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ABSTRACT: Using 28 chemically well-defined compounds containingD-erythro-sphingosine and its
analogues, we analyzed structure-activity relationships for DNA primase inhibition. Biochemical studies
demonstrated a positively charged amino group at C2 and a long aliphatic chain to be absolutely required
for inhibition. Whereas C2-amino group is intact, sphingosine 1-phosphate was totally inactive. This result
could be due to cancellation of positive charge of the amino group by the interaction with negatively
charged C1-phosphate, since simulations with the software INSIGHT II showed these two groups to be
close enough to interact. The hydroxyl group at C3 andtrans-double bond at C4-C5 were also found to
be important for the inhibition. Dehydroxylation of C3, as well as saturation orcis-conversion of the
trans-double bond led to decrease of inhibitory activity. Despite saturation of the double bond, introduction
of a hydroxyl group into C4 of dihydrosphingosine resulted in restoration of inhibition. Conversion of the
double bond into a triple bond did not abolish but rather enhanced the inhibitory activity. Among
sphingosine stereoisomers, the naturally occurringD-erythro-sphingosine proved to be the strongest inhibitor.
To ascertain the contribution of the total conformation to the inhibition, especially of the long aliphatic
chain, we constructed a 3D-quantitative structure-activity relationship model using the computer pro-
gram Catalyst/HipHop on the basis of information described above. Analysis of the hypothesis model for
active compounds revealed that the orientation of aliphatic chain, represented by the dihedral angle of
C2-3-4-5, correlated well with the inhibition. Modifications such as deletion of the hydroxyl group at
C3 or saturation of the C4-C5 double bond caused shifts in the dihedral angle of C2-3-4-5, with
concomitant decrease in inhibitory activity.

The dominant sphingosine in mammalian cells isD-erythro-
(2S,3R)-sphingosine,1 which is an 18-carbon basic amine with

a trans-double bond located between C4 and C5, and two
hydroxyl groups located at C1 and C3 (designated as
“sphingosine” hereafter). Sphingosine is a constituent unique
to sphingolipids that may theoretically consist of ap-
proximately 60 000 molecular species according to the
dramatic structural diversity in components, carbohydrate,
fatty acid, and sphingosine (1). Endogenous free sphingosine
also exists in cells, mainly originating from sphingomyelin
hydrolysis. Since sphingosine is highly toxic to cells, it is
metabolized rapidly to sphingosine 1-phosphate, and finally,
to ethanolamine phosphate and palmitaldehyde. However,
it has been also reported that sphingosine plays important
roles in cell growth, differentiation, or oncogenesis through
modulation of many enzyme activities (2-4). Especially, it
inhibits protein kinase C and may affect a number of
biological processes linked to protein kinase C-dependent
pathways (2, 3).

Although sphingomyelin exists predominantly in the
plasma membrane, it is also found in the nucleus in
association with chromatin (5-7) and nuclear matrix (8).
Sphingomyelin hydrolyzing enzymes, sphingomyelinase (7,
9, 10) and ceramidase (11), also exist in the nucleus as well
as the plasma membrane. Recently, we have shown that
nuclear sphingomyelinase and ceramidase are induced prior
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to apoptosis of rat hepatocytes after ligation of the portal
vein branch, with concomitant increases in ceramide and
sphingosine in nuclei (11). We have also found that sphin-
gosine strongly inhibits DNA primase, an enzyme that is
involved in both initiation and elongation of DNA replication
(12). Mode of the inhibition of DNA primase by sphingosine
and derivatives was shown to be competitive with template
DNA but noncompetitive with dNTPs (12, 13). Concentration
of sphingosine in nucleus of rat hepatocyte was varied from
3 to 10µM before and after the induction by an apoptotic
stimuli (11), ranging in the same order as those ofKi values
described in the present study. The cytostatic/cytocidal effects
of sphingosine and its analogues parallel DNA primase
inhibition (13). These results suggest that DNA primase is
one of the targets of sphingosine action. Interestingly,
sphingosine induces apoptosis in the Bcl-2 overexpressing
cells that are refractory to depletion of growth factor and
treatments with methyl methane sulfonate, UV radiation, and
X-rays (14).

In the present study, we have further analyzed the
inhibition of DNA primase using sphingosine and 27 of its
analogues, differing from each other in aliphatic chain length,
residues at C1, C2, C3, and bond type between C4 and C5.
Variation in inhibitory activity of these compounds clearly
indicated that the amino group at C2, the hydroxyl group at
C3, the double bond at C4-C5, and the length of the
aliphatic chain are important for the inhibition. An important
contribution of the total conformation for the inhibitory
activity, especially of the orientation of aliphatic chain, was
demonstrated by computer analysis of structure-activity
relationships.

MATERIALS AND METHODS

Enzymes and Sphingolipids. DNA primase complexed with
DNA polymeraseR was purified from calf thymus by
immunoaffinity column chromatography as described previ-
ously (15). Dihydrosphingosine, phytosphingosine, andN,N-
dimethylsphingosine were purchased from Sigma Chemicals
Co. (St. Louis, MO), and ceramide from bovine brain
sphingomyelin,N-acetyl sphingosine, andN-octyl sphin-
gosine from Matreya, Inc. (Pleasant Gap, PA).D-erythro-
Sphingosine and all other analogues were synthesized and
purified as described previously (16). Structures were verified
by proton nuclear magnetic resonance and mass spectrom-
etry. Poly dC was obtained from Amersham-Pharmacia
Biotech UK Ltd. (Buckinghamshire, UK) and GTP from
Yamasa Shoyu Co. Ltd. (Chiba, Japan). [R-32P] GTP was
purchased from Amersham-Pharmacia Biotech.

DNA Primase Assay. Activity of DNA primase was
measured as described previously (13), with a standard
reaction mixture (25µL) containing 50 mM Tris/HCl (pH
7.5), 5 mM MgCl2, 2 mM dithiothreitol, 400µM [R-32P]
GTP (74 kBq), poly dC (16µg/mL, 53.3µM nucleotides),
and 0.05 units of calf thymus DNA polymeraseR-DNA
primase complex. After incubation at 37°C for 30 min, the
reaction product was precipitated by ethanol with 1 mg of
calf thymus DNA and subjected to 20% nondenaturating
polyacrylamide gel electrophoresis. The radioactive spots at
the top of gels, identified by a Hamamatsu DVS 3000 Image
Analyzer system, were cut off and their radioactivities were
determined with a liquid scintillation counter. To measure

the inhibition, appropriate amounts of sphingosine and its
analogues, stored in chloroform/methanol (2:1, v/v), were
dried up under N2 gas and suspended in water by ultrasoni-
cation. The suspended samples were preincubated with DNA
polymeraseR-primase complex for 15 min at room temper-
ature, and then DNA primase activity was assayed as
described above. The inhibition constant (Ki value) was
calculated from the Dixon plot.

Computational Analyses.A 3D-quantitative structure-
activity relationship model was constructed using the soft-
ware package Catalyst 4.5 (Molecular Simulation Inc., San
Diego, CA). All calculations were conducted on SGI Octane
(R8000), running under the IRIX 6.5.4 operating system. A
set of 18 inhibitors containing two hydroxyl groups and one
amino group (compounds other than 15, 16, 17 in Table 3)
was selected as a training set for Catalyst hypothesis model
generation. A conformation model was calculated using the
Best Quality method and an 18 kcal energy cutoff. The
number of conformers generated for each molecule was
limited to a maximum of 255. Since only few spans of
inhibitory activities and a limited diversity of compounds
were available, we generated the feature-based 3D-pharma-
cophoric alignment with Catalyst/HipHop. We focused on
two hydroxyl groups at C1 and C3 (hydrogen-bond acceptor),
one amino group at C2 (positive ionizable point) and four
hydrophobic points on the aliphatic chain of sphingosine as
features having putative chemical functions. To distinguish
such functions from each other, the hypothesis model was
generated using a set of highly constrained chemical
features: positive ionizable (min: 1, max: 1), hydrogen-
bond acceptor (min: 2, max: 2), and hydrophobic (min: 1,
max: 1). A conformation model for each molecule was
generated, and each conformer was examined for the
presence of chemical features. Then, a 3D-configuration of
each chemical feature common to the inputs was selected.
All sets of generated conformers for compounds were ranked
by scores, i.e., how well they could be superimposed on
features in the hypothesis model (Fit value). By introducing
biochemical data (actualKi values), the generated hypotheses
were further refined and used for the analyses. The estimated
Ki for each compound was calculated from the Fit value. To
investigate the structural factors supporting the most active
conformation, dihedral angles of C1-2-3-4, C2-3-4-
5, N-C2-3-O, and C3-4-5-6 were calculated.

The distances between the functional residues and the
potential energy of compounds were calculated using the
INSIGHT II software package. A model ofD-erythro-
sphingosine was built up manually and simple-minimized.
Others were made on the basis of the minimizedD-erythro-
sphingosine model. The compounds were simulated with
force field parameters based on the CVFF (consistent valence
force field) (17). The grouped-based cut off, 0.95 nm for
the van der Waals and 0.95 nm for coulomb interactions,
were introduced. The temperature was set at 293 K. Calcula-
tions based on the simulation images were carried out using
the INSIGHT II package (18).

RESULTS AND DISCUSSION

Inhibition of DNA Primase by Sphingosine Analogues.We
classified 18 sphingosine analogues into five groups (Table
1), with respect to modification of the hydroxyl group at C1
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(group 1), amino group at C2 (group 2), another hydroxyl
group at C3 (group 3), thetrans-double bond between C4
and C5 (group 4), and the aliphatic chain length (group 5)
(Table 1). The importance of each modification for DNA
primase inhibition was evaluated with regard to the inhibition
constant (Ki). Inhibition of DNA primase by 19 compounds
was measured as described in the Materials and Methods
(also see ref 13), and the inhibition constants (Ki) of the
analogues were obtained from Dixon plots.

In group 1, C1-modified compounds showed the strong
inhibition that was comparable to that of sphingosine, except
sphingosine 1-phosphate which entirely lost inhibitory ef-
fects. In group 2, where the amino group at C2 was modified,
compounds lost the inhibitory activity, except for one
modified with a dimethyl group. All of 3-dehydroxy sphin-
gosine analogues in group 3 exhibited very low inhibition.
In group 4, where thetrans-double bond at C4-C5 was
modified, compounds showed inhibitory effects with different
potencies. One compound with triple-bonding (4,5-triple-
sphingosine) inhibited DNA primase very strongly. One
without a double bond (dihydrosphingosine) showed weak
inhibition, but addition of hydroxyl group at C5 of this
compound (phytosphingosine) fully restored inhibition ca-
pacity. Inhibition by an example with acis-double bond was
also weak. In group 5, the ones carrying much shorter
aliphatic chains showed no inhibition.

Stereospecificity of DNA Primase Inhibition by Sphin-
gosine. Sphingosine exists as four stereoisomers, i.e., com-
binations ofD- andL-, anderythro- andthreo-. To examine
the stereospecificity of the inhibition of DNA primase by
sphingosine, we measured theKi values of the four stereo-
isomers, carrying the normal 4,5-trans-double bond. It was
revealed that theD-erythro-form is the most potent inhibitor
among the four (Table 2, the second column). Furthermore,
we examined stereoisomers with a 4,5-triple bond and a 4,5-
cis-double bond. With the triple bond compounds, it was
also revealed that theD-erythro-form showed the most potent
inhibition (Table 2, the third column). Therefore, the
D-erythro-form is required for strong inhibition of DNA
primase by sphingosine. In contrast, lowered inhibitory
activity resulted from conversion of the 4,5trans-double
bond into acis-configuration, was partly restored when it
was converted tothreo-isomers (Table 2, the fourth column).

Sphingosine has been shown to affect a number of
enzymes (19-26) besides DNA primase. Among them,
sphingosine inhibition of protein kinase C has been studied
most extensively (2, 21). For this, both a positively charged
amine at C2 and a long aliphatic chain are also required (21,
26). However, unlike the DNA primase inhibition, four
stereoisomers of sphingosine similarly inhibit protein kinase

Table 1: Inhibitory Effects of Sphingosine and Analogues on DNA
Primase

a The compounds in this table are all ofD-erythro type except for
group 3.b The values are mean of three experiments.c Analogues with
reference to the C1 position of sphingosine.d Analogues with reference
to amino residue at the C2 position.e Analogues dehydroxylated at the
C3 position of sphingosine.f Analogues with reference to the C4 and
C5 positions of sphingosine.g Short aliphatic chain analogues of
sphingosine.

Table 2: Specificity of Sphingosine Stereoisomers Regarding DNA
Primase Inhibition

DNA primase inhibitionKi (µM)a

stereoisomers trans-doubleb tripleb cis-doubleb
saturated
(dihydro)b

D-erythro 2.5 1.8 10.0 15.0
L-erythro 12.7 8.3 8.2
D-threo 8.3 11.2 5.7
L-threo 8.0 11.2 4.2 16.2
a Values are means of three experiments.b Binding form between

C4 and C5 of sphingosine stereoisomers.
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C (21, 26). Although a common mechanism that explains
inhibitory effects of sphingosine on these enzymes has yet
to be established, it is possible that these enzymes have a
common structure that allows sphingosine binding.

The Importance of a PositiVely Charged Nitrogen at C2
for the Inhibition of DNA Primase.The important role of a
positively charged C2-nitrogen for DNA primase inhibition
is evident from the results for groups 1 and 2 (Table 1).

In group 1, modifications at C1 did not affect the inhibition
with the exception of sphingosine 1-phosphate. This result
suggests that the positively charged C2-nitrogen is essential
for the inhibition of DNA primase and that in sphingosine
1-phosphate might be canceled by an intramolecular interac-
tion with negative charge of the oxygen in the C1-phosphate.
Therefore, we calculated the distances between the functional
groups of group 1 compounds using the INSIGHT II software
package, as depicted in Figure 1. In sphingosine 1-phosphate,
the distance between the positively charged C2-nitrogen and
the negatively charged oxygen of the C1-phosphate is near
enough to allow electrostatic interaction, which could affect
seriously the electric charge of the nitrogen atom at C2 and
suppress its function with regard to DNA primase inhibition.
In sphingosylphosphocholine, the oxygen of C1-phosphate
is also negatively charged, but the distance to the nitrogen
atom may be too far to make a stable interaction, because
this phosphate group interacts with the positively charged
choline at the other side of molecule (Figure 1). This may
be the reason sphingosine 1-phosphate and sphingosylphos-
phocholine behave so differently. In 1-galactosyl sphingosine,
the distance between the nitrogen and oxygen is nearer, but
the oxygen does not have an electric charge and therefore is
not so reactive as in a phosphate group.

The potential energy of each molecule in group 1 was
calculated. Although the value for each compound fluctuated
from trial to trial due to the molecular vibration, it was clear
that the range of potential energy for sphingosine 1-phosphate

was much lower (-35 to 2.5 kcal) than for other compounds
with C1 modifications (group 1) such as sphingosylphos-
phocholine (197.4 to 233.6 kcal). The very low potential
energy of sphingosine 1-phosphate may reflect the intramo-
lecular interaction between the negatively charged oxygen
of phosphate and the positively charged nitrogen (Figure 1).

In group 2, none of ceramides showed inhibitory effects.
The C2-nitrogen of ceramide is not positively charged and
does not serve as a proton acceptor, because the electron
pair of the nitrogen is engaged in a resonance with the
carbonyl group (27). N,N-dimethylsphingosine, the C2-
nitrogen of which can serve as a proton acceptor, strongly
inhibited DNA primase (Table 1). These results are consistent
with the concept that the inhibition absolutely requires an
amino group that is capable of protonation.

Orientation of Long Aliphatic Chain Influences the Inhibi-
tion of DNA Primase.Downstream of C2-nitrogen on the
sphingosine molecule, there are other factors that influence
inhibition. Deletion of the hydroxyl group at C3 of sphin-
gosine (3-dehydroxysphingosine) largely diminished the
inhibition (Table 1, group 3). Further, saturation oftrans-
double bond at C4-C5 (dihydrosphingosine) also reduced
the inhibitory effect (Table 1, group 4). We postulated that
these results reflect the varied orientation of the downstream
aliphatic chain.

FIGURE 1: Intramolecular distances from C3-nitrogen to oxygen
atoms. Computer simulations were carried out with 3D-conforma-
tion models of sphingosine 1-phosphate (A) and sphingosylphos-
phocholine (B) using the INSIGHT II software, as described in
the Materials and Methods. The estimated distances are shown in
the figure as the mean values of 100 calculations for each
compound.

FIGURE 2: The construction of a 3D-quantitative structure-activity
relationship model by Catalyst/HipHop. (A) The positions of used
features that exhibit chemical functions in sphingosine molecule
are shown, i.e., two hydroxyl groups at C1 and C3 (hydrogen-bond
acceptors, HBA 1 and 2, with Vector Point 1 and 2), one amino
group at C2 (positive ionizable point, PosI), and four hydrophobic
points on the aliphatic chain (Hyd 1-4). They were used for the
generation of the hypothesis model by Catalyst/HipHop. (B) A
hypothesis model that consists of two HBA, PosI, two vector points
and one Hyd at the end region of the aliphatic chain. This hypoth-
esis model was selected after assessing the generated hypotheses
with the biochemical data (actualKi values). (C) Stereoview of
alignment of compounds. Generated hypotheses for each compound
(21 kinds, see Table 3) were aligned on the hypothesis model, and
the best-fit conformation of each was selected as the active
conformation.
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To assess bulk conformation changes due to modifications,
we analyzed whole molecules using Catalyst/HipHop soft-
ware (see Materials and Methods). This program overcomes
the difficulties in conformer selection and alignment of the
flexible molecule such as with the compounds used here (28).
It generates conformation models for each molecule using
the Poling method that produces a good coverage of
conformational space and defining the alignment rule focused
on the chemical features (29-32). Such a feature-based 3D-
pharmacophoric alignment (the hypothesis within Catalyst)
is useful, especially when the 3D structure of the biological
target (DNA primase in this study) is not available (33, 34).

A set of 18 inhibitors containing two hydroxyl groups and
one amino group was selected for generating the Catalyst
hypothesis model. We chose two hydroxyl groups at C1 and
C3, one amino group at C2 and one of fourhydrophobic
points on the aliphatic chain as features having chemical

functions (Figure 2A). After assessing the generated hypoth-
eses with biochemical data (Ki values), the hypothesis model
shown in Figure 2B was selected. Twenty-one components
were analyzed sequentially using this hypothesis model to
determine their alignment modes. Alignments of all 21
compounds to fit on the features at C1, C2, C3, and C17-
18 of the hypothesis model are shown in Figure 2C. The fit
value, an index that represents the fitting level of each
compound for the hypothesis model, was used for calculation
of the estimatedKi. A high level of correlation (r ) 0.76)
was demonstrated between the estimatedKi and the actual
Ki (Figure 3) for each compound. These results indicate that
the hypothesis model is sufficiently valid for analysis of the
total conformation of each compound.

The conformation of whole molecule and the orientation
of the aliphatic chain were represented by the dihedral angles
of C1-2-3-4, C2-3-4-5, N-C2-3-O, and C3-4-5-
6, obtained by the dynamics calculation on the basis of each
active conformation (Table 3). Among these four angles, the
dihedral angle of only C2-3-4-5 correlated well with the
actualKi (Figure 4). The dihedral angles of C2-3-4-5 of
all 11 active compounds (actualKi < 10 µM) were shown
to be within the range of-65° to -125°, while those of
3-dehydroxy- or dihydro-analogues having much higherKi

values (Table 1) deviated greatly from this range (Table 3
and Figure 4). The C2-3-4-5 dihedral angle represents
the orientation of the proximal region of aliphatic chain from
C2 that is conjugated with an amino group. Therefore, the
orientation of the aliphatic chain in the sphingosine molecule
may also be an important factor for biological activity as a
replication inhibitor.

It was remarkable that removal of the hydroxyl group at
C3 (R-3-dehydroxy-sphingosine) largely diminished the
inhibitory activity of sphingosine, in association with a
dramatic change in the dihedral angle of C2-3-4-5 (by
108°, see Table 3). This is, to our knowledge, the first
observation that the hydroxyl group at C3 plays an important
role in maintaining conformation of the downstream aliphatic
chain of a sphingolipid.

FIGURE 3: Correlation between the actual and estimatedKi. The
estimatedKi for each compound was calculated from the Fit value,
an index of the fitting level of each compound for the hypothesis
model (Table 3). The correlation coefficient (r) is 0.76. Num-
bers for the points correspond to those for the compounds listed in
Table 3.

Table 3: Dihedral Angles of Sphingosine and Analogues in Their Active Conformations

sample number compound Cl-2-3-4a C2-3-4-5a N-C2-3-Oa C3-4-5-6a

1 D-erythro-trans-sphingosine 177.9 -121.1 176.6 179.7
2 D-erythro-cis-sphingosine -177.4 -123.1 -180.0 -0.1
3 D-erythro-triple-sphingosine 176.1 n.d.b 176.3 14.8
4 D-erythro-dihydro-sphingosine -179.8 -178.4 178.3 178.0
5 L-erythro-trans-sphingosine -72.2 -93.5 -74.8 161.1
6 L-erythro-cis-sphingosine -162.1 -64.9 -166.6 0.3
7 L-erythro-triple-sphingosine -71.8 n.d.b -70.4 -9.4
8 D-threo-trans-sphingosine -55.6 -121.5 -167.7 -178.9
9 D-threo-cis-sphingosine -58.3 -124.4 -168.6 -0.9

10 D-threo-triple-sphingosine -53.0 n.d.b -162.2 -17.5
11 L-threo-trans-sphingosine -176.2 -78.5 -65.5 -174.1
12 L-threo-cis-sphingosine -167.9 -100.9 -61.9 4.8
13 L-threo-triple-sphingosine 64.6 n.d.b 172.9 150.6
14 L-threo-dihydro-sphingosine 172.5 170.6 -74.8 166.9
15 (R)-3-deoxy-trans-sphingosine -172.3 131.1 n.d.b 179.2
16 (S)-3-deoxy-trans-sphingosine -174.4 115.5 n.d.b -169.8
17 (S)-3-deoxy-cis-sphingosine 61.6 -177.6 n.d.b -2.6
18 N,N-dimethyl sphingosine 55.2 -89.0 -169.9 169.6
19 sphingosylphosphocholine 179.4 -121.1 177.8 178.7
20 phytosphingosine -84.5 -69.6 -78.8 -59.0
21 1-galactosyl sphingosine 171.4 -122.2 170.3 -178.7

a The carbon atoms of sphingosine are numbered as shown in Table 1.b Not determined.
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Effects of Length of the Aliphatic Chain.Analogues with
short aliphatic chains were tested for inhibition of DNA
primase. As shown in Table 1 (group 5), compounds carrying
eight carbon aliphatic chains did not show any inhibition,
even though the upstream portions were the same as for
sphingosine or 4,5-triple-sphingosine. Therefore, in addition
to the protonation of the C2-amino group and the orientation
of aliphatic chain, the length of aliphatic chain is an important
factor for the inhibition of DNA primase. In this connection,
it has been reported that long-chain fatty acids inhibit DNA
polymeraseâ, but shorter ones do not (35). Interestingly,
fatty acids bind to the N-terminal 8-kDa domain of DNA
polymeraseâ (36), which shares a significant homology with
the 58-kDa subunit of DNA primase (37). This may indicate
that the aliphatic long-chain of sphingosine binds to DNA
primase through a similar mechanism as that operating
between fatty acid and DNA polymeraseâ (36).

The conclusions deduced from the present study are as
follows: (i) modification at C1 does not affect the inhibition,
except with sphingosine 1-phosphate, where the intramo-
lecular interaction between oxygen of C1-phosphate and C2-
nitrogen may cancel the positive charge of nitrogen and
suppress the function of the amino group; (ii) the positively
charged amino group at C2 is absolutely required for
inhibition, since a compound in which the amino group was
conjugated with a carboxyl group (ceramide) showed no
inhibition; (iii) the dihedral angle of C2-3-4-5, that
determines the orientation of downstream aliphatic chain, is
important for inhibitory function. Deletion of the C3-hy-
droxyl group or saturation oftrans-double bond resulting in
the reduction of the inhibitory activity accompanied by
deviation of the angle; (iv) the length of the aliphatic chain
is also an important factor for the inhibition, since com-
pounds carrying short aliphatic chains did not show any
inhibition.

Inhibition of DNA primase by sphingosine may block the
progression of S phase by inhibiting both initiation and
elongation of DNA replication, as observed in the inhibition
of DNA polymeraseR by aphidicolin (38) or araC (39).
Resulted apoptosis may be implicated in the mechanism of
cancer chemotherapy. In this context, the computer-assisted

structural study of the inhibition by sphingosine presented
here may provide a useful information to create a new
candidate for anti-cancer compound.
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