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ABSTRACT: Aminopropyltransferases transfer aminopropyl groups from decarboxy&etenosylme-

thionine to amine acceptors, forming polyamines. Structural and biochemical studies have been carried
out with the human spermidine synthase, which is highly specific for putrescine as the amine acceptor,
and theThermotoga maritimapermidine synthase, which prefers putrescine but is more tolerant of other
substrates. Comparison of the structures of the human spermidine synthase with both substrates and products
with the known structure of. maritimaspermidine synthase complexed to a multisubstrate analogue
inhibitor and analysis of the properties of site-directed mutants provide a general mechanistic hypothesis
for the aminopropyl transfer reaction. The studies also provide a structural basis for the specificity of the
spermidine synthase subclass of the aminopropyltransferase family.

Polyamines are ubiquitous and essential cellular compo-those able to grow in extremes of temperature or pH, have
nents (—4). Their synthesis is brought about by enzymes a wider variety and very high levels of polyamines, which
termed aminopropyltransferasés—@). These enzymes use are needed to allow survival under these conditidis 17).
an amine acceptor and decarboxylaBeablenosylmethionine  The possibility that useful drugs may be obtained by the
(dcAdoMet) as the aminopropyl donor. Aminopropyltrans- production of specific inhibitors of aminopropyltransferases
ferases are of critical importance in the growth and viability is supported by the proven value of inhibitors of earlier stages
of eukaryotes since genetic studies show that spermidine isin the polyamine biosynthetic pathway for the treatment of
essentialZ, 2, 9, 10) and transgenic mice that lack spermine diseases caused by parasitic protozoa as well as for the
have major developmental and neurological abnormalities prevention of cancer and cancer chemotherapy.

(11—13). Escherichia colican survive without spermidine, Yeast and higher eukaryotes including plants contain two
but the loss of spermidine synthase (Spd$yor S aminopropyltransferases termed spermidine synthase (Sp-
adenosylmethionine (AdoMBtdecarboxylase reduces the dSyrt) and spermine synthasg, (18, 19). The former uses
growth rate and renders the cells more sensitive to oxidative putrescine (1, 4-diaminobutane) as the propylamine acceptor;
damage 10, 14, 15). Other microorganisms, particularly the latter uses spermidine as acceptor and transfers the
propylamine group to theéN®-position forming spermine.
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Table 1: Crystallography Data and Refinement Stati&tics

SpdSynt+ MTA SpdSyn+ dcAdoMet SpdSynt MTA + Put SpdSynt MTA + spermidine
Data Collection
space group P2, P2, C222 P2,
cell dimensions
a b, c(A) 57.93, 60.53, 86.64 58.32,60.59,86.67 119.10, 135.24, 83.32 58.13, 60.66, 86.71
o, 3, v (deg) 90, 108.42, 90 90, 108.96, 90 90, 90, 90 90, 108.68, 90
resolution (A) 2.1 2.1 2.1 1.9
Rmerge 10.5(44.5) 11.3(50.5) 12.6(53.4) 8.8(36.6)
/ol 9.7(2.1) 8.5(2.5) 9.1(3.2) 11.9(2.5)
completeness (%) 99.6 (99.8) 99.3 (100.0) 99.9 (99.9) 97.9 (83.0)
redundancy 3.3(3.2) 5.3(5.4) 7.1(7.0) 4.4(3.1)
Refinement

no. of reflections 31665 31939 37668 42238
Ruorkd/Riree 18.9/23.7 21.1/27.1 16.6/21.5 17.6/22.8
no. of atoms

protein 4567 4450 4667 4450

water 289 265 459 624
rms deviations

bond lengths (A) 0.014 0.011 0.011 0.017

bond angles (deg) 1.43 1.23 1.27 1.56
PDB code 2005 200L 2006 2007

aValues in parentheses are for the highest resolution shell.

have now obtained crystal structures of HsSpdSyn with

imidazole, 5% glycerol). The protein was loaded on a

substrate and products and have carried out studies withSuperdex200 column (2& 60) (Amersham Biosciences),
mutants of key residues of this enzyme. The results provide equilibrated with 20 mM Tris-HCI buffer, pH 8.0, and

better understanding of the mechanism of aminopropyl

transfer and the substrate specificity of aminopropyltrans-

ferases.

EXPERIMENTAL PROCEDURES
Materials.Unlabeled dcAdoMet was kindly provided and

synthesized by Professor A. Shirahata (Dept. Biochemistry,

150 mM NacCl, at flow rate 4 mL/min. Thrombin (Sigma)
was added to combined fractions containing HsSpdSyn to
remove His-tag. The protein was further purified to homo-
geneity by ion-exchange chromatography on a Source 30Q
column (Amersham Biosciences), equilibrated with buffer
containing 20 mM Tris-HCI, pH 8.0, and eluted with linear
gradient of NaCl up to 500 mM concentration.

Faculty of Pharmaceutical Sciences, Josai Univ., Saitama, Crystallization.Purified HsSpdSyn protein was crystallized

Japan). S]dcAdoMet was synthesized enzymatical®gy.

in the presence of dcAdoMet, MTA, MTA and putrescine,

Wild type TmSpdSyn and mutants were expressed and MTA and spermidine, using the hanging drop vapor diffusion

purified as previously describe@l). The mutants were made
by using QuikChange Site-directed Mutagenesis kit from
Stratagene.

Cloning, Expression, and Purification of HsSpdSyn.
DNA fragment encoding full-length HsSpdSyn was amplified
by PCR from the Mammalian Gene Collection clone
BC000309 and subcloned into a modified vector (pET28a-
LIC) (http://www.sgc.utoronto.ca/SGC-WebPages/toronto-
vectors.php), downstream of the poly-histidine coding region.
The HsSpdSyn was expressedsncoli BL21 (DE3) codon
plus RIL strain (Stratagenek. coli cells carrying the
HsSpdSyn expression plasmid were grown at@G7o ODsgo
of 1.5 in Terrific Broth (TB) in the presence of 58y/mL
of kanamycin. Cells were then induced by the addition of 1
mM isopropyl-1-thiop-galactopyranoside and incubated
overnight at 15C. Harvested cells were resuspended in lysis
buffer (30 mM sodium/potassium phosphate, pH 7.4,
0.25 M NaCl, 5 mM imidazole, 2 mMB-mercaptoethanol,
5% glycerol). The cells were lysed by passing through a
microfluidizer (Microfluidics Corp.) at 20,000 psi. After
clarification of the crude extract by high-speed centrifugation,
the lysate was loaded anai 5 mLHiTrap chelating column
(Amersham Biosciences), charged with®NiThe column
was washed with 10 column volumes of 20 mM Tris-HCI
buffer, pH 8.0, containing 250 mM NacCl, 50 mM imidazole,
and 5% glycerol, and the protein was eluted with elution
buffer (20 mM Tris-HCI, pH 8.0, 250 mM NacCl, 250 mM

method at 20°C by mixing equal volume of the protein
solution (10 mg/mL) with the reservoir solution. HsSpdSyn
MTA complex (protein:MTA molar ratio at 1:5) was
crystallized in 20% PEG3350, 0.2 M Mg(ocA£)HsSp-
dSyn—-dcAdoMet complex (protein:dcAdoMet molar ratio
at 1:10) in 25% PEG3350, 0.2 M Mg£10.1 M Tris-HCI,
pH 8.5. HsSpdSyrMTA —putrescine ternary complex (pro-
tein:MTA molar ratio at 1:5, protein:putrescine molar ratio
at 1:10) was crystallized in 20% PEG3350, 0.2 M ammonium
formate; HsSpdSynMTA —spermidine ternary complex
(protein:MTA and spermidine molar ratio at 1:5) in 25%
PEG3350, 0.1 M (NSO, 0.1 M HEPES-NaOH, pH 7.5.

Data Collection and Structure DeterminatiorX-ray
diffraction data were collected at 100 K using Rigaku FRE
High Brilliance X-ray generator with R-AXIS IV detector.
Data were processed using the HKL software packadg (
The structures of HsSpdSyn complexes were solved by
molecular replacement with the program MOLREE5)(
using TmSpdSyn as a template (PDB code 1JQ38) ARP/
WARP was used for automatic model buildirg$). Graphics
program COOT 27) was used for model building and
visualization. Crystal diffraction data and refinement statistics
for the structures are displayed in Table 1.

Assay of Aminopropyltransferase Adty. Activity was
measured by following the production o®$]MTA from
[®°S]dcAdoMet in 100 mM sodium phosphate buffer (pH
7.5), in the presence of the amine acceptor indica?3) (
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The reaction was stopped by acidification afeS[MTA A
separated from*}S]dcAdoMet using phosphocellulose col-
umns @8). All assays were conducted with an amount of
protein and for a period of time in which product formation
was linear with time. Reactions were run with an amount of
enzyme that gave a linear rate of MTA production over the
assay time period. Assays were conducted for 30 min-at 37
50°C and for 2 min at higher temperatures. The stability of
dcAdoMet is reduced at higher temperatures, but even at
80 °C the breakdown of the nucleoside was negligible in 2
min. All assays were carried out in triplicate, and results
agreed withint5%.

RESULTS

Comparison of TmSpdSyn and HsSpdSyhe structure
of HsSpdSyn consists of three domains (Figure 1A): an
N-terminal-strand domain including B-strands, a central
catalytic core domain, which has a canonical methyltrans-
ferase fold, and a C-terminathelix domain including three
o-helixes. The first twgs-strands of the N-terminal domain
form a B-hairpin, followed by a four-strang@-sheet. The
structure of HsSpdSyn complexed with the substrate dcA- B
doMet or the product MTA shows that it is a dimer and that
each monomer contains an independent substrate-binding sit:
(Figure 1A). The overall structure of HsSpdSyn from both
the binary and ternary structures is almost identical except
the loops, which envelop the cofactor and substrate binding
sites. The HsSpdSyn dimerizes mainly through the interac-
tions involving the N-terminal domain and the C-terminal
domain (Figure 1B). After dimerizationy1640 A2 out of
~13070 AR total surface area for each subunit is buried. The
first two 5-strands from each subunit of the HsSpdSyn dimer
form a distorted 4-strand-sheet.

TmSpdSyn exists as a tetrame2l). However, the
molecular structure and orientation of the two subunits in
the dimeric HsSpdSyn is very similar to that of TmSpdSyn
dimer (Figure 1A). The structure of the HsSpdSyn dimer
can be perfectly superimposed with that of either dimer of

)

: ~ 7" FIGURe 1. Comparison of HsSpdSyn and TmSpdSyn structures.
the TmSpdSyn with an overall root-mean-squared deviation A, Superimposition of HsSpdSyn and TmSpdSyn dimers. All
(rmsd) of 1.22 A. The only major difference in the two monomers are shown in cartoon diagram representation. The three

structures is the N-terminal domain. Compared to HsSpdSyn,domains in HsSpdSyn are colored as following: the N-terminal

; ; _ ; domain is shown in orange, the core domain is shown in greencyan,
TmSpdSyn has one exttarhelix preceding the N-terminal and the C-terminal domain is shown in red. TmSpdSyn is colored

loop and strangg1. This part is invqlvgd in maintaining the i, gray. MTA, putrescine, and AdoDATO are shown in stick
TmSpdSyn tetramer structure, while in HsSpdSyn this l00p representation. Carbon atoms in MTA and putrescine are shown in
folds back against the core domain of HsSpdSyn (Figure 1A). gray, while AdoDATO is shown in red. B, Superimposition of gate-
As described below, the bound substrate/product in HsSp-_ﬁfgindgs|0r?g?;nsA"osv?rﬁ)?s%gr?ggntfgSrgggr)]/péﬁmev'\;:tShSpH(lSSyf:j g”r(]j
dSyn can aI;o be well s-up(.arl-mposed with the equivalent pa‘rtscoloer i¥1 greencyan and TmSpdSypn in gray. T,he gate-kepepir)llg
of the multisubstrate inhibitor AdODATO in TmSpdSyn |50ps are colored in red (for HsSpdSyn) and yellow (for TmSp-
(Figure 1B). dSyn). MTA, putrescine, and AdoDATO are shown in stick
Substrate and Product Binding Sit€Ehe active site of representation, with carbon atoms in MTA and putrescine colored
HsSpdSyn is clearly identified by the binding of MTA, ™ ¢yanand AdoDATO in gray.
dcAdoMet, putrescine, and spermidine (Figures 2, 3). It is L ) )
formed between the N-terminal domain and the central core dcAdoMet, E124 and Q49, which interact with the ribose
domain and is lined with conserved residues in the spermi- hydroxyls, and D155, which interacts with 6-Nigroup of
dine synthase family (see Figure S1 in Supporting Informa- the adenosine moiety. This binding pocket is smaller than
tion). The active site consists of the dcAdoMet-binding the analogous cavity in methyltransferases and contains the
pocket and the amine substrate-binding pocket. charged D104 residue; therefore, it cannot accommodate the
The structure of HsSpdSyn with dcAdoMet (Figure 3A) AdoMet and use it as a cofactor. The dcAdoMet molecule
shows that the nucleoside is bound in tf® form in a can be superimposed very well with the MTA molecule in
negatively charged binding pocket formed by D104, D173, the HsSpdSyrMTA complex (Figure 3A, B) although
and Q80, which interact with the aminopropy! MNtof MTA lacks the interactions with D104, D173, and Q80.
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Ficure 2: Surface of the substrate binding pocket of HsSpdSyn
with MTA and putrescine shown in stick representation. Negatively
charged surface is colored in red.

Comparison of the active site region in the HsSpdSyn
dcAdoMet structure and the previously published TmSp-
dSyn—-AdoDATO structure (Figure 3A) confirms that (a) the

Wu et al.

conformation (Figure 3D). TheN' atom of spermidine
occupies the same negatively charged binding pocket formed
by D104, D173, and Q80 as the dcAdoMet aminopropy!
moiety in the HsSpdSyndcAdoMet complex structure. The

N& atom at the other end of spermidine is fixed by D176.
However, when the gate-keeping loop (see below) is
disordered, th&® atom of spermidine forms hydrogen bonds
with the carboxylate oxygen of E23 and the backbone
carbonyl oxygen of 169, instead of D176. E23 is a fully
conserved residue in aminopropyltransferases (Figure S1).
The switching of the interacting residues Nf atom of
spermidine may represent the transition of the product
releasing process.

Gate-Keeping LoopThe structure of the TmSpdSyn
revealed a highly flexible “gate-keeping” loop made up of
amino acids 174180 which is disordered in the apo-
TmSpdSyn structure, but became ordered upon binding of
AdoDATO (29). Comparisons of the 4 active sites in the
TmSpdSyn-AdoDATO tetramer showed a significant con-
formational change on binding AdoDATO that almost
completely covers the inhibitor. This gate-keeping loop is
represented by amino acids 17482 in HsSpdSyn

nucleoside moiety of AdoDATO, which was designed as a (Figure 1B). It contains part of a shaxthelix (a6) in the

multisubstrate analogue inhibitd29), does occupy the same

loop and forms one side of the putrescine binding pocket.

position as that of dcAdoMet and that (b) there is a strong |, the HsSpdSyRMTA structure, this gate-keeping loop was

conservation of the key residues that make side-chain
interactions with the nucleoside. The interactions of E124-
(Hs), Q49(Hs), and D155(Hs) with the dcAdoMet adenosine HsSpdSyr-MTA structure is 4143 A2

still very flexible but was stabilized upon putrescine/
spermidine binding. The averadgefactor for this loop in
while in HsSp-

moiety are replaced by those of E121(Tm), Q46(Tm), and ygyn MTA —Put ternary complex structure it is 2& And

N152(Tm), respectively. Similarly, the interactions of D104-
(Hs) and D173(Hs) with thé&' of the aminopropy! group
of dcAdoMet are mimicked by those of D101(Tm) and
D170(Tm) with theN! of AdoDATO. The other residue
involved in dcAdoMet binding, Q80(HSs), is replaced by H77-
(Tm) in TmSpdSyn and a number of other spermidine
synthases (Figure S1 in Supporting Information).

The crystal structure of HsSpdSyn with a putrescine

Z\ HsSpdSyr-MTA —Spd ternary complex structure it is 29
2

Based on the available structures, we propose that the loops
enveloping the active site (or the loops forming the entrance
to the active site) are very flexible and exposed to solvent
in the apo spermidine synthases. Binding of the nucleoside
and amine substrates facilitates the formation of the active
site, which becomes almost solvent inaccessible in the binary

substrate bound could only be obtained when MTA was also stryctures.
present. The putrescine binding pocket revealed by the Amine Substrate Specificitfhe HsSpdSyn was highly

structure of the HsSpdSyrMTA —putrescine complex is a

specific for putrescine as an amine acceptor. Less than 5%

narrow channel, which leads to the dcAdoMet blndlng pOCket activity was observed using 1'3-diamin0pr0pane, ando

with the N*-amino group of putrescine pointing to the sulfur

activity was seen with larger substrates such as spermidine.

atom of the MTA molecule (Figures 2 and 3C). The surface This strict specificity is similar to that previously reported
of the putrescine-binding pocket is weakly negatively charged for other SpdSyns from plantg, coli, rats, and pigs§ 30—

except theN! binding site. TheN! atom is located in a highly

32). Kinetic analysis of the HsSpdSyn reaction indicated that

negatively charged environment, and is hydrogen bonded tothe K, values for putrescine and dcAdoMet were 281

D173, S174 (backbone), Y79, and Y241 (Figure 3C). This
provides an ideal environment for deprotonation of the

and 0.9uM, respectively, and that tHg,;was 1.9 s* (Table
2). These values are also similar to those in the literature

reactive amino group of putrescine via the postulated reactionfor other mammalian SpdSyns aifid coli SpdSyn which
mechanism shown in Figure 4. The reactive nitrogen of have been reported to haug, values of +3 uM for

putrescine points to the sulfur atom directly. To initiate the
reaction, theN-amino group in putrescine is deprotonated
by the aspartic acid (D173) with the aid of other residues
(S174, Y79, Y241) for nucleophilic attack on dcAdoMet
(Figure 4A). TheN*-amino group of putrescine is hydrogen

dcAdoMet and 1240 uM for putrescine andk. values of
0.5-2 s1 (6, 30—32).

As shown in Table 2, the kinetic parameters for TmSpdSyn
at 37°C with putrescine as a substrate were very similar to
those of the other known SpdSyns (including HsSpdSyn)

bonded to D176 (Figures 3C and 4B). This conserved residuewith K, values of 19:M for putrescine and 0.7&M for

is equivalent to D173(Tm), which anchors ti§-amino
group of AdoDATO in the TmSpdSynrAdoDATO complex
(29).

The structure of the spermidine molecule in the HsSp-
dSyn—-MTA —spermidine ternary complex, which represents

dcAdoMet and & of c. 0.8 s (Table 2). As expected,

the TmSpdSyn was remarkably stable to thermal denaturation
with aty, of 13 h at 90°C whereas HsSpdSyn hag;a of

<1 min at 90°C. Thekg value for TmSpdSyn increased
greatly as the assay temperature increased (Table 2 and

the unreleased products of the reaction, displays a bentFigure 5).
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Ficure 3: Interactions between HsSpdSyn and its substrates and reaction products. All residues that interact with the compounds are
shown in stick representation. The residues are labeled individually, and the carbon atoms are colored in greencyan. A, Interactions between
HsSpdSyn and dcAdoMet. Carbon atoms in dcAdoMet are colored in purple. B, Interactions between HsSpdSyn and MTA. Carbon atoms
in MTA are colored in gray. C, Interactions between HsSpdSyn and putrescine. Carbon atoms in putrescine are colored in magenta. Residue
D173, which interacts with both dcAdoMet and putrescine, is shown in both panels A and C. D, Interactions between HsSpdSyn and
spermidine. Carbon atoms in spermidine are colored in yellow. The residues interacting?attim of spermidine in ordered (D176) and
disordered (E23 and 169) form are all shown.

The TmSpdSyn was able to use other amines as acceptorbasis for the greater amine substrate specificity. As previously
of the aminopropyl group in contrast to the results with suggested?), steric factors prevent the binding of longer
HsSpdSyn. Substrates included 1,3-diaminopropane, 1,5-substrates such as thermine and spermidine to the position
diaminopentane (cadaverine), agmatisannorspermidine  occupied by putrescine in the likely substrate binding mode
(thermine), and spermidine. This was not an artifact of the (see above). Such binding places the additional aminopropy!
assay being conducted at 3T, which is far from the group of other longer substrates in a region occupied by W28
optimum temperature, as it was also seen at higher temperin HsSpdSyn, and the W28 side chain closes off the substrate
atures (Figure 5). The reaction rate for all of these substratesbinding pocket. In contrast, the binding cavity in TmSpdSyn
increased at higher temperatures but in all cases was lesss restricted by residue Y23 but not in a way that would
than with putrescine (Figure 5B). In fact, except for sper- totally exclude larger substrates (Figure 6). The greater
midine, the relative rate compared to putrescine went down activity of the TmSpdSyn toward diamines other than
with increasing temperature for these alternative substratesputrescine such as 1,3-diaminopropane and cadaverine is
At 37 °C, the maximal reaction with spermidine occurred at likely to be due to the greater flexibility in the gate-keeping
18% of the rate with putrescine and the corresponding valuesloop described above. In TmSpdSyn this loop contains one
for the other amines were thermine (37%), 1,3-diaminopro- more residue (T175) and lacks the proline equivalent to
pane (23%), and 1,5-diaminopentane (4%). At°€5 the P180(Hs), which is also present in other more specific
relative rates were spermidine (31%), thermine (15%), 1,3- spermidine synthases (Figure S1). In TmSpdSyn, this proline
diaminopropane (11%) and 1,5-diaminopentane (8%). A full is replaced by a glutamine (Q178).
analysis was not undertaken for these substrates, bi&the  Effect of Alteration of Key Acté Site Residuegiterations
values were much higher than for putrescine at all temper- were made by site-directed mutagenesis to the key residues
atures. Thus, TmSpdSyn is definitely a spermidine synthaseD101, D170, D173, and Y76 in TmSpdSyn, which are
but is promiscuous compared to other characterized SpdSyrequivalent to residues D104, D173, D176, and Y79 in the
proteins such a&. coli, yeast, and mammalian including HsSpdSyn structure. These residues interact with substrates
HsSpdSyn §, 7). as shown in Figures 3 and 4.

Comparison of the structures of the HsSpdSyn with bound Residue D101(Tm) equivalent to D104(Hs) is a totally
putrescine or spermidine with that of TmSpdSyn provides a conserved residue in all known aminopropyltransferases. The
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Ficure 4: General mechanism for aminopropyl transfer. Panel (A) shows the proposed mechanism. The putrescine and dcAdoMet substrates
are shown in black. The proposed attack by the putrescine amino group on the methylene carbon of the aminopropyl group is indicated by
red arrows. This attack is facilitated by interactions of amino group with the side chain of Y79 and D173 and the carbonyl group of S174
which deprotonate the attacking amino group. Both amino groups of putrescine would be expected to be protonated in solution at neutral
pH based on thelf, values of 10.8 and 9.314). Residue D176, which bonds with the other charged amino group of putrescine, and D104,
which bonds with the amino group on dcAdoMet, are also shown. BaseKgrghues these amino groups would be expected to be
charged and are shown as such with interactions to the carboxyl groups of D176 and D104. Residues in HsSpdSyn are shown in blue and
interactions as black or red dotted lines. Panels (B) and (C) show the H bonds indicated by the crystal structure for putrescine (B) and
dcAdoMet (C) including those intermediated by water (shown in red).

this alteration produced a large increas&jnfor dcAdoMet

Table 2: Comparison of HsSpdSyn and TsSpdSyn X -
(>100-fold) and a >50,000-fold reduction inkea/Km

Km Km
putrescine dcAdoMet Keat Keat (Table 3).
at37°C at37°C at37°C at80°C ; in Ei
protein (M) (M) (s (s As suggested abovg and diagramed in Figures 3C and 4B,
_ — Y76, D170, and D173 in TmSpdSyn (Y79, D173, and D176
m:g ggg ?;SS%?%% fg 8'?5 3'37 'angt've in HsSpdSyn, respectively) are likely to play a critical part

in putrescine binding and the transfer reaction. Mutants

acidic side chain is located within hydrogen-bonding distance Y76F, D170A, and D173A were all much less active than
of the terminal amino group of the dcAdoMet substrate in Wwild type TmSpdSyn (Table 3). The, values for putrescine
HsSpdSyn (Figures 3A and 4C). This residue is replaced bywere increased by all of these mutations by 12-fold, 240-
isoleucine in putrescinB-methyltransferase3@). Mutant fold, and 45-fold respectively. This is consistent with a role
D1011 was much less active than wild type TmSpdSyn, and for these residues in interaction with putrescine as shown in
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Ficure 5: Effect of temperature on formation of spermidine and
other polyamines by TmSpdSyn. The assays were carried out as
described under Methods and Materials at the temperature shown
for putrescine (Put) 1,3-diaminopropane (DAP); 1,5-diaminopentane
(cadaverine, Cad); therminsymnorspermidine, Nor-Spd); and
spermidine (Spd). The results are shown as the rie&D for at

least 3 estimations. The SD was less than the size of the symbols
in some assays. Measurements at°@were hampered by the  Figure 6: Active site of HsSpdSyn highlighting the end of
m_stablllty of dcAdoMet at this te_mperature. Therefore, the assays spermidine binding pocket. In HsSpdSyn (upper panel), the cavity
with other substrates were carried out over the range frorfCl5 s closed off by W28. By contrast, this region in TmSpdSyn (lower
to 80°C. Panel A shows the relative activities of thg: values for panel) is more open due to the position of Y23. Shown in green
other substrates compared to that for putrescine (set at 100%) aimesh is the surface of HsSpdSyn or TmSpdSyn withiA of
each temperature. Panel B shows the effect of temperatukgon  spermidine and MTA or AdoDATO, respectively. Spermidine,

. . N MTA, and AdoDATO are shown in sphere representation. Carbon
Figure 4. These mutations had much smaller but significant 4ioms in spermidine and MTA in HsSpdSyn structure are colored

effects of theKy, for dcAdoMet, which was increased by in yellow and gray, respectively. Carbon atoms in AdoDATO in

6.4-fold, 3.3-fold, and 2-fold, respectively. TRg/Kn, values TmSpdSyn structure are colored in gray. W28 of HsSpdSyn and

were all greatly reduced by these mutations with D170A Y23 of TmSpdSyn are shown in stick representation with carbon

producing the greatest effect d.0,000-fold reduction). This atoms colored in greencyan and orange, respectively,

::ise(p:)?ontsol f]ft?;nwg? :Eg ?g;tcli:\?éegé]?:]eof%rrézls rot:}]‘SISLL:t?elgcfzg Table 3: Effect of Mutations in Active Site Pocket on Reaction of
L ->~0 = TmSpdSyn

shown in Figure 4A. The D173A mutant had a reduction in

keal Km Of >500-fold, and the Y76F mutant had a reduction KealKim KealKin

of >1000-fold. When the activity was measured at °€D ‘;‘:tg;sogze dgfg;)l\éet at ';‘“‘;‘OC at 'gg‘oc
rather than 37C, the relative order of the differenceskg; protein (UMY  (sYmM-Ya (s (s
was maintained but the magnitude of the reduction was P T——— 20526 1027 077 P

wild type Imspdsyn . .
lessened for Y76F and D173A. D101l TmSpdSyn 2.7 <0.02 0.0004  0.012

Y76F TmSpdSyn 21.5 1.04  0.005 8.1
DISCUSSION D170A TmSpdSyn 0.03 0.06 0.00015 0.014

SpdSyn is an essential enzyme for growth of all eukary- D173A TmSpdSyn 35 2.00  0.003 15

otes. Deletion of th&pdSgene inSaccharomyces cersiae aUnits are changed for convenience in presentation.

(34), Dictyostelium discoideur(B5), Leishmania dongani
(36), Aspergillus nidulang37), and Cryptococcus neofor-  gene inactivated are viabl&)( Spermidine synthase is the
mans(38) results in strains requiring spermidine for growth. only other protein known to use dcAdoMet as a substrate.
The inactivation of the mouskdoMetDCgene that provides  Following the publication of the structure of TmSpdSgi)(

the dcAdoMet substrate for spermidine production is lethal several other aminopropyltransferase structures are now
at an early stage of developmer®).(This is not due to available including those of the spermidine synthases from
prevention of spermine synthase activity since mice with this Caenorhabditis elegan§PDB: 2B2C) @9), Arabidopsis
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thaliana (PDB: 1XJ5) Bacillus subtilis (PDB: 11Y9),
Pyrococcus furiosugPDB: 1MJF) P. falciparum (PDB:
2HTE), and théThermus thermophiluaminopropylagmatine
synthase (PDB: 1UIR)20). However, with the exception
of the TmSpdSyn ané. falciparumstructures complexed

Wu et al.

Our results also provide a convincing explanation for the
difference in amine substrate specificity between the HsSp-
dSyn, which is highly specific for putrescine, and TmSpdSyn,
which is less specific and will use longer substrates including
spermidine and thermine (Figure 5). The base of the amine

with AdoDATO or MTA, none of these structures have binding pocket in HsSpdSyn is fully blocked by the side
complexes with substrates or inhibitors. The data presentedchain of W28 preventing the binding of spermidine. In
here are the first spermidine synthase structures that containTmSpdSyn, this area is more open and can allow binding of
all four substrates and products. longer substrates although it is somewhat restricted by Y23
These structures and the previous structures of AdoDATO explaining the preference for diamines. The increased size
complexes allow the general mechanism for the aminopro- of the flexible substrate binding loop in TmSpdSyn which
pyltransferase reaction to be postulated according to thecontains one more residue and one less proline than the
scheme shown in Figure 4A. Three aspartic acid residues inHsSpdSyn provides a plausible explanation for the greater
human spermidine synthase (D104, D173, and D176), which ability of the former to use diamines other than putrescine
are conserved in all spermidine synthase structures, play keyas substrate.
essential roles in the aminopropyltransferase reaction. This The flexible gate-keeping loop is clearly a critical feature
is indicated both by the structures shown in Figure 3 and of spermidine synthases. It is likely that movement of this
the results of the site-directed mutagenesis shown in Tableloop upon binding substrates places the putrescine in the
3. The carboxylate side chain of D173 plays a major role in correct position for reaction to take place. This loop must
the deprotonation of the substrate and is aided in this by theopen again in order for product release. The mechanism

backbone carbonyl of S174 and the hydroxyl groups from
Y79 and Y214, which are also fully conserved. The car-
boxylate side chain of D176 is required for correct binding
of putrescine by fixing the distal end of the diamine. The
carboxylate of D104 binds both the aminopropyl end of
dcAdoMet and theN® atom of spermidine. D104 facilitates
the initiation of the nucleophilic attack on dcAdoMet by
anchoring the aminopropyl group and restricting it in the
position for reaction to start. After completion of the transfer
of the aminopropyl group from dcAdoMet to putrescine, the
aminopropyl group in spermidine still occupies the pocket
consisting of D104, D173, and Q80 until the product is
released. The roles of some other highly conserved residue
such as E124 and Q49, which interact with the substrate
ribose, are also explained by the current crystal structures.
The mechanism described above is in accordance with
previous studies showing that the reaction is a bimolecular
displacement40, 41). The generality of this mechanism is

underlying this opening is not fully addressed by our
experiments, but the ability of thi®-end of the reaction
product spermidine to interact with fully conserved residue
E23 and D176 in different conformation of this loop may
contribute to this opening, thereafter to the release of the
reaction products.
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SUPPORTING INFORMATION AVAILABLE

Multiple sequence alignment of spermidine synthases is
shown in Figure S1. This material is available free of charge
via the Internet at http://pubs.acs.org.

supported by the site-directed mutagenesis experiments

shown in Table 3 with the TmSpdSyn, which, as described
above, has a wider amine acceptor substrate specificity. It
is therefore likely to apply to all aminopropyltransferases

including spermine synthases and aminopropylagmatine

synthases. All gene sequences for these proteins contain
conserved residues corresponding to the key Asp residues

104(Hs) and 173(Hs) (Figure S1).

The structure of HsSpdSyrdcAdoMet complex shows
that the protein uses theS)(isomer of dcAdoMet at the
sulfonium center. TheS,S form of AdoMet is the diaste-
reomer that is produced enzymaticatywivo, but spontane-
ous conversion to a mixture with th&®(§ isomer occurs
naturally. The §,3 form appears to be the biologically active
material and is the form that is used by AdoMet decarboxy-
lase @2) so the use ofYdcAdoMet by spermidine synthase
is consistent with these results. Most enzymes using AdoMet
bind the substrate in a configuration that has a torsion angle
corresponding to thanti configuration at the glycosidic
bond, which is also the predominant form in soluti@dr3)(
but AdoMetDC is quite unusual in that the substrate and
product are bound in theynconformation 42). However,

HsSpdSyn resembles methyltransferases in that the bound

nucleoside is clearly in thanti-configuration.
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