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ABSTRACT

p-Eritadenine (DEA) is a potent inhibitor of S-adenosyl-L-homocysteine hydrolase (SAHH)
and has hypocholesterolemic activity. We have hypothesized that 3-deaza-DEA (C3-DEA)
and its analogues retain high level of SAHH inhibitory activity and have resistance to
deamination and glycosidic bond hydrolysis in vivo. Such C3-DEA analogues would have
much higher hypocholesterolemic activity. C3-DEA, and its methyl ester (C3-OMeDEA) and
its methyl amido (C3-NMeDEA) were synthesized to examine their SAHH inhibitory and
hypocholesterolemic activities. A crystal structure of SAHH containing C3-DEA was deter-
mined and confirmed that DEA and C3-DEA bound to the same site of SAHH with the same
binding mode. The SAHH inhibitory activities of C3-DEA (K;=1.5pM) and C3-OMeDEA
(Kr=1.5 uM) are significantly lower than that of DEA (K;=30nM), while rats fed by C3-
DEA and C3-OMeDEA decrease the total plasma cholesterol and phospholipids by 36-40%
and 23%, respectively, which is similar to the level of reductions (42% and 27%) by DEA. C3-
NMeDEA lost most of the SAHH inhibitory activity (K; = 30 M) and dietary C3-NMeDEA does
not decrease cholesterol and phospholipid in plasma but decreases the triacylglycerol level
by 16%. DEA and C3-DEA analogues are neither substrates nor inhibitors of adenosine
deaminase.
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1. Introduction

Hypercholesterolemia is now considered a major risk factor in
the development of premature atherosclerosis. Several classes
of hypolipidemic agents are now available for the control of
hypercholesterolemia. These include the HMG-CoA reductase
inhibitors [1] which inhibit cholesterol biosynthesis, the
second generation fibric acid derivatives [2] which interfere
with fatty acid synthesis and stimulates hepatic fatty acid
oxidation, thus reducing the amount of fatty acid available to
the liver for triglyceride synthesis, and the bile acid seques-
trants [3] which interrupt the enterohepatic circulation of bile
acids. The other types of hypocholesterolemic agents have
also been developed. For example, the selective estrogen
receptor modulators [4] which change lipid metabolism [5] and
the potent inhibitors of acyl-CoAcholesterol acyltransferase
[6-10] which inhibit cholesterol esterification.

Eritadenine [2(R),3(R)-dihydroxy-4-(9-adenyl)-butyric acid]
(DEA) isolated from the Lentinus edodes mushroom (Shiitake in
Japanese) has a hypocholesterolemic activity [11,12]. DEAis an
acyclic sugar adenosine analogue shown in Scheme 1. Soon
after discovery of the hypocholesterolemic activity, Okumura
et al. synthesized more than 100 derivatives of DEA and
evaluated the hypocholesterolemic activities of the com-
pounds [13]. They have reported that the carboxyl function
and atleast one hydroxyl group appear to be essential for
activity. The most active derivatives were carboxylic acid
esters with short-chain monohydroxy alcohols, which were 50
times more active than DEA and effective in lowering serum
cholesterol of rats at the dose of 0.0001% in the diet. Since DEA
is a potent S-adenosylhomocysteine hydrolase (SAHH) inhi-
bitor [14], it has been postulated that dietary DEA inhibits the
SAHH activity and increases the S-adenosylhomocysteine
(SAH) level in liver, and consequently, the activities of S-
adenosylmethionine (SAM)-dependent methyltransferases
are decreased.

In addition to effects on phospholipid and fatty acid
metabolism, DEA and its analogues (2R,3R)-dihydroxy-3-(9-
adenyl)-propylic acid and 9-(2-phosphonylmethoxyethyl)ade-
nine) have been found to be very potent inducers of mosaic
spots on Drosophia wings in a dose-related fashion [15]. Also,
DEA causes pronounced inhibition of intestinal phosphatases
in the hemipteran insect Pyrrhocoris apterus [16].

Although DEA is a potent inhibitor of SAHH, Shiitake,
which contains a relatively large amount (500-700 mg/kg) of
DEA is not a poisonous mushroom. DEA is apparently
degraded quickly in the liver. We have hypothesized that
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the hypocholesterolemic activity of DEA would increase if
the degradation of DEA in the liver were slowed down [17].
The SAHH[NAD" + DEA] structure indicates that N3 of the
adenine ring is not involved in H-bonding, and there is a
relatively large space in front of N3 that is large enough to
replace N3 with C-H [17]. Therefore, 3-deaza-DEA (C3-DEA)
is expected to bind to the same active site and form the
same H-bonds with SAHH as does DEA and to retain the
same level of SAHH inhibitory activity. Since 3-deaza-
adenosine (C3-Ado) is resistant to glycosidic bond hydro-
lysis and 6-amino deamination [18,19], C3-DEA is expected
to be degraded slowly in the liver. Consequently, C3-DEA
would have a higher hypocholesterolemic activity than
does DEA.

In order to improve the hypocholesterolemic activity of
DEA, we have synthesized C3-DEA and its methylester (C3-
OMeDEA) and methylamide (C3-NMeDEA) derivatives, mea-
sured the SAHH inhibitory activities and the hypocholester-
olemic activities of the DEA analogues, and determined a
crystal structure of SAHH containing C3-DEA.

2. Materials and methods
2.1.  Chemical synthesis of 3-deaza-DEA analogues

3-Deaza-adenine was prepared from 4-chloroimidazo[4,5-
c]pyridine [20] with hydrazine followed by W2 Raney nickel
[21]. C3-DEA was prepared by following a method reported by
Okumura et al. [22], in which 3-deaza-adenine was treated
with sodium carbonate and (2R,3R)-cyclohexylidenedioxybu-
tyrolactone in N,N-dimethylformamide (DMF). Acidic hydro-
lysis of the resulting protected C3-DEA with 4 M HCl in dioxane
and water gave C3-DEA. Treatment of the above cyclohex-
ylidene protected C3-DEA with a catalytic amount of con-
centrated sulfuric acid in methanol at 60 °C for 24 h provided
C3-OMeDEA in excellent yield. C3-NMeDEA was synthesized
by heating of C3-OMeDEA with methylamine in tetrahydro-
furan (THF) and methanol in a sealed tube at 90 °C for 24 h.

2.1.1. (2R,3R)-4-(3-Deazaadenin-9-yl)-2,3-dihydroxybutanoic
acid (C3-DEA) [23]

A solution of 0.81g (6.0 mmol) of 3-deazaadenine, 1.78 g
(9.0mmol) of (2R,3R)-cyclohexylidenedioxybutyrolactone,
and 0.64g (6.0 mmol) of anhydrous sodium carbonate in
22 mL of DMF (distilled over CaH,) was heated under reflux
(bath temperature: 165 °C) for 15 h under argon. The resulting
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Scheme 1 - Chemical structures of DEA and C3-DEA analogues.
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brown reaction mixture was cooled to 25 °C, neutralized with
0.72 g (12 mmol) of acetic acid, and DMF was removed by
vacuum distillation. The residue was purified through silica
gel column chromatography using a gradient mixture of
dichloromethane and methanol as eluants to give 1.41 g (71%
yield) of (2R,3R)-2,3-cyclohexylidenedioxy-4-(3-deazaadenin-
9-yl)butanoic acid. [«]3 = +78 (c 0.00048, CHsOH); *H NMR [D,0
8 (ppm) from HOD as an internal standard]: 8.17 (s, 1H, NCHN),
7.73 (d, ] =6.4 Hz, 1H, CHN), 7.10 (d, ] = 6.4 Hz, 1H, CH=), 4.74
(m, 2H, CHO), 4.37 (dd, ] = 14, 1 Hz, 1H, CH,), 4.20 (dd, ] = 14,
10 Hz, 1H, CH,), 1.9-1.3 (a series of m, 10H); *C NMR [D,0 §
(ppm) from CH50H as an internal standard]: 161.9, 137.9, 134.2,
131.8, 127.3, 124.7, 99.4, 86.7, 64.1, 61.8, 34.3, 24.3, 21.4, 11.8,
11.1, 10.6. MS (electrospray ionization) m/z 333.062 (M + 1; M*,
C16H20N,04: 332.15).

A solution of 0.45 g (1.36 mmol) of (2R,3R)-2,3-cyclohexyli-
denedioxy-4-(3-deazaadenin-9-yl)butanoic acid and 3.4 mL of
hydrochloric acid (4 M in dioxane) in 3 mL of water was stirred
at 25°C for 2h. The solution was concentrated to dryness
under vacuum to give 0.47 g of C3-DEA as a HCI salt. The
compound was crystallized from water to give 0.25 g of pure
C3-DEA-HCI [23]. []3’ = +31 (c 0.00045, H,0); *H NMR [D,0 $
(ppm) from HOD as an internal standard]: 8.33 (s, 1H, NCHN),
7.65 (d, J = 7 Hz, 1H, CHN), 7.20 (d, J = 7 Hz, 1H, CH=), 4.50 (m,
2H), 4.32 (m, 2H); *C NMR [D,0 § (ppm) from CH;OH as an
internal standard]: 175.2, 148.6, 146.6, 141.5, 129.8, 125.8, 100.1,
72.4,71.5,49.5. MS (electrospray ionization) m/z 252.929 (M + 1;
M, C10H12N40,).

2.1.2. (2R,3R)-Methyl 4-(3-deazaadenin-9-yl)-2,3-
dihydroxybutanoate (C3-OMeDEA)

A solution of 0.383 g (1.15 mmol) of (2R,3R)-2,3-cyclohexylide-
nedioxy-4-(3-deazaadenin-9-yl)butanoic acid and 80 pL of
concentrate H,SO, in 15 mL of methanol was stirred at 60 °C
for 24 h. The solution was neutralized with aqueous NH,OH,
concentrated to dryness, and crystallized from water to give
0.278 g (91% yield) of pure C3-OMeDEA. [o]3 = +6.0 (c 0.001,
CH5OH); 'H NMR [D,0 § (ppm) from HOD as an internal
standard]: 8.19 (s, 1H, NCHN), 7.70 (d,] = 7 Hz, 1H, CHN), 7.11 (d,
J =7 Hz, 1H, CH=), 4.46 (m, 2H), 4.34 (m, 2H), 3.65 (s, 3H, OMe);
3C NMR [D,0 § (ppm) from CH;0H as an internal standard]:
167.0, 144.9, 143.5, 138.9, 134.0, 127.3, 92.9, 65.6, 64.4, 46.4, 40.5.
MS (electrospray ionization) m/z 266.027 (M*, C11H14N4O4).
Anal. calcd. for C11H14N404: C, 49.62; H, 5.30. Found: C, 49.31; H,
5.59.

2.1.3.  (2R,3R)-N-Methyl-4-(3-deazaadenin-9-yl)-2,3-
dihydroxybutanamide (C3-NMeDEA)

A solution of 0.37 g (1.39 mmol) of C3-OMeDEA in 1.5 mL of
methanol and 5 mL of methylamine (2 M solution in THF) was
heated in a sealed tube at 90 °C for 24 h. The solution was
cooled, concentrated to dryness, and column chromato-
graphed on silica gel using methanol:dichloromethane (2:3)
as an eluant to give 0.305 g (83% yield) of C3-NMeDEA. [o)% =
415 (c 0.0006, CH;0H); 'H NMR [D,0 § (ppm) from HOD as an
internal standard]: 8.12 (s, 1H, NCHN), 7.76 (d, ] = 6.4 Hz, 1H,
CHN), 7.02 (d,] = 6.4 Hz, 1H, CH=), 4.45-4.26 (m, 4H), 2.57 (s, 3H,
NMe). *C NMR [D,0 § (ppm) from CH;OH as an internal
standard]: 166.9, 145.4, 144.5, 142.0, 132.0, 125.0, 84.1, 62.5,61.7,
44.7, 33.0. MS (electrospray ionization) m/z 266.00 (M + 1; M*,

C11H15N503). Anal. calcd. for C11H15N503: C, 4981, H, 5.70.
Found: C, 48.93; H, 6.01.

2.2.  Purification of SAHH

SAHH used in this study is the recombinant rat liver enzyme
produced in Escherichia coli J]M109 transformed with a pUC118
plasmid that contains the coding sequence of rat SAHH cDNA
[24]. The enzyme was purified to homogeneity from E. coli
extracts by gel filtration over Sephacryl S-300 and DEAE-
cellulose chromatography as described previously [24].

2.3.  SAHH inhibitory activities

SAHH catalyzes SAH hydrolysis to Ado and Hcy, and Ado is
quickly converted to inosine in the presence of adenosine
deaminase (ADA). Since absorptions of the adenine and
hypoxanthine rings are significantly different at 265 nm, we
can measure the SAH hydrolysis rate of SAHH in the presence
of the inhibitors spectrophotometrically in the presence of
excess ADA by measuring the rate of appearance of inosine
[25]. A 5pL aliquot of the protein solution (1.0 mg/mL
concentration) was added to 995 pL of the assay mixture
containing known concentrations of SAH, inhibitor, and 1.4
units of calf intestine ADA (Sigma, MO, USA) in 50 mM
potassium phosphate (pH 7.2), and the decrease of absorbance
at 265 nm due to the conversion of the product Ado to inosine
was followed continuously at 22 °C. The same experiment was
repeated five times with different SAH concentrations (10, 15,
20, 30, and 50 pM). The inhibitor concentrations were 0, 10, 20,
30, 40 nM for DEA, 0, 0.5, 1.0, 1.5, 2.0 uM for C3-DEA and C3-
OMeDEA, and 0, 25, 50, 75 uM for C3-NMeDEA. The initial
velocities (vp) at known inhibitor and substrate concentration
were calculated from the slope of AA and A¢=8.1x
10°M~'cm™!. From a Lineweaver-Burk plot (1/[SAH] versus
1/vo), the slope at a known inhibitor concentration was
determined by least-square fitting (Fig. 1). All lines by various
inhibitor concentrations intersect at one point within experi-
mental error. However, the intersection points are not on the
1/vo axis (see details in Section 3). The K; value of each
inhibitor was determined from a plot of the inhibitor
concentration versus slope of Lineweaver-Burk plot using
the following relation:

Km ) Km
slope = I+
p (vmaXKI [ } Vmax

2.4.  Adenosine deaminase (ADA) inhibitory activities

ADA from calf intestine was purchased from Sigma and used
without further purification. The ADA inhibitory activities of
DEA and C3-DEA analogues were measured by the same
procedure applied for the SAHH inhibitory assay. In this case,
adenosine (Ado) is the substrate and DEA or C3-DEA
analogues are inhibitors. The rate of appearance of inosine
from Ado was measured by the decrease of absorbance at
265 nm. The slope of AA was not changed with various
concentrations of DEA or C3-DEA analogues (0.0-50 uM),
indicating that DEA and C3-DEA analogues do not have an
ADA inhibitory activity.
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Fig. 1 - Inhibition of SAHH by C3-OMeDEA. Inhibitor concentrations were 0 pnM (4A), 0.5 pM ([7), 1.0 pM (@), 1.5 pM (A) or 2.0 pM
(M). Inset: plot of the slope of the lines as a function of [I]. The initial velocity v, was converted to mol/s with 1 mol of SAHH, so
that Ky and kc: can be determined from the data in the absence of inhibitor (A) (y-axis intercept = 1/Viax = 1.4 s/mol and
slope = Ky/Vinax = 1.51 X 107> M s/mol. From these values, Ky, = 1.51 X 107°/1.4 = 10.8 pM and k. = Vinax/[E] = 1/

1.4 = 0.71 s~ ). It is noted that the Lineweaver-Burk plots of DEA, C3-DEA, C3-NMeDEA are quite similar to that of C3-OMeDEA.

The deamination rates of DEA and C3-DEA analogues by
ADA were also measured by the same procedure described
above. No decrease of absorbance at 265 nm was observed,
indicating that DEA and C3-DEA analogues are not deami-
nated by ADA.

2.5. Animals and diets

Fifty male 6-week-old rats of the Wistar strain (n=50),
weighing 125-135 g, were received from Japan SLC (Hama-
matsu, Japan). The rats were individually housed in hanging
stainless wire cages kept in an isolated room at a controlled
temperature of 23-25 °C and humidity of 40-60%. Lights were
maintained on a 12-h cycle (lights on from 6:00 to 18:00 h.).
Rats were divided into five groups (n = 10) with similar mean
body weights (129 g) and allowed free access to the experi-
mental diets and water for 14 days. In the present study, five
experimental diets were used: a control diet, a diet supple-
mented with DEA at a level of 50 mg/kg, a diet supplemented
with C3-DEA at a level of 50 mg/kg, a diet supplemented with
C3-OMeDEA at a level of 50 mg/kg, and a diet supplemented
with C3-NMeDEA at a level of 50 mg/kg. The composition of
the control diet was as follows (g/kg): casein, 250; cornstarch,

429; sucrose, 200; corn oil, 50; AIN-93 mineral mixture [26], 35;
AIN-93 vitamin mixture [26], 10; choline bitartrate, 5; cellulose,
20; lactose, 1. DEA and DEA analogues were mixed with lactose
and added to the diet.

2.6. Lipid analysis

At the end of the 14 days feeding period, rats that had not been
deprived of food were decapitated between 12:00 and 12:30 h.
Plasma was separated from the heparinized whole blood by
centrifugation at 2000 x g for 20 min at 4 °C and stored at
—180 °C until analyses for plasma lipid concentrations. The
plasma concentrations of the total cholesterol (VLDL + LDL +
HDL), triglycerols, and phospholipids were measured enzy-
matically with kits (cholesterol E-test, triglyceride E-test and
phospholipid B-test, respectively; Wako Pure Chemical, Osaka,
Japan). The results are listed in Table 1.

2.7. Crystal structure determination of SAHH[NAD" + C3-
DEA]

A batch method was employed for crystallization of the
enzyme. All crystallization experiments were conducted at

Table 1 - Effects of dietary supplementation with DEA or C3-DEA analogues on plasma lipid concentrations in rats®

Plasma lipids (mmol/L)

Total cholesterol Triacylglycerols Phospholipids
Control 2.31+0.03 a 1.45 + 0.08 ab 2.28 +0.06 a
Control + DEA 1.34 + 0.07 b 1.52 £ 0.06 a 1.67 +0.06 b
Control + C3-DEA 1.38 +0.05 b 1.45+0.11 ab 1.75+0.02b
Control + C3-OMeDEA 1.47 £0.02 b 1.53 £ 0.08 a 1.75+0.06 b
Control + C3-NMeDEA 2.30+0.04 a 1.22+0.05b 2.284+0.04 a

& Values are mean + S.EM., n=10. Treatment effects (DEA and C3-DEA analogue supplementation) were analyzed by ANOVA, and the
differences between means were tested using Duncan’s multiple range test [39]. A P value of 0.05 or less was considered significant. Values in
each column with letter (a) are significantly different from those with the letter (b), while values with the letters (ab) are not significantly

different from those with either the letters (a) or (b).
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22 °C. Small crystals of the enzyme were grown in a solution
containing 2 mM C3-DEA, 15% (w/v) PEG 8000, 50 mM MES
buffer pH 6.5, and 2% (v/v) glycerol with a protein concentra-
tion of 2 mg/mL. The plate-shape crystals suitable for X-ray
diffraction were grown for 2 weeks.

A crystal having dimensions ~0.3 mm x 0.2 mm x 0.1 mm
in a drop was scooped out with a nylon loop and was dipped
into a cryoprotectant solution containing 18% ethylene glycol,
15% (w/v) PEG 8000, 50 mM MES buffer pH 6.5, and 2% (v/v)
glycerol for 30 s before it was frozen in liquid nitrogen. The
frozen crystal was transferred onto a Rigaku RAXIS IIc imaging
plate X-ray diffractometer with a rotating anode X-ray
generator as an X-ray source (Cu Ka radiation operated at
50 kV and 100 mA). The diffraction data were measured up to
2.8 A resolution at —180 °C. The data were processed with the
program DENZO and SCALEPACK [27].

The unit cell dimensions and the assigned space group
indicated the crystal of SAHH[NAD™" + C3-DEA] is isomorphous
to that of SAHH[NAD® +DEA] [17], and two tetrameric
enzymes (eight subunits) are in the asymmetric unit. The
crystal structure was refined by a standard refinement
procedure in the X-PLOR protocol with the non-crystal-
lographic symmetry restraint [28]. During the later stages of
refinement, difference maps (F, — F. maps) showed a large
significant residual electron density peak in the region of the
active site of each subunit. The shape of the electron-density
peak suggested that each individual subunit contains C3-DEA,
and a C3-DEA molecule was fit into each electron density peak
(Fig. 2). During the final refinement stage, well-defined
residual electron density peaks in difference maps were
assigned to water molecules if peaks were able to bind the
protein molecules with hydrogen bonds.

The crystallographic refinement parameters (Table 2), final
(2F, — Fo) maps, and conformational analysis by PROCHECK
[29] indicate that the crystal structure of SAHH[NAD" + C3-
DEA] has been determined with acceptable statistics. Since the
eight subunits are identical at a resolution of 2.8 A, they have

Fig. 2 - A (2F, — F) map showing electron density peak of
C3-DEA at the contour level of 1.2¢.

Table 2 - Experimental details and refinement para-
meters of crystal structure analyses
Experimental details

Resolution (A) 10.0-2.8
Number of crystals 1

Number of reflections measured 226,127
Number of unique reflections?® 78,969
% complete 91.8
Reym” 0.157
I/o(1)¢ 3.8
Refinement parameters
Number of residues 3,448
Number of NAD* molecules 8
Number of C3-DEA molecules 8
Number of water molecules 291
R¢ 0.245
Free R 0.284
rmsd from the ideal values
Bond (A) 0.007
Angle (°) 1.12
Torsion angle (°) 25.8
Luzzati coordinated errors (A) 0.034
Ramachandran plot
Residues in most favored region (%) 89.6
Residues in additional allowed region (%) 10.4

Space group: P24; cell dimension (A): a=90.50,b =178.60, c = 112.66,
B =107.9°; M, of subunit: 47,000; number of subunits in the unit
cell: 16; Vyy = 2.30 A3; percentage of solvent content: 47%.

2 Unique reflections in the range between 10.0A and highest
resolution.

® Reym = S nDillhi - (Tn) 1/ >"n il Tnil -

€ I/a(l) in 2.9-2.8 A resolution range.

d Rcryst = Zh‘Fo - Fc‘/ztho"

been tightly restrained to have the same structure
(rmsd < 0.05A) in order to increase the quality of the
structure. The atomic coordinates have been deposited in
the Protein Data Bank (Entry name: 2H5L).

3. Results and discussion
3.1.  SAHH and ADA inhibitory activities of DEA analogues

The enzyme activity of recombinant rat liver SAHH was
measured in the hydrolytic direction spectrophotometrically
[25]. The Ky for SAH hydrolysis was determined to be 10.7 uM
and the ke, was 0.71s™ 1 (see Fig. 1). Several Ky and ke values
of the recombinant rat liver SAHH have been reported:
Ky=141pM and kei=0.81s"' [30], Ky=9.7uM and
Reat = 0.86 571 [31], and Ky, = 8.8 uM and keae = 1.0 s7 [32]. Thus,
the values we obtained are consistent with values reported
previously.

The K; value (30 + 0.3 nM) of DEA obtained in this study
indicates that DEA is a potent inhibitor of SAHH. The K; value
(1.5 £ 0.2 uM) of C3-DEA is significantly increased from that of
DEA, indicating that modification of adenine to 3-deaza-
adenine reduces the inhibitory activities of the analogues.
Conversion of the carboxylic group to a methylester (C3-
OMeDEA) does not alter the inhibitory activity but modifica-
tion of the carboxyl group to methylamide (C3-NMeDEA)
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reduces the inhibitory activity significantly (K; increases from
1.5+ 0.2 uM to 30 £ 0.5 uM). DEA and C3-DEA analogues were
found to be neither inhibitors nor substrates of ADA.

As shown below, DEA and C3-DEA analogues compete with
the substrate for the binding site and thus are competitive
inhibitors. However, as shown in Fig. 1, Lineweaver-Burk plots
indicate that DEA and C3-DEA analogues are mixed inhibitors.
In this case, the enzyme forms two complexes, EI (enzyme-
inhibitor) and ESI (enzyme-substrate-inhibitor), and the ESI is
a non-reactive complex. The crystal structures of SAHH show
that SAHH has two distinct conformations (E,, (opened
conformation) and Eq (closed conformation)) [32-34]. Sub-
strate/inhibitor can only bind to or dissociate from E,p, while
the substrate/inhibitor bound enzyme has two conformations
(Eop and Eqy). For the DEA and C3-DEA analogue cases, there are

two different EI complexes (Eopl and Eql). Since inhibitor I
cannot dissociate from the Eyl complex, the Eyl is a non-
reactive complex similar to the ESI complex. Therefore, the
lines of Lineweaver-Burk plots are no longer intersected on the
1/vo axis as like a simple competitive inhibitor, but the
Lineweaver-Burk plots look like a mixed inhibitor. Similar
Lineweaver-Burk plot of a competitive inhibitor of SAHH has
been reported [31].

3.2.  Crystal structure of SAHH[NAD" + C3-DEA]

The crystal contains two crystallographically independent
tetrameric SAHH molecules, with each subunit of the
tetrameric SAHH molecule related by 222 symmetry
(Fig. 3A). The eight independent subunits are identical at a

Fig. 3 - (A) Tetrameric structure of SAHH. Subunits related by a pseudo 222 symmetry are cyan, light-pink, aquamarine, and
yellow, respectively. Four tightly bound NAD* molecules and four C3-DEA are illustrated as red and green balls,
respectively. (B) Ribbon drawing of a single subunit of SAHH[NAD" + C3-DEA] showing catalytic (aquamarine) and NAD-
binding (light-pink) domains. The bound NAD* and C3-DEA are illustrated by ball-and-stick modes. The C-terminal domain
is omitted for clarity. (C) A C3-DEA molecule in the active site. Possible hydrogen bonds (<3.5 A) between C3-DEA and SAHH
are illustrated by thin lines (see details in Fig. 4A). (For interpretation of the references to color in this figure legend, the

reader is referred to the web version of the article.)
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resolution of 2.8 A (rmsd < 0.05 A). The structure of SAHH[-
NAD™" + C3-DEA] is isomorphous to that found in SAHH[-
NAD* + DEA] [17]. The rmsd between the two SAHH structures
is 0.56 A, indicating that the 3D-structures of SAHH in
SAHH[NAD" + DEA] and SAHH[NAD" + C3-DEA] are the same
within experimental error. As shown in Fig. 3B, NAD" and C3-
DEA bind to the NAD-binding domain and the catalytic
domain, respectively. SAHH has two distinct conformations,
opened and closed, by rotating the catalytic domain ~18°
around the molecular hinge section [32-34]. The SAHH in
SAHH[NAD™" + C3-DEA] has a closed conformation, and the
bound C3-DEA and NAD* are completely buried between the
catalytic and NAD-binding domains, indicating that C3-DEA
cannot bind to or dissociate from SAHH in the closed
conformation.

As predicted [17], C3-DEA binds to the same site of SAHH as
DEA and the 3-deaza-adenine ring of C3-DEA fits well in the
adenine-ring binding-site of DEA without short contacts
(Fig. 3C). The structure of SAHH in SAHH[NAD" + C3-DEA] is
remarkably similar to that of the NADH-bound enzyme
D244E[NADH + Ado’] [34], indicating that the oxidation state
of NAD does not affect the conformation of SAHH. Further-
more, the geometry of the substrate-binding site is not
changed by binding quite differently shaped molecules (Ado
versus C3-DEA), indicating that the substrate-binding site is
relatively rigid.

The structures of SAHH[NAD®'+DEA] and SAHHJ-
NAD" + C3-DEA] suggest why DEA is a potent competitive
inhibitor (K;=30nM). DEA is an acyclic sugar Ado analogue,
and the two chiral centers (C2' and C3') have chirality opposite
to those of Ado and cyclic sugar Ado analogues. Nevertheless,
DEA fits well in the Ado binding site of SAHH and forms similar
H-bonds with SAHH as seen in D244E[NADH + Ado ], suggest-
ing that DEA is quite flexible. Indeed, DEA in the sodium salt
crystal structure has a bent conformation (torsion angle C1'-
C2'-C3-C4’' = —60°), while DEA in the SAHH complex has an
extended conformation (torsion angles C1'-C2'-C3'-C4’ = 180°)
[17]. Obviously, the bent DEA does not fit in the relatively rigid
active site of SAHH. In comparison to Ado in D244E[NAD-
H + Ado'], DEA can be involved in more H-bonding since DEA
has more H-bond forming oxygens than Ado (Fig. 4). Further-
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more, the carboxylate group of DEA forms a salt linkage with
the ammonia group (Nz) of K185, which is not seen in
D244E[NADH + Ado’]. In the proposed catalytic mechanism
[32], the bound NAD™" abstracts the H3' hydrogen, and the
carboxylate of D130 removes the H4' proton of Ado, and the
intermediate, 3'-keto-4',5'-dehydroadenosine is produced. As
shown in Fig. 3C, the hypothetical H3' and H4' of Ado in
D244E[NADH + Ado'] are pointed toward C4 of NAD and Op, of
D130, respectively, and the [Ado]C3---C4[NAD] and
[Ado]C4'- - -Op[D130] distances are less than 3.5 A, suggesting
that there are significant interactions which induce the
catalytic reaction. Similar interactions ([DEA|C3'---C4[NAD]
and [DEA]C2'---Op[D130]) are observed in SAHH[NAD" + DEA]
although DEA is not oxidized by the bound NAD". Once the
catalytic reaction occurs (i.e. Ado is converted to 3'-keto-4',5'-
dehydroadenosine), only the 02’ and O3’ of Ado can participate
in H-bonding with SAHH, and thus the affinity of 3'-keto-4',5'-
dehydroadenosine is decreased and stability of the closed
conformation is decreased, whereas all four oxygens (02/, 03/,
O4a’, and 04b’) of the intact DEA are involved in hydrogen
bondingin the closed conformation. Therefore, it appears that
DEA binds to SAHH more tightly than the substrate Ado does,
and consequently, the dissociation constant K; becomes small.

3.3.  Modification effects on the SAHH inhibitory activity

The SAHH inhibitory activity of C3-DEA (K;=1.5pM) is
significantly decreased from that of DEA (K;=30nM). Since
the crystal structures of SAHH[NAD"+DEA] and SAHH[-
NAD™" + C3-DEA] indicate that the binding schemes of DEA
and C3-DEA to the active site of SAHH are the same, the N3 to
C3 adenine ring modification apparently reduces the affinity of
C3-DEA to the active site of SAHH. Although the crystal
structure of SAHH[NAD" + DEA] which has a closed conforma-
tion does not show a water between N3 of the adenine ring and
the protein, the inhibition data of DEA and C3-DEA indicate
that a water is most likely coordinated on N3 when DEA binds
to SAHH with the opened conformation. The bound water
would increase the initial binding affinity of DEA to SAHH with
an opened conformation and would be released (or disordered)
when SAHH has a closed conformation.
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Fig. 4 - Schematic diagrams of interactions of C3-DEA and Ado’ in the active site. (A) C3-DEA in SAHH[NAD" + C3-DEA], and
(B) Ado’ in D244E[NADH + Ado]. Dashed lines indicate the possible hydrogen bonds and interactions.
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In the structure of SAHH[NAD® + C3-DEA], there are
relatively large spaces around the carboxyl oxygens that are
large enough to accommodate a methyl group. Although the
charge interaction between the negatively charged carbox-
ylate group and the positively charged ammonia group of K185
is no longer available, C3-OMeDEA can bind to the same site of
SAHH and form the same H-bonding as in SAHH[NAD" + C3-
DEA]. Indeed, the SAHH inhibitory activity of C3-DEA
(Kr=1.5 pM) and C3-OMeDEA (K; = 1.5 pM) are equal.

On the other hand, the SAHH inhibitory activity of C3-
NMeDEA is significantly reduced (K;=30pM). In the crystal
structures of SAHH[NAD" + DEA] and SAHH[NAD" + C3-DEA],
the H-bond acceptor carboxylate group of DEA or C3-DEA form
two H-bonds with the H-bond donor ammonia group (Nz) of
K185. The methylamide group of C3-NMeDEA cannot form a H-
bond with the ammonia group of K185 because both groups are
H-bond donors. Furthermore, the methylamide group would
have an unfavorable charge interaction with the ammonia
group. Therefore, the reduction of SAHH inhibitory activity of
C3-NMeDEA compared to C3-DEA is due to disruption of the
salt-linkage between the carboxyl and ammonia groups.

Itis believed that most of DEA is quickly degraded in the rat
intestine and liver. In general, degradation of adenosine
derivatives occurs initially by deamination of N6 by adenosine
deaminase (ADA), followed by the glycosidic bond cleavage by
purine nucleoside phosphorylase. Since the crystal structure
of ADA containing an adenosine transition analogue indicates
that N3 of the adenine ring participates in H-bonding with the
amide group of G184 [35], C3-adenosine analogues are
expected to be degraded much slower than adenosine
analogues. Indeed, Ado is the substrate of ADA, but C3-Ado
is a weak inhibitor of ADA (K; = 400 pM) [19]. Therefore, C3-DEA
is expected not to bind to ADA and not be degraded by ADA,
while C3-DEA can bind to and inhibit SAHH. For this reason we
synthesized the C3-DEA analogues. Surprisingly, both DEA
and C3-DEA analogues are found to be neither a substrate nor
an inhibitor of ADA. A reexamination of the model structure
suggests that a DEA molecule fits well in the Ado binding site
of the ADA structure, but the negatively charged carboxyl
groups of DEA would have an unfavorable charge interaction
with D19. This interaction might prevent DEA from binding to
the ADA active site.

3.4.  Why does the 3-deaza-modification not alter the
SAHH inhibitory activity of mechanism-based inhibitors?

Interestingly, a mechanism-based SAHH inhibitor neplanocin
A (NepA) and its 3-deaza-neplanocin A (C3-NepA) are reported
to have the same levels of inhibitory activities (K;=7nM
versus 23nM) [36]. In the crystal structures of SAHH]-
NAD" + C3-DEA], SAHH|[NAD" + DEA], and SAHH|NADH + -
NepA] [37], C3-DEA, DEA, and NepA bind to the same site of
SAHH and their adenine rings form the same H-bond
networks. Therefore, why does the C3-DEA modification
decrease the SAHH inhibitory but the C3-NepA modification
does not? The sugar moiety of NepA is oxidized by the bound
NAD* in the SAHH active site. The inhibitory mechanism of
NepA involves NepA reducing the tightly bound NAD" to
NADH and becoming an irreversible oxidized NepA which
stabilizes the closed conformation of SAHH. Therefore, the

irreversible oxidation reaction is the major inhibitory power
for NepA. On the other hand, the sugar moiety of DEA is not
oxidized by the bound NAD*, and thus, the SAHH inhibitor
activity of DEA is due to tight binding to the active site of
SAHH. The weak binding of the 3-deaza-adenine ring reduces
the affinity of C3-DEA for SAHH, and consequently, the C3-
DEA analogues have decreased SAHH inhibitory activity.

3.5 Effects on the lipid concentrations in plasma by DEA
and C3-DEA analogues

Dietary DEA and C3-DEA analogues did not affect the growth
and food consumption of rats. Dietary DEA, C3-DEA, and C3-
OMeDEA did significantly decrease the plasma concentrations
of cholesterol (VLDL + LDL + HDL) and phospholipids (Table 1).
However, dietary C3-NMeDEA did not affect the plasma
concentrations of the total cholesterol and phospholipids.
The plasma concentration of triacylglycerol was significantly
decreased by dietary C3-NMeDEA, but not by DEA, C3-DEA,
and C3-OMeDEA. These observations suggest that C3-DEA and
C3-OMeDEA have the same biological activity as DEA, but the
methylamide modification (C3-NMeDEA) might alter the
molecule to make it bind to different targets and thus show
different biological activities.

There is a strong correlation between cholesterol and
phospholipid concentrations. In the control and the C3-
NMeDEA fed rats, the ratio of the cholesterol and phospholipid
concentrations is near 1.0, while those ratios in the DEA, C3-
DEA, and C3-OMeDEA fed rats are reduced to 0.8, suggesting
that DEA, C3-DEA, and C3-OMeDEA decrease the concentra-
tion of higher density lipoproteins such as LDL and HDL in
plasma. Indeed, DEA decreases the LDL and HDL concentra-
tion in plasma but not the VLDL concentration [38]. These
observations suggest that DEA, C3-DEA, and C3-OMeDEA
stimulate tissues, especially liver tissue to take up plasma
lipoprotein cholesterol and phospholipids from higher density
lipoproteins.
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