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ABSTRACT: Polyamines are a ubiquitous class of polycationic small molecules that can influence gene
expression by binding to nucleic acids. Reversible polyamine acetylation regulates nucleic acid binding and is
required for normal cell cycle progression and proliferation. Here, we report the structures of Mycoplana
ramosa acetylpolyamine amidohydrolase (APAH) complexed with a transition state analogue and a
hydroxamate inhibitor and an inactive mutant complexed with two acetylpolyamine substrates. The structure
of APAH is the first of a histone deacetylase-like oligomer and reveals that an 18-residue insert in the L2 loop
promotes dimerization and the formation of an 18 A long “L”-shaped active site tunnel at the dimer interface,
accessible only to narrow and flexible substrates. The importance of dimerization for polyamine deacetylase
function leads to the suggestion that a comparable dimeric or double-domain histone deacetylase could
catalyze polyamine deacetylation reactions in eukaryotes.

The polyamines putrescine, spermidine, and spermine are small,
aliphatic polycations present at millimolar intracellular concen-
trations in all forms of life (/). Polyamines are vital for normal
cell-cycle progression, and polyamine concentrations increase in
rapidly proliferating cells (2, 3). The majority of polyamines exist
in the cell as polyamine—RNA complexes, and it has been
suggested that polyamines influence cell growth by binding to
mRNA and altering gene expression (4). The sensitivity of cell-
cycle progression to polyamine concentration requires that the
enzymes of polyamine metabolism be highly regulated, e.g., by
feedback loops that function at both transcriptional and transla-
tional levels (5). Dysregulation of polyamine metabolism is com-
mon in certain cancers such as prostate cancer, colon cancer,
and neuroblastoma, and enzymes of polyamine metabolism
can be successfully targeted in emerging chemotherapeutic
strategies (6—38).

To date, reversible polyamine acetylation is the least under-
stood aspect of polyamine metabolism. In eukaryotes, reversible
polyamine acetylation is initiated in the nucleus, where spermi-
dine is acetylated at the aminobutyl position to target it for export
to the cytoplasm (9). A cytoplasmic deacetylase with specificity
for N®-acetylspermidine can remove the acetyl group and free the
polyamine for reentry into the nucleus or for further modification
by the enzymes of polyamine metabolism (/0) (Figure 1). While
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the exact role of reversible polyamine acetylation is unknown, the
unique nuclear localization of spermidine N®-acetyltransferase
may suggest that acetylation regulates polyamine interaction
with nucleic acids, which in turn modulates cell growth. Increased
proliferation in L1210 cells treated with an N®-acetylspermidine
deacetylase inhibitor also implicates reversible polyamine acet-
ylation in cell growth (/7).

Although a eukaryotic enzyme responsible for the deacetyla-
tion of N®-acetylspermidine has yet to be identified, a prokaryotic
polyamine deacetylase with broad substrate specificity has been
reported (12). Acetylpolyamine amidohydrolase (APAH)' from
Mycoplana ramosa is unique among bacterial deacetylases due to
its broad specificity toward small and large acetylated poly-
amines such as acetylputrescine, acetylcadaverine, N'- and N°
acetylspermidine, and acetylspermine (/3). APAH shares 20—22%
overall amino acid sequence identity with the class II human
histone deacetylases (HDACs), and several important sequence
motifs are conserved. This relationship suggests that prokaryotic
APAH could be an ancient progenitor from which modern
eukaryotic class I HDACs evolved (14, 15).

Here, we report the X-ray crystal structure of the M. ramosa
APAH dimer complexed with several ligands, including the sub-
strates acetylspermine and NP-acetylspermidine bound to the
inactive H159A mutant. Additionally, we report enzyme activity
measurements with various substrates. These structural and

! Abbreviations: APAH, acetylpolyamine amidohydrolase; CAPS, N-
cyclohexyl-3-aminopropanesulfonic acid; DMSO, dimethyl sulfoxide;
HDAC, histone deacetylase; HDAH, histone deacetylase-like amido-
hydrolase; HDLP, histone deacetylase-like protein; HPLC, high-
performance liquid chromatography; M344, 4-(dimethylamino)-
N-[7-(hydroxyamino)-7-oxoheptyl]benzamide; NCS, noncrystallographic
symmetry; SAD, single wavelength anomalous dispersion.
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FIGURE 1: Polyamine metabolism in prokaryotic and eukaryotic
cells. Enzymes: 1, arginase; 2, ornithine decarboxylase; 3, spermidine
synthase; 4, spermidine/spermine acetyltransferase; 5, polyamine
oxidase; 6, acetylpolyamine amidohydrolase; 7, spermine synthe-
tase; 8, spermidine N®-acetyltransferase; 9, N®-acetylspermidine
deacetylase.

functional data illuminate important features of substrate speci-
ficity, catalysis, and evolutionary relationships between APAH
and the histone deacetylases.

MATERIALS AND METHODS

Cloning, Expression, and Purification. Although APAH
from M. ramosa has been cloned and expressed (13), we opted to
develop our own expression system. M. ramosa was obtained
from the American Type Culture Collection (ATCC 49678).
Cultures were grown according to published conditions (12, 13)
using slightly modified growth media (2% peptone, 2% beef
extract, 2% D-mannitol, 1.5% yeast extract, 0.3% sodium
chloride, and 0.05% manganese chloride). After growing for
26 h at 28 °C, the cells were collected by centrifugation, and
genomic DNA was isolated according to standard protocols (16).

The gene for APAH was amplified from M. ramosa genomic
DNA by using Pfu DNA polymerase (Stratagene, La Jolla, CA)
and the primers ¥-CGCAGGGGAGCATATCCATATGCGC-
GTTATTTTTTCCG-3 and 5-GCGCGCAAGCTTACAGGG-
TCGGTGTCAGCCTGC-3'. The resulting fragment was flanked
by Ndel and HindlII restriction sites (boldface) introduced by the
forward and reverse primers, respectively. The amplified DNA
was isolated from the PCR mix by using a QIAquick purification
kit (Qiagen, Inc., Valencia, CA) and digested with Ndel and HindIII
(New England Biolabs, Beverly, MA; Promega, Madison, WI)
according to manufacturer instructions. The plasmid pET-21b
(Novagen, Inc., Madison, WI) was digested with the same two
restriction enzymes and then treated with calf intestinal alkaline
phosphatase (New England Biolabs) to prevent recircularization
during subsequent ligation reactions. The linearized plasmid was
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purified on a 1% agarose gel and then isolated from the gel
matrix by using a QITAEX II gel extraction kit (Qiagen, Inc.). The
plasmid and insert were ligated together with T4 DNA ligase
(Promega), and the resulting mixture was transformed into
Novablue competent cells (Novagen, Inc.) that were plated on
LB—ampicillin plates (50 ug/mL) and grown overnight at 37 °C.
Several colonies with ampicillin resistance were used to inoculate
overnight cultures from which plasmid DNA was isolated and
tested for the presence of the desired APAH insert by restric-
tion digest with Ncol (Promega). Positive isolates were then
sequenced to confirm that the inserted genes contained no errors
(DNA Sequencing Facility, University of Pennsylvania School of
Medicine).

The pET-21b/APAH plasmid was transformed into Escher-
ichia coli BL21(DE3) cells (Novagen, Inc.) for expression. Cells
were grown to saturation in two 5 mL overnight cultures of
LB—ampicillin media (100 ug/mL) at 37 °C with 250 rpm
shaking. Each 5 mL culture was used to inoculate a 1 L culture
of rich induction media (20 g of tryptone, 10 g of yeast extract,
1 g of M9 minimal salts (5x), and 4.7 g of NaCl) containing
100 ug/mL ampicillin. Growth continued at 37 °C and 250 rpm
until the cultures reached an ODg, of ~0.5. APAH expression
was induced by the addition of I mL of 1.0 M IPTG, and the cells
were grown overnight (~16 h) at 18 °C with 250 rpm shaking.
The cells were harvested by centrifugation and resuspended in
lysis buffer (20 mM Tris-HCI, pH 8.0,2mM DTT, 2 mM MgCl,)
containing DNase I (0.6 unit/mL) and a Complete, EDTA-free,
protease inhibitor cocktail tablet (Roche). The cells were lysed by
sonication with three 2 min pulses at 50% output, 50% duty
cycle (Branson Sonifier, Model 450) and then centrifuged at
30000 rpm for 45 min at 4 °C to separate the soluble and insoluble
material.

Following centrifugation of the lysed cells, the soluble super-
natant was passed through a 0.22 um filter, and then APAH was
precipitated by the addition of solid ammonium sulfate to 40%
saturation at 4 °C. The precipitate was collected by centrifugation
(30000 rpm, 30 min) and then redissolved in 12 mL of buffer D
(20 mM Tris-HCI, pH 8.0, 1 mM DTT). The protein was dialyzed
against two 1.0 L volumes of buffer D at 4 °C and then loaded
onto a DEAE-Sepharose CL-6B column that had been equili-
brated in buffer A (20 mM Tris-HCI, pH 8.0, | mM DTT, 20 mM
NaCl). After washing with 70 mL of buffer A, the protein was
eluted by a 350 mL linear gradient of buffer A to buffer B (20 mM
Tris-HCI, pH 8.0, I mM DTT, 500 mM NaCl). APAH eluted at
approximately 280 mM NaCl. Fractions containing APAH were
identified by SDS—PAGE analysis, pooled, and concentrated by
ultrafiltration over a YM10 membrane. The protein was then
filtered through a 0.22 um membrane and applied to a Superdex-
200 column (GE Healthcare) equilibrated in 20 mM Tris-HCI,
pH 8.0, 50 mM NacCl, and 0.1% sodium azide. Fractions were
pooled based on SDS—PAGE analysis and concentrated to
15 mg/mL by ultrafiltration over a YM10 membrane at 4 °C.
A 6 uM protein sample run over a native PAGE Novex 4—16%
Bis-Tris gel (Invitrogen) showed the dimer to be the dominant
APAH quaternary structure (data not shown).

Crystallization, Structure Determination, and Refinement.
For crystallization, a hanging drop containing 5.0 uL of enzyme
solution [15 mg/mL APAH, 20 mM Tris (pH 8.0), 50 mM NacCl],
4 ul of precipitant buffer [1.0 M sodium phosphate, 0.8 M
potassium phosphate, 0.2 M Li,SOy4, 0.1 M CAPS (final pH of
solution = 6.2)], and | uL of 30% (w/v) trimethylamine N-oxide
(Hampton Research) was equilibrated over a 1.0 mL reservoir of
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FIGURE 2: Unit cell contents related by an apparent 6-fold NCS axis. The self-rotation function calculated with 10—4 A intensity data measured
from crystals of the APAH—CAPS complex exhibits peaks at k = 180° and x = 60°. These data could describe a unit cell containing a central
6-fold NCS axis perpendicular to six 2-fold NCS axes but are instead the result of two collinear 3-fold axes offset by ~60° (Figure 3).

precipitant buffer at 25 °C. Crystals with maximum dimensions
0.3 mm x 0.3 mm x 0.3 mm appeared within 2 weeks.

Initial diffraction images collected from APAH crystals at the
Northeastern Collaborative Access Team (NE-CAT) beamline
24-ID-E at the Advanced Photon Source (APS) at Argonne
National Laboratory (ANL) revealed the presence of several
crystal lattices grown in different orientations. Using the 20 ym
aperture and centering on the corner of the crystal, diffraction
from a single lattice was collected and indexed using the program
HKL2000 (/7). Crystals belonged to space group Pl with
unit cell parameters ¢ = 118.3 A, b=1199 A, c=1198 A, a =
98.3°, =95.0°, y = 115.0°, and 11—20 molecules in the unit cell
based on Matthew’s coefficient calculated by CCP4 (18). Self-
rotation function calculations performed by the software pack-
age GLRF (79) indicated that the unit cell contained six 2-fold
noncrystallographic symmetry (NCS) axes separated by ~30°,
perpendicular to a central 6-fold NCS axis (Figure 2).

The initial electron density map was calculated with phases
derived from single wavelength anomalous dispersion (SAD).
Anomalous diffraction data collected from two crystals soaked
overnight in 1.0 M sodium phosphate, 0.8 M potassium phosphate,
0.2 M Li»SOy, and 5 mM potassium tetrachloroplatinate(Il) were
merged together to create a 1565 image data set. Twenty-four
platinum sites were located using the program SHLEXD (20),
and initial phases were calculated by phenix.autosol (2/); phas-
ing statistics are recorded in Table 1. Twelve, NCS-related,
polyalanine models of HDAH from Bordetella/ Alcaligenes strain
FBI188 (PDB ID: 1Z270) (22) were fit into the initial density at
4 A resolution by phased molecular replacement using the
program molrep (23). Following mutagenesis and model building
using Coot (24), phase extension was performed by phenix-
autobuild (27) using data from native crystals that improved
the resolution of the structure to 2.6 A. At this resolu-
tion, some differences in the main chains of the protomers were
apparent, and NCS restraints were not used in the subsequent
refinement. Simulated annealing omit maps calculated using
CNS (25) later revealed the presence of the buffer molecule
CAPS in the active site. The atomic coordinates of water
molecules and the CAPS molecule were added in the later stages
of refinement. All refinement statistics for the structure of the
APAH—CAPS complex determined at higher resolution (2.35 A)
are recorded in Table 1.

Mutagenesis. The HI58A, H159A, and Y323F mutants were
prepared from the pET-21b/APAH plasmid using standard
protocols outlined in the QuikChange site-directed mutagenesis

kit (Stratagene). The Y323F primers 5-GTGATGGAAGGT-
GGCTTCGGCGTTCCGGAGATC-3 and 5¥-GATCTCCGG-
AACGCCGAAGCCACCTTCCATCAC-3 contained a single
point mutation that altered codon 323 from Tyr (TAC) to Phe
(TTC). Primers for both HI58A and HI59A required silent
mutations to lower the melting temperatures of their respective
secondary structures. The H158A primers 5-CTCTGCCGCCC-
GCCGGGAGCACACGCCGGCATCGACATG-3 and 5'- CA-
TGTCGATGCCGGCGTGTGCTCCCGGCGGGCGGCAG-
AG-3 contained three point mutations within codon 158 (CAC
to GCA) and a silent mutation within codon 157 (GGG to
GGA). The HI59A primers 5-CCGCCGGGGCACGCAG-
CAGGCATCGACATGTTC-3 and 5'- GAACATGTCGATG-
CCTGCTGCGTGCCCCGGCGG-3' contained three point
mutations within codon 159 (CAC to GCA) and one silent
mutation within codon 160 (GCC to GCA). Following PCR
mutagenesis and Dpnl digestion, the resulting plasmids were
transformed into the XL1-Blue supercompetent cells and plated
on LB—agar plates containing 100 ug/mL ampicillin. Plasmid
DNA isolated from single colonies of transformants was se-
quenced (DNA Sequencing Facility, University of Pennsylvania
School of Medicine) to confirm the incorporation of mutations.
Expression, Purification, and Crystallization of Mutant
Proteins. Plasmids containing the desired mutations were
transformed into E. coli BL21(DE3) cells for overexpression
and purification as described for wild-type APAH. HI59A
APAH was crystallized by the hanging drop vapor diffusion
method using the same conditions utilized for the crystallization
of wild-type APAH. Crystals were isomorphous with those of the
wild-type enzyme (space group P1, unit cell parameters a=117.5 A,
b=1202 A, c=1184 A, a=98.5° f=94.4° and y = 115.0°).
APAH— Ligand Complexes. Crystals of wild-type APAH
were soaked overnight in a buffer solution containing 2 mM
ZnCl, and 3.4 M sodium malonate (pH 8.0) and then transferred
to a solution containing | mM M344 (Sigma), 12% DMSO, and
2.9 M sodium malonate (pH 8.0) to soak for an additional 24 h.
HI159A APAH crystals were soaked overnight in a buffer
solution containing 10 mM MnCl, and 3.4 M sodium malonate
(pH 8.0) before being transferred to a solution containing 50 mM
acetylpolyamine (N®-acetylspermidine (Fluka) or acetylspermine
(Fluka)) and 3.4 M sodium malonate (pH 8.0) to soak for an
additional 24 h. All crystals were flash cooled in liquid nitrogen
directly from their final soaking solutions. X-ray diffraction data
were indexed and scaled using HKL2000 (/7). The structures
were solved by the difference Fourier technique and refined
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Table 1: Data Collection and Refinement Statistics

HI59A HI159A
Pt derivative? APAH—-CAPS APAH—M344 APAH—-N3-acetylspermidine APAH—acetylspermine
(A) data collection
incident wavelength (A) 1.07197 0.97949 0.97949 0.97949 0.97950
resolution range (A) 50—3.95 50.0—2.35 50.0—2.25 50.0—2.30 50—2.50
no. of reflections (total/unique) 761867/101559 759655/235850  978958/270384 536321/221353 732096/190942
completeness” (%) 100 (99.9) 98.3 (97.6) 98.4(97.2) 98.1(97.0) 98.2(97.2)
Ilo 14.0 (5.31) 14.5 (2.50) 14.8 (2.85) 7.26 (1.94) 15.7(2.32)
Rineree’ 0.195(0.383) 0.099 (0.600) 0.096 (0.326) 0.117 (0.382) 0.093 (0.558)

figure of merit
(B) refinement

0.311

no. of reflections, work/test sets 209132/11007
Ryork/ Reree” 0.189/0.225
protein atoms 30808
solvent atoms 1394
ligand atoms 168
rms deviations
bonds (A) 0.007
angles (deg) 1.3
dihedral angles (deg) 233
improper dihedral angles (deg) 0.8
average B factors (A )
main chain 37
side chain 38
ligand 90¢
solvent 38
Zn** ions 52
K™ ions (MVC'site 1) 32
Na™ ions (MVC' site 2) 19
K* ions (MVC'site 3) 87
Ramachandran plot
allowed (%) 88.4
additionally allowed (%) 11.0
generously allowed (%) 0.4
disallowed (%) 0.1

246244/12854 197638/21958 162244/17918
0.171/0.202 0.186/0.227 0.190/0.230
30812 30816 30816
2043 1752 943
264 156 204
0.006 0.007 0.007
1.2 1.2 1.2
23.0 23.3 23.2
0.9 0.8 0.9

21 25 37

24 26 38
39/ 50¢ 67"
28 28 32

26 75 90"
16 2 34

19 21 32

49

89.9 88.7 87.9
9.5 10.6 11.5
0.3 0.6 0.6
0.4 0.1 0.0

“Bijvoet pairs kept separate for these data. “Numbers in parentheses refer to the outer shell of data. “Rieree = D11 —
intensity and (/) is the average intensity calculated from replicate data. Ryor = SoIFol —
|Fel|/31F,| for reflections contained in the test set held a31de during reﬁnement |Fo| and |F | are the observed and calculated structure factor
“Values range from 80 A2 (chain G) to 99 A2 (chain F). Values range from 34 A (chain D) to 47 A2 (chain I). #Values range from

YIFo|

amplitudes, respectively.

(I)I/> 1, where [ is the observed
|Fe|l/> | F,| for reflections contained in the working set, and Ryree =

36 A2 (charn I)to 64 A2 (chain A) "Values range from 42 A2 (chain I) t082A? (chain F). ’Values range from 46 A2 (chain D) to 59 A2 (chain F). /Values range

from 53 A2 (chain A) to 106 A2 (chain G).

*Values range from 73 A? (chain L) to 115 A? (chain K). 'MVC, monvalent cation site.

with CNS (25). All data collection and refinement statistics are
recorded in Table 1.

The stereochemical quality of the structures of the APAH—
CAPS, APAH—M344, H159A APAH— N*-acetylspermidine, and
HI159A APAH—acetylspermine complexes was evaluated using
PROCHECK (26) and MolProbity (27). Residue H227 was in a
disallowed region of the Ramachandran plot for each monomer in
the unit cell of the APAH—M344 complex, for monomers D and
H of the HI59A APAH— N*-acetylspermidine complex, for mono-
mers G, H, and I of the APAH—CAPS complex, and for monomer
L of the APAH—acetylspermine complex. However, the conforma-
tion of this residue is supported by unambiguous electron density
in all cases.

Activity Assays. Acetylpolyamine deacetylase activity was
measured using a colorimetric assay that quantifies putrescine
generation by converting it to y-aminobutyraldehyde and hydrogen
peroxide using diamine oxidase and then utilizing the hydrogen
peroxide product in reaction with vanillic acid and 4-aminoanti-
pyrene to generate quinoneimine (absorbance at A = 498 nm)
(13, 28, 29). Specifically, equal volumes of APAH (1 uM diluted
in assay buffer), acetylputrescine (Sigma) (dissolved in water),
chromogenic solution (500 xM 4-aminoantipyrene (Sigma), | mM
vanillic acid (Aldrich), 4 units/mL horseradish peroxidase (Sigma),

Table 2: Relative Activities of APAH and HDACS with Various Substrates

acetylated
AcPut? L-Lys(e-acetyl)coumarin tetrapeptide”
APAH 1.000 450 £ 20 0.06 &+ 0.02
HDACS <0.002¢ 1.000 1.000

“Deacetylase activity measured using the standard polyamine deacetylase
assay with acetylputrescine. “Deacetylase activity measured using the HDAC8
substrate N-acetyl-L-Arg-L-His-L-Lys(e-acetyl)-L-Lys(e-acetyl)coumarin. “Lower
limit of detection. All measurements were made in triplicate.

and 1.32 units/mL diamine oxidase (Sigma) dissolved in assay
buffer), and assay buffer (100 mM HEPES (pH 7.4), 10 mM KCl,
4 mM CaCl,, MgCl, and 280 mM NaCl) were combined and
incubated at 37 °C for 60 min. The absorbance at 498 nm was
recorded using a Beckman DU 520 general purpose UV/vis
spectrophotometer. Relative activity measurements listed in
Tables 2 and 3 are a direct comparison of the absorbance at
498 nm minus any background absorbance after 60 min of
reaction time.

Lysine deacetylase activity was measured using the commer-
cially available Fluor-de-Lys deacetylase substrate (L-Lys(e-
acetyl)coumarin) and histone deacetylase activity using the



1812  Biochemistry, Vol. 50, No. 11, 2011

Fluor-de-Lys-HDACS deacetylase substrate ((acetyl)-L-Arg-L-
His-L-Lys(e-acetyl)-L-Lys(e-acetyl)coumarin) (BIOMOL). Briefly,
deacetylation of the substrate molecule allows a protease devel-
oper to cleave the peptide bond linking the C-terminal fluor-
ophore, resulting in a shift in fluorescence. Except where noted,
assays were run at 25 °C and contained 1 uM enzyme and 150 uM
substrate in assay buffer (25 mM Tris (pH 8.2), 137 mM NaCl,
2.7 mM KCl and | mM MgCl,). After 30 min, reactions were
quenched by the addition of 100 uM M344 and the appropriate
Fluor-de-Lys developer. Fluorescence was measured using a
Fluoroskan II plate reader (ex =355 nm, em =460 nm). Relative
activity measurements listed in Tables 2 and 3 are a direct
comparison of the fluorescence intensity at 460 nm minus any
background fluorescence after 30 min of reaction time.

RESULTS

Overall Structure of APAH. The crystal structure of APAH
complexed with the buffer molecule CAPS was solved by single
wavelength anomalous dispersion and refined at 2.35 A resolu-
tion (Table 1). The P1 unit cell contains two trimers of dimers
(Figure 3), oriented in such a way that two nearly coincident
3-fold noncrystallographic symmetry (NCS) axes are offset by
~60°, which gives rise to an apparent 6-fold axis in the self-
rotation function (Figure 2). Electron density is observed for at
least 340 of the 341 residues in all 12 monomers. Each dimer has
an average buried surface area of 2200 A%, No other protein—
protein interface has a buried surface area greater than 640 A%,
suggesting that the dimer is the biologically relevant quaternary
structure in accord with size-exclusion HPLC (12) and native gel
electrophoresis measurements (data not shown).

The isologous dimer interface is formed by extensive nonpolar
and hydrogen bond interactions between the L2 loop of one
monomer and the L1, L2, and L5 loops of the adjacent monomer

Table 3: Catalytic Activities of APAH Mutants

mutant relative activity” relative activity”
wild type 1.00 1.000
HI58A 0.03+£0.02 0.0107 £ 0.0008
HI159A <0.002¢ <0.0013¢
Y323F 0.01£0.02 0.0018 £ 0.0008

“Deacetylase activity measured using the standard polyamine deacety-
lase assay with acetylputrescine. “Deacetylase activity measured using the
Fluor-de-Lys deacetylase substrate used for HDAC assays, L-Lys(e-ace-
tyl)coumarin. ‘Lower limit of detection. All measurements were made
in triplicate.

Dimer 1

<}

Dimer 3 90°

Dimer 2

Lombardi et al.

(Figure 4A). The majority of L2 loop residues at the dimer
interface are contained in a 25-residue insert (A81—1105) that is
18 residues longer than the corresponding 7-residue segments
found in the monomeric deacetylases HDLP (30) and HDACS8
(31). The dimer interface forms a ~9 A deep crevice approxi-
mately 15 A x 12 A wide, at the bottom of which an ~90° bend
leads to a narrower, ~10 A long tunnel to the catalytic Zn>* ion
(Figure 4B). Thus, the APAH active site is “L”-shaped and
accommodates only narrow and flexible substrate molecules.
This feature comprises the key structural basis of substrate
specificity, since bulkier substrates such as the acetyl-L-lysine
residues contained in larger polypeptide substrates are hydro-
lyzed much less efficiently than acetylpolyamines (Table 2).

The structure of the APAH monomer reveals that despite
insignificant amino acid sequence identity the enzyme adopts the
a/p fold first observed for the binuclear manganese metalloen-
zyme arginase (32), which is also shared by the HDACs (31, 33, 34)

/i 1 Vi A .
OA / v
insertion (1‘

(A81-1105)

FIGURE 4: View of the isologous APAH dimer. (A) The L2 loop
follows S-strand 2; residues A81—1105 (colored green and yellow in
their respective monomers) make extensive hydrophobic and hydro-
philic interactions with the adjacent protomer that stabilize the
APAH dimer. For reference, the active site Zn>* ion is shown as a
green sphere. (B) Small red spheres trace the “L”-shaped path from
the dimer surface to the catalytic Zn>" ion (green sphere).

FI1GURE 3: The P1 unit cell in crystals of APAH contains two trimers of dimers. (A) View of APAH unit cell looking along a 3-fold NCS axis and

(B) a perpendicular view.
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FiGUurE 5: Movement of Y323 suggests an induced-fit substrate recognition mechanism. The transition between the inward (green) and outward
(yellow) conformations of Y323 involves an ~10 A movement of the phenolic hydroxyl group and 1—3 A movements of the polypeptide
backbone. Atoms are color-coded as follows: C = green (inward conformation), yellow (outward conformation), or black (CAPS); N = blue;
O = red; S = orange; Zn>" = magenta sphere. In the outward conformation, Y323 donates a hydrogen bond to E34 from a neighboring molecule
(gray carbon atoms). Metal coordination and hydrogen bond interactions are indicated by black and orange dashed lines, respectively.

FIGURE 6: Third monovalent cation site. The binding of a third K™ ion to residues from the L7 loop (green) is facilitated by the outward
conformation of Y323 (yellow) in the adjacent L8 loop. Atoms are color-coded as in Figure 5, except that the K™ ion is represented by a magenta
sphere and the two K™-bound water molecules (W1 and W2) are represented by red spheres.

and HDAC-like proteins (22, 30). All 12 APAH monomers are
very similar in structure, apart from their L8 loops, with pairwise
rms deviations for 331 Ca atoms (excluding the L8 loop) ranging
0.13—0.30 A. The L8 loop contains the catalytic residue Y323. In
one monomer from each dimer, this residue is oriented toward
the active site (“inward” conformation), and in the second mono-
mer Y323 is oriented toward E34 from a neighboring trimer of
dimers (“outward” conformation) (Figure 5). The outward con-
formation is reminiscent of that observed for H976 and H843 in
the catalytic domains of HDAC4 and HDACT, respectively
(33, 34), and for H976Y in HDAC4 (34). It is also reminiscent
of the classic outward conformation of Y248 observed in
unliganded carboxypeptidase A (35). As for Y248 of carboxy-
peptidase A, it is possible that Y323 undergoes a conformational
change as part of an induced-fit substrate recognition mechanism
in APAH.

Although both monovalent cation sites conserved in HDAC
and HDAC-like enzymes are also present in APAH, the outward
conformation of Y323 in APAH also results in a third, low-
occupancy monovalent cation site. The L7 loop residues F286,
D289, $292, and two water molecules form a K*-binding site
located on the surface of the protein (Figure 6). Higher K™
occupancy is observed for this site in monomers where Y323
adopts the outward conformation. Additionally, occupancy of this
metal site may contribute to the inhibition of APAH (Figure 7)

and HDACS (36) observed at elevated K* concentrations by
rigidifying the L7 loop, which would inhibit Y323 movement.

CAPS Binds as a Transition State Analogue. The tetra-
hedral sulfonate group of CAPS coordinates to the Zn*" ion in
asymmetric bidentate fashion (Zn**—0 separations of 2.2 and
2.4 A) to complete a distorted square pyramidal coordination
polyhedron (Figure 8A). The zinc-bound sulfonate Ol atom
accepts hydrogen bonds from H158 and H159, and the zinc-
bound sulfonate O3 atom accepts a hydrogen bond from Y323
(Figure 8B) or a water molecule. Specifically, in monomers B, E,
G, 1,], and K, Y323 exclusively adopts the inward conformation
to accommodate this hydrogen bond interaction; in monomers
A, C, D, F, H, and L, where Y323 remains in the outward
conformation to stabilize crystal lattice interactions, a water
molecule hydrogen bonded to the backbone NH group of G322
accommodates this hydrogen bond interaction. Notably, the
zinc-bound tetrahedral sulfonate anion of CAPS mimics the
proposed tetrahedral intermediate in the APAH mechanism
(Figure 8C). Therefore, both Zn*" and Y323 function to stabilize
the oxyanion of the tetrahedral intermediate and its flanking
transition states.

The location of the sulfonate Ol atom is similar to that
expected for the nucleophilic metal-bound solvent molecule.
Accordingly, hydrogen bonds with both H158 and H159 suggest
either of these residues could serve as a general base that, together
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with the zinc ion, could promote the nucleophilic attack of metal-
bound solvent at the scissile amide carbonyl of the substrate. The
sulfonate O2 atom is oriented away from the zinc ion and is
located in the region that accommodates the acetyl methyl group
of the acetylpolyamine substrate (vide infra).

The aliphatic amino chain of CAPS extends out of the active
site tunnel into the crevice at the dimer interface. The positively
charged amino group is positioned among the aromatic residues
that form the active site entrance, allowing for a cation—u interac-
tion with F225 and a hydrogen bond with the side chain of Y168.

Structure of the HI59A4 APAH—Substrate Complexes.
The structures of the inactive mutant HIS9A APAH complexed
with the substrates N-acetylspermidine and acetylspermine were
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FiGURE 7: APAH is inhibited by high concentrations of K. APAH
activity was measured at different KCI concentrations using the
Fluor-de-Lys deacetylase assay.
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determined at 2.3 and 2.5 A resolution, respectively. These
structures provide a clear view of intermolecular interactions
that likely occur in the precatalytic enzyme—substrate complex
(Figure 9). The side chain of Y323 donates a hydrogen bond to
the scissile carbonyl of each substrate in all monomers, which
requires a conformational change of Y323 to the inward con-
formation in monomers A, C, D, F, H, and L. This conforma-
tional change is consistent with an induced-fit mechanism for
enzyme—substrate recognition and is also facilitated by up to 3 A
movements of adjacent residues in the L8 loop, including G324,
V325, and P326 (Flgure 5). The scissile carbonyl of the substrate
also coordinates to Zn>" with a zinc—oxygen separation of 2.2 A.
This demonstrates that both Zn>" and Y323 can function to
polarize the scissile carbonyl, which would make it more reactive
with a nucleophilic solvent molecule promoted by Zn*" and a
general base (either H158 or H159). However, electron density is
not visible for a zinc-bound solvent molecule in this complex.
Possibly, this is a consequence of the HI59A substitution, since
the loss of a hydrogen bond could affect the position and/or
stability of a metal-bound solvent molecule.
Acetylpolyamine—APAH complexes reveal general features of
substrate recognition in the APAH active site (Figure 9). The N4
secondary amino group of both substrate molecules makes a
hydrogen bond or an electrostatic interaction with E117 (N- - -O
separations range 3.1-3.9 A for N° -acetylspermidine and
2.7-3.2 A for acetylspermine) and a cation— interaction with
the aromatic side chain of F225. The N1 and N9 amino groups of
Nt-acetylspermidine and acetylspermine, respectively, donate
hydrogen bonds to the carboxylate group of E106 from the
adjacent monomer, and the primary amino group (N12) of
acetylspermine donates a hydrogen bond to Y19. Both E106
and E117 undergo a conformational change to accommodate
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FiGure 8: The binding of CAPS to APAH mimics the binding of the tetrahedral intermediate. (A) Simulated annealing omit map of CAPS
contoured at 40. Metal coordination, hydrogen bond, and cation—a interactions are shown as black, orange, and green dashed lines, respectively.
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sulfonate group of CAPS mimics the tetrahedral intermediate that forms during the APAH hydrolys1s reaction (C).
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FIGURE 9: Acetylpolyamine binding in the active site of HI59A APAH. Atoms are color-coded as follows: C = yellow (H159A APAH—N?®-
acetylspermidine complex), green (adjacent monomer in H159A APAH— N3-acetylspermidine complex), or gray (APAH—CAPS complex); N =
blue; O = red; Zn>" = magenta sphere; water molecules are shown as red spheres. (A) Simulated annealing omit map of N®-acetylspermidine
contoured at 4.50. Metal coordination, hydrogen bond, electrostatic, and cation—s interactions are shown as black, orange, pink, and green
dashed lines, respectively. The side chain of E106 (green) is from the adjacent monomer. Conformational changes of Y323, E117, and E106
accommodate substrate binding as compared with the wild-type enzyme complexed with CAPS (gray). (B) Simulated annealing omit map of

acetylspermine contoured at 5o.

FiGURE 10: The binding of M344 to APAH illustrates the impor-
tance of flexibility in a simulated annealing omit map of M344
(contoured at 40). Atoms are color-coded as in Figure 9. The side
chain of Y323 adopts the outward conformation, and water molecule
W1 donates a hydrogen bond to the zinc-bound hydroxamate
carbonyl. Metal coordination and hydrogen bond interactions are
shown as black and orange dashed lines, respectively. The “L”-
shaped bend of the inhibitor between carbon atoms 9 and 10 (C9
and C10, respectively) reflects the “L”-shaped bend in the active
site contour.

substrate binding (Figure 9A). These interactions are likely to
confer substantial specificity for polyamine substrates.
Structure of the APAH—M344 Complex. The structure
of APAH in complex with the hydroxamate inhibitor M344
(Figure 10) was determined at 2.25 A resolution. In each
monomer, the hydroxamate moiety of the inhibitor makes a five-
membered ring chelate with the active site zinc ion. This
characteristic binding mode was first observed for hydroxamate
binding to the zinc protease thermolysin (37). In the APAH—
M344 complex, the hydroxylamine oxygen also makes a hydro-
gen bond with H158, while the hydroxylamine nitrogen makes a
hydrogen bond with H159. In monomers where Y323 is in the

outward conformation, a water molecule donates a hydrogen
bond to the carbonyl oxygen of M344. This water molecule also
accepts a hydrogen bond from the backbone NH group of G322
and corresponds to a water molecule observed in the active sites
of HDAC4 and HDACT7 (33, 34). In monomers where Y323 does
not exclusively adopt an outward conformation, there is weak
density for this residue in both the inward and outward con-
formations. The disorder of Y323 may be caused by a steric clash
with the inhibitor.

The aliphatic linker segment of M344 resides in the active site
tunnel between residues Y168 and F225 and turns abruptly at
the C9 and C10 positions, which gives the benzamide portion of
the inhibitor a roughly perpendicular orientation relative to its
hydroxamate group and aliphatic chain. Both the nitrogen and
oxygen of the benzamide moiety participate in water-mediated
hydrogen bonds with the side chains of E17 and H197 and the
backbone C=0 of 1291. The dimethylaniline moiety of M 344 fits
into a groove on the protein surface formed by Y19 and F27 on
one side and P290 and 1291 on the other.

Site-Directed Mutagenesis. Based on analysis of the crystal
structures of the wild-type enzyme complexes, we prepared the
HI158A, H159A, and Y323F mutants of APAH. Relative activ-
ities for the hydrolysis of acetylputrescine are recorded (Table 3).
We discovered that APAH exhibits significant catalytic activity
against the HDAC assay substrate L-Lys(e-acetyl)coumarin, so
we also include relative activities using this substrate (Table 3). In
brief, all three mutations resulted in significant activity losses,
consistent with the important catalytic functions hypothesized
for these residues.

While it is clear that Y323 serves to polarize the scissile carbonyl
of the substrate based on the crystal structure data, the specific
functions of H158 and H159 are less clear. Both of these residues
can interact with a zinc-bound solvent molecule in the native
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enzyme, and both of these residues interact with the correspond-
ing oxygen atom of the tetrahedral intermediate as represented by
the binding of CAPS. As for the corresponding histidine pair of
HDACS, computational simulations suggest that H143 (HDACS8
H143 corresponds to APAH H159) is both the general acid and
general base (38), while enzymological and mutagenesis studies
suggest that H143 is the general base and that H142 (HDACS
H142 corresponds to APAH H158) is either the general acid or an
electrostatic catalyst that stabilizes the developing negative
charge of the tetrahedral intermediate (36). Given that APAH
activity is more sensitive to mutation of H159 than H158 (Table 3),
and given that H159 would be closer to the amide nitrogen of the
acetylpolyamine substrate (Figure 9), it is possible that H159
could serve as both the general acid and the general base. Future
enzymological studies will pinpoint the specific function of this
histidine pair in general acid—general base catalysis by APAH.

DISCUSSION

Structural Inferences on the Catalytic Mechanism. The
first step in APAH—substrate recognition involves the coordina-
tion of the scissile carbonyl to Zn>" and hydrogen bonding with
Y323. With 12 independent copies of the APAH monomer in the
unit cell, our data show that Y323 can sample alternate conforma-
tions that place it up to 10 A away from the active site. Only upon
binding of the acetylpolyamine substrate does Y323 adopt an
exclusive inward conformation. Similar conformations observed
for H976Y of HDAC4 (34), along with the strict conservation of
the flexible, glycine-rich segment GG(Y/H) preceding the cata-
lytic Y/H in the L8 loop, suggest that this induced-fit substrate
binding mechanism could be shared by all HDAC and HDAC-
like enzymes.

The molecular recognition of acetylpolyamines in the APAH
active site is illustrated by the structures of H159A APAH
complexed with N®-acetylspermidine and acetylspermine. A key
feature of polyamine recognition is the hydrogen bond or electro-
static interaction of the secondary amino group at N4 with E117
and its cation—u interaction with F225. Residue E117 is better
positioned to accept a hydrogen bond from a polyamine amino-
propyl group than an aminobutyl group, as evidenced by shorter
hydrogen bond interactions with the aminopropyl group of
acetylspermine (vide supra). This result is consistent with the
lower Ky value of 0.13 mM measured for acetylspermine (which
contains an aminopropyl group) compared with that of 0.31 mM
measured for N*-acetylspermidine (which contains an aminobutyl
group) (13) . The acetylpolyamine carbon chain can extend out
into the crevice between dimers where potential hydrogen-bonding
partners are available, including Y19 and E106 of the adjacent
monomer. These residues interact with the positively charged
amino groups of polyamines and demonstrate that both enzyme
subunits contribute to substrate recognition and discrimination.

Evolution of Substrate Specificity. The structure of M.
ramosa APAH reveals important differences with arginase and
arginase-related metalloenzymes such as the HDACs. The most
distinguishing feature of M. ramosa APAH is the 18-residue
insertion between helices B2 and B3 in the L2 loop. The elongated
L2 loop of APAH makes extensive hydrophobic and hydrophilic
interactions that stabilize dimer assembly (Figure 4A). Dimer
formation appears to be critical for APAH substrate specificity,
in that the “L”-shaped active site tunnel formed by the dimer
interface confers specificity toward substrates that are sufficiently
narrow and flexible to fit in this tunnel. Thus, the L2 loop inser-
tion signals dimeric quaternary structure and can be used to
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distinguish putative polyamine deacetylases from other mono-
meric class II HDAC-like enzymes, such as HDAH, which
could possibly deacetylate bulkier substrates.

The recently solved X-ray crystal structure of the Burkholderia
pseudomallei APAH dimer (PDB ID: 3MEN; 34% sequence
identity with M. ramosa APAH) contains a 16-residue L2 loop
insertion (A79—R101) between helices B2 and B3. Although
there is little sequence conservation between the L2 loop inser-
tions of the M. ramosa and B. pseudomallei enzymes, the B.
pseudomallei L2 loop makes extensive interactions with the
adjacent monomer to stabilize dimer assembly and the formation
of an “L”-shaped active site tunnel. Thus, while the L2 loop
insertions of polyamine deacetylases may vary across species,
their role in promoting dimerization is conserved. Interestingly,
the substrate-binding residues E106 and E117 of M. ramosa
APAH are not conserved in B. pseudomallei APAH. Therefore, it
is possible that B. pseudomallei APAH is misannotated as a
polyamine deacetylase and its in vivo function has yet to be
determined.

The hypothesis that dimer formation confers substrate speci-
ficity in polyamine deacetylases is in accord with the results of
APAH activity assays (Table 2). While APAH exhibits significant
activity against the smaller HDAC assay substrate L-Lys(e-acetyl)-
coumarin, the significantly reduced APAH activity against the
larger tetrapeptide HDAC substrate (acetyl)-L-Arg-L-His-1-Lys-
(e-acetyl)-L-Lys(e-acetyl)coumarin is consistent with the con-
strained active site resulting from dimer assembly. Oligomeriza-
tion is common for certain class [ and Il HDACs and HDAC-like
enzymes (39), and the dimeric quaternary structure of APAH
provides the first illustration of how oligomerization can regulate
the substrate specificity of an HDAC-like enzyme.

Since homologues of bacterial APAH are conserved in mam-
mals as class [ HDACs, it is possible that one or more of these
enzymes exhibit activity against acetylpolyamine substrates (39).
Notably, the N-acetylspermidine deacetylase activity first re-
ported by Blankenship (/0) was observed in cytoplasmic extracts
from rat organs, but the enzyme responsible for this activity was
never isolated. The observed N®-acetylspermidine deacetylase
activity was highest in the liver, spleen, and kidney (/0) and was
resistant to inhibition by sodium butyrate (40). Given that
genome database mining has yielded 11 HDAC enzymes, it is
possible that the enzyme responsible for this cytoplasmic activity
is currently annotated as an HDAC. Intriguingly, the class IIb
enzymes HDAC6 and HDACI0 are cytosolic, and each has two
deacetylase domains; unlike the class I and Ila HDACs, both
HDAC6 and HDACI0 are resistant to inhibition by sodium
butyrate (41). Moreover, HDAC10 is most highly expressed in
the liver, spleen, and kidney (42, 43). It is intriguing to speculate
that one of these enzymes, or perhaps another cytoplasmic
HDAC (a dimer or a two-domain enzyme), could be responsible
for the N®-acetylspermidine deacetylation activity observed by
Blankenship (10).
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