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ABSTRACT: The enzyme spermidine/spermine N'-acetyltransferase (SSAT) catalyzes the transfer of acetyl
groups from acetylcoenzyme A to spermidine and spermine, as part of a polyamine degradation pathway.
This work describes the crystal structure of SSAT in complex with coenzyme A, with and without bound
spermine. The complex with spermine provides a direct view of substrate binding by an SSAT and
demonstrates structural plasticity near the active site of the enzyme. Associated water molecules bridge
several of the intermolecular contacts between spermine and the enzyme and form a “proton wire” between
the side chain of GIu92 and the N1 amine of spermine. A single water molecule can also be seen forming
hydrogen bonds with the side chains of Glu92, Asp93, and the N4 amine of spermine. Site-directed mutation
of Glu92 to glutamine had a detrimental effect on both substrate binding and catalysis and shifted the
optimal pH for enzyme activity further into alkaline solution conditions, while mutation of Asp93 to
asparagine affected both substrate binding and catalysis without changing the pH dependence of the enzyme.
Considered together, the structural and kinetic data suggest that Glu92 functions as a catalytic base to
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drive an otherwise unfavorable deprotonation step at physiological pH.

Proper levels of the polyamines spermine and spermidine
are essential for normal cell growth, and unusual levels of
these polyamines have been associated with a variety of
human diseases (/-7). The polyamine regulatory enzymes
have therefore become attractive therapeutic drug targets (8, 9).
Previous attempts to modulate cellular polyamines through
attenuation of their biosynthesis have met limited success,
and recent research has instead focused on the mechanism
by which polyamines are removed from the cell (/0). The
reduction in levels of cellular polyamines is initiated by
spermidine/spermine N'-acetyltransferase (SSAT)," a highly
regulated acetyltransferase that selectively acetylates the
aminopropyl moieties of both spermine and spermidine (/ /—15).
This acetylation step marks the polyamines for cellular export
or oxidative degradation (16—19).

SSAT belongs to the GCNS5-related N-acetyltransferase
(GNAT) superfamily of acetyltransferases. This enzyme
superfamily catalyzes the transfer of acyl groups from acetyl-
CoA to the primary amines of various substrate molecules
(20). Despite their low level of sequence homology, the
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GNAT proteins possess a conserved fold and are commonly
found as homodimers in solution (27). The core of each
protein monomer contains a mixed parallel/antiparallel
[-sheet that is surrounded by a number of conserved
o-helices. A splay between two parallel S-strands allows the
positioning of the pantotheine moiety of acetyl-CoA near
the enzyme active site. A 5-bulge at the base of this splay is
a conserved structural feature within the GNAT superfamily.

Various biochemical data support the notion of direct acyl
transfer by the GNAT proteins, without the use of an
acetylated enzyme intermediate (22). This type of acyl
transfer requires the transient formation of a ternary complex
of acetyl-CoA, the acyl acceptor substrate, and the enzyme.
The primary amine of the acyl acceptor can initiate the
chemical reaction through nucleophilic attack upon the
carbonyl carbon of acetyl-CoA. The resulting bisubstrate
intermediate can then decompose through proton transfer
from a catalytic acid. Most members of the superfamily
possess a tyrosine that is well-positioned to act as the
catalytic acid (20, 22—24). The primary amine of an acceptor
molecule is positively charged at physiological pH, so
deprotonation is required before it can function as a nucleo-
phile. This deprotonation can by driven by an active site
amino acid, although numerous GNAT proteins appear to
lack a residue appropriate for this role. Associated water
molecules are thought to catalyze this deprotonation in the
absence of an enzymatic base (22, 25-27).

Crystal structures of the human SSAT holoenzyme, a
binary complex with acetyl-CoA, and a ternary complex with
CoA and an inhibitor have previously been reported (24),
as well as a complex with a bisubstrate inhibitor (28). This
work describes the crystal structure of SSAT from mouse
in complex with CoA, with and without bound spermine.
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The mouse and human forms of SSAT are nearly identical
in sequence, differing in only six amino acids, so all
important aspects of enzyme function are likely identical in
these two mammalian species. However, the use of the mouse
enzyme resulted in previously unobserved crystal forms being
obtained, providing new views of the enzyme structure, as
well as a first view of a bound polyamine substrate. This
new structural information is complemented by kinetic
studies using a variety of substrates, as well as site-directed
mutations of the enzyme. These results contribute to the basic
understanding of how GNAT proteins acetylate polyamines
and may assist in the design of molecules that can modulate
the activity of SSAT in vivo.

EXPERIMENTAL PROCEDURES

Protein Expression, Purification, and Generation of Site-
Directed Mutants. The open reading frame for Mus musculus
SSAT was amplified by PCR from cDNA using primers
designed to introduce Ndel and BamHI restriction sites. The
amplified DNA was ligated into plasmid pET15b (Novagen).
Histidine-tagged SSAT protein was expressed in Rosetta-
gami B(DE3) Escherichia coli cells (Novagen) grown in
Luria broth. Mutants of SSAT were generated by overlap
extension PCR using pET15b containing the SSAT DNA as
an initial template. The identity of each construct was verified
by DNA sequencing.

Expression of wild-type and mutant histidine-tagged SSAT
was carried out for 3 h at room temperature after the addition
of 0.5 mM IPTG to the cell culture when it had reached an
ODggo of 0.5. Cells containing the histidine-tagged SSAT
were collected by centrifugation, resuspended in 20 mL of
PBS buffer per liter of cell culture, and then sonicated on
ice. Insoluble material was cleared by centrifugation at
25000g. Histidine-tagged SSAT was precipitated from the
soluble fraction by the addition of ammonium sulfate to a
final concentration of 0.5 g/mL. All subsequent purification
steps were carried out at 4 °C. Precipitated protein was
resuspended in a buffer containing 100 mM NaCl, 20 mM
Tris, and 40 mM imidazole (pH 8.0). Solubilized protein
was loaded onto an IMAC column (Amersham), washed,
and then eluted with a gradient of up to 500 mM imidazole.
Fractions containing histidine-tagged SSAT were identified
by SDS—PAGE and pooled. The histidine tag was removed
using thrombin, while simultaneously dialyzing into 50 mM
NaCl and 20 mM potassium phosphate buffer at pH 7.0.
Cleaved and dialyzed SSAT was then loaded onto a
Q-Sepharose column (Pharmacia), washed, and eluted using
a gradient of up to 1 M NaCl. Fractions containing SSAT
were identified by SDS—PAGE, pooled, and dialyzed
overnight into 50 mM NaCl and 20 mM potassium phosphate
buffer (pH 7.0). Finally, the purified protein was concentrated
to 20 mg/mL in the presence 100 uM coenzyme A.

Crystallization and Data Collection. Crystallization screens
were performed at 4 °C using the hanging drop vapor
diffusion method. Crystals were obtained at pH 5—6.5 over
a broad range of precipitant and salt concentrations. There
appeared to be a strict requirement for the addition of glycerol
(~15%, v/v) and polyamine (~1 mM) for crystallization to
occur. Crystals of the binary complex between SSAT and
coenzyme A were obtained in 20% PEG 8000, 80 mM
sodium acetate, 15% glycerol, 2 mM spermine, 1 mM
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coenzyme A, and 85 mM sodium cacodylate (pH 6.0).
Crystals of the ternary complex, in which electron density
for spermine was visible, were obtained by altering the pH
and solution contents after the aforementioned crystals were
formed. Crystals in 1 uL of mother liquor were transferred
to a 10 4L drop containing 20% PEG 8000, 50 mM NaCl,
2 mM spermine, 1| mM coenzyme A, 15% glycerol, and 100
mM bicine buffer (pH 9.0). The crystals were then allowed
to soak overnight. All crystals were frozen by being
immersed in liquid nitrogen, and diffraction data were
collected at 100 K using a MAR CCD detector at the GCPCC
beamline at the Center for Advanced Microstructures and
Devices (CAMD) in Baton Rouge or using a Rigaku RU-
H3R X-ray generator with an R-Axis IVt image plate at
the University of Texas.

X-Ray Data Processing and Structure Refinement. Dif-
fraction data were scaled and integrated using HKL2000 (29).
The structure of SSAT was determined by molecular
replacement using MOLREP within the CCP4 program suite
(30) and a structure of the human form of the protein (PDB
entry 2B4D) as a search model. Model refinement and map
generation were carried out using CNS (3/), with manual
inspection and modification using O (32). Spermine was
modeled into coherent electron density after CoA and solvent
molecules had been incorporated into the structure; the
complex with spermine was then subjected to additional
rounds of structure refinement. NCS averaging between the
two dimers present in the asymmetric unit was attempted
but did not result in an improvement of the calculated
electron density maps. The stereochemistry of both SSAT
structures was validated using PROCHECK (33). The
structure was visualized using Pymol (34).

Enzyme Activity Assays. A Varian Inova 500 MHz NMR
spectrometer was used to monitor the depletion of acetyl-
CoA or the generation of acetylpolyamine by measuring the
heights of 'H resonances near 1.97 or 2.31 ppm, respectively.
The assays were performed at 298 K in 90% H,O, 10% D0,
and 100 mM potassium phosphate buffer. The enzyme
concentration ranged from 50 nM to 2 M, depending upon
the substrate being tested. Initial rates were determined by
measuring NMR peak heights as a function of time.
Typically, seven polyamine concentrations, ranging from 1
to 20 mM, were used in assaying the enzyme activity at a
variety of pH values. k., and, under favorable circumstances,
K, were determined by fitting the rate data to the
Michaelis—Menten equation using DYNAFIT. Control reac-
tions were performed in the absence of the enzyme, over a
broad range of solution conditions, to ensure that competing
chemical reactions did not distort the observed kinetic data.
Data for the spermine diacetylation assay were processed
using NMRPipe (35); peak heights were measured using
SPARKY (36), and rate constants for first and second
diacetylation steps were fit using DYNAFIT (37).

RESULTS

Structure of the Binary Complex. Recombinant SSAT from
mouse was cocrystallized as a binary complex with CoA,
yielding crystals that diffracted X-rays to 2.1 A resolution
(Table 1). The asymmetric unit of the crystal was found to
contain four protein molecules (arranged as two dimers) and
four molecules of bound CoA. The four protein molecules
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Table 1: Summary of Crystallographic and Structural Statistics for
SSAT

SSAT with ~ SSAT with coenzyme

coenzyme A A and spermine
PDB entry 3BJ7 3BJ8
space group P2,2,2, P2,2124
unit cell dimensions (A) a=176.86 a=17725
b=097.19 b=097.12
¢ =105.70 ¢ =105.50
no. of protein molecules per 4 4
asymmetric unit
Matthews coefficient (A3/Da) 2.35 2.36
maximum resolution (A) 2.10 2.30
data collection wavelength A) 1.38 1.54
total no. of reflections 209333 122476
no. of unique reflections 46525 35462
Rsym (%) 4.8 (38.9) 8.1 (46.6)
completeness (%) 96.8 (76.7) 98.0 (98.3)
llo 26.3 (2.7) 23.4(3.9)
resolution range for refinement 324-2.1 39.0—2.3
A
Ruork (%) 23.2(31.5) 23.1(29.9)
Riree (%) 29.4 (37.7) 28.2(37.3)
no. of protein atoms 5336 5330
no. of water molecules 331 213
no. of ligand atoms 192 206
average B-factor (A2)
protein 34.7 36.3
solvent 35.8 39.3
coenzyme A 41.6 46.4
spermine NA 46.8
rmsd from ideal geometry, 0.007 0.008
covalent bonds (A)
rmsd from ideal geometry, 1.24 1.27
covalent angles (deg)
Ramachandran plot
residues in favored regions 93.2% 93.3%
residues in allowed regions 6.8% 6.3%
residues in generously 0.0% 0.4%
allowed regions
residues in disallowed regions  0.0% 0.0%

“Values in parentheses refer to the highest-resolution shell (10%) of
the X-ray data. The data for the binary complex between SSAT and
coenzyme A were collected at 100 K using a synchrotron X-ray source
(CAMD), and data for the ternary complex containing SSAT, coenzyme
A, and spermine were collected at 100 K using a home source X-ray
generator equipped with a rotating copper anode.

were similar in structure; however, there were some small
differences, probably a consequence of the packing within
the crystal. For example, in one of the four protein molecules,
residues 130—155 were not well-ordered. The differences
between the four protein molecules in the asymmetric unit
were significant enough such that noncrystallographic sym-
metry averaging did not improve the quality of the structure;
the molecules were therefore refined independently (Table
1). All amino acids were visible in at least one of the protein
molecules, with the exceptions of the first two amino acids
at the N-terminus, and the last three amino acids at the
C-terminus.

Mouse SSAT contains the mixed o/f3-architecture that is
characteristic of the GNAT superfamily. Specifically, it is a
homodimer with a [3-sheet core, where the [3-sheet is built
from residues contributed by each monomer (Figure 1). In
binding of CoA, the mouse SSAT exhibits the conserved
features seen in other GNAT proteins (22). The CoA is bound
in a cleft between alpha4, the C-terminal end of beta4 and
the N-terminal end of alpha3, with the sulfhydryl end of CoA
located in the splay between 34 and 5. The most conserved
interaction between the protein and CoA involves the “P-
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FIGURE 1: Ribbon diagram of the mouse SSAT—CoA binary
complex, with the two protein molecules of the dimer shown in
different colors. The sulthydryl group of CoA is located near the
enzyme active site, while the adenosine ring is relatively exposed.

loop”, consisting of residues 100—107, and containing the
conserved GXGXG motif (38) (Figure 2). The glycines
within the P-loop permit the protein backbone to adopt a
conformation in which a water molecule is coordinated to
the carbonyl oxygen of Tyr100 and the amide protons of
Phel03 and Ile105. This water molecule, along with back-
bone atoms of residues Gly102, Gly104, Gly106, and Ser107,
forms a network of hydrogen bonds with the pyrophosphate
group of CoA. The side chain of Asnl33, which is also
conserved among the GNAT acetyltransferases, is hydrogen-
bonded to the carbonyl oxygen of CoA closest to its
sulfhydryl group. A bend is present in the CoA molecule,
located between the two peptide bonds in the pantothenate
unit, which has been observed in complexes of other GNAT
proteins (22).

Ternary Complex with Bound Spermine. The ternary
complex of SSAT, CoA, and spermine was reconstituted by
altering the solution conditions of preformed crystals of the
binary complex. CoA, instead of acetyl-CoA, was used in
the ternary complex to prevent turnover of the bound
polyamine substrate. Clear electron density for spermine
could be observed in one of the four potential binding sites
within the asymmetric unit of the crystal. Both of the dimers
in the asymmetric unit were in similar conformations, despite
the appearance of bound spermine in only one of the two
dimers. This partial occupancy of spermine binding sites may
be a consequence of crystal packing and is reminiscent of
the ternary complex of human SSAT with the inhibitor BE-
3-3-3, where the inhibitor was observed in only one of the
two possible binding sites of an SSAT dimer (24).

Binding of spermine by SSAT involves a combination of
hydrophobic and polar interactions, the latter of which are
mostly mediated by water molecules. The hydrophobic contacts
involve the side chains of Leu128, Leu156, and Trp154” (where
the prime denotes a residue in the adjoining SSAT monomer).
The N1 amine of the bound spermine is located in the enzyme
active site, very near the position occupied by the sulfhydryl
group of CoA in the binary complex. An ordered water
molecule near the enzyme active site connects this amine with
the backbone amine of Leul28 and the backbone carbonyl of
Leu91 (Figure 3). This places the water molecule at the base
of the splay between 34 and /35, which is a conserved structural
feature of GNAT proteins. The water molecule also appears to
connect the N1 amine of spermine to the side chain of Glu92,
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FIGURE 2: Sequence alignment showing the

similarity between mouse

and human SSAT, along with five putative SSATs from various

higher organisms. Conserved residues that interact with spermine are colored blue, and those that interact with coenzyme A are colored red.
Italicized characters above the mouse sequence denote intermolecular contacts that are mediated by the backbone of an amino acid (b), the
side chain of an amino acid (s), or an associated water molecule (w). The two proposed catalytic residues, Glu92 and Tyr140, are denoted
with an asterisk. Strands are numbered to be consistent with structures of SSAT from other species; the region previously identified as 56
was not well-ordered in the mouse structure and is instead labeled #5.

through the action of another bridging water molecule. Together,
these two water molecules form a proton wire in the enzyme
active site (22, 23, 25, 28). The N4 amine of spermine is bound
to the side chains of Glu92 and Asp93 by hydrogen bonds with
a third bridging water molecule, while a fourth water molecule
bridges the contact between the N9 amine and the side chains
of Asp82” and Glu92. A hydrogen bond links the N12 amine
of spermine to the side chain of His126". The contacts between
the mouse SSAT, the bound spermine substrate, and bridging
water molecules are summarized schematically in Figure 3. This
work provides the first crystallographic view of a bound
polyamine substrate of SSAT, as opposed to bound inhibitors,
as had been previously described (24, 28).

Structural Plasticity near the Enzyme Active Site. Binding
of spermine resulted in changes in the structure of the protein,
and displacement of the pantothenate group of CoA from
the enzyme active site (Figure 4), although the pyrophosphate
of CoA maintains the conserved interaction with the P-loop.
In the protein, the N-terminal end of helix a4 and the loop
connecting it to strand 35 were displaced by approximately
2 A, compared to their locations in the binary complex. This
expansion of the protein structure may be a necessary
response to accommodate spermine binding. The location

of the bound spermine, with its N1 amine near the position
observed for the sulfur of CoA in the binary complex, may
provide an explanation for why two CoA molecules (one
from each dimer) are displaced from the enzyme active site
in the ternary complex. There also appears to be a disulfide
linkage between the two displaced CoA molecules; the other
two CoA molecules in the asymmetric unit are somewhat
disordered, although the electron density map suggests that
they are in a conformation similar to that seen in the binary
complex. A similarly displaced CoA was observed in the
structure of the ternary complex of human SSAT with a
polyamine analogue (24).

Comparison of Spermine and Inhibitor Binding. Although
there are some similarities between how SSAT binds
spermine and how it binds inhibitors, there are also significant
differences. Binding of spermine uses several of the same
residues that are involved in binding the inhibitor N',N'!-
bis(ethyl)norspermine (BE-3-3-3) (24), although spermine
protrudes significantly further into the active site than BE-
3-3-3 (Figure 5). As in the binding of BE-3-3-3, spermine
was observed in only one of the two possible binding sites
in the dimer; this differs from the structure of the human
SSAT with the bisubstrate analogue N'-spermine-acetyl-CoA,
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FIGURE 3: Electron density maps showing bound spermine in the SSAT—CoA—spermine ternary complex, contoured at 1.50. To minimize
model bias, the map was generated piecewise by systematically deleting small regions of the model and then performing simulated annealing
before calculating an electron density map within the deleted region. (A) Section of the electron density map showing all residues involved
in spermine binding. (B) Water-mediated contacts between the protein and the N4 and N9 atoms of spermine. (C) Two water molecules
form a proton wire between N1 of spermine and Glu92. (D) Schematic diagram showing the hydrogen-bonding and water-mediated contacts

between SSAT and spermine.

CoA (ternary complex)

Spermine
(ternary complex)

CoA (binary complex)

FIGURE 4: Superposition of mouse SSAT as observed in the binary
complex with CoA (yellow) and as a ternary complex with CoA
and spermine (green). Introduction of spermine resulted in displace-
ment of CoA from the enzyme active site.

where both binding sites could be occupied simultaneously
by the bisubstrate (28). In the case of the bisubstrate
analogue, N12 of the polyamine moiety was located near
Glu28, on an exposed surface loop, while in the work
presented here, the analogous nitrogen in spermine is linked
to His126" by a hydrogen bond. A comparison of the binding
of spermine, BE-3-3-3, and the bisubstrate analogue is shown
in Figure 5.

Acetylation of Polyamines by SSAT. Enzyme activity assays
were combined with the structural results to provide insights
into the important determinants of substrate specificity, as well
as the enzyme mechanism. 'H NMR spectroscopy was used to
evaluate the activity of mouse SSAT toward a variety of
potential substrates (Table 2 and Figures 6 and S1—S3). This
NMR-based assay is advantageous in that it can be used to

simultaneously monitor the appearance of products and the
disappearance of reactants, while identifying the products
formed. In addition, the NMR assay permits the integrity of
the acetyl-CoA substrate to be monitored so that the kinetics
results are not distorted by the degradation of this substrate
during the activity assays. A limitation of the NMR assay is its
relatively low sensitivity; the assay is best applied using
substrate concentrations in the millimolar range.

The ability of recombinant mouse SSAT to acetylate sper-
mine, spermidine, and related substrates was tested at pH 8.5
(Table 2), using typically 1—2 mM acetyl-CoA and 1—16 mM
polyamine. The reaction rate did not significantly depend on
polyamine or acetyl CoA concentration in this range, suggesting
that the enzyme was saturated under these conditions (Figure
S4). On the basis of ke, the enzyme was found to be most
active with spermidine as a substrate, approximately 9-fold less
active toward spermine, and approximately 4—5-fold less active
when diethylenetriamine and 1,3-diaminopropane were used as
substrates (Table 2). All substrates for which there was
measurable activity were acetylated at a primary amine. These
results for mouse SSAT are similar to those reported for the
enzyme isolated from rat liver (//) and recombinant human
SSAT (28), for which the activity assays were performed using
other methods. Our preparation of mouse SSAT did not have
a detectable ability to acetylate cadaverine, putrescine, lysine,
thialysine, or amantadine; the result for this latter substrate
differs from a previous report (39).

The NMR-based activity assay is well suited for detecting
additional sites of acetylation of the polyamine, after the
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Spermine

His 126’

.

N'-spermine-acetyl CoA

Glu 2/217?

Spermine

His 126"

) «——BE-3-3-3

FIGURE 5: (A) Diagram comparing the binding of spermine
(observed in this work) with the binding of the bisubstrate analogue
N'-spermine-acetyl-CoA (28). The bisubstrate analogue and Glu28
are from the human SSAT (PDB entry 2JEV) and are colored
yellow; spermine and His126” are from the mouse SSAT and are
colored green. A prime indicates the amino acid belongs to the
second protein subunit within the dimer. (B) Diagram comparing
the binding of spermine with the binding of the inhibitor N',N'!-
bis(ethyl)norspermine (BE-3-3-3) (24). The BE-3-3-3 molecule and
Glul52” are from the human SSAT (PDB entry 2B4B) and are
colored purple; the spermine molecule and His126” are from the
mouse SSAT. The mouse and human forms of SSAT differ by only
six amino acids and are therefore likely to bind spermine, BE-3-
3-3, and N'-spermine-acetyl-CoA similarly.

Table 2: Rates of SSAT-Catalyzed Acetylation of Various Polyamine
Substrates at pH 8.5 and 25 °C“

substrate keat (571
spermidine 12.7+0.3
spermine N'-acetylspermine 14+£0.1
diethylenetriamine 3.7+0.2
1,3-diaminopropane 244+0.1
N-methyl-1,3-diaminopropane 0.7 £ 0.04
putrescine ND”
cadaverine ND?
lysine ND”
thialysine ND”
amantadine ND”

“ Experiments were performed wusing a range of substrate
concentrations to verify that the enzyme was saturated under the assay
conditions, allowing determination of k¢ from the initial rate of
reaction. In the cases of spermine and N'-acetylspermine, ke was
determined using the data described in Figure 6 and DYNAFIT, due to
the multistep nature of the reaction. Chemical structures of these
substrates are shown in Figure S1 of the Supporting Information. ® No
activity was detected.

substrate had been acetylated at a first position. In the case
of spermine, NMR spectra showed the appearance of a
product that is acetylated in a second position (the N12
amine) after the appearance of the initial product acetylated
at N1 (Figure 6). In this multistep reaction, the substrate for
the second acetylation was generated in situ as the product
of the first acetylation. The NMR method was able to resolve
separate signals for both the mono- and diacetylated spermine
(Figure 6) so that the concentration of each reactant and
product could be monitored simultaneously. The kinetics of
the multistep reaction were modeled using DYNAFIT (37)
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trations of spermine and acetyl-CoA were 1 and 3 mM, respectively,
with an enzyme concentration of 100 nM at pH 8.5.
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FIGURE 7: pH dependence of SSAT activity. Initial reaction rates
were measured using at least seven different starting concentrations
of spermidine (ranging from 2 to 20 mM); the rates were then fit
to the Michaelis—Menten equation to determine k., and, when
possible, K. A saturating concentration of acetyl-CoA (2 mM)
was used over the entire pH range studied. 'H NMR spectra were
used to verify that the protein was folded at each pH extreme.

to yield rates for each spermine acetylation, using data
collected from a single reaction mixture. Results show that
spermine and N'-acetylspermine are comparable as substrates
for the recombinant mouse SSAT (Table 2), which is
consistent with a previous result reported for the enzyme
isolated from rat liver and assayed using a different method
1.

pH Dependence of SSAT Activity. We investigated the pH
dependence of the enzyme activity to shed further light on
the enzyme mechanism. Spermidine was used as a model
substrate in evaluating pH effects, since it is an excellent
substrate for SSAT, its reaction kinetics are not complicated
by multiple acetylation steps (as in the case of spermine),
and it has been previously used in an investigation of the
human enzyme (28). With spermidine as a substrate, the
mouse SSAT was found to be most active between pH 8.5
and 9.5 (Figure 7). The catalytic ability of the enzyme
decreased steadily below the optimal pH; the value for k.,
at pH 6.0 was approximately one-third of that at pH 8.5.
Between pH 7.5 and 9.5, the enzyme was found to be
saturated with spermidine over the range of concentrations
accessible in the NMR assay (Figure S4). However, at lower
pH values, the reaction rate was dependent on spermidine
concentration so that the NMR assay was capable of
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measuring an approximate K, of 20 mM at pH 6 (Figure
S4). The relatively low ke and substrate binding affinity
made it difficult to measure the activity of the enzyme below
pH 6 using the NMR-based assay. These results are generally
similar to those reported for the human SSAT when using
an entirely different assay method; however, there are some
differences. For example, in the case of the human SSAT, a
more pronounced reduction in k., was observed below pH
8.0.

Mutational Analysis of Mouse SSAT. Site-directed mutants
were prepared for the purpose of testing the roles of Glu92
and Asp93 in enzymatic function; both of these residues are
located near the enzyme active site and make contacts with
the bound spermine in the crystal structure of the ternary
complex (Figure 3). Mutation of GIu92 to glutamine resulted
in an enzyme with reduced activity, with a pH dependence
distinctly different from that found in the wild-type SSAT
(Figure 7). In the E92Q mutant, k., increased steadily with
increasing pH, and unlike the wild-type enzyme, the activity
did not reach a plateau above pH 8.5. Interestingly, this
mutant exhibited a k., value that was less than 5% of that
of the wild-type enzyme at physiological pH (Figure 7). The
E92Q mutation also increased K, to approximately 5 mM
at pH 8.5. Mutation of Asp93 to asparagine reduced k., by
approximately 2-fold and increased K, to approximately 0.5
mM at pH 8.5 (Figure 7). However, unlike that of the E92Q
mutant, the pH dependence of k., for the D93N mutant was
similar to that found in the wild-type enzyme. In the case of
both mutants, there was a significant increase in K, when
the pH was lowered below 7.0; this is similar to the wild-
type enzyme, where Ky, increased to approximately 20 mM
at pH 6.0.

DISCUSSION

The crystal structure of the ternary complex of mouse
SSAT, CoA, and spermine provides the first view of the
binding of a polyamine substrate by an acetyltransferase. An
examination of structures in the Protein Data Bank provides
only one other example of spermine bound in the active site
of an enzyme. Yeast Fmsl, a spermine oxidase, makes both
hydrophobic and polar contacts with bound spermine (40).
However, unlike SSAT, the polar contacts in Fms1 do not
rely on associated water molecules. The use of water
molecules to mediate the interactions between SSAT and
spermine may reflect a need for the enzyme to not bind its
substrates too tightly, since the SSAT reaction product, unlike
that of Fms1, still possesses many of the features recognized
in the initial substrate.

In this work, the structural model for spermine binding is
complemented with kinetics data involving multiple sub-
strates, site-directed mutants, and pH—activity profiles. Taken
together, these results can be considered in the context of
current models for the enzyme mechanism (Figure 8). The
GNAT proteins typically catalyze acetyl transfer reactions
through the use of general acid—base catalysis, where a
catalytic base deprotonates the N1 amine of a polyamine and
a catalytic acid protonates the sulfur of acetyl CoA. The
ternary and binary complexes presented here each possess a
tyrosine residue (Tyr140) that is positioned well to fulfill
the role of the catalytic acid. Consistent with this hypothesis,
and with a previous study of human SSAT (24), mutation
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FIGURE 8: Proposed enzyme mechanism, derived from the structural
and kinetic results. The N1 amine of the polyamine substrate is
deprotonated by Glu92, and the sulfur of acetyl-CoA is protonated
by Tyr140. The crystal structure suggests that associated water
molecules play a central role in substrate binding and catalysis.

of this tyrosine led to a large decrease in enzyme activity
(data not shown). The identity of the catalytic base is less
apparent; previous work has suggested Glu28 (24, 41),
although more recent studies have implicated Glu92 through
the use of associated water molecules (28). The structure of
the ternary complex shows that Glu92 is connected to the
N1 amine of spermine by way of a proton wire, formed by
two water molecules (Figure 3D). The water molecules in
this wire could shuttle a proton from N1 to the side chain of
Glu92, thus allowing the glutamate to function as a catalytic
base.

This work describes the first site-directed mutant of Glu92,
where mutation to glutamine was found to significantly
decrease ke, and increase K. These results are consistent
with the position of Glu92 in the structure of the ternary
complex, where it is well-positioned to participate in substrate
binding and catalysis. Additionally, this mutation altered the
pH dependence of the enzyme, with the greatest decrease in
ke occurring at the low end of the investigated pH range
(Figure 7). '"H NMR spectra were used to ensure that
mutagenized proteins were folded over the pH range studied;
it is therefore unlikely that these pH effects arise from protein
denaturation. One possible explanation for the pH depen-
dence of the E92Q mutant is that the residue is unable to
accept a proton, and hydroxide ions in solution must instead
fulfill the role of proton acceptor. Consistent with this
hypothesis, ordered water molecules in the ternary complex
can be seen linking the proton wire to the exterior of the
protein. The NMR-based activity assay was unable to
accurately measure the wild-type and mutant enzyme activi-
ties below pH 6, due to the reduction in substrate binding
and low ke In the case of the wild-type enzyme, this
prevented identification of a pH range where log k. is
linearly dependent on pH; therefore, the titration of the
catalytic base in the wild-type protein was not oberved.
However, the significant difference between the pH depen-
dence of wild-type and mutant forms of SSAT is consistent
with Glu92 fulfilling the role of the catalytic base.

Mutation of Asp93 also led to a reduction in enzyme
activity. However, it seems unlikely that this residue is
directly involved in catalysis, since kc, is reduced by a factor
of only 2 when it is replaced with asparagine. The location
of Asp93 within the structure suggests that it is likely to
exert some effect on the network of water molecules that
form the proton wire, which could provide an explanation
for the observed reduction in k. Another possible explana-



9152 Biochemistry, Vol. 47, No. 35, 2008

tion for the reduced activity of the Asp93 mutant involves
the residue’s proximity to Glu92. Both Asp93 and Glu92
are located on the S-bulge of 4, which serves to position
their side chain carboxylates on the same face of the central
[-sheet. The relative positions of these two conserved
functional groups could enhance the ability of Glu92 to serve
as a proton acceptor at physiological pH.

In conclusion, the crystal structure of SSAT in complex
with spermine shows how the enzyme specifically recognizes
one of its natural substrates, and the accompanying kinetics
data provide insights into the enzyme mechanism. These and
other studies will increase the likelihood of designing
molecules that can selectively interact with SSAT; an ability
to specifically target SSAT in vivo could open the door to
new strategies for treating polyamine-related diseases.

SUPPORTING INFORMATION AVAILABLE

Structures of the polyamines used in SSAT activity assays,
sample '"H NMR spectra, and additional kinetics data. This
material is available free of charge via the Internet at http://
pubs.acs.org.
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