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ABSTRACT: The N1-acetylation of spermidine and spermine by spermidine/spermine acetyltransferase
(SSAT) is a crucial step in the regulation of the cellular polyamine levels in eukaryotic cells. Altered
polyamine levels are associated with a variety of cancers as well as other diseases, and key enzymes in
the polyamine pathway, including SSAT, are being explored as potential therapeutic drug targets. We
have expressed and purified human SSAT inEscherichia coliand characterized its kinetic and chemical
mechanism. Initial velocity and inhibition studies support a random sequential mechanism for the enzyme.
The bisubstrate analogue,N1-spermine-acetyl-coenzyme A, exhibited linear, competitive inhibition against
both substrates with a trueKi of 6 nM. The pH-activity profile was bell-shaped, depending on the ionization
state of two groups exhibiting apparent pKa values of 7.27 and 8.87. The three-dimensional crystal structure
of SSAT with bound bisubstrate inhibitor was determined at 2.3 Å resolution. The structure of the SSAT-
spermine-acetyl-coenzyme A complex suggested that Tyr140 acts as general acid and Glu92, through
one or more water molecules, acts as the general base during catalysis. On the basis of kinetic properties,
pH dependence, and structural information, we propose an acid/base-assisted reaction catalyzed by SSAT,
involving a ternary complex.

The polyamines, spermine, spermidine, and their diamine
precursor, putrescine, are naturally occurring polycations that
are essential for the normal growth and proliferation of all
cells. These ubiquitous molecules play an important role in
numerous physiological functions such as cell growth and
proliferation, nucleic acid and protein synthesis, cell adhesion
and repair of the extracellular matrix, immunity, etc. (1-4
and references cited therein). The cellular concentrations of
these compounds are highly regulated via biosynthesis,
transport, degradation, and interconversion of these molecules
and also through the induction and degradation of the
enzymes involved in their biosynthesis and degradation. A
reduced level of polyamines has been shown to affect cell
proliferation and migration and cause defective embryo
development, while overaccumulation induces apoptosis and
cell transformation (4). Altered levels of polyamines have
been found in disease conditions such as Alzheimer’s disease
(5), cystic fibrosis (6, 7), and a variety of tumor and cancer
cells (8-12). The polyamine metabolic pathway in higher
mammals, including humans, is well-understood (2, 4, 13
and references cited therein). The first committed and
regulatory step in the polyamine biosynthetic pathway is the
conversion of ornithine to putrescine by ornithine decar-
boxylase (Scheme 1). The successive polyamines, spermidine

and spermine, are then synthesized by the sequential addition
of aminopropyl groups to putrescine catalyzed by their
respective synthases (Scheme 1). Spermidine/spermineN1-
acetyltransferase (SSAT), the key enzyme in the catabolism
of eukaryotic polyamines, acetylates spermine and spermi-
dine, and the monoacetylated spermidine and spermine are
either degraded byN1-acetylpolyamine oxidase or exported
from the cell. The SSAT level is very low under normal
conditions and is rapidly induced by a variety of stimuli such
as hormones and growth factors, toxic compounds, polyamines
and polyamine analogues, certain drugs, and pathophysi-
ological conditions (14).

Human SSAT (hSSAT) has previously been purified from
cultured melanoma cells, and preliminary kinetic properties
have been reported (15). The three-dimensional structures
of the recombinant hSSAT holoenzyme and a ternary
complex have recently been reported (16, 17). In this paper,
we report a detailed kinetic and mechanistic characterization,
including determining bisubstrate (N1-spermine-acetyl-CoA)
inhibition patterns and the three-dimensional structure of the
recombinant hSSAT with a bound bisubstrate inhibitor.

MATERIALS AND METHODS

Materials. All chemicals, coenzyme A derivatives, and
polyamines were purchased from Sigma-Aldrich Chemical
Co. Enzymes used in molecular biology were supplied by
New England Biolabs. Plasmid pET-28a andEscherichia coli
strains Nova Blue and BL21(DE3) were obtained from
Novagen. ThehSSATcDNA clone was obtained from
Origene Inc.
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Cloning, OVerexpression, and Purification of hSSAT. The
open reading frame of thehSSATgene (Swissprot entry
P21673) was amplified from the cDNA clone by standard
PCR techniques using the oligonucleotides SATF (5′-
ATCCCGCTCATATGGCTAAATTCGTGATCCGC-3′) and
SATR (5′-ATCCCGCTAAGCTTTCACTCCTCTGTTGC-
CAT-3′) containing the underlinedNdeI andHindIII restric-
tion sites, respectively. The PCR fragment was cloned into
pET-28a(+), and the recombinant hSSAT bearing a thrombin-
cleavable N-terminal His6 tag was expressed inE. coli strain
BL21(DE3). For shake flask growth, 1 L of LB1 medium
supplemented with kanamycin (35µg/mL) was inoculated
with 10 mL of an overnight culture and incubated at 37°C.
The culture was grown to mid-log phase (A600∼ 0.8), cooled
to 20°C, induced with 0.5 mM IPTG, and further incubated
overnight at 20°C.

All purification procedures were carried out at 4°C. The
cells were collected by centrifugation at 6000g, resuspended
in buffer A [50 mM Tris (pH 7.8) containing 150 mM NaCl]
containing protease inhibitors, lysozyme (5µg/mL), and
DNase I (0.1µg/mL), and stirred for 20 min. The cells were
then lysed by sonication, and cell debris was removed by
centrifugation at 18000g for 30 min. The supernatant was
dialyzed against buffer A, loaded onto a Ni-NTA column
pre-equilibrated with buffer A, and washed with 10 column
volumes of the same buffer. The bound proteins were eluted
with a linear 0 to 0.3 M imidazole gradient at a flow rate of
1 mL/min. The active fractions were pooled and concentrated
to 5 mL by ultrafiltration. The His6 tag was then cleaved

using thrombin (2 units/mg of protein), and the solution was
dialyzed overnight against buffer A containing 2 mM CaCl2

and loaded onto a Superdex S-75 column pre-equilibrated
with buffer A. Pure fractions as determined by SDS-PAGE
were pooled and concentrated by ultrafiltration.

Protein Estimation.Protein concentrations were estimated
by the Bio-Rad protein assay method using bovine serum
albumin as a standard.

Synthesis of N1-Spermine-Acetyl-CoA.Chloroacetyl-CoA
was synthesized and purified as described previously (18).
The N1-chloroacetylation of spermine by hSSAT was
performed using 200µM ClAcCoA, 200µM spermine, 50
mM Tris (pH 7.5), and 2µM hSSAT at room temperature
for 1 h. CoA (1 mM) was added, and 200 mM Tris (pH 8.4)
was used to increase the pH (to pH 8.2) of the solution that
was allowed to stand at 4°C for 10 h. The pH was adjusted
to 2 by the addition of TFA. After removal of the precipitated
hSSAT by centrifugation, spermine was separated from CoA
andN1-spermine-acetyl-CoA by HPLC using a Phenomenex
Synergi Fusion C18 column (4µm, 250 mm× 21.2 mm)
using a linear 0 to 40% methanol gradient in 0.1% aqueous
TFA over 110 min at a rate of 8 mL/min. The retention times
of CoA andN1-spermine-acetyl-CoA were 62 and 68 min,
respectively. The identity of the product has been confirmed
by mass spectrometry.

Measurement of Enzyme ActiVity. Reaction rates were
measured spectrophotometrically by following the increase
in absorbance at 324 nm due to the reaction between the
free sulfhydryl group of CoASH, generated by the enzyme-
catalyzed polyamine acylating activity, and 4,4′-dithiopyri-
dine. The reaction was monitored continuously on a UVIKON
XL spectrophotometer, and enzyme activities were calculated

1 Abbreviations: IPTG, isopropyl thio-â-D-galactosidase; DTT,
dithiothreitol; LB, Luria broth; EDA, ethylenediamine; DET, diethyl-
triamine.

Scheme 1
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using a molar absorption coefficient of 19 800 M-1 cm-1

(38). Assay mixtures contained 50 mM Tris (pH 7.5) and
0.2 mM 4,4′-dithiopyridine, in addition to substrates or
inhibitors in a volume of 1 mL. Reactions were initiated by
the addition of enzyme and followed at room temperature
for 1-2 min.

Initial Velocity Experiments.Initial velocity kinetic data
were fitted using Sigma Plot 2000. Kinetic constants for
AcCoA were determined at fixed, saturating concentrations
of spermidine. Kinetic constants for polyamines were
determined using fixed, saturating conditions of AcCoA.
Individual substrate saturation kinetic data were fitted to
eq 1

where V is the maximal velocity,A is the substrate
concentration, andK is the Michaelis-Menten constant (Km).
Initial velocity patterns were obtained by measuring the initial
rate at five concentrations of each substrate. Equation 2 was
used to fit the intersecting initial velocity pattern:

whereA andB are the concentrations of the substrates,Ka

and KB are the Michaelis-Menten constants for the sub-
strates, andKia is the inhibition constant for substrate A.

Bisubstrate Inhibition Patterns. Bisubstrate inhibition
patterns were determined by measuring initial velocities at
variable concentrations of one reactant (AcCoA or spermi-
dine) with the second reactant concentration fixed (spermi-
dine or AcCoA) and the bisubstrate inhibitor at several
concentrations. Equation 3 was used to fit the competitive
inhibition data.

where I is the inhibitor concentration andKis is the slope
inhibition constant.

Determination of the True Ki Value.To determine the true
Ki value for N1-spermine-acetyl-CoA, appKi values were
determined from inhibition patterns versus AcCoA at four
different concentrations of the nonvaried reactant (spermidine
at 27, 40, 56.6, and 100µM). The appKi values were plotted
against the concentration of spermidine, and the data were
fitted to eq 4.

where Ki is the true inhibition constant forN1-spermine-
acetyl-CoA, appKi is the apparent inhibition constant,B is
the concentration of the nonvaried substrate (spermidine),
andKib is the dissociation constant for substrate B.

Dependence of hSSAT ActiVity on pH.The pH dependence
of the kinetic parameters exhibited by hSSAT was deter-
mined using AcCoA as the variable substrate. Activity was
monitored every 0.3 pH unit from pH 6.7 to 9.1 using the
following buffer: HEPES (pH 6.7-7.9) and TAPS (pH 7.6-
9.1). The resulting kinetic data were fitted to eq 1 to obtain
the kinetic parameterskcat andkcat/Km. Profiles were generated
by plotting the log ofkcat or kcat/Km versus the pH and fitted
using the equations

where C is the pH-independent plateau value,K1 is the
ionization constant for the acidic group,K2 is the ionization
constant for the basic group, and [H+] is the hydrogen ion
concentration.

SolVent Kinetic Isotope Effects.The solvent kinetic isotope
effects onkcat andkcat/Km were determined by measuring the
initial velocities using saturating concentrations of AcCoA
while varying the concentration of spermidine in either H2O
or 99% D2O at pH 8.0. Solvent deuterium kinetic isotope
effects were fitted to the following equation:

whereEV/K and EV are the isotope effects onkcat/Km - 1
andkcat - 1, respectively, andFi represents the fraction of
isotope.

Crystallization and Structure Determination.Protein uti-
lized for crystallization was dialyzed overnight against 20
mM Tris (pH 8.0) containing 1 mM DTT and 0.1 mM EDTA
and concentrated to 15 mg/mL by ultrafiltration. Prior to
crystallization, N1-spermine-acetyl-CoA was added to a
concentration of 4 mM and the complex was incubated on
ice for 2 h. Crystals of hSSAT were grown by hanging drop
vapor diffusion at 18°C; 2 µL of purified protein was
combined with 2µL of the reservoir [3-4 M NaCl, 200
mM K/Na tartrate, 100 mM Tris-HCl (pH 7-8), and 50 mM
MgCl2]. Large rectangular crystals grew to their maximal
dimensions of 0.5 mm× 0.5 mm× 0.2 mm over 1-3 days.
Crystals were briefly soaked in 4 M NaCl, 200 mM K/Na
tartrate, 100 mM Tris (pH 7.75), and 50 mM MgCl2 prior to
vitrification in liquid nitrogen with the high salt acting
as a cryoprotectant. Data were collected utilizing a Rigaku
RU300 generator and an R-Axis IV++ image plate and scaled
using MOSFLM (19). Phasing utilized the molecular re-
placement program AMORE (20) and the structure of apo
hSSAT (PDB entry 2F5I) (16) as a search model. Molecular
models were fit to the data using the molecular graphics
program COOT (21) and refined using REFMAC (22). Data
and refinement statistics are listed in Table 2. The structural
data have been deposited in the Protein Data Bank (PDB
entry 2JEV).

RESULTS AND DISCUSSION

Purification and Properties of hSSAT. PCR amplification
of thehSSATgene yielded a single fragment of the expected
length. Cloning and overexpression of the PCR product
resulted in an expressed protein product with an apparent
molecular mass, by SDS-PAGE, in agreement with the mass
of 20 023 Da deduced from the amino acid sequence. DNA
sequencing of the cloned fragment confirmed the absence
of any mutations introduced during PCR amplification. The
two-step purification procedure yielded a>98% pure protein.

Substrate Specificity of hSSAT. Initial velocities were
determined spectrophotometrically, at pH 7.5, at 8-12
different concentrations of each substrate. The data were
plotted by nonlinear, least-square curve fitting using Sig-
maplot (version 2000). Kinetic constants for acetyl-CoA,
determined at a saturating concentration of spermidine, are

υ ) (VA)/(A + K) (1)

υ ) (VAB)/(KiaKB + KaB + KBA + AB) (2)

υ ) (VA)/[Ka(1 + I/Kis) + A] (3)

appKi ) Ki(1 + B/Kib) (4)

log kcat or logkcat/Km )

log[C/(1 + [H+]/K1 + K2/[H
+])] (5)

υ ) (VA)/[KA(1 + FiEV/K) + A(1 + FiEV)] (6)
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listed in Table 1. The steady-state kinetic parameters for
various polyamines at saturating concentrations of acetyl-
CoA are also summarized in Table 1.

From the determined steady-state kinetic parameters,
particularly the relativeV/K values, acetyl-CoA was the
strongly preferred acyl donor (Table 1), while other coen-
zyme A derivatives either were extremely poor substrates
or did not demonstrate any activity (data not shown). hSSAT
exhibitssomewhatbroadspecificitywithrespect topolyamines.
Among physiologically relevant substrates, spermidine and
spermine were good substrates for hSSAT while their
diamine precursor putrescine was not acetylated by hSSAT.
The substrate specificity, as evaluated by theV/K values,
was the same for both spermine and spermidine. However,
both Km and kcat values were 4-fold higher for spermidine
than for spermine. Among the di- and polyamine analogues
that were tested, diethylenetriamine (DET) and ethylenedi-
amine (EDA) exhibited significant activity (Table 1). It has
previously been reported that acetylation by SSAT occurs
on a primary amino group that is linked by a three-carbon
unit and that all substrates have the structure R-NH-(CH2)3-
NH2.The acetylation pattern observed here generally follows
the rule described above. However, the acetylation of

diethylenetriamine and ethylenediamine, but not putrescine
or cadaverine (diaminobutane and diaminopentane, respec-
tively), by hSSAT suggests that diamines separated by two
methylenes, but not longer alkyl groups, can be acetylated,
albeit poorly.

Kinetic Mechanism.The initial velocity pattern was
determined using DET and acetyl-CoA at five different
concentrations of each substrate. The resultant double-
reciprocal plot was intersecting (Figure 1). The intersecting
initial velocity plot obtained with DET and acetyl-CoA
suggests a sequential kinetic mechanism, where both sub-
strates must be bound to the enzyme for catalysis to occur.
The sequential kinetic mechanism appears to be used by all
SSATs studied to date (23, 24).

Bisubstrate inhibitors represent a potentially powerful
group of compounds that have been synthesized and tested
against a number of enzymes that catalyze sequential
bireactant reactions, and the detailed theory for predicting
the expected patterns of inhibition against the two substrates
for various bireactant kinetic mechanisms has recently been
reported (18 and references cited therein). Bisubstrate
inhibitors have been extensively used in kinetic and structural
studies of the Gcn5-relatedN-acetyltransferase (GNAT)
superfamily, to which the SSATs belong (25-29).

N1-Spermine-acetyl-CoA exhibited linear, competitive
inhibition versus both acetyl-CoA (Figure 2A) and spermi-
dine (data not shown). These data are compatible with a
random mechanism in which either of the substrates can bind
to the free enzyme. Kinetic analyses ofBacillus subtilis(23)
and rat liver (24) SSATs have previously been reported. The
rat liver SSAT was reported to follow an ordered sequential
mechanism, where polyamine binds first followed by acetyl-
CoA (24), while theB. subtilisenzyme was reported to use
a random mechanism (23). It is interesting to note that rat
liver SSAT (24) and hSSAT are 97% identical in sequence
yet apparently differ in their kinetic mechanism.

When the apparentKi value versus acetyl-CoA of theN1-
spermine-acetyl-CoA was determined at several concentra-
tions of spermidine, the apparentKi value decreased as the
spermidine concentration decreased, as expected for an
inhibitor that binds to both substrate-binding sites (Figure
2B). These data allowed the determination of the trueKi

value for the binding of the bisubstrate to the free enzyme
by extrapolation to [spermidine]) 0, yielding aKi value of
6 ( 1 nM.

Table 1: Kinetic Parameters for Acetyl-Coenzyme A and
Polyamines

substrate Km (µM) kcat (min-1) V/K (M-1 min-1)

acetyl-CoAa 3.8( 0.2 590( 9 155× 106

spermineb 5.7( 0.4 155( 3 27× 106

spermidineb 22 ( 1 584( 9 26× 106

1,3-diaminopropaneb 107( 4 60( 1 56× 104

diethylenetriamineb 194( 8 94( 2 48× 104

ethylenediamineb 196( 30 13( 1 66× 103

putrescine nac

cadaverene nac

a Measured at a fixed saturating concentration of spermidine.
b Measured at a fixed saturating concentrations of acetyl-CoA.c No
detectable activity.

Table 2: Data Collection and Refinement Statisticsa

Data Collection
space group P43

unit cell dimensions a ) b ) 46.7 Å,c ) 191.8 Å
resolution (Å) 50-2.3 (2.42-2.3)
completeness (%) 98.5 (93.9)
redundancy 3.8 (3.3)
I/σ(I) 20.2 (4.3)
Rmerge(%) 4.4 (22.6)
WilsonB-factor (Å2) 51.7

Refinement
resolution (Å) 50-2.3 (2.36-2.3)
Rfactor (%) 22.4 (27.0)
no. of unique reflectionsb 16978 (1200)/908 (59)
Rfree (%) 27.5 (37.4)
protein residues fit A2-A170, B2-B170
no. of atoms

protein 2784
solvent/ligands 67/130

averageB-factor (Å2)
protein 44.6
solvent/ligands 39.0/68.6

rms deviation
bonds (Å) 0.011
angles (deg) 1.354

a Statistics in parentheses are for the highest-resolution shell.b Used
in refinement and calculation ofRfactor andRfree.

FIGURE 1: Initial velocity pattern. The symbols are experimentally
determined values, while the lines are fits of the data to eq 2.
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Studies of solvent kinetic isotope effects can be a useful
tool in the determination of rate-limiting chemical steps and
the kinetic mechanism, especially in distinguishing between
steady-state random and rapid equilibrium random mecha-
nisms. In a rapid equilibrium random kinetic mechanism,
the rates of substrate binding and product dissociation are
very fast relative to the catalytic step, and equivalent isotope
effects must be observed onV and V/K. This is not a
requirement for the steady-state random mechanism. Solvent
kinetic isotope effects were determined at pH 8.0, in both
H2O and 99% D2O, a region where small changes in pH(D)
did not have any effect on the kinetic parameters (see below).
Reactions were performed at fixed, saturating concentrations
of acetyl-CoA and at varying polyamine concentrations. Two
different polyamines, spermidine and DET, exhibiting rela-
tively low and highKm values, respectively, were used. The
solvent kinetic isotope effects onV were 1.15( 0.01 and
1.59( 0.02 using spermidine and DET, respectively (Figure
3). The solvent kinetic isotope effects onV/K were 1.12(
0.03 and 1.91( 0.06 for spermidine and DET, respectively
(Figure 3).

The very low value of the solvent kinetic isotope effects
onV/K determined with spermidine suggests that spermidine
is kinetically “sticky”, and that no slow, solvent isotopically
sensitive step occurs between spermidine binding and the
first irreversible step, generally assumed to be the release of
first product. The larger value of the solvent kinetic isotope
effect onV/K obtained using DET likely reflects the lower
commitment factor of this poorer substrate. The larger values
of the solvent kinetic isotope effects onV, which includes
steps from the precatalytic ternary complex through final
product release, may reflect the effects of solvent isotopic
substitution on the chemical step, the release of products, or

the conformational changes that allow this to occur. The
magnitude of the solvent kinetic isotope effects and the
inequality ofD2OV andD2OV/K argue against a rapid equilib-
rium random mechanism in which the chemical step is rate-
limiting.

Structure of hSSAT with Bound N1-Spermine-Acetyl-CoA.
To confirm that the bisubstrate interacted in a kinetically
relevant fashion with hSSAT, its three-dimensional structure
bound to hSSAT was pursued. Initial crystallization searches
to produce a hSSAT-bisubstrate complex utilized com-
mercial screens and vapor diffusion under oil. These screens
yielded a single crystal form (P62, a ) b ) 66.9 Å, c )
78.6 Å) similar to that reported by Bewley et al. [PDB entries
2B3V and 2B58 (17)]. Examination of electron density maps
indicated a symmetric dimer with CoA bound in each active
site, which presumably is copurified with the enzyme, and
no density for the bisubstrate (data not shown). Presumably,
this crystal form is not compatible with the structural
conformation required for binding of the bisubstrate. Nar-
rower crystallization trials were initiated around those used
previously to crystallize hSSAT in other forms [PDB entries
2F5I and 2BEI (16)]. New crystals were obtained under high-
salt conditions similar to those used to crystallize hSSAT in
an apo form. Examination of electron density maps clearly
indicates electron density for the CoA and polyamine
functions of the bisubstrate (Figure 4). Thec-axis of this
crystal form with bound bisubstrate increases by 10 Å over
that of the apo structure (191.8 and 180.5 Å, respectively),
while thea- andb-axes remain unchanged. A crystal contact
in the direction of thec-axis positions two crystallographi-
cally related CoA binding sites in the proximity of thec-axis
and must therefore expand to accommodate the adenosine
functionality of the bound bisubstrate inhibitor. Interestingly,
there are only minor structural rearrangements upon binding
the bisubstrate analogue compared to the apoenzyme form
(rmsd of 0.43 Å, over 333 common CR atoms). The largest
movements were limited to two regions: (1) the pyrophos-
phate binding loop (â4-R3), specifically the side chain of

FIGURE 2: Bisubstrate inhibition of hSSAT. (A) Inhibition pattern
of spermine-AcCoA vs AcCoA at a fixed spermidine concentration
of 50 µM. (B) Linear dependence of appKi values at various
concentrations of spermidine. Symbols are experimentally deter-
minedKi values of spermine-AcCoA vs AcCoA at different fixed
spermidine concentrations, while the line is the fit of the data to
eq 4.

FIGURE 3: Solvent kinetic isotope effect for hSSAT. The symbols
are experimentally determined values in H2O (9) or 99% D2O (b);
the lines are fits of the data to eq 6. Spermidine and DET were
variable substrates at a fixed, saturating concentration of AcCoA.
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Arg101 which moves to optimize its van der Waals contacts
with the panothenic acid moiety of CoA, and (2) theR1-
R2 loop which provides contacts with both CoA and the C8-
N12 portion of spermine. Specifically, the side chain of
Tyr27 changes rotamers to maximize its interactions with
theâ-alanine moiety of CoA, and theR1-R2 loop changes
conformation to maximize the electrostatic interactions of
Glu32 and Glu28 with N12 of spermine.

There may be some limitations to the interpretation of the
structure of the bisubstrate complex in this crystal form,
which the authors consider a conformationally restricted apo
structure interacting with the bisubstrate. There is some

indication that the occupancy of the bisubstrate is<1.0. The
averageB-factor for the bisubstrate is 20-30 Å2 larger than
those for the surrounding protein atoms, and there is residual
electron density for the side chain of Tyr27 in its “apo”
rotamer. In addition,R4 remains in its apo position, instead
of moving closer to and interacting fully with the pantoth-
enoate portion of CoA, which was demonstrated in an
hSSAT-AcCoA complex (PDB entry 2B3V) (17) and in
accordance with the position ofR4 in numerous other GNAT
structures (30). Instead, the adenosine moiety, which nor-
mally interacts with surface residues, is wedged betweenR4
and the pantothenate, with the adenine stacking face to face

FIGURE 4: Structure of hSSAT witha bisubstrate analogue. (A) Final 2Fo - Fc electron density for the bisubstrate analogue contoured at
1σ. (B) Ribbon diagram of the hSSAT dimer colored according to the color scheme for conserved GNAT secondary structure in Vetting
et al. (30) [green forâ1, R1, andR2, yellow forâ2, â3, andâ4, red forR3 andâ5, and cyan forR4, â5, (R5), â6, and (R7)]. The bisubstrate
analogue is displayed as sticks, colored by atom type. (C) Stereodiagram depicting residues within 5 Å of thebisubstrate analogue colored
by atom type. Residues from the opposing subunit are colored with tan carbons, while the bisubstrate is colored with cyan carbons. Potential
hydrogen bonds are displayed as gray dotted lines.
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against Phe139. However, the structure determined here
provides interesting structural details. First, the structure
demonstrates that the bisubstrate analogue can occupy both
the CoA and the polyamine binding site, as suggested by
the competitive inhibition pattern of the bisubstrate against
both CoA and polyamine substrates. Second, the bisubstrate
structure can be compared to the structure of hSSAT with
the inhibitorN1,N11-bis(ethyl)norspermine [BE-3-3-3, PDB
entry 2B4B (17)], shedding more light on the polyamine
binding site and potential residues involved in the acid/base
chemistry. The polyamine functionality of the bisubstrate
(Figure 4C) and BE-3-3-3 both interact through van der
Waals contacts with L128 and the side chains of W154*
and W84* (residues with an asterisk are from the opposing
monomer of the dimer.) Differences are observed in the loop
from which W84* originates as it is in an alternate
conformation in the BE-3-3-3 complex. The C9-N11-ethyl
moieties of BE-3-3-3 are positioned differently than the
corresponding terminal atoms of the bisubstrate such that
BE-3-3-3 interacts with the edge instead of the face of side
chain W84* (Figure S1 of the Supporting Information). There
are five electronegative side chains that line the pocket (E28,
E32, D82*, E92, and D93) and are adjacent to either N4,
N9, or N12 of spermine. Interestingly, none interact directly,
or through any water molecules visualized at this resolution,
similar to the mode of interaction of hSSAT observed with
BE-3-3-3. This suggests that polyamines may interact, or
are attracted to, the active site by long-range electrostatics.
However, they are not restrained by hydrogen bonding to
such acidic residues and are instead free to move within the
active site cavity to optimize van der Waals interactions.

BE-3-3-3 appears not to penetrate the active site as deeply
as the hSSAT bisubstrate complex would suggest, with the
N1-ethyl moiety of BE-3-3-3 overlaying with C2 and C3 of
spermine and the N1 moiety of BE-3-3-3 positioned close
to N4 of the spermine moiety. In the bisubstrate complex,
N1 of spermine is hydrogen bonded to the carbonyl oxygen
of Leu128 of strandâ5, similar to the interaction observed
in many other GNAT family members, and therefore, its
position is unlikely to be disrupted due to the bisubstrate
linkage (Figure 4C). In the hSSAT-AcCoA complex (17),
the thioester carbonyl is hydrogen bonded to the backbone
amide of Phe94 onâ4. This hydrogen bond is broken in the
bisubstrate complex, with the carbonyl group now interacting
with the side chain hydroxyl of Tyr140. It is not clear if this
interaction is a model for a product complex or is a strained
interaction due to the covalent bond between CoA andN1-
acetylspermine of the bisubstrate.

To examine which groups observed in the active site may
participate in the acid and/or base catalysis of the reaction,
the pH dependence of the reaction was determined. Thekcat-
pH profile of the acetyl transfer reaction by hSSAT was bell-
shaped, with unitary limiting slopes (+1, -1) at the pH
extremes (Figure 5), suggesting the involvement of two
groups whose ionization is critical for catalytic activity. The
pH dependence ofkcat suggests that the deprotonation of a
single group exhibiting a pK value of 8.87( 0.05 and the
protonation of a single group exhibiting a pK value of 7.27
( 0.04 cause a loss of catalytic activity (Figure 5). A possible
role for the group exhibiting a pK value of 8.87 is to function
as a general acid by donating a proton to the sulfur of
coenzyme A during the collapse of the tetrahedral intermedi-

ate. Various hSSAT structures, including the bisubstrate
complex presented here, suggest that the side chain phenolic
OH group of Tyr140 is in position to protonate the sulfhydryl
of CoA (17). In addition, the substitution of Tyr140 with a
phenylalanine reduced the activity to<5% (17). The group
that exhibits a pK value of 7.27 is most likely an enzyme
group that acts as a general base to promote catalysis via
abstraction of a proton from the amino group of the
polyamine that is being acetylated. Bewley et al. (17)
proposed that Glu28 might act as the general base; however,
its mutation to a glutamine reduced activity by only 55%
with a 3-fold increase in theKm value of spermidine (31).
One would expect a significantly larger decrease in the
catalytic activity if Glu28 functioned in this chemical role,
and in the bisubstrate complex, Glu28 is not well positioned
to accept protons from the amine of substrate. Instead, the
bisubstrate structure suggests Glu92, through one or more
waters, is the terminal proton acceptor and responsible for
acidic pK value of 7.27 that is observed. A water molecule,
positioned in the splay betweenâ4 andâ5, and hydrogen
bonded to the backbone carbonyl of Glu92 and the amide
nitrogen of Leu128 is a conserved feature of GNAT ternary
complexes determined to date and is stereochemically well
positioned to accept the proton from the substrate and pass
it on to an adjoining water or directly to Glu92.

We therefore propose a model for the reaction catalyzed
by hSSAT that includes this acid/base assistance (Figure 6).
Either of the substrates can bind to the free enzyme, and
once the ternary complex is formed, nucleophilic attack on
the carbonyl of the thioester generates the zwitterionic,
tetrahedral intermediate. On the basis of our pH studies, we
invoke the participation of a general acid (Tyr140) to assist
in protonating the sulfur of the coenzyme A and a general

FIGURE 5: pH-activity profile of hSSAT. The symbols are
experimentally determined values, while the smooth line is a fit of
the data to eq 5.
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base (Glu92) to deprotonate either the positively charged N1-
amine of the substrate or the zwitterionic intermediate.
Similar mechanisms involving catalysis by promoting the
appropriate decomposition of a similar tetrahedral intermedi-
ate have been proposed for several GNATs (32-36). The
chemical steps portrayed in Figure 6 are not likely to be rate-
determining on the basis of the magnitude of the solvent
kinetic isotope effects. The purified and crystallized apoen-
zyme contains bound CoA, suggesting that CoA is copurified
with the enzyme and is thus bound tightly. Thus, CoA
dissociation is likely to be the rate-limiting step, as observed
for otherN-acetyltransferases (32, 37).

SUPPORTING INFORMATION AVAILABLE

Three figures showing the superposition of the hSSAT
bisubstrate analogue complex and the hSSAT-BE-3-3-3
complex (PDB entry 2B4B) (Figure S1), structures of the
bisubstrate inhibitor, BE-3-3-3, and other polyamines used
in the study (Figure S2), and the mass spectrum of the
synthesized bisubstrate analogue (Figure S3). This material
is available free of charge via the Internet at http://
pubs.acs.org.
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