystals of the APH8la-
shown to also inhibit APH(3-Illa activity (15). AMPPNP complex and the APH(allla apoenzyme on a
Our ultimate goal is to understand the reaction mechanism R|gaku_R-AXI$ lic area detector_system. The detector was
of the APH(3)-Illa enzyme at the atomic level. Toward this US€d With a Rigaku RU-200 rotating-anode X-ray generator

end, we have solved the three-dimensional atomic structures(eqUipped with Supper double-focusing mirrors) operating
of two additional intermediates in the APH)3lla reaction at 50 kV and 60 mA. Data for the AMPPNP complex were

: : btained under cryogenic conditions (106 K). To protect the
cycle—the APH(3)-llla in complex with the nonhydrolyzable ~ © yog . :
AyTP analogue(A)MPPNP anl?j the APH)3Ila agoen)z/yme APH(3)-llla-AMPPNP crystal during the freezing procedure,

(i.e., with no nucleotide cofactor). These structures will help tphg Gcrzlgg’g was b”?ﬂ¥. plaped n mdotfher Ilgggr :haéor;?d_ll_ts
to advance our understanding of the mechanism by which concentration increased irom o to 0. 1he

APH(3)-Illa inactivates aminoglycosides. _crystal_ was then rem_oved fr_om_ t_he cryoprotectant and
immediately frozen by immersing it in liquid nitrogen. The
EXPERIMENTAL PROCEDURES crystal was then placed on the goniometer head in the cooled
nitrogen stream. Due to the sensitivity of the apoenzyme
Protein Purification and CrystallizationRecombinant crystals to freezing, data collection with this crystal was done
APH(3)-llla was expressed and purified by differential at room temperature.
ammonium sulfate precipitation and anion-exchange chro- The diffraction data collected from both the AMPPNP
matography as described previousB).(Crystals of the complex and apoenzyme were indexed, integrated, and scaled
APH(3)-llla-AMPPNP binary complex were grown by the using the programs Denzo and Scalepatg).( Statistics
hanging drop vapor diffusion method, using PEG 4000 and associated with the data collection and processing are shown
2-propanol as crystallizing agents. Drops containin@ 2L in Table 1.
of a proteir-rAMPPNP solution [8 mg/mL protein; 1 mM Structure Determination and Refinemenie structure of
AMPPNP (Mg salt); 5 mM HEPES, pH 7.5; 10 mM Mgl the APH(3)-llla-ADP complex was solved previously using
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positions. During subsequent refinement rounds, convincing
electron density for magnesium-coordinated water molecules
became apparent. These were then added to the model and

Table 2: Refinement Statistics for APH)3lla Complexes
APH(3)-llla- APH(3)-Illa- APH(3)-llla

ADP2 AMPPMP? (apo) . o . .

resolution range (&) 50022 50024 50032 their positions restrained using NCS. Other ordered solvent
o, of reflections used 30902 23057 4829 molecules were also addedrat— F. difference map p_eaks,

(Flog > 0) if they formed reasonable hydrogen bonds to protein atoms
Rorys? 0.220 0.217 0.219 and/or solvent molecules. When conventional and free
Riree” _ 0.279 0.277 0.306 R-values could no longer be improved, refinement was
no. of protein atoms 4344 4344 2148 stopped
no. of cofactor atoms 54 62 0 )
no. of water molecules 308 188 0 The structure of the APH(Bllla apoenzyme was solved .
no. of Mg** ions 4 4 0 using molecular replacement techniques as implemented in
rmsd bonds (A) 0.006 0.008 0.007 the program X-PLORZ4). The search model consisted of
rmsd angles (deg) 1.219 1.251 1.341 the structure of the APH(BIIla-ADP complex, with ADP
coordinate error (&) 0.21 0.19 0.19 . .

: . _ — cofactor, magnesium ion, and water molecules removed. A

Two molecules in the asymmetric unitRoys: = 3 |Fo — Fdl/Y Fo. rotation search using diffraction data between 10 and 4 A

¢ Riree is the crystallographi&-factor calculated from 10% of the data

not included in refinement Estimate using cross-validated plots. and withF/or > 2.0 yielded one solution that was signifi-

cantly better than the others. Following PC refinement of
MAD data from a Se-Met derivativelP). Before being used  the rotation solutions, a translation search was undertaken
in the comparisons described here, the structure of thisusing the top rotation solution and data between 15 and 4 A
complex was subjected to additional refinement with the CNS (F/or > 2.0). The top solution from the translation search
program packagel{). Each round of refinement consisted was then subjected to rigid-body refinement, followed by
of 200 steps of conjugate gradient positional refinement, steps of positional and grouped thermal factor refinement in
followed by 30 steps of restrained individual thermal factor CNS using all data between 50 and 3.2 A. Following each
refinement. Refinement of this model was carried out using refinement roundoa-weighted , — F. and F, — F¢
all data between 50 and 2.2 A and employed bulk solvent difference electron density maps were calculated, and manual
corrections and a maximum likelihood (using amplitudes) adjustments were made to the model as necessary. The most
target function. After each round of refinememi;weighted significant rebuilding of the model was required for residues
2F, — F. andF, — F. difference electron density maps were 22—29, 106-112, and 14%170. Due to the moderate
calculated and inspected §). During these inspections, resolution of the apoenzyme diffraction data set, no attempt
manual adjustments were made to the model, and orderedvas made to model ordered solvent molecules. As with the
solvent molecules were addedft — F. difference peaks  other structures, rounds of refinement were continued until
if they could form reasonable hydrogen bond interactions no further improvements in the conventional and free
with protein atoms and/or solvent molecules. Refinement R-values were observed.
continued in this fashion until the conventional and free
R-values could no longer be improvetly 20). The result RESULTS
of the additional refinement was a reduction in tRg. Model Stereochemistrylhe models of APH(3-llla in
from 0.301 to 0.279 using all dat@1—23). Final refine- complex with ADP or AMPPNP and in the apoenzyme form
ment statistics for this APH(Bllla-ADP model, as well as  exhibit satisfactory geometry, with no residues falling in the
for the AMPPNP complex and the apoprotein, are given in disallowed region of a Ramachandran plot calculated using
Table 2. the program PROCHECK26, 26). The ADP and AMPPNP
The APH(3)-Illa-ADP structure was used as the starting complexes have 90.0% and 88.3% of their non-glycine, non-
model for the refinement of the APH{3lla-AMPPNP proline residues in the most favored region of the Ram-
complex. The ADP molecule was included in the model, but achandran plot, respectively. The corresponding value for
the active site magnesium ions were omitted, as were allthe apoenzyme structure is 80.7%. A small number of
solvent molecules within approximaged A of thenucleotide residues fall into generously allowed regions of the plot.
and those with thermal factors greater than 30 #&he These residues are located in loop regions of the protein with
refinement procedure followed was analogous to that de- above-average thermal factors and ambiguous electron
scribed for the APH(3-llla-ADP complex. Rounds of  density.
positional and individual thermal factor refinement using all  Peptide BackboneThe ADP and AMPPNP complexes
data between 50 and 2.4 A were followed by examination crystallized with two molecules in the asymmetric unit of
of oa-weighted electron density maps. After the first round, space grouf2;2;2;. The two molecules in the asymmetric
clear peaks were observed in the— F. difference electron  unit were superimposed using the coordinates of all main
density map into which the terminal phosphate groups of chain atoms and the least-squares method as implemented
the two AMPPNP molecules (one per protein molecule) inthe program LSQMANZ7). The overall rmsd for all main
could be modeled. Electron density was also observed forchain atoms between the two molecules in both the asym-
the active site magnesium ions in both protein molecules, metric units of the ADP and AMPPNP complexes is 0.6 A.
and these were added to the refinement model. There wasThese numbers are somewhat misleading, however, since a
some evidence for metal-coordinated solvent atoms, but thesdarge part of the positional variability between the two
were not introduced at this time. Noncrystallographic sym- molecules in the asymmetric unit is localized to three areas
metry (NCS) restraints between the two AMPPNP molecules (residues 106112, 147170, and 226-238).
and between the two pairs of active site Mdons in the Residues 108112 constitute the end of helo@, the first
asymmetric unit were introduced at this stage to restrain theirfew residues ofo4, and the intervening loop segment
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Ficure 1. Stereoview of thew carbon trace of the APH(BIIla-ADP (red), APH(3)-llla:AMPPNP (blue), and APH(}Illa apoenzyme

(green) structures. The AMPPNP molecule is drawn in black to highlight the nucleotide-binding pocket. Two areas of significant positional
deviation are highlighted: (a) the loop over the nucleotide-binding pocket (residue29?2nd (b) the antibiotic-binding pocket (residues
147-170).

(secondary structural nomenclature follows that of 12X between the two molecules in the asymmetric unit outside
This section of polypeptide includes the tethering segment of these poorly defined regions, the coordinates of a single
joining the N- and C-terminal domains of the APH¢8la molecule from the asymmetric unit were used for subsequent

structure. The electron density in these areas is of poorcomparison between the APH)3lla-ADP, APH(3)-llla-
quality, and the residues in this region exhibit higher than AMPPNP, and apoenzyme structures.
average thermal factors. The structures of the APH(Bllla-ADP, APH(3)-Illa-

The second region of above average positional deviation AMPPNP, and APH(3-llla apoenzyme species were su-
between the APH(}Illa structures is residues 14170. perimposed with LSQMAN as described above. The apoen-
This section of the protein includes the ends of helieés zyme superimposes with both the ADP and the AMPPNP
andoB, and the intervening loopa region proposed to form  complexes with an rmsd of 1.5 A. The value for the
part of the aminoglycoside-binding site in APH¢B1a (12). superposition of the two nucleotide-bound complexes is 0.3
This region possesses some sequence similarity in theA. These results are depicted graphically in Figure 1, which
APH(3) isozymes but has no analogue in the structures of shows the polypeptide backbones of the three structures
eukaryotic protein kinases. This extended loop structure following least-squares superposition (where a and b denote
forms a flap over the outside edge of the nucleotide-binding areas of major differences).
pocket, where it is believed to participate in the formation ~ Above average conformational differences between the
of a binding site for substrates. The differences observedthree structures are localized to four regions: residues 22
between the two molecules in the asymmetric unit of the 29, residues 100112, residues 147170, and residues 226
ADP and AMPPNP complexes are a result of differences in 238. The first section (residues-229) corresponds to a loop
crystal packing for the APH(BIlla molecules, compounded (denoted a in Figure 1) betweg@nstrands 1£1) and 2 (2)
by the presence of a intermolecular disulfide bond linking in the N-terminal domain of APH(Blla. This loop forms
Cys156 to Cys19 of the second molecule in the asymmetric part of the APH(3-llla nucleotide-binding site and is
unit. However, under physiological conditions this disulfide analogous to the P-loop of eukaryotic protein kinases. The
bond is absent, and therefore the different conformations significant shift observed in this region reflects a real
observed for residues 142450 reflect the intrinsic, and  difference between the apoenzyme structure and the ADP
probably functionally important, flexible nature of this and AMPPNP complexes. In the apoenzyme, the polypeptide
segment of the protein structure. shifts downward into the nucleotide-binding pocket relative

Residues 226238 include a loop region of the APHJ3 to its position in the complexes and occupies some of the
Illa molecule, as well as the terminal segments of helices cavity resulting from the lack of bound nucleotide.
a5 andaC. This loop region has higher than average thermal  As described above in reference to the ADP and AMPPNP
factors and poorly defined electron density. The observed complexes, residues 186012 and residues 22&38 form
positional differences are therefore again a consequence oparts of loop regions in the APH(3llla molecule, and the
inherent backbone flexibility in this section of the polypeptide quality of the density in this region is poor in all three
chain. structures. Thus, differences between the structures are likely

If these three regions of the polypeptide chain (residues the result of the inherent flexibility of the protein in these
100-112, 147170, and 226238) are excluded from the areas and not differences attributable to nucleotide binding.
rmsd calculation, the values become 0.3 A for both the  With respect to residues 142170, the proposed antibiotic
molecules in the ADP and AMPPNP asymmetric units. These binding site, this segment of the enzyme has a dramatically
values are comparable to the estimated error of the coordi-different conformation in the absence of bound nucleotide
nates (0.2 A, Table 2). Due to the high degree of similarity compared to APH(3-llla in the nucleotide-bound state
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Ficure 2: Stereo ball-and-stick drawing of the nucleotide-binding pockets of ARPH(8. The structures of the apoenzyme, ADP, and
AMPPNP complexes are drawn in green, red, and blue, respectively. In addition to the nucleotide molecule, the figure also depicts the
conserved amino acid residues of the binding pocket and the two metal ions in ball-and-stick form. The flexible loop positioned over the
binding pocket is also shown.

(denoted as b in Figure 1). However, this different conforma- Lysdd

tion is also unlikely linked to the absence or presence of a ﬁs’]"’)

nucleotide but is a direct result of differing crystal contacts

between the apoenzyme and the nucleotide complexes in this g0 N

region, as well as a consequence of the presence of the ajagshm._ .

intermolecular disulfide bond. As mentioned above, in the / wZ | \> e

ADP and AMPPNP crystals the intermolecular disulfide bond S y JRN NN A

links the two molecules in the asymmetric unit, while in the " _

apoenzyme crystal, the link is between adjacent asymmetric Owil O S

units (in this crystal form there is only a single molecule Lo T T

per the asymmetric unit). on _ow e
Nucleotide Binding SiteThe active site of APH(3-llla o °| : O:l-/’

is located in a cleft formed between the N- and C-terminal J\

lobes of the enzyme. Residues from both lobes contribute Ser194 ’501\95”“2 Aep208

to the formation of the large, relatively hydrophobic cavity
in which the nucleotide binds. As can be seen in Figure 2, Ficure 3: Schematic representation of the hydrogen bond interac-
the conformations of the nucleotides and conserved activetions between APH($-llla and ADP or ATP based on the crystal
site are essentially identical in the ADP and AMPPNP Structures of the APH(Bllla-ADP and APH(3)-llla-AMPPNP

| dint fi bet th leotid dth complexes. Interactions common to the nucleotides and the enzyme
Comp exes, an 'n_ e_rac 1ons e_Ween _e nucleotaes an_ &re shown in black, while those unique to ADP are shown in red
protein are very similar. These interactions are summarizedand those unique to ATP are shown in light blue. The asterisk
schematically in Figure 3. denotes a water molecule that is not observed in the AMPPNP

. . . . : lex. Note that the ATP depicted in the figure has an oxygen
The adenine ring is buried, forming van der Waals compiex. I\ :
. . . ! . . atom bridging theS- and y-phosphate atoms, while the ATP
interactions with Tyr42, Glu92, and Phe197. The interaction gnajogue 2M?3pN£in the X£H03|ﬁa.AMppr complex has an

with Tyr42 is a stacking of the base with the aromatic ring NH group.

of the tyrosine side chain. The adenine ring also forms two

hydrogen-bonding interactions with the polypeptide backbone interactions with the protein, thgphosphoryl group of ADP
that forms the structural scaffold of the binding pocket. These also coordinates with the magnesium ions associated with
consist of an interaction between the N1 atom of the the enzyme (see Figure 3).

nucleotide and the backbone amide of Ala93 and one The y-phosphate present in the AMPPNP structure dis-
between the N6 atom and the backbone carbonyl oxygen ofpjaces two water molecules present in the ADP complex.
Ser9l. The ribose Component interaCtS W|th the protein Via There are no direct interactions between »yhmosphate of
a single hydrogen bond between the’ ©8ygen of the sugar  the AMPPNP molecule and the protein. In addition to
and the carbonyl oxygen of Ser194. interactions with two water molecules, the terminal phosphate
The interactions of the nucleotide phosphate groups coordinates to the magnesium ions in the active site.
involve the side chains of conserved active site residues androllowing the nomenclature adopted with the structures of
metal ions. Thex-phosphate group interacts with two water cAPK and they subunit of glycogen phosphorylase kinase
molecules, as well as with the protein via a hydrogen bond (Phky), the two metal ions in the active site of these enzymes
with the NZ atom of Lys44. This residue is positioned over are commonly referred to as Mgl and Mg2. The O1G and
the top of the binding pocket and is conserved both in all O3G atoms of AMPPNP coordinate to Mgl and Mg2,
APH enzymes and in ePK'S3). In both nucleotide com-  respectively. Although the presence of the additional phos-
plexes, thgg-phosphate group forms one hydrogen bond with phate group also appears to lead to different conformations
a water molecule and two hydrogen bond interactions with for the side chains of Glu24 and Met26 in the structure of
protein atoms: one between the O1B atom and the Lys44the AMPPNP complex, a more likely alternative explanation
NZ atom and a second between the O2B oxygen atom andexists. In the structure of the AMPPNP complex, this region
the OG atom of Ser27. The latter residue is conserved in of the polypeptide chain exhibits elevated thermal factors
most APH(3) enzymes but not in ePK’s. In addition to its and poorly defined electron density. The fact that these side



Nucleotide Binding to APH(3-llla Biochemistry, Vol. 40, No. 30, 2008761

chains are positioned differently in the two molecules in the function. The only change in the polypeptide backbone
APH(3)-llla-AMPPNP asymmetric unit lends further cre- position directly attributable to the absence of nucleotide in
dence to the idea that these differences are likely the resultthe apoenzyme structure is a shift in the polypeptide
of differential fitting of the side chains to poor density. The backbone to occupy the space that would be occupied by
resolution of the AMPPNP data set was not sufficient to the nucleotide (rmsd of 1.7 A for main chain atoms of
enable the identification or refinement of discrete alternative residues 2633). In contrast, the conformation of the
conformations of these residues. It does appear, howeverpolypeptide backbone of the APH)3lla-nucleotide com-
that the presence of AMPPNP in the nucleotide-binding plexes is very similar in this area (rmsd of 0.4 A for main
pocket instead of ADP leads to an increase in the flexibility chain atoms of residues 2@3). This region covers the

of this segment of the polypeptide chain. phosphate-binding subsite of the nucleotide-binding site and

Superposition of the ADP and AMPPNP complexes is analogous to the G-X-G-X-X-G nucleotide-positioning
indicates that the positions of the active site magnesium ionsmotif found in the catalytic core of eukaryotic protein kinases
remain essentially unchanged between the two complexessuch as cCAPKZ8). The characteristically flexible glycine-
(see Figure 2). There are, however, differences in the identity fich motif, which forms a shield over the phosphate groups
of the coordinating species. Both magnesium ions in the ADP of the bound nucleotide, is also found in other nucleotide-
complex are coordinated in an octahedral fashion, with Mg1 binding proteins, including nucleotidyltransferases and
coordinated by two oxygen atoms from the and-phos- ATPases?9). The flexibility of this region of the active site
phate groups of the ADP molecule, the amide oxygen of in the APH(3)-llla structures may facilitate the binding and
Asn195, a carboxyl oxygen from Asp208, and two water release of nucleotides that occurs over the course of the
molecules. The second magnesium ion, Mg2, is coordinatedcatalytic cycle. Recent kinetic evidence from site-directed
by an oxygen atom from th@-phosphate of ADP, two  Mutants suggests that the loop may also play a stabilizing
carbonyl oxygens from Asp208, and three water molecules. ole during phosphoryl transfer (P. Thompson, and G.
The geometry of the metal ligands in the AMPPNP complex Wright, personal communication).
is also octahedral and is similar to that observed in the ADP  Although both the G-X-G-X-X-G motif in ePK’s and the
complex. Coordination of Mgl in this structure is via two corresponding loop structure in APH)3lla serve to shield
oxygen atoms from the- and y-phosphates of AMPPNP, the nucleotide-binding pockets, the conformations of the two
an amide oxygen from Asn195, a carboxyl oxygen from are distinctly different. As a consequence of a one-residue
Asp208, and a water molecule. Although not convincing insertion, the loop is larger in APH(3llla and forms a looser
enough to warrant inclusion in the model, there is some turn than is observed in the ePK structurég)(In the APH-
evidence for a second coordinated water molecule (noted(3)-llla complexes, the nucleotide interacts with this loop
with an asterisk in Figure 3). In the AMPPNP complex, Mg2 Via a single hydrogen bond to the Ser27 OG atom. This is
is coordinated by two carboxyl oxygens from Asp208, two in contrast to ePK’s such as cAPK and cyclin-dependent
oxygens from thes- andy-phosphate groups of AMPPNP, protein kinase in which interactions with the bound nucle-

and two water molecules. otide are via hydrogen bonds to the backbone amide groups
of the G-X-G-X-X-G motif 31, 32). Note that although this
DISCUSSION motif is observed in a number of ePK’s, the protein
nucleotide interactions in the various ePK’s are not the same.
We have determined the structures of APhH8a in In Phky, interaction between the loop and nucleotide does

complex with the nonhydrolyzable ATP analogue AMPPNP not involve main chain amides at all but instead occurs
and in its apoenzyme form without bound nucleotide. In through a serine OG atom as observed in APH(Ba (33).
addition, we have further refined the ADP complex published This is despite a three-dimensional loop structure that more
previously. These structure determinations were undertakenclosely resembles that of other ePK’s. The variability in
in an effort to further our understanding of the mechanism hydrogen bonding observed in the enzymes suggests that this
by which this enzyme carries out the inactivation of |oop may simply serve as a shield for the nucleotide-binding
aminoglycoside antibiotics. Discussion of the results of these sjte and that the G-X-G-X-X-G sequence motif of ePK’s,

structural studies faIIs naturally into two parts. The first of while reﬂecting a conserved structural feature, does not
these concerns the differences between the apoenzyme angkflect the conservation of specific proteinucleotide

the structures with bound nucleotide. What are the structuraljnteractions.

consequences of nucleotide binding to APh{8a and how That the structural differences between the APH(Ba
do these compare to those observed in the structurally relatecbpoenzyme and the nucleotide-bound complexes are rela-
eukaryotic protein kinases? The second area of discussionjyely minor and confined to the area surrounding the active
concerns the structures of APH(Bla in complex with ADP  site is in marked contrast to the significant domain shifts
and AMPPNP. Can these structures provide insight into the ghserved in some ePK's upon nucleotide bindirgs) (
mechanism of phosphoryl transfer by this enzyme? Protein footprinting studies have shown that the binding of
Structural Consequences of Nucleotide Bindifige most ATP causes conformational changes in the active site of
notable feature that strikes an observer comparing thecAPK which are consistent with a change from an open
structures of the APH(®llla apoenzyme with the two  active site conformation to a closed form that is essential
structures with bound nucleotide is that they are remarkably for phosphoryl transfei35). This conformational change can
similar. The majority of the positional differences between be substantial. In the transition between the open and closed
the structures are confined to surface loop regions in which conformations of cAPK, the C-terminal lobe rotates by over
flexibility is not unexpected. There is one region in which 10° with respect to a rotation axis relating the two lobes of
positional variability appears to be relevant to enzyme the molecule 6). Such substrate-induced conformational
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Tyr132

Asp129

Ficure 4: Ball-and-stick drawing (at left) showing hydrogen bond interactions (dashed blue lines) in the hinge region of thg-ARH(3
molecule. Residues from the N- and C-terminal lobes are depicted in blue and tan, respectively. For clarity, side chain atoms are only
drawn for residues that are involved in hydrogen bonds. dhemarbon trace (at right) shows the region of the APH{Ba molecule
highlighted in the ball-and-stick portion of the figure.

Asn195

Asp190 Asp190

Ficure 5: Stereo ball-and-stick drawing showing the superimposed structures of the AMPPNP complex of)ARéd(8olor) and those

of the eukaryotic protein kinases cAPK and RHkransparent gray). The figure shows the nucleotide, metal ions, and the conserved active
site side chains Lys44, Glu60, Asp190, Asn195, and Asp208. Also shown are Tyr42, which participates in a stacking interaction with the
nucleotide in the APH(3-1lla structures, and the equivalent alanine residues in cAPK ang.Phk

changes have also been observed in cyclin-dependent proteitinker and hinge regions. While the helix in cAPK that is
kinases 87). analogous t@m2 in APH(3)-llla is in a similar position, the
What is the origin of the rigidity of the APH(BIlla loop in the C-lobe is noticeably different. This is in part due
molecule, as compared to the eukaryotic protein kinases? Into the fact that the adjacent large antibiotic-binding loop
both cases, the two lobes of the protein are associated mainlyresidues 147#170) must be accommodated in the APH-
via two mechanisms: a covalent linkage between the two (3')-llla structure, but is not found in the kinase structures.
lobes and noncovalent interactions. The covalent link in As a result of the different orientations of these segments,
APH(3)-llla is a short segment g#-structure andx-helix the number of hydrogen bond interactions in the hinge is
comprising residues 93106 in APH(3)-1lla. An analogous lower in kinases such as cAPK (two) than in APH{Bla
linker is found in a similar position in the structure of the (five; see Figure 4). The more extensive hydrogen bond and
catalytic cores of ePK’s. The region of noncovalent interac- van der Waals interactions present in the structure would
tions between domains, the so-called “domain linker” or make interdomain movement in APH)3lla energetically
“domain hinge” is located on the opposite side of the unfavorable. Similar interactions are observed in both crystal
molecule from the nucleotide-binding pocket and in APH- forms examined, suggesting that this is a characteristic of
(3)-1lla includes interactions between residues of helix the protein, not simply a consequence of a particular crystal
from the N-terminal lobe and residues between helwés  packing arrangement.
and oA of the C-terminal lobe (Figure 4). As mentioned Protein kinases are involved in the important areas of
previously, distinct “open” and “closed” conformations have cellular regulation and signal transduction. This critical
been observed in the structures of eukaryotic protein kinasesfunction requires that there be a mechanism by which the
The hinge region of the protein kinase structure has beenactivity of these enzymes can be tightly controlled. Perhaps
proposed to act as the pivot point about which the two the interdomain flexibility present in the protein kinase
domains move. confers additional specificity. In contrast to the protein
One possible explanation for the lack of nucleotide- kinases, the requirement for tight regulation of aminogly-
induced domain movement in APHj3dlla may be the coside-modifying enzymes such as APH{Bla does not
increased number of interactions between the domains in theappear to be critical. In fact, it appears to be to the organism’s
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advantage to have an enzyme present in the cell in its activeAMPPNP in the APH complex occupies the same location
conformation, ready to bind and inactivate aminoglycoside as that of they-phosphate in both ePK structures. Despite
molecules. This ability may in fact be of the utmost the high degree of structural similarity, there are noticeable
importance to the cell, since the uptake of small amounts of differences as well. The superposition of the nucleotides
aminoglycoside into the cell may be a key first step in the becomes poorer as one moves from thghosphate toward
bactericidal effect of these antibiotics. A model for ami- the adenine component of the nucleotide, and the adenine
noglycoside action has been proposed in which the initial ring of the ePK’s is rotated by approximately°4fith respect
entry of small amounts of aminoglycoside leads to the to that observed in the APH complexes. In the APH enzyme,
formation of misfolded proteins, loss of membrane integrity, the adenine ring participates in a stacking interaction with
the influx of additional aminoglycoside, and the saturation the aromatic side chain of Tyr42. This residue is highly
of all ribosomes §8). Given such a mechanism, it is clear conserved in APH(3 enzymes, being either a phenylalanine
that regulation of aminoglycoside phosphotransferase via lobeor tyrosine residue. The corresponding residue in the
movements such as that seen in protein kinases is notstructures of the protein kinases is alanine, precluding a

advantageous and has either not arisen in APH(& or stacking interaction and necessitating the alternate packing
has been dispensed with through the process of naturalarrangement for the adenine ring observed in these structures.
selection. Although different in the two classes of enzymes, the

Insight into Mechanism of Phosphate Transiafhile the significance of this observation is not clear, given the high
differences in backbone conformation between the apoen-degree of similarity observed in the rest of the active site.
zyme and nucleotide-bound structures of APH{Ba were However, this difference in nucleotide binding between the
minor compared to those observed in eukaryotic protein two classes of enzymes opens up the possibility of exploiting
kinases, the differences are large compared to those betweethe differences via structure-based drug design to develop
the ADP and AMPPNP complexes of APHBlla. The two possible therapeutic agents for the treatment of aminogly-
regions of above average positional deviation between coside resistance.
backbone atoms of the ADP and AMPPNP complexes are The similarity between the active sites of APH{Bla and
the P-loop (residues 235) and domain linker (residues the two eukaryotic protein kinases is striking, both in terms
102-104). However, the magnitude of the deviation is much of the orientation of conserved residues and in terms of bound
smaller in this case<1.6 A as compared te'5 A for the nucleotide and metal ions. This is compelling evidence for
apoenzyme comparison). a common mechanism of phosphoryl transfer among these

In addition to the small changes in backbone position, there disparate groups of enzymes. A definitive explanation of the
are subtle differences between the two nucleotide complexesprecise mechanism by which protein kinases catalyze the
in the active site (see Figure 4). Following superposition of transfer of phosphoryl groups remains elusive, with experi-
the structures of the ADP and AMPPNP complexes, the mental evidence to support both an associatig{&e)
nucleotides and the conserved features of the active site ar€39) and dissociative (8-like) (40) transition state. Our
very similar. The only noticeable difference between the structural studies suggest that information gleaned about the
complexes is the presence of the additional phosphate groupmechanism of phosphoryl transfer in APH¢8Ia will also
in AMPPNP and a change in the coordination of the active be applicable to that of eukaryotic protein kinases.
site metal ions. There are five active site residues that are
absolutely conserved among both APH enzymes and eu-ACKNOWLEDGMENT
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