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The antiviral drug ribavirin is a selective inhibitor
of S-adenosyl-LL-homocysteine hydrolase from Trypanosoma cruzi
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Abstract—Ribavirin (1,2,4-triazole-3-carboxamide riboside) is a well-known antiviral drug. Ribavirin has also been reported to inhi-
bit human S-adenosyl-LL-homocysteine hydrolase (Hs-SAHH), which catalyzes the conversion of S-adenosyl-LL-homocysteine to
adenosine and homocysteine. We now report that ribavirin, which is structurally similar to adenosine, produces time-dependent
inactivation of Hs-SAHH and Trypanosoma cruzi SAHH (Tc-SAHH). Ribavirin binds to the adenosine-binding site of the two
SAHHs and reduces the NAD+ cofactor to NADH. The reversible binding step of ribavirin to Hs-SAHH and Tc-SAHH has similar
KI values (266 and 194 lM), but the slow inactivation step is 5-fold faster with Tc-SAHH. Ribavirin may provide a structural lead
for design of more selective inhibitors of Tc-SAHH as potential anti-parasitic drugs.
� 2007 Elsevier Ltd. All rights reserved.
1. Introduction

In both mammals and parasites, S-adenosyl-LL-homocys-
teine hydrolase (SAHH)1,2 catalyzes the hydrolysis of
S-adenosyl-LL-homocysteine (AdoHcy) to adenosine
(Ado) and LL-homocysteine (Hcy). AdoHcy is a product
of all transmethylation reactions that utilize S-adenosyl-
methionine (AdoMet) as a methyl donor. Because Ado-
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Hcy is a product inhibitor of AdoMet-dependent
transmethylations, SAHH plays a crucial role in regulat-
ing methylation of macromolecules and small mole-
cules.3 Inhibitors of parasite SAHHs (e.g., those of
Leishmania,4 Plasmodium,5 Trypanosoma2) are potential
anti-parasitic agents, if their inhibitory activity is weaker
for Hs-SAHH. This study addresses Tc-SAHH, the
SAHH of Trypanosoma cruzi, the organism which
causes Chagas disease in humans.6

Both Hs-SAHH7 and Tc-SAHH (unpublished data of
Drs. Q.-S. Li and W. Huang) are homotetramers. Each
monomer contains a substrate binding domain and a
cofactor (NAD+/NADH) binding domain. The enzyme
containing the cofactor (NAD+) has an ‘open’ confor-
mation (from X-ray crystallographic structure of the
rat-liver enzyme,8 which shows 97% sequence identity
to Hs-SAHH) while the enzyme containing the cofactor
(NADH) and the oxidized form of the inhibitor
(DHCeA1 or NepA9) has a ‘closed’ conformation [from
X-ray crystallographic structures of Hs-SAHH1,9 and
Tc-SAHH (unpublished data of Q.-S. Li and W.
Huang)]. Hs-SAHH has 432 residues per subunit1 while
Tc-SAHH has 437 residues per subunit.2 Hs-SAHH and
Tc-SAHH share 74% amino acid identity and the X-ray
structures show no significant differences between the
two enzymes. The kinetics and thermodynamics of bind-
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ing of NAD+ and NADH are qualitatively similar but
quantitatively different for Hs-SAHH and Tc-SAHH.10

The nicotinamide cofactors are involved in a redox step
of the catalytic mechanism of SAHHs,11 so that the dif-
ferent binding properties suggest a possible role in
achieving differential inhibition of Tc-SAHH over Hs-
SAHH for substrate analogs that undergo the redox
reaction.

However, the situation appears more complex. A screen
of 122 substrate analogs kindly provided by Drs. Morris
Robins and Stanley Wnuk (unpublished work) resulted
in some selective inhibition of Tc-SAHH by only 12
(only one similar in activity to ribavirin, considered be-
low), while the remainder showed no inhibition of either
enzyme (89), roughly equivalent inhibition of both en-
zymes (10) or stronger inhibition of Hs-SAHH (11).

Ribavirin (Fig. 1), an antiviral drug,12 which is an ana-
log of adenosine, has been reported to exhibit inhibition
of Hs-SAHH.13 In this study, we report the selective
inactivation by ribavirin of Tc-SAHH over Hs-SAHH
and some of its kinetic features.
2. Materials and methods

2.1. Overexpression and purification of Hs-SAHH and
Tc-SAHH

Recombinant Hs-SAHH and Tc-SAHH plasmids were
each transformed into the competent Escherichia coli
strain JM109 (Sigma). The cell culture and purification
procedures are as described in previous work.10 The pro-
cedure for preparation of the cell-free extract is also sim-
ilar to that previously described2 with modifications as
follows. The harvested cells from a 2-L culture were
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Figure 1. Top: structures of ribavirin and adenosine. Bottom: catalytic cycle

by the tightly bound NAD+ in the reactions leading to the intermediate, follow

final product.
lysed on ice for 4–8 h with 2.5 mg/mL lysozyme (Sigma)
in a 20 mL Tris–HCl buffer [40 mM Tris–HCl, pH 7.4,
6 mM MgCl2, 1 mM NAD+, proteinase inhibitor Apoti-
nin 0.2 TIU/mL (Sigma), Pefabloc SC 1.25 mM (Fluka),
DNAse I 10 U/mL (Roche)]. The solution was stirred
until no cell clumps were visible, after which cell lysis
was completed by three freeze-thawing cycles. The cell
lysate was centrifuged at 18,000 rpm for 40 min at
4 �C and the cell-free extract was loaded onto a FPLC
system for purification.

2.2. Preparation of apo-Hs-SAHH and apo-Tc-SAHH

The apo form of SAHH was prepared as previously de-
scribed14 with the entire procedure being conducted at
4 �C.

Purified Hs-SAHH was first precipitated twice with 80%
(v/v) saturated acid ammonium sulfate, pH 2.92, 5 mM
DTT, and the precipitated proteins were collected and
dissolved in 25 mM phosphate buffer, pH 7.2, 1 mM
EDTA, and 5 mM DTT. A third precipitation followed
with 80% (v/v) saturated acid ammonium sulfate, pH
7.2, 2 mM DTT, and the precipitated proteins were col-
lected and dissolved in 50 mM phosphate buffer, pH 7.2,
1 mM EDTA to afford the apo-form of Hs-SAHH.
Apo-Tc-SAHH was prepared similarly except the first
precipitation was carried out at pH 2.92, the second at
pH 3.12.

2.3. Reconstitution of the NAD+ form and NADH form of
Hs-SAHH and Tc-SAHH

Apo-SAHH (10 mg/mL) was incubated with 1 mM
NAD+ in 50 mM phosphate buffer, pH 7.2, 1 mM
EDTA (or 1 mM NADH in 50 mM phosphate buffer,
pH 8.5, 1 mM EDTA) for 12 h at 4 �C. Then the recon-
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Scheme 1. E(NAD) represents the NAD+ form of SAHH; E–I(NAD)

represents the complex of ribavirin bound to the NAD+ form of

SAHH; E0I 0(NADH) represents the complex of the oxidized ribavirin

bound to the NADH form of SAHH; KI represents the equilibrium

dissociation constant {KI = [E(NAD)][I]/[E–I(NAD)]}.
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stituted NAD+ (or NADH) forms of Hs-SAHH and Tc-
SAHH were purified using a Hiload Superdex 200 (16/
60) column (Amersham Biosciences).

2.4. Activity assay of the NAD+ forms of Hs-SAHH and
Tc-SAHH

Concentrations of apo-enzymes and holo-enzymes are
expressed as molarity of monomeric subunits. SAHH
activity in the hydrolytic direction (AdoHcy to
Ado + Hcy) was followed as previously described.15

Briefly, the reaction was driven to completion by the
deamidation of Ado catalyzed by Ado deaminase. The
rate of Hcy formation was then coupled to the genera-
tion of the intensely yellow TNB2� from DTNB. TNB2�

was determined spectroscopically at 412 nm using an
extinction coefficient of TNB2� (13,600 M�1 cm�1).15

The buffer for these measurements was 50 mM phos-
phate buffer, pH 7.2, including 1 mM EDTA, 40 lM
DTNB, 1 U/mL ADA (Roche), and 200 lM AdoHcy.
The temperature was controlled by a circulating water
bath at 22 �C.

SAHH activity in the synthetic direction was measured
as the rate of AdoHcy production from Ado and Hcy
using HPLC. The buffer for these measurements was
50 mM phosphate buffer, pH 7.2, 1 mM EDTA,
0.5 mM Ado, 0.5 mM Hcy, and 10 lM NAD+. The syn-
thetic reaction was performed at 37 �C for 12 min and
was stopped by addition of 125 mM HClO4. AdoHcy
was separated by use of a reversed-phase HPLC C-18
column with UV detection at the absorption wavelength
of 258 nm as previously described.2

2.5. Measurement of NADH content versus fraction of
inactivation of enzyme activity

A set of ten samples of 120 lL 100 lM SAHH was incu-
bated with 400 lM ribavirin (Sigma, R9644) in 50 mM
phosphate buffer, pH 7.2, 1 mM EDTA, 100 lM
NAD+ at 37 �C for 4–9 h. SAHH activity was measured
at times roughly corresponding to 25, 50, 75, and 100%
inactivation. Once the hydrolytic activity was reduced to
a chosen level, the solution was immediately frozen with
dry ice/ethanol. Just before analysis, the frozen solution
was thawed and 90 lL of solution was transferred into a
new tube and 10 lL of 1 M Na2CO3/NaHCO3 at pH
10.75 was added immediately. A volume of 700 lL of
95% ethanol was added to denature the protein and re-
lease the NADH into solution. The precipitated proteins
were removed by centrifugation and the supernatant
was subjected to a fluorescence assay to determine the
concentration of NADH released. The NADH released
from SAHH that had been inactivated by NepA was
measured as a control (100% NAD+ reduced to NADH
by NepA).

2.6. Fluorescence assay

The fluorescence intensity of NADH was measured by a
Photon Technologies QM-3 scanning luminescence
spectrophotometer. The excitation wavelength was
340 nm and the emission wavelength was 450 nm.
NADH powder (Sigma) was dissolved in 100 mM
Na2CO3/NaHCO3, pH 10.75, and its concentration
was determined by UV spectroscopy (emM = 6.22,
kmax = 340 nm). A series of diluted NADH standards
ranging from 0.1 to 20 lM were prepared to make a
standard curve of NADH fluorescence intensity vs. con-
centration. The fluorescence intensity of enzyme-bound
NADH was measured by the same method and instru-
mentation as above but in a 50 mM phosphate buffer,
pH 7.2, including 1 mM EDTA.

2.7. LC ESI+/MS analysis of SAHHs fully inactivated by
ribavirin

A volume of 60 lL 100 lM SAHH was incubated with
400 lM ribavirin in 50 mM phosphate buffer, pH 7.2,
1 mM EDTA, 100 lM NAD+ at 37 �C for 4–9 h which
roughly 100% inactivated the activity of SAHH. ESI
spectra were acquired on a Q-Tof-2 (Micromass Ltd,
Manchester, UK) hybrid mass spectrometer operated
in MS mode and acquiring data with the time-of-flight
analyzer. The instrument was operated for maximum
sensitivity with all lenses optimized while infusing a sam-
ple of lysozyme. The cone voltage was 60 eV and Ar was
admitted to the collision cell. Spectra were acquired at
11,364 Hz pusher frequency covering the mass range
800–3000 amu and accumulating data for 5 s/cycle.
Time-to-mass calibration was made with CsI cluster ions
acquired under the same conditions. Samples were de-
salted on a short column (3 cm · 1 mm ID) of reverse
phase C18 resin (Zorbax, 5 lM, 300 Å). Proteins
(2.5 lg) were loaded onto the reverse phase column from
H2O, washed in same, and eluted with H2O directly into
the ESI source. The resulting suite of charge states in the
ESI spectrum were subject to charge state deconvolution
to present a ‘zero’ charge mass spectrum using the Max-
Ent1 routine in MassLynxs software. Samples were also
analyzed using a different (acidic) buffer system: loading
buffer and washing buffer were 1% formic acid solution
and elution buffer was 90% methanol and 0.5% formic
acid.

2.8. Kinetic model for enzyme inactivation by ribavirin

The kinetic model used for the reaction between riba-
virin and the NAD+ form of SAHH is shown in
Scheme 1.16

The velocity v of inactivation is given by Eq. 1, where
[E]0 represents the total concentration of enzyme in all
forms.

v ¼ kinact½E�0½I�=ðKI þ ½I�Þ ð1Þ
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Figure 2. Time-dependent loss of activity of Tc-SAHH and Hs-SAHH

during incubation with ribavirin. Tc-SAHH and Hs-SAHH, both

1 lM, fully reconstituted with NAD+, were incubated with 50 lM

NAD+ and 100 lM ribavirin in phosphate buffer (pH 7.2) at 37 �C.

The activity of the enzymes was measured in the hydrolytic direction.

The exponential curves shown yield first-order rate constants of
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2.9. Equilibrium affinity of NADH forms of SAHHs for
ribavirin

The equilibrium binding of ribavirin (R) to the en-
zymes reconstituted with NADH (E(NADH)) generates
a complex E–R(NADH) shown in Scheme 2. The equi-
librium dissociation constant KR (=[E(NADH)][R]/[E–
R(NADH)]) could serve to some degree to estimate
the relative affinity of Hs-SAHH and Tc-SAHH for
the unoxidized drug.

The fluorescence intensity F0 of E(NADH) is greater than F,
the fluorescence intensity in the presence of ribavirin.
Assuming the fluorescence intensity is reduced by quench-
ing in the complex E–R(NADH), F at a concentration [R] of
ribavirin will be given by FE[E(NADH)] + FER [E–
R(NADH)], where FE and FER are the intrinsic fluorescence
intensities of the two forms of the enzyme and brackets de-
note concentrations. The normalized decrease in fluores-
cence intensity DF/[E]0 is then given by Eq. 2 where [E]0 is
as above, the total concentration of enzyme in all forms:

DF =½E�0¼F 0=½E�0�F =½E�0
¼F E�F EfKR=ð½R�þKRÞg
�F ERf½R�=ð½R�þKRÞg ð2aÞ
DF =½E�0¼ðF E�F ERÞf½R�=ð½R�þKRÞg ð2bÞ
DF¼ðF E�F ERÞ½E�0f½R�=ð½R�þKRÞg ð2cÞ

Measurement of DF as a function of [R] will therefore
yield FE, FER, and KR.
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Figure 3. Time course of the development of fluorescence during

incubation of Tc-SAHH and Hs-SAHH with ribavirin. Reconstituted

NAD+ forms of Tc-SAHH and Hs-SAHH (10 lM) were incubated

with 200 lM ribavirin and 100 lM NAD+ in 50 mM phosphate buffer

(pH 7.2), 1 mM EDTA at 37 �C. The wavelengths of excitation

(340 nm) and emission (450 nm) are consistent with the conversion of

NAD+ to NADH. The solid line represent fits of the data to a first-

order relationship (Eq. 3), which yields F0 = � 549 ± 49 (Tc-SAHH),

2196 ± 11 (Hs-SAHH); k = (4.05 ± 0.002) · 10�4 s�1 (Tc-SAHH),

(7.54 ± 0.006) · 10�5 s�1 (Hs-SAHH); and the values of Fmax are

shown in the figure.
3. Results

3.1. Inhibition by ribavirin of Tc-SAHH and Hs-SAHH is
time-dependent

Figure 2 shows that ribavirin inactivates both enzymes
in a first-order reaction (ribavirin in 100-fold excess over
enzyme). The first-order rate constant at this concentra-
tion of ribavirin is about 6-fold larger for Tc-SAHH
than for Hs-SAHH (caption of Fig. 2).

3.2. Inactivation by ribavirin of Hs-SAHH and Tc-SAHH
is accompanied by an increase in fluorescence

Figure 3 presents the time course of fluorescence emission
at 450 nm (excitation 340 nm) as Hs-SAHH and Tc-
SAHH are incubated with ribavirin. Fits of the data to
Eq. 3 yield first-order rate constants of 4.05 ±
0.002 · 10�4 s�1 for Tc-SAHH and 7.54 ± 0.006 · 10�5 s�1

for Hs-SAHH, corresponding to the solid lines in Figure 3.

F ¼ F max þ ðF 0 � F maxÞ expð�ktÞ ð3Þ
The values of Fmax/E0 are 2.27 ± 0.08 · 1010 M�1 for
Tc-SAHH and 1.82 ± 0.06 · 1010 M�1 for Hs-SAHH.
Taking the value of the molar fluorescence of the enzymes
E(NADH)+ R E-R (NADH)

KR

Scheme 2.
reconstituted with NADH (3.13 ± 0.14 · 1010 M�1 for
Tc-SAHH and 2.20 ± 0.044 · 1010 M�1 for Hs-SAHH;
see below in connection with Fig. 6) as a standard of
100%, the values of Fmax/E0 represent 72.5 ± 4.1%
(Tc-SAHH) and 82.7 ± 3.2% (Hs-SAHH) of the fluores-
cence of ENADH. As a control experiment, Tc-SAHH
and Hs-SAHH were incubated with NepA and the final
fluorescence values determined. These were compared to
ENADH, 5.4 ± 0.3% for Tc-SAHH and 2.4 ± 0.05% for
Hs-SAHH.

3.3. The fractional conversion of NAD+ to NADH in Tc-
SAHH and Hs-SAHH equals the fractional degree of
inactivation by ribavirin

In order to ascertain whether the increase in fluores-
cence that accompanies ribavirin inactivation arises
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from the conversion of NAD+ to NADH in the
course of inactivation, samples were quenched at spe-
cific levels of inactivation and the amount of NADH
present was determined. Figure 4 shows a plot of
the fractional conversion to NADH versus the frac-
tional level of inhibition for both Hs-SAHH and Tc-
SAHH. A linear fit to the total data set yields an
intercept of 0.09 ± 0.04 and slope of 0.89 ± 0.07, a lin-
ear fit to the data for Hs-SAHH yields an intercept of
0.15 ± 0.06 and slope of 0.76 ± 0.08 and a linear fit to
the data for Tc-SAHH yields an intercept of
0.01 ± 0.07 and slope of 0.99 ± 0.09. Thus the frac-
tional conversion of NAD+ to NADH is equal to
the fractional degree of inactivation for Tc-SAHH
and probably for Hs-SAHH (predicted intercept 0.0
and slope 1.0).
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Figure 5. Dependence of the rate constant for slow inhibition of Tc-SAHH

SAHH (9.07 lM, reconstituted with NAD+) were incubated with various

phosphate buffer (pH 7.2), 1 mM EDTA at 37 �C. The initial velocity of the d

at 340 nm and emission at 450 nm). Data were fit to the hyperbolic saturati
3.4. Time-dependent inactivation by ribavirin of Hs-SAHH
and Tc-SAHH conforms to a model of reversible binding
followed by a slow inhibitory reaction

Figure 5 shows plots of the first-order rate constants at
various ribavirin concentrations for the time-dependent
inactivation by ribavirin of Hs-SAHH and Tc-SAHH.
The curves of v/[E]0 versus concentration of ribavirin [I]
are described by the hyperbolic function of Eq. 4. This
expression corresponds to a reversible-binding step (equi-
librium constant KI) followed by a slow development of
inhibition with rate constant kinact and also corresponds
to various more complex models.16 The parameters ob-
tained from the fit of the data to Eq. 4 are shown in Table 1.

v=½E�0 ¼ kinact½I�=ðKI þ ½I�Þ ð4Þ
3.5. Ribavirin shows almost no discrimination in equilib-
rium binding to the NADH forms of Hs-SAHH and
Tc-SAHH

Figure 6 shows that incubation of Hs-SAHH and Tc-
SAHH, both reconstituted with NADH, with ribavirin
leading to quenching of the NADH fluorescence. No
NADH was released from the enzyme, so the quenching
is presumably caused by binding of ribavirin adjacent to
the NADH molecule in the active site. The data were fit-
ted to the hyperbolic-saturation model of Eq. 2c. The
dissociation constant KR of ribavirin from the ENADH:
ribavirin complex was 407 ± 6 lM for Hs-SAHH and
586 ± 12 lM for Tc-SAHH (see Supporting Informa-
tion, Table S1). The initial molar fluorescence of ENADH

were 3.13 ± 0.14 · 1010 M�1 for Tc-SAHH and 2.20 ±
0.044 · 1010 M�1 for Hs-SAHH; the final values for
the complexes with unoxidized ribavirin were 1.69 ±
0.05 · 109 M�1 (5.4 ± 0.27% of the value for ENADH)
for Tc-SAHH and 1.90 ± 0.08 · 109 M�1 (8.6 ± 0.4%
of the value for ENADH) for Hs-SAHH.

3.6. LC ESI+/MS analysis shows no evidence of covalent
bond between ribavirin and SAHHs

The deconvoluted mass spectra show that the molecular
weight of SAHHs fully inactivated by ribavirin is exactly
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concentrations of ribavirin (0–1.8 mM) and 50 lM NAD+ in 50 mM

evelopment of NADH was measured by use of fluorescence (excitation

on model (Eq. 4) and results are shown in Table 1.



Table 1. Parameters describing the rate of slow inhibition at pH 7.2

and 37 �C of Tc-SAHH and Hs-SAHH by ribavirin as a function of

the concentration of ribavirin (Eq. 4)

Parameters of Eq. 4 Tc-SAHH Hs-SAHH

KI (lM) 194 ± 12 266 ± 8

kinact (s�1) 7.6 ± 0.16 · 10�4 1.5 ± 0.02 · 10�4

kinact/KI (M�1 s�1) 3.92 ± 0.26 0.56 ± 0.017

Experimental data and fitted curves are shown in Figure 5. Tc-SAHH

and Hs-SAHH fully reconstituted with NAD+ (both enzymes at

9.07 lM) were incubated with ribavirin (0–1.8 mM) and 50 lM NAD+

in 50 mM phosphate buffer (pH 7.2), 1 mM EDTA at 37 �C.
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the same as that of native SAHHs (see Supporting Infor-
mation, Figure S1).
4. Discussion

4.1. Ribavirin exhibits time-dependent inhibition of both
Hs-SAHH and Tc-SAHH with Tc-SAHH reacting about
6-fold faster

Figure 2 shows that both enzymes react in a first-order
fashion with ribavirin (in 100-fold excess), resulting in
a completely inhibited enzyme after several hours for
Tc-SAHH and considerably longer for Hs-SAHH
(37 �C, pH 7.2). The ratio of first-order rate constants
is around six, with Tc-SAHH reacting faster.

4.2. Inactivation of Hs-SAHH and Tc-SAHH by ribavirin
is accompanied by reduction of NAD+ to NADH

Figure 3 shows that the fluorescence of the solution at a
wavelength characteristic of NADH increases in the
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Figure 6. Dependence of the loss of NADH fluorescence of Tc-SAHH and

ribavirin. The enzymes (10 lM) were incubated with various concentration

EDTA at 37 �C. Data were fit to the hyperbolic saturation model (Eq. 2c) a
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presence of ribavirin with rate constants that are similar
to those seen for the development of inhibition (the dif-
ferences are very likely related to the somewhat different
reaction conditions required for the fluorescence experi-
ment). NADH is not released into the solution, so that
the reduced cofactor remains bound to the enzyme.
When the inhibition experiment was interrupted and
the enzyme denatured to release NADH, the data shown
in Figure 4 are obtained. The figure shows that for both
enzymes, the fractional degree of reduction of cofactor is
essentially equal to the fractional degree of inhibition of
the enzyme: thus cofactor reduction and enzyme inhibi-
tion are parallel events. This suggests that ribavirin is a
Type I inhibitor according to the classification of Wolfe
and Borchardt (Scheme 3),17 reacting as a substrate
through the initial redox reaction. The same behavior
is observed in the presence or absence of Hcy (see Sup-
porting Information, Table S3), giving some indication
that, on this time scale (12 min), ribavirin undergoes
3 0-oxidation but not the 4 0,5 0-elimination reaction which
would have allowed Hcy to carry it through the catalytic
cycle and restore the enzyme activity. This is character-
istic of other Type I inhibitors, such as DHCeA and
NepA, which are tightly bound in the oxidized form.

4.3. The Kinetics of ribavirin inactivation of Hs-SAHH
and Tc-SAHH correspond to the common model of time-
dependent inhibition

Figure 5 shows that the rate constants for time-depen-
dent inhibition obey the general hyperbolic model for
time-dependent inactivation (Scheme 1) which in this
case corresponds to a rapid, reversible binding step
(equilibrium constant KI) followed by the essentially
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irreversible oxidation step with rate constant kinact. The
values of these parameters are given in Table 1. The ini-
tial binding is weak in both enzymes, approaching milli-
molar values with the affinity slightly greater for
Tc-SAHH. The oxidation step is about 5-fold faster
for Tc-SAHH and the second-order rate constant
reflecting both affinity and oxidation rates is about 7-
fold greater for Tc-SAHH. There is no real suggestion
from the crystallographic structures (1, 9, unpublished
data of Q.-S. Li and W. Huang) of the structural origins
of these rate differences.

4.4. Fluorescence differences upon binding and oxidation
distinguish ribavirin from DHCeA and NepA

Both DHCeA and NepA in their oxidized forms quench
the fluorescence of the NADH cofactor in the active site
to about 2–5% of its fluorescence in ENADH with no
other ligand. This behavior is seen with both Hs-SAHH
and Tc-SAHH. Roughly the same is true if ribavirin it-
self (in the reduced form) is bound to the NADH form
of either enzyme. In contrast the enzyme-inhibitor com-
plexes of ribavirin continue to exhibit around 70–80% of
the fluorescence of ENADH. This origin of this effect is
unknown but one possibility is that the oxidized ribavi-
rin is unstable in the active site and decomposes to gen-
erate compounds that do not quench the NADH
fluorescence. The matter is under investigation.

4.5. LC ESI+/MS analysis excludes the possibility of
irreversible covalent bond between ribavirin and SAHHs

The LC/MS analyses were performed both in H2O and
in an acidic (1% formic acid) environment. Water was
chosen to avoid the possible acid-catalyzed degradation
of the exposed ribavirin that may be covalently bound to
SAHHs. Compared to native SAHHs, there is no in-
crease of protein molecular weight in the deconvoluted
mass spectrum of SAHHs fully inactivated by ribavirin.
This observation shows there is no ribavirin (oxidized or
reduced) or any fragment thereof covalently attached to
the SAHHs. The information we have to date indicates
that the conversion of NAD+ to NADH in the SAHH
active site by 3 0-oxidation of ribavirin is not accompa-
nied by or succeeded by irreversible covalent bond
formation to the enzyme. Among the possible circum-
stances are: (a) the oxidized ribavirin, intact or as its
decomposition products, either remains in the active site
or departs, with the main cause of inhibition being irre-
versible conversion of the enzyme to the non-physiolog-
ical form with NADH as the cofactor, a species which is
normally restored to the NAD+ form in the second part
of the catalytic cycle (Fig. 1); (b) reversible covalent
binding (e.g., 3 0-Schiff’s base formation with lysine) is
partially responsible for inhibition, the main reason still
being ‘stalling’ of the enzyme with cofactor in the wrong
oxidation state.
5. Summary

Ribavirin shows weak inhibitory selectivity for Tc-
SAHH over Hs-SAHH in its time-dependent action. It
also appears to inhibit the SAHH of P. falciparum selec-
tively (see Supporting Information, Table S2), and may
therefore be useful in proceeding toward more selective
inhibitors.
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