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Abstract—Influence of the biogenic polyamines spermine, spermidine, and putrescine as well as their derivatives on the
replication enzymes of hepatitis C virus (HCV) was investigated. It was found that spermine and spermidine activate HCV
RNA-dependent RNA polymerase (NS5B protein). This effect was not caused by the stabilization of the enzyme or by com-
petition with template—primer complex, but rather it was due to achievement of true maximum velocity V,,,,. Natural

max*

polyamines and their derivatives effectively inhibited the helicase reaction catalyzed by another enzyme of HCV replica-
tion — helicase/NTPase (NS3 protein). However, these compounds affected neither the NTPase reaction nor its activation
by polynucleotides. Activation of the HCV RNA polymerase and inhibition of the viral helicase were shown at physiologi-
cal concentrations of the polyamines. These data suggest that biogenic polyamines may cause differently directed effects on

the replication of the HCV genome in an infected cell.
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Biogenic polyamines—spermine and spermidine and
their precursor putrescine—are present in cells in mil-
limolar and submillimolar concentrations. Their interac-
tions with nucleic acids and nucleoprotein complexes are
involved in the regulation of diverse cellular processes,
including DNA replication and transcription and mRNA
processing and translation [1]. Polyamines are also
involved in protecting cells from oxidative stress by neu-
tralizing reactive oxygen species and activating gene
expression for protective proteins [2-4].

A rate-limiting step of the biosynthesis of spermidine
and spermine is catalyzed by ornithine decarboxylase
(ODC) forming putrescine from L-ornithine [5]. The
degradation of polyamines occurs via two alternative
pathways. One of the most studied is the N'-monoacety-
lation of spermine and spermidine by the spermidine/
spermine-N'-acetyltransferase (SSAT) and the subse-
quent oxidative cleavage of the N'-acetyl derivatives to
putrescine and spermidine, respectively, which is cat-
alyzed by polyamine oxidase (APAO) [6]. An alternative
pathway of degradation of spermine, which was discov-
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ered in 2001, is a one-step reaction catalyzed by spermine
oxidase (SMO) [7]. Maintenance of the desired concen-
tration of each polyamine is achieved via regulation of
expression of ODC, SSAT, and SMO at the levels of tran-
scription of their genes, splicing, and translation of
mRNA and degradation of the protein in cells [5, 6].

It has been found that disturbances in the metabolism
of spermine and spermidine, which lead to a change in their
concentration in the cell, usually accompany the develop-
ment of a number of diseases. It was established that cancer
cells and tumor tissues contain high concentrations of bio-
genic polyamines, which is primarily due to their increased
biosynthesis. The level of expression of ODC correlates
with the stage of tumor development and its invasiveness
[8-10]. In this case we cannot exclude that the overexpres-
sion of both ODC and SSAT contributes to the transforma-
tion of normal cells into tumor cells [11-13]. In addition to
carcinogenesis, a connection between defects in the metab-
olism of polyamines with the development of metabolic
and parasitic diseases has been found [14, 15].

Despite the significant progress in biomedical
research on spermine and spermidine, their role in the
development of viral diseases remains rather unclear. The
main work in this area dates back to 1970-1980 and
relates mainly to the viruses of plants and pox, herpes,
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and retroviruses [16]. Polyamines were also found in viral
particles, forming complexes with genomic DNA or RNA
and partially neutralizing its charge. The viruses them-
selves can cause increased levels of polyamines in the host
cell. In addition, inhibition of the biosynthesis of the
polyamine putrescine revealed the importance of
polyamines for the effective reproduction of a number of
viruses. The analysis of expression of individual enzymes
of polyamine metabolism, as well as the influence of
polyamines on the functioning of individual viral proteins
and the occurrence of certain stages of the viral life cycle
remained beyond the scope of that study. One of the few
exceptions was work [17], which reported an increase in
enzymatic activity of DNA polymerase of herpes simplex
virus type 1 (HSV-1) in activated DNA assay and an inhi-
bition of DNA polymerase in the system of homopolymer
primer—template complexes.

The object of research in our work is the hepatitis C
virus (HCV), which belongs to the family Flaviviridae
[18]. HCV is widespread and causes chronic liver disease,
often accompanied by the development of fibrosis and
cirrhosis, impaired metabolism of lipids (steatosis), car-
bohydrates, iron and other substances, as well as the
occurrence of liver cancer (hepatocellular carcinoma)
and blood (non-Hodgkin’s lymphoma) [18, 19]. Since
the discovery of HCV in 1989, the structure of its genome
and basic functions of ten virus encoded proteins were
studied, and many aspects of the viral life cycle and the
basic mechanisms of a number of metabolic abnormali-
ties in patients with hepatitis C were revealed [18].
However, there have been no studies of possible links
between HCV infection and polyamine metabolism.

The goal of the current study was to investigate the
regulation by biogenic polyamines and analogs of HCV
replication enzymes: RNA-dependent RNA polymerase
(NS5B protein) and RNA-helicase/NTPase (NS3 pro-
tein).

MATERIALS AND METHODS

Reagents and materials. The following reagents and
materials were used in our study: Escherichia coli strain
Rosetta (DE3) and Ni-NTA-agarose (Novagen, USA),
bacto-tryptone, yeast extract, bacto-agar, and ammoni-
um persulfate (Amresco, USA), Tris, EDTA, and 2-mer-
captoethanol (Merck, Germany), glycerol, dithiothreitol,
imidazole, Triton X-100, phenylmethylsulfonyl fluoride
(PMSF) and a cocktail of proteinase inhibitors (Sigma,
USA), acrylamide and methylene-bis-acrylamide (Roth,
Germany), Coomassie Brilliant Blue R-250 (Bio-Rad,
USA), and tetramethylethylenediamine (Reanal,
Hungary). Other reagents of analytical or chemically pure
grade were from Reakhim (Russia). Oligonucleotides for
determination of helicase activity were obtained from
Lytech (Russia).
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Spermintrien (SmpTrien, 1,12-diamino-3,6,9-tri-
azadodecane) [20], 5-oxaspermine (5-oxaSpm, 1,12-
diamino-4,9-diaza-5-oxadodecane) [21], o,a'-
dimethylspermine (o,a’-Me,Spm, 2,13-diamino-5,10-
diazatetradecane) [22, 23], a-methylspermidine (o-
MeSpd, 1,8-diamino-5-azanonane) [23, 24], B-
methylspermidine (B-MeSpd, 1,8-diamino-2-methyl-4-
asaoctane), y-methylspermidine (y-MeSpd, 1,8-
diamino-3-methyl-4-azaoctane), and 3,3-dimethylsper-
midine (3,$-Me,Spd, 1,8-diamino-2,2-dimethyl-4-aza-
octane) [25] were obtained as previously described in the
literature. Synthesis of B,B’-dimethylspermine (J3,p'-
Me,Spm, 1,12-diamino-2,11-dimethyl-4,9-diazadode-
cane) and y,y'-dimethylspermine (y,y’-Me,Spm, 1,12-
diamino-3,10-dimethyl-4,9-diazadodecane) will be the
subject of a separate publication. The formulas of these
compounds are shown in Fig. 1.

Isolation of recombinant HCV RNA-dependent RNA
polymerase and helicase/NTPase. The recombinant
RNA-dependent RNA polymerase (protein NS5B) and
helicase/NTPase domain of NS3 protein were obtained
using plasmids pET-21d-2¢c-NS5BAS55 and pET-21d-2c-
NS3hel previously constructed by us [26-28].

Investigation of effect of polyamines on activity of
HCV RNA-dependent RNA polymerase. The activity of
HCV RNA polymerase was determined in the
poly(A)—oligo(U) system as previously described [29].
Spermine and spermidine were added to the reaction
mixture to achieve final concentrations of 0.03-3 mM.

Investigation of effect of polyamines on helicase and
NTPase activity of HCV NS3 protein. Determination of
NTPase and helicase enzyme activities is described in
detail in the Appendix to our previous paper [30]. To
obtain a duplex, the following deoxyoligonucleotides
were used:

5'-CGTCGACACTGACACGACTCACCACAGGATC-
CA-3;

5'-GTCGTGTCAGTGTCGACG-3'.

In addition, to prevent reannealing of unwound
oligonucleotides, an oligonucleotide-capture, 5'-
CGTCGACACTGACACGAC-3’, was introduced into
the reaction mixture. Radioactive label to the 5'-end of
one of the oligonucleotides was introduced using phage
T4 polynucleotide kinase and [y-**P]ATP in accordance
with the standard protocol.

During the study of the inhibitory effect of biogenic
polyamines, they were added to the tested sample in
aqueous solution. The concentrations of polyamines and
their analogs in preliminary experiments were 0.05-
10 mM, then for each compound an adequate range of
concentrations to determine ICy, (concentration at
which the enzyme helicase activity is inhibited by 50%)
was selected.
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Fig. 1. Biogenic polyamines and their analogs used in this work.

In the study of complex formation of the enzyme
with the duplex, 5'-**P-labeled 34-mer oligonucleotide
was used. The standard reaction mixture was similar to
that used for determination of helicase activity, but it did
not contain ATP and oligonucleotide-capture. Samples
were incubated for 10 min at 20°C. Upon completion of
the reaction, the samples were supplemented (instead of
the stop buffer) with 2 pl (10%) of glycerol and immedi-
ately applied on 8% polyacrylamide gel (gel buffer and
electrode buffer was 0.5x TBE). After preliminary elec-
trophoresis for 30 min, the separation was performed at
4°C, as in the case of determination of helicase activity.
Radioactive bands corresponding to duplex and
DNA-—protein complex were visualized by the Packard
Cyclone Storage Phosphor System, the intensity of the
bands being calculated by the TotalLLab 2.01 program.

Statistical analysis of results. The data were statisti-
cally analyzed using BioStat 2008 software (AnalystSoft,
Canada). All data represent the mean * standard devia-
tion (SE, N = 3). Significance of differences between the
two groups of values was determined by the paired 7-test.
Comparison of several groups of values was performed
using analysis of variance (ANOVA) and Tukey’s test.
Statistically significant differences between the two
groups of values were considered for p < 0.05.

RESULTS

Spermine and spermidine are activators of HCV
RNA-dependent RNA polymerase. The activity of HCV
RNA-dependent RNA polymerase was determined in the
poly(A)—oligo(U) primer—template complex evaluating
the incorporation of radioactively-labeled [o-**P]JUTP
[26]. The influence of biogenic polyamines was studied in
the range of concentrations from 30 pM to 3 mM.
Spermine and spermidine were found to be activators of
RNA polymerase activity of protein NS5B, while their
metabolic precursor putrescine had no appreciable effect
on the functioning of the enzyme (Fig. 2a). The effect of
activation was observed at the concentrations of
polyamines below 2 mM and was more pronounced for
spermine than for spermidine. At higher concentrations
of polyamines, a partial reduction of the effect was
observed.

HCV RNA polymerase has a very low stability—the
enzyme activity decreases even during the enzymatic
reaction [31]. Since biogenic polyamines are often used
to stabilize protein solutions in storage, it was necessary
to investigate the effect of spermine on the stability of the
enzyme. The introduction of 2.5 mM spermine in the
storage buffer of the RNA polymerase stored for six
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Fig. 2. Effect of polyamines on the activity of HCV RNA-dependent RNA polymerase. a) Dependence of enzymatic activity on the concen-
tration of polyamines. b) Activation by spermine of enzyme preparations stored in the absence and presence of 2.5 mM spermine. c)
Dependence of activation of RNA polymerase by spermine on the ratio of primer—template complex and the enzyme: ) the standard ratio
(see “Materials and Methods™); 2) 3-fold excess of primer—template complex; 3) 4.3-fold excess of primer—template complex. d) Absolute

activity of HCV RNA polymerase (counts/min) under conditions similar to those in panel (c).

weeks did not affect the specific activity of the enzyme
(Fig. 2b).

Activation of HCV RNA polymerase by spermine was
studied at different concentrations of the substrate,
poly(A)—oligo(U) primer—template complex. It was
found that an increase in the amount of the complex is
accompanied by a decrease in the maximum degree of
activation of the enzyme (Fig. 2¢), which could indicate a
possible competition between polyamine and
primer—template complex. However, we considered the
dependence of the concentration of the incorporated
nucleotide spermine. In the absence of polyamine, the
RNA polymerase exhibits higher activity with increasing
concentration of primer—template complex, whereas
increase in the concentration of spermine leads to a level-
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ing of the differences (Fig. 2d). This fact may indicate that
the enzyme reaches the real maximum reaction rate (V).

Biogenic polyamines inhibit HCV helicase. The non-
structural protein HCV NS3, along with viral RNA poly-
merase, is a component of the virus replicase. It exhibits
three types of activities: protease (N-terminal domain),
helicase, and NTPase (C-terminal domain). In this work
we studied the effect of biogenic polyamines on helicase
and NTPase activities of the protein using the helicase C-
terminal domain of NS3. NTPase activity was measured
by hydrolysis of radioactively-labeled [y-*’P]JATP and
analysis of the product by TLC. Helicase activity of the
protein was measured based on the unwinding of DNA
duplex with a long 3'-unpaired end of one of the chains
and the separation of reaction products by electrophore-
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sis in polyacrylamide gel under nondenaturing conditions.
It was found that spermine, spermidine, and putrescine
had no noticeable effect on NTPase activity and its acti-
vation by polynucleotides (Fig. 3a) and that spermine,
spermidine, and putrescine inhibited the helicase activity
of NS3 (Fig. 3b). As in the case of HCV RNA polymerase,
the effect of spermine was observed at lower concentra-
tions (ICs, = 0.30 mM) compared with spermidine (ICs,
= (.75 mM) (table). Putrescine inhibited helicase from
HCYV only at millimolar concentrations (table). The study
of the effects of several analogs of spermine and spermi-
dine on the helicase activity of NS3 showed that mono-
and dimethylated derivatives of spermidine and spermine
are effective at the same concentrations as those that were
determined for spermidine and spermine, respectively
(table). It can be noted that the introduction of methyl
substituents in the spermine molecule somewhat (~30%)
increased the effect of suppressing the helicase reaction by
the respective compounds, while the introduction of a
substituent into the spermidine molecule, on the contrary,
led to a deterioration of inhibitory properties in compari-
son to the parent compound. Spermintrien and 5-oxas-
permine, charge-deficient spermine analogs, appeared to
be much less effective inhibitors of the enzyme. Diethyl-
nor-spermine showed inhibitory activity similar to that of
spermidine (table).

Biogenic polyamines inhibit helicase reaction cat-
alyzed by HCV NS3 via their interaction with the DNA
duplex, thus preventing its binding to the enzyme. To eluci-
date the mechanism of inhibition of the helicase reaction
by biogenic polyamines, the effect of spermine (as the
most active inhibitor) on the binding of the enzyme to the
substrate — DNA duplex was investigated. The effect of
spermine on the formation of DNA—protein complex was
assessed by their inhibition in the gel. It was shown that

KOROVINA et al.

Inhibition of helicase reaction catalyzed by NS3 by
polyamines

Compound 1C5y, mM
Spermine 0.30 £ 0.04
Spermidine 0.75 £ 0.06
Putrescine 5.37£0.73
a,o.-Dimethylspermine 0.21 £0.02
B,B-Dimethylspermine 0.22 +£0.02
v,y-Dimethylspermine 0.22 £0.04
a-Methylspermidine 1.16 £ 0.10
B-Methylspermidine 1.06 £ 0.14
B,p-Dimethylspermidine 0.95 +£0.02
y-Methylspermidine 1.20 £ 0.07
Spermintrien 7.26 £ 1.31
5-Oxaspermine 6.20 £ 0.84
Diethyl-nor-spermine 0.86 = 0.07
Difluoroornithine n.a.*

Note: ICs, values presented in the table are means from three indepen-
dent experiments + SE.
* n.a., not active at concentrations below 6 mM.

spermine inhibits the formation of the corresponding
complex, where 1Cs, value (for the inhibition of binding)
was 0.13 + 0.03 mM (Fig. 4a). Thus, the inhibition is
apparently due to the inhibition of the binding of the
enzyme with its oligonucleotide substrate. To confirm this
hypothesis, we evaluated the inhibitory effect of spermine
on the binding of the duplex with the enzyme at a constant
concentration (0.2 mM) and its dependence on the order
of adding components to the reaction mixture. As expect-

a b
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>
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Fig. 3. Influence of biogenic polyamines on ATPase and helicase activity of NS3 protein. a) Detection of AT Pase activity by TLC. Lanes: /)
control without enzyme; 2, 3) in absence of polyamines; 4, 5) in presence of 0.5 mM spermine; 6, 7) in presence of | mM spermidine; 2, 4,
6) without addition of poly(U); 3, 5, 7) in presence of 1 mg/ml poly(U). b) Determination of helicase activity in the absence of polyamines
and in the presence of increasing concentrations of spermine and spermidine.
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ed, the greatest inhibition of binding was achieved for the
preincubation of DNA duplex with spermine (Fig. 4b).

It might be assumed that preincubation of the
enzyme with the duplex before the addition of spermine
would minimize the inhibition of binding. However, it
was found that the lowest inhibitory effect was observed
for preincubation of the enzyme with spermine (Fig. 4b,
columns 3 and 4). A possible explanation for this could be
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Fig. 5. ATPase activity of helicase/NTPase NS3 depending on
time of preincubation of the enzyme at room temperature in the
absence or presence of 0.2 mM spermine.
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a partial stabilization of the enzyme in the presence of
polyamine during the preincubation. The presence of two
opposite effects (inhibition and stabilization) for the heli-
case reaction makes it difficult to assess the effect of sta-
bilization by this technique. Therefore, this hypothesis
was tested for the NTPase reaction catalyzed by NS3,
since biogenic polyamines do not inhibit NTPase activity
of the protein. Analysis of the dependence of the rate of
hydrolysis of ATP on the time of preincubation of the
protein in the absence/presence of spermine showed that
in the presence of spermine in dilute solution at room
temperature a slow inactivation of the enzyme was
observed (Fig. 5).

Thus, we can assume that the biological effect of bio-
genic polyamines on NS3 helicase is largely confined to
inhibition of the reaction due to the interaction of
polyamine with the duplex, which hinders its binding to
the enzyme. On the other hand, the observed inhibitory
effect is probably somewhat lower than the actual one
because the native structure of the enzyme during the
reaction in some way could be stabilizes by the same bio-
genic amine.

DISCUSSION

There are several examples in the literature of regu-
lation of activity of DNA polymerases by polyamines. For
example, Wallace et al. showed that spermine alters the
activity of DNA-dependent DNA polymerase of HSV-1
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[17]. Thus, when activated DNA was used as a substrate,
activation of the enzyme (maximal in the presence of
2.5 mM spermine) was observed, whereas in systems with
a homopolymer poly(dA)—oligo(dT) or poly(dC)—
oligo(dG) primer—template complexes a significant inhi-
bition of DNA polymerase activity due to the reduction of
its processivity was observed. Inhibition of enzyme activ-
ity has also been described for eukaryotic DNA poly-
merases o and 3 [32, 33], and the activation of enzyme
activity has also been described for the DNA polymerase
of the malaria parasite Plasmodium falciparum [34] and
DNA-dependent RNA polymerases I, II, and III [35].
Furthermore, there are data on the regulation of the
activity and specificity of other DNA-binding enzymes
including topoisomerases and restriction endonucleases
[36, 37]. This work is the first to report that spermine and
spermidine are activators of HCV RNA polymerase, and
this effect is not related to a possible stabilization of this
rather labile enzyme.

For HSV DNA polymerase, the observed effect of
spermine is due to its interaction with the primer—tem-
plate complex [17]. RNA polymerase, however, interacts
with polyamines directly, this being supported by the fol-
lowing facts. First, putrescine, which is doubly protonat-
ed at physiological pH, showed no catalytic activity, as
opposed to spermine and spermidine, which are four- and
three-fold protonated. Second, the RNA polymerase
showed a similar level of activity in the presence of sper-
mine at various concentrations of the primer—template
complex, indicating the achievement of the real maxi-
mum reaction rate (V,,,). Third, it has been previously
shown that HCV RNA polymerase binds a single strand-
ed template followed by annealing of the primer, which
does not allow the observed activation of HCV RNA
polymerase to be interpreted in terms of stabilizing of
primer—template duplex by polyamines.

The exact mechanism of activation of HCV RNA
polymerase by polyamines is unknown. The polymerase
reaction can be represented as two separate stages: bind-
ing of the enzyme to the template—primer complex and
primer elongation. The standard approach to the elucida-
tion of the influence of substances on the elongation stage
is to perform enzymatic reactions in the presence of
heparin, which has a high affinity for the free enzyme and
thus prevents re-initiation of the synthesis [29, 31].
Unfortunately, the use of heparin in this case is impossi-
ble because of its binding to the positively charged
polyamines [38].

It can be assumed that the activation of HCV RNA
polymerase is due to the influence of polyamines on the
oligomerization of the protein. It is known that RNA
polymerase from HCV is active in the monomeric and
homodimeric forms, and a change in the degree of
oligomerization affects the specific activity of the protein
[39, 40]. Recently it was shown that the oligomerization
state of NS5B protein could be disrupted by nonionic and
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zwitterionic detergents and thereby could activate poly-
merase reaction [41]. If such a mechanism is realized also
in the case of biogenic polyamines, this indicates exis-
tence of the differences in the activation by spermine
between variants of HCV RNA polymerase of different
genotypes. It was established that the NS5B protein of
genotype 2a (isolate JFH) does not form dimers and,
consequently, its activity is not increased in the presence
of detergents [41].

For NS3 protein (HCV helicase), we showed that the
inhibitory effect of biogenic polyamines and their methy-
lated derivatives is due to the binding of the compounds to
the DNA duplex. Interaction of polyamines with the pro-
tein does not appear to have a significant impact on the
functioning of the enzyme. The observed stabilization of
the enzyme in the presence of spermine is only partial and
cannot completely prevent the loss of activity. Finally,
there was no significant difference between the activity of
spermine and spermidine compared to their correspon-
ding mono- and dimethyl derivatives. In the case of
methylated analogs of spermidine, it was previously
shown that their interaction with enzymes of polyamines
metabolism and their ability to influence the regulatory
pathways, which are responsible for maintenance of the
homeostasis of polyamines in the cell, depends on the
methyl group position and the configuration of the chiral
center [25, 42]. In our case, the change in substituents
along the chain of the polyamine did not change their
properties. Another confirmation that the effect is due to
simple electrostatic interaction of polyamines with DNA
is reduced activity of spermintrien and 5-oxaspermine,
because these are charge-deficient analogs of spermine.

Activation of HCV RNA polymerase can lead to a
change in its functions in the cell. In the case of activation
of the enzyme by detergent, it was shown that these com-
pounds enhance the binding of protein to RNA, as well as
alter the processivity of the enzyme [41]. We can assume
that similar changes in the cell can facilitate the initiation
of RNA replication, which is the rate-limiting step of the
enzymatic reaction. We have previously shown that in
vitro nonstructural phosphoprotein NS5A is a regulator of
the initiation of RNA biosynthesis catalyzed by HCV
RNA polymerase, and the phosphorylation status of
NS5A protein determines its ability to act as the regulator
[43]. It was also found that that in a cellular system, this
mechanism does not occur for unknown reasons [44].
Perhaps this could be explained by changes in the proper-
ties of HCV RNA polymerase in the presence of biogenic
polyamines.

These data evidently show that biogenic polyamines
can cause differently directed effects on the replication of
the HCV genome in an infected cell. Thus, activation of
RNA polymerase can be balanced by the inhibition of the
viral helicase. Both processes are regulated by physiolog-
ical concentrations of spermine and spermidine, which
can reach millimolar values in cells [45]. Further elucida-

BIOCHEMISTRY (Moscow) Vol. 77 No. 10 2012
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tion of the role of biogenic polyamines in the replication
of the HCV genome can be performed using analogs of
putrescine, spermidine, and spermine, which are
polyamine regulators of metabolic enzymes. A significant
decrease in the intracellular concentration of individual
polyamines with difluoromethylornithine (an inhibitor of
ODC) or diethyl-nor-spermine (inductor of SSAT [46])
may allow investigation of the efficiency of viral replica-
tion in various systems including HCV replicons, infec-
tion system (HCVcc) [47], or by using a reporter plasmid
[48]. In this case the obtained effects are not due to the
interaction of these regulators of metabolism of
polyamines with viral enzymes as at the concentrations
used in cell models (10-30 uM for diethyl-nor-spermine
and 2-4 mM for difluoroornithine) they do not affect the
viral helicase activity.
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