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ABSTRACT: Thioredoxin reductase (TrxR) is the homodimeric flavoenzyme that catalyzes reduction of
thioredoxin disulfide (Trx). FoPlasmodium falciparurma causative agent of tropical malaria, TrxR is an
essential protein which has been validated as a drug target. The high-throughput screening of 350000
compounds has identified Mannich bases as a new class of TrxR mechanism-based inhibitors. During
catalysis, TrxR conducts reducing equivalents from the NADPH-reduced flavin to Trx via the two redox-
active cysteine pairs, Cys88-Cys93 and Cys53#540, referred to as N-terminal and C-terminal cysteine
pairs. The structures of unsaturated Mannich bases suggested that they could act as bisalkylating agents
leading to a macrocycle that involves both C-terminal cysteines of TrxR. To confirm this hypothesis,
different Mannich bases possessing one or two electrophilic centers were synthesized and first studied in
detail using glutathione as a model thiol. Michael addition of glutathione to the double bond of an
unsaturated Mannich basgg] occurs readily at physiological pH. Elimination of the amino group, promoted

by base-catalyzed enolization of the ketone, is followed by addition of a second nucleophile. The
intermediate formed in this reaction is ars-unsaturated ketone that can react rapidly with a second
thiol. When studying TrxR as a target of Mannich bases, we took advantage of the fact that the charge-
transfer complex formed between the thiolate of Cys88 and the flavin in the reduced enzyme can be
observed spectroscopically. The data show that it is the C-terminal CyC¥8540 pair rather than the
N-terminal Cys88-Cys93 pair that is modified by the inhibitor. Although alkylated TrxR is unable to turn
over its natural substrate Trx, it can reduce lwelectron acceptors such as methyl methanethiolsulfonate

by using its unmodified N-terminal thiols. On the basis of results with chemically distinct Mannich bases,

a detailed mechanism for the inactivation of TrxR is proposed.

Thioredoxin reductase (TrxRgatalyzes the reduction of oxidized thioredoxin (Trx) by NADPH, according to the
equation:
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TrxR in nature, the so-called low and higl, forms. In Scheme 1: Mechanism &f. falciparumTrxR-Catalyzed

addition to M, the two forms differ in another important  Trx Reductiod

respect: the mode for transfer of reducing equivalents from E,, EH,

the apolar milieu of the flavin to the more polar surroundings N

needed for dithiot-disulfide interchange?). FAD
Plasmodium falciparumis a causative agent of malaria. g,/

TrxR from P. falciparumhas been cloned and expressed in | 350 =

1steq NADPH

Escherichia coli(3, 4) and characterized as a hifyh form wre B s-| 535

(5) similar to the human orthologous enzyme. TrxR is Hiss0s
involved in maintaining an adequate reducing environment
and defense against oxidative stres$infalciparum The
unusual sensitivity of this organism to reactive oxygen EH¢ EH,
species makes TrxR a promising drug target; it was recently N
shown that TrxR is essential for the survival of the parasites, FADH-
. . . . xs. NADPH
validating the protein as a suitable target for drug desgign ( - s- )
7). The enzyme is not only of interest in parasitic organisms | 3 T/
but is also considered as a potential drug target in the search B: Hs-
for new anticancer chemotherapy).( Indeed, TrxR is
elevated about 10-fold in tumor cells compared with normal s
cells, and this is due not only to the need for higher amounts V TrX<|
of deoxyribonucleotides but also for detoxification of reactive S
oxygen species2( 9). “Toc—sh
It has been shown that the residues Cys88 and Cys93 Floxbility of the /
represent the N-terminal redox-active sitePoffalciparum Coterminal part —~ ~ EH:
TrxR (5). The sequence around this active cysteine pair is " /745/
highly conserved in higi, TrxR, including human TrxR. ~gH
In Cont.raSt’ the protein sequences differ profoundly ?‘t the aThe four groups comprising the active site are shown, FAD, the
C-terminal redox center where human TrxR contains a \_terminal redox-active disulfide (Cys88-Cys93), the C-terminal dis-
cysteine-selenocysteine pair (Cys4$ec496 (9) while the ulfide (Cys535-Cys540 from the other polypeptide chain), and the
parasitic TrxR has two cysteine residues (Cys5aad base catalyst, His509also from the other polypeptide chain). The
Cys540) separated by four amino acids () Relucive 0 e e o and ot e
.tltra.tlons of mutants de.nVEd by Slte_qlreCte.d mutagenesis of the substrate, respectively. The enzyme cycles in catalysis between
indicate that the C-terminal redox-active residues Cys535  ihe EH, and ER forms @7).
Cys540 are in redox communication with the active Cys88-
Cys93 pair of the other subunit@—12). The clear chemical
difference between the Cys-SeCys in human TrxR and theused for the preparation gfamino ketones and aldehydes.
Cys-x—x-x—x-Cys inP. falciparumTrxR should be the basis  Mannich bases are versatile synthetic intermediates used in
for the design of inhibitors that specifically interact with the various transformations to prepare Michael acceptors via
parasite enzyme. elimination of the amine moietyl{). Although different
In catalysis by TrxR, reducing equivalents are transferred Mannich bases are used as drugs or drug candidates in
from NADPH to there face of the flavin and from thsi medicine, very few studies have addressed the identification
face of the flavin to the N-terminal disulfide and thence to of the molecular targets and their mechanism of action.
the C-terminal disulfideR. falciparumTrxR) or selenosul- Dimmock and colleagues have published an important
fide (human TrxR) of the other subunit; finally, Trx is rationale (8) for understanding structureytotoxicity re-
reduced by the C-terminal dithiol (Scheme 1). The function lationships and the mode of action of unsaturated Mannich
of each N-terminal thiol can be assigned by analogy to other bases at the chemical and cellular levels, but specific targets
members of the enzyme family: Cys88 initiates dithiol  have not yet been identified. As shown in Scheme 2a, there
disulfide interchange and Cys93 interacts closely with the is an initial attack by a thiol at the olefinic bond (intermediate
flavin (13, 14). High M, TrxR can accept a total of three A) followed by deamination of the monothiol adduct
reducing equivalents of two electrons per active site, one (intermediate B) and addition of a second thiol to the
for the flavin and one for each disulfide. NADPH only generated double bond (product C). This cascade of events
reduces the enzyme to the four-electron-reduced state. Thecould be the source of a sequential cytotoxicity which might
spectra of two-electron- and four-electron-reduced forms, be more damaging to neoplastic cells than normal tissues.
EH; and EH, are characterized by a charge-transfer complex In this paper, we describe the mechanism-based inactiva-
(CTC) observed as a shoulder around 540 nm; the flavin- tion of P. falciparumTrxR by unsaturated Mannich bases
interacting thiol of Cys93 is the donor, and flavin is the and suggest a putative mechanism based on mass spectro-
acceptor 15). EH, and EH are the predominant forms of  metric analysis of (di)thietMannich base adducts and the
TrxR in vivo when the enzyme is turning over substrate or spectroscopic properties of the flavoenzyme undergoing
at rest. Thus, these enzyme species are of special interest aigactivation. The rationale for the synthesis of the compounds
targets of TrxR inhibitors16). used in this study was based on high-throughput screening
The Mannich reaction is one of the most important@© of 350000 compounds from the Pfizer library. The prototype
bond-forming reactions in organic chemistry and is widely for unsaturated Mannich bases is the Mannich (&se
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Scheme 2: Postulated Reactivity of Unsaturated Mannich Bases versus Saturated Mannich Bases toward Nucleophilic Attack

by Thiols*
(a) Unsaturated Mannich bases
o} SR 0y SR 0}
CH3
A A~ CHs RSH CHs )\/LQ/KV
N —
Ar N\CH3 — Ar J'\CHs P — Ar N\HCHa
1st Michael H
o,B-unsaturated Mannich base  addition A
Deamination of the SR O SR O
Mannich base Ar )\)J\/ RSH Ar/k)K/\SR
2nd Michael
HN(CHa), B addition c
(b) Saturated Mannich bases
Deamination of the
H ‘\ H Mannich base RSH
G-CHy ——» | _CH —_—
Ar NZZ 2 =——— 23 ~ -
;“d\/ CH, Ar ~ch, A Michael Ar\[r\/s ®
o) 0) NH(CH3), o) addition o)
saturated
Mannich base D E
aAr = aryl.

To evaluate the importance of two electrophilic sites of 100 mM potassium phosphate, 2 mM EDTA, pH 7.4, and 3

unsaturated Mannich bases for enzyme inactivatiom,,an
dimethyl-amino ketone4 for which deamination is not

mM DTNB; after the addition of 20«M NADPH, the
increase in absorbance was monitored at 412 nm af€25

possible and the saturated Mannich base 3-(dimethylamino)-(19). Using the DTNB assay, one unit of TrxR is defined as
propiophenone (3-DAP) were considered as key controls in the NADPH-dependent production of ol of 5-thio-2-
the spectroscopic and kinetic studies. It was found that nitrobenzoate €12nm = 13.6 mM™* cm™1). Concentrations
unsaturated Mannich bases inactivated TrxR in a ratherof TrxR in E,x form were determined by measuring the
specific manner when compared with saturated Mannich content of FAD-containing subunitgs6onm = 11.3 mM™?
bases; the overall data enabled us to propose a mechanisam™1) (20). The enzyme stock solutions used for the kinetic

for TrxR inactivation and to discuss their physiological
relevance with respect to cytotoxicity.

cl o) Cl o]
N N/CHs AN N/CHS
“CHj3 HsC CH3 “CHg

3a 4

3-DAP

EXPERIMENTAL PROCEDURES

ReagentsNADPH was purchased from Sigma Chemical
Co. (St. Louis, MO). 3-DAP hydrochloride (Aldrich D,-
14480-0) and dithiothreitol (DTT) were purchased from
Aldrich Chemical Co. (Milwaukee, WI). All other reagents

determinations were pure as judged from a silver-stained
SDS-PAGE and had specific activity of 2.8 units/mg in the
DTNB assay.

Screening Procedure$he initial 350000 compounds were
screened via a 96-well format consisting of two plates in an
x and y grid of 10 compounds per well at ca. 3tM
(assuming an average MW of 300). The initial screen was
performed using MMTSZ1) as a substrate at the following
final concentrations: 50 mM potassium phosphate, pH 7.6,
1 mM EDTA, 100uM NADPH, and 50QuM MMTS. Stock
solutions of MMTS were dissolved in dimethyl sulfoxide
(DMSOQ), allowing a final concentration of DMSO in the
MMTS assay of 0.5%. The concentration Bf falciparum
TrxR was established at—% nM. The reaction was
monitored at 340 nm at 2%C for a period of 5 min. The
secondary screen of 1992 compounds was performed using
the same MMTS assay but with one compound in each well.
The resulting 114 compounds were characterized over the

and buffer salts were of the highest quality available and range of compound concentrations from 0.16 ta:@5with
were purchased from Biomol, Boehringer, or Sigma. Al Poth 500uM MMTS and 500uM E. coli Trx substituted
experiments were conducted in 100 mM potassium phosphatefor MMTS.

buffer, pH 7.0, unless otherwise indicated.
EnzymesRecombinan®. falciparumTrxR was purified

as previously reportedl). One unit of TrxR activity is

defined as the consumption ofdnol of NADPH/mInN (€340

am = 6.22 mM cm) under conditions of substrate

saturation. TrxR activity was determined in the'sjhiobis-

(2-nitrobenzoic acid) (DTNB) reduction assay as follows:

pH-Dependent Formation of Glutathion®lannich Base
Adducts A solution of the Mannich baséa (12.8 mg, 0.046
mmol) in 1 mL of HO was mixed with a solution of
glutathione (GSH) (14.35 mg, 0.046 mmol, 1 equiv). The
resulting solution was stirred at 3T for 14 h. The solvent
was removed by lyophilization to give 27.8 mg of white
powder containing the glutathione monoadducBaf 1-(2-

the enzyme was added to a reaction mixture consisting of chlorophenyl)-1-glutathionylsulfanyl-3\cdimethylamino)-
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pentan-3-one, along with unreacted starting materials, ac-

cording to HPLC and mass spectrometry analysis. A solution
of 3a(46.9 mg, 0.17 mmol, 1 equiv) and GSH (105.8 mg,
0.34 mmol, 2 equiv) in 5 mL of 10 mM phosphate buffer,
pH 8.0, was heated at &€ for 30 min, cooled, and then
lyophilized to give 199.2 mg of white powder containing
the glutathione mono- and diadducts 8&, along with

Davioud-Charvet et al.

“control TrxR—NADPH?”, consisted of TrxR incubated with
the same amount of NADPH as in the titration. The second
control, i.e., “control TrxR-inhibitor”, consisted of TrxR
incubated with inhibitor but in the absence of NADPH. This
study was performed using recombinant enzyme with a
specific activity of 18 units/mg and 95% pure on SDS
polyacrylamide gel electrophoresis (data not shown). The

unreacted starting materials, according to HPLC and massspecific activities of wild-type TrxR and inhibitor-reacted

spectrometry analysis.

Liquid ChromatographyThe glutathione conjugates 8&
were separated on a C18 Supelcosil LC-318 column 4.6
254 mm, 5um, 300 A). Analytical HPLC was performed
on a HPXL Rainin instrument equipped with a UV detector
set at 280 nm. Compounds<2 mg) were dissolved in 500
uL of eluent A, described below, and 1Q was injected.
The following solvent systems were used: eluent A, 0.1%
trifluoroacetic acid (TFA) in HO; eluent B, 0.1% TFA and
99.9% CHCN. HPLC retention times were obtained, at flow
rates of 0.7 mL/min, using the following conditions: 100%
eluent A for 5 min and then a gradient run to 60% eluent B
over the next 40 min. HPLC analyses were performed by
the Protein and Carbohydrate Structure Facility of the
University of Michigan.

Mass SpectrometryElectrospray ionization mass spec-
trometry (ESI-MS) was carried out by analyzing the different
fractions collected from HPLC and using a VG platform
(Micromass, U.K.) single-quadrupole mass spectrometer.
ESI-MS analysis was performed in positive ion mode by the
Protein and Carbohydrate Structure Facility of the University
of Michigan.

Anaerobic Spectroscopy, NADPH Titrations, and TrxR
Activity AssaysAll reductive titrations were performed under
anaerobic conditions at 25C. Anaerobiosis was achieved
by alternately degassing under vacuum and equilibration with
ultrapure argon for eight cycles as described previouy. (
Enzyme solutions were protected from light during anaero-
biosis and reductive titrations. NADPH stock solutions were
prepared in 40 mM Tris base solution (pH 9.0) and were
made anaerobic by argon flushing for 10 min prior to use.
The concentration of anaerobic NADPH solution was
determined spectrophotometrically at 340 refadom= 6.22
mM~t cm™1). Absorption spectra were recorded on a HP
8452A spectrophotometer. All spectra were corrected for

enzyme from titration experiments were determined in the
Trx reduction assay. It was carried out at Z5in a 1 mL
cuvette containing 100 mM phosphate buffer, pH 7.0, in
the presence of 10@M NADPH, 0.01-0.10 uM TrxR
(unreacted and inhibitor-reacted TrxR), and @@ Trx.
The change in absorbance was measured at 340 nm.

Steady-State Kinetic Parameters Using the MMTS Reduc-
tion AssayAll kinetic studies were carried out at 2& in
a 1 mL volume. The assay mixtures contained 100 mM
phosphate buffer, pH 7.0, 20@M NADPH, ~6 nM
unmodified or alkylated TrxR, and 0310 mM MMTS
(1.99% final DMSO concentration was kept constant). Initial
rates were determined from NADPH oxidation measured at
340 nm.

Enzymic Assays Used in Inhibitor Studia.assays were
conducted at 25C in a total assay volume of 1 mL. In each
measurement, residual activity in the presence of inhibitor
was compared to the activity of a control without inhibitor.
As control we used an enzyme preincubated with the same
amount of DMSO, showing that inactivation was due to
inhibitor and not to DMSO. Stability of TrxR was satisfactory
up to 3.1% DMSO.

Evaluation of K and Inhibition TypeThe enzyme was
added to an assay mixture consisting of 50 mM potassium
phosphate, 1 mM EDTA, pH 7.6, 23tM NADPH, DTNB,
and inhibitor. The reaction was initiated with the addition
of the enzyme (13 milliunits in &L aliquots, 38 nM TrxR
subunit final concentration), and the increase in absorbance
at 412 nm was monitore@8). Inhibition constants and the
type of inhibition were determined in duplicatéa, 0, 10,
and 50uM; DTNB, 150—400uM; the DMSO concentration
was kept constant at 2.5%, and Vmax values were
determined by fitting data to the Michaetlienten equation
using a nonlinear regression analys&)( Inhibition of
DTNB reduction by3awas measured as a function of DTNB

slight turbidity by subtracting absorbance between 800 and concentration, and the data were fitted to the equation for

820 nm. Typical experiments proceeded in three phases
first, 2030 uM TrxR (contained in a cuvette with two side
arms similar to that described previously in 22) was
reduced anaerobically in 100 mM sodium phosphate buffer,
pH 7.0, by 1.1 or 2.2 equiv of NADPH (contained in a 100
uL gastight Hamilton syringe) forming the FAEthiolate
CTC; next, 2-10 equiv of Mannich base per FAD-containing
subunit (16-20 mM inhibitor solution in 100% DMSO

:competitive inhibition: Vimadvi = 1 + (K/[DTNB])(1 +

[1)/ Ki).

ICso Determinations from Time-Dependent Inaetion.
The loss ofP. falciparumTrxR or human GR activities in
preincubation with the inhibitor and NADPH for 5 min was
determined by monitoring DTNB reductio2%). Enzyme
(~1.5 uM) was allowed to react for 5 min at 2% in a
final volume of 56.5uL of 100 mM potassium phosphate

contained in one side arm of the cuvette) was added, andbuffer, pH 7.6, with 208:M NADPH and the inhibitor. Final

the effect on the CTC was followed; finally, the protein
modified by the Mannich bases was titrated with additional
NADPH, and again the effect of enzyme modification on

inhibitor concentrations in the preincubation mixture were
0—20uM for 3a, 0—10uM for 5, 0—100uM for 3b, 3c, 4,
and 3-DAP in 1.9% DMSO. Samples (5@.) of each

the FAD—thiolate CTC was examined. The enzyme was reaction mixture were added to the DTNB reduction assay
reoxidized by opening the cuvette to air and tested for for determination of the residual activity; the reaction mixture
residual activity. In each titration experiment, two controls consisted of 100 mM potassium phosphate buffer, pH 7.6,
were prepared according to the same titration conditions over208 uM NADPH, and 3 mM DTNB (3.1% DMSO final).
the same period of time and assayed for residual Trx The change in absorbance was monitored at 412 nm. TrxR
reduction at the end of the titration. The first control, i.e., or GR activities were also measured using the physiological
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Scheme 3: Synthesis of the Unsaturated Mannich Baaes, 4, and5?2

Cl Cl 16} Cl fo)
CHO - N AN R
1R=H 3aR=H,R'=CHj;
2R=CHj; 3b R = H, R" = morpholinyl

3c R =H, R' = piperidinyl

¢l % 4a R=R'=CHj,
+
3a v.v ~ N:CHs I
— Erghs
5a

a | ettersa—c reflect the alkyl substitution patterra, dimethylamine;b, morpholine;c, piperidine. Reagents: (i) 10% agueous NaOH, room
temperature; (iip-toluenesulfonic acid, toluene, reflux; (iii) paraformaldehyde, HNHI, HCI, reflux; (iv) NaHCQ; (v) CHal.

substrates Trx and GSSG, respectively, after preincubationMannich reactionZ6) to prepare8aand analogues from the
with the inhibitor 3a (0—10 uM, 1.9% final DMSO appropriates-arylvinyl alkyl ketonel or 2, paraformalde-
concentration) and NADPH for 5 min. The assay was started hyde, and secondary amine hydrochloride. The electron
with 21 uM Trx or 121uM GSSG. NADPH oxidation was  density at the olefinic bond is reduced when the nitrogen
monitored at 340 nm. atom is ionized with respect to the corresponding free bases;
hence the quaternary ammonium galof the unsaturated
RESULTS Mannich base3a was expected to react with thiols more
Screening.The high-throughput screen of 350000 com- rapidly. It was prepared from the tertiary amisa by
pounds in the Pfizer library had identified 114 compounds reaction with methyl iodide according to the procedure of
that inhibitP. falciparumTrxR by at least 95% in an assay Edwards et al.Z7).
using NADPH as the donor substrate and MMTS as the
acceptor 21). The 114 compounds were further tested again A
to allow calculation of IG values. A set of 34 compounds
(not containing heavy metals) hadsifvalues of<8.5 uM
in the MMTS reduction assay. The structures for this set
were made available according to our agreement with Pfizer.
We tested the compounds in this set in an assay valiying
coli Trx as the acceptor substrate; only 15 inhibitors had
ICso values less than 18M. The discrepancies between the
results with MMTS and those witle. coli Trx could be
explained according to the observation that MMTS also
interacts with the N-terminal cysteine pair and thus can be
reduced even if the C-terminal Cys pair is blocked by an
inhibitor (see Kinetic Parameters Using MMTS Reduction
Assay). In the final stag®. falciparumTrxR was compared
to the human enzyme usinB. falciparum Trx as the
acceptor. Interestinglys. falciparumTrx is a better substrate
for the human enzyme than fét. falciparumTrxR (19).
Six compounds showed kgvalues that were higher for the
human enzyme than for the parasite enzyme; that is, they
inhibited P. falciparumTrxR to a greater degree. It should
be emphasized that, among the 15 most active inhibitoks (IC
values less than 18V), 13 compounds were Mannich bases,
9 saturated and 4 unsaturated (Scheme 2). Becausgthe
unsaturated ketones inhibited PfTrxR to a greater extent tha : e .
the saturated ones, the structure of one of th&s \as of both vmy_l protons. No deaminatieraddition product_s_
selected as a model to guide the synthesis of key analogueémono' or diadducts) were detected under these conditions
and to provide the rationale for TrxR inactivation. The ©f PH-
commercial 3-DAP was also selected as a model for a The known pH dependence of deamination and the fact
saturated Mannich base. that it is favored after addition of a first molecule of thiol
ChemistryThe syntheses &aand its analogues are given indicated that the model reaction with GSH should be tested
in Scheme 3. The starting 2-chlorobenzalacetones wereat higher pH; the most efficient conditions to observe the
prepared by ClaisenSchmidt condensation of 2-chlorobenz- double adduct were 10 mM phosphate buffer, pH 8, at 80
aldehyde and acetone, or 3-methyl-2-butanone, respectively’C for 30 min and 2 equiv of GSH. The resulting conjugates
On the basis of Scheme 2, the rate of deamination shouldwere analyzed by HPLC and ESI-MS, revealing two MH
be inversely proportional to the basicity of the amine leaving peaks atnw/z 545.2 (relative intensity 100), identified as the
group; a set of amines—c (Scheme 3) displaying different  Michael adduct described above (structure A in Scheme 2a),
pK, values of the conjugated acids was employed in the and atm/z 807.2 (relative intensity 7.1%), identified as the

pH-Dependent Formation of Glutathion&lannich Base
dducts as Model ReactionBhe a,3-unsaturated Mannich
bases possess two electrophilic centers:otjfeunsaturated
ketone is obvious, but the other is masked and is revealed
only after a base-dependent deamination of fla@mino
ketone. Michael addition of a nucleophile to the double bond
leads to the intermediate monoadduct (Scheme 2a, structure
A). Elimination of the dimethylamino group, promoted by
base-catalyzed enolization of the ketone, allows addition of
a second nucleophile. The intermediate is anotthgi-
unsaturated ketone (Scheme 2a, structure B) which can react
rapidly with a second thiol. Both elimination and addition
reactions are pH-dependent, the optimum pH being linked
to the K, values of the amine leaving group and of the
nucleophilic species. The overall result is the addition of two
nucleophiles (Scheme 2a, structure C). One equivalent of
3awas reacted with 1 equiv of GSH for 14 h in®l at 37

°C (the resulting pH of the solution was found to bd—

5). The first Michael addition product shown in Scheme 2a
(structure A) was confirmed by HPLC followed by ESI-MS
and by NMR. The mass spectrum of the GSH conjugate of
3a (see Supporting Information) showed an Ntdt m/z
545.4, consistent with the addition of one molecule of GSH.
pAnalysis of thetH NMR spectrum revealed the disappearance
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—o— 460nm
;Q\*“\i‘!

product of a double addition of GSH (structure C in Scheme 04
2a). This agrees with previous observatio?® (The HPLC
coupled to ESI-MS showed three major peaks with retention
times of 19.01, 19.62, and 21.89 min, attributed to the starting 5.
Mannich bas&a (30.1%), the monoadduct (37.5%), and the
diadduct (8.5%), respectively. Under milder and more
physiological conditions for glutathione conjugation 3d
(37°C, 18 h, 1 equiv of GSH), the presence of the diadduct
was also observed and confirmed (data not shown).
Titration of NADPH-Reduced TrxR with3-Unsaturated
Ketones and Mannich Bases: Rationdlethe mechanism 0.1-
depicted in Scheme 2a, the starting compound reacts rapidly
but reversibly with thiols. While the reaction witt,f-
unsaturated ketones (B) is known to be straightforward, m
complete, and irreversible, the reaction with unsaturated
Mannich bases is 240-fold more rap28|. The higher rate Wavelength (nm)

of addition is due to the presence of the strong electron- Ficure 1: Reaction of3a and TrxR prereduced with 1 equiv of
W'thd_rawmg ammonium group which 'QWQVS the e_l,ec”on NADPH (EH,). Oxidized TrxR (curve 1) was reduced with 1 equiv
density of the double bond. Retro-Michael addition to of NADPH per FAD to give EH (curve 2). This prereduced BH

intermediate A is favored for the same reasons since thewas reacted with 3 equiv &g; the reaction product is represented

acidity of the protonsx to the keto group is increased. In by curve 3. The inset shows the time course of the reaction at 460
m (@) and 540 nm®) with 3a (curve 3). A second equivalent of

the case of the_ sat_urated Mannich bases (Scheme 2b), %IADPH was added; the reaction product is represented by curve
different behavior is to be expected because ®fi- 4.

unsaturated ketone (structure D) is the only reactive inter-
mediate; in the absence of a base provided by the enzyme,
deamination is thought to occur by intramolecular abstraction 0.3
of the a-hydrogen at a very slow rate.

The active site of the TrxR has all of the elements for this
scenario: four cysteines as potential nucleophiles and a
histidine as a catalyst for base-dependent deamination of
unsaturated Mannich bases. On the basis of the different
reactivities described above, it was expected that unsaturated
Mannich bases would be much more specific for dithiols 0.11
than for monothiols because the intramolecular reaction is
favored. On the other hand, saturated Mannich bases would
be attacked both by mono- and dithiols irreversibly. 0 ——— e by

To test these hypotheses, we compared the spectral 300 350 400 450 500 550 600 650 700 750 800
properties of TrxR modified by different Mannich bases. The Wavelength (nm)

major aim was to determine the mechanism by wteh FIGURE 2: Reaction of3a and TrxR, prereduced with 2 equiv of
. : NADPH (EH,). Oxidized TrxR (curve 1) was reduced with 1 equiv
affected the activity of TrxR. The structure of a rat liver of NADPH per FAD (curve 2) and then with a second equivalent

mutant TrxR shows that the C-terminal redox center is of NADPH per FAD to give EH (curve 3). Reaction of Exwith
partially exposed to the solvent while the redox-active 3 equiv of3ayielded the product shown in curve 4. The inset shows

N-terminal thiol(s) is (are) more burie9). Scheme 1 the time course of the reaction (curve 3 to curve 4) at 460 @jn (
presenting the mechanism of Trx reduction catalyzed by and 540 nm Q).
TrxR is also fundamental to our hypothesis for the reaction A subsequent addition of NADPH, however, led to reap-
of 3a with TrxR. It is expected that the reagent will react pearance of the CTC over a 25 min period (curve 4). The
with Cys540, the penultimate residue of TrxR, which is return of the CTC with further addition of NADPH indicated
equivalent to the penultimate Sec in the mammalian enzyme.that reaction oBa did not occur with Cys93 but most likely
Reaction of then,f-Unsaturated Mannich Basga with with one of the C-terminal thiols (see also next section). The
the EH, Form of TrxR.Figure 1 shows the spectrum of the enzyme reoxidized with air had a normal spectrum and,
oxidized enzyme (E), theAmaxbeing 460 nm (curve 1). TrxR  importantly, was completely inactive with Trx as substrate;
is converted to its predominant EHorm by 1 equiv of even incubation with 1 mM DTT for 29 min could not
NADPH under anaerobic conditions (curve 2), as judged by reactivate the modified enzyme.
the characteristic bleaching at 460 nm and the long- Reaction of thex,-Unsaturated Mannich Basga with
wavelength band centered around 540 nm where neitherthe EH, Form of TrxR.As shown in Figure 2, oxidized TrxR
oxidized nor reduced flavin absorbs. The 540 nm band is (curve 1) was converted to a four-electron-reduced form
due to reduction of the N-terminal disulfide bond between (EH,), first with 1 equiv (curve 2) and then with 2 equiv of
Cys93 and Cys88 and the formation of a thiotaflavin CTC NADPH (curve 3), with concomitant formation of the full
involving the thiol of Cys93 (Scheme 1). The two-electron- CTC. EH, was reacted with 3 equiv &a Comparison of
reduced TrxR was reacted with 2 equiv3# (curve 3); the curves 3 and 4 shows that CTC was lost as the inhibitor
inset to Figure 1 shows the time-dependent loss of the CTCreacted but, importantly, only to the level expected for
(at 540 nm) as the inhibitor reacted over a 106 min period. reduction of Ex by 1 equiv of NADPH (see curve 2 as
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Ficure 3: Reaction of4 and TrxR prereduced with 1 equiv of

NADPH (EH,). Oxidized TrxR (curve 1) was reduced with 1 equiv 0 ’ r . . - ; . =
of NADPH per FAD to give EH (curve 2). This prereduced EH 300 350 400 450 500 550 600 650 700 750 800
was reacted with 3 equiv af; the reaction product is represented Wavelength (nm)

by curve 3. The inset shows the time course of the reaction4vith
(curve 2 to curve 3) at 460 nn®) and 540 nm ©). Addition of
a second equivalent of NADPH restored the CTC (curve 4).

FIGURE 4: Reaction of 3-DAP and TrxR prereduced with 1 equiv

of NADPH (EH,). Oxidized TrxR (curve 1) was reduced with 1
equiv of NADPH per FAD to give ERl(curve 2). This prereduced

) . . EH, was reacted with 3 equiv of 3-DAP; the reaction product
reference). The inset to Figure 2 shows this time-dependentyepresented in curve 3 showed no reoxidation of the N-terminal
loss of charge transfer at 540 nm. The reoxidized enzyme thiols and a slow decrease of the CTC absorbance. The inset shows
had a normal E spectrum, was completely inactive in the the time course of the reaction (curve 2 to curve 3) at 460 @jn (

Trx reduction assay, and could not be reactivated by excess2nd 540 nm @). Addition of a second equivalent of NADPH
. restored the CTC (curve 4).
DTT after 54 min.

Reaction witha,a-Dialkyl Mannich Base4 for Which Table 1: Steady-State Kinetic Parameters of UnreaPted

Deamination Is Not Possible with the Effform of TrxR.  falciparum TrxR, 3a-Alkylated TrxR, and 3-DAP-Alkylated TrxR
Compound4 was synthesized for the purpose of studying with MMTS as an Alternative Substrate

TrxR inactivation with an analogue 8awhere deamination Keal K
is not possible. Three equivalents4fvas reacted anaero- enzyme Km (MM) Keat(s71) (M~ts™)
bically with TrxR prereduced by 1 equiv of NADPH (Figure active wt TrxP® 277+025 106+ 3.1 38.4x 103
3, curve 2 to curve 3). Superficially, the results are similar 3a-alkylated TrxR 2.17+0.16 45.5+0.84 21.0x 1C®°

to those found with3a. A second equivalent of NADPH  3-DAP-alkylated TrxR  3.71+0.42  51.3+1.81 13.8x 10°
resulted in the full CTC with the expected higher absorbance 2All assays were carried out in duplicate at 25 in 100 mM

at 540 nm (curve 4). The reoxidized enzyme exhibited a phosphate buffer, pH 7.0, in the presence of 0.2 mM NADPKi, =
normal spectrum, but it was partially active (25% residual ig-s‘gf st’éﬁ/'b '%catf:hfi;; jnzvﬁzci‘écaﬁgpi;5¢8)X61E0:;Z’\c;e5;;'snult{i‘r?g
activity) in the Trx rEdUCt'On_ assay, and full activity ,COUId from the NADPH titration experiment in the presence of 3 equigaf
be restored by treatment with 1 mM DTT for 23 min. AS  and found inactivated in the Trx reduction ass&gnzyme resulting
shown in the inset of Figure 3, reaction wittgave an initial from the NADPH titration experiment in the presence of 10 equiv of
increase in absorbance at 460 nm, suggesting that the rat@-DAP and found inactivated in the Trx reduction assay.

of disappearance of the CTC did not follow the rate of

apparent reoxidation of the flavin observable at 460 nm. An Trx-based assay. The partially inhibited enzyme was com-
independent experiment confirmed the absence of significantpletely inactivated by use of a further 7 equiv of reagent
spectral changes upon binding4fo Eox. We will return to and could not be reactivated by exposure to 1 mM DTT for
these observations in the Discussion. 82 min.

Reaction of the Saturated Mannich Base 3-DAP with the  Steady-State Kinetic Parameters of Unmodified TBdR,
EH, Form of TrxR.As shown in Figure 4, EH(curve 2) Alkylated TrxR, and 3-DAP-Alkylated TrxR Using the MMTS
was reacted with 3 equiv of 3-DAP (curve 3); the inset shows Reduction Assayror these studies, we used MMTS as the
the time-dependent loss of the CTC (followed at 460 and acceptor substrate in the TrxR assay, replacing the natural
540 nm) as the inhibitor reacted; the expected concomitantsubstrate Trx. Interestingly, even the modified enzyme forms
increase in absorbance at 460 nm was not observed.that showed no activity with Trx were partially active in the
Moreover, the kinetics observable at 540 nm did not follow MMTS reduction assay, suggesting that the small, apolar
those at 460 nm, as observed withhowever, whereas in  MMTS could gain access to and react with Cys88 in the
the case ofl there was a rapid increase at 460 nm followed N-terminal part of the active site of unmodified enzyme or
by a further slow increase, with 3-DAP there was an enzyme alkylated at the C-terminus. To test the hypothesis,
immediate decrease at 460 nm followed by a further slow we determined the kinetic parameters of unreacted T3aR,
decrease. Addition of a further 1 equiv of NADPH restored alkylated TrxR, and 3-DAP-alkylated TrxR at increasing
the CTC absorbance (curve 4) and led to some flavin concentrations of MMTS (0:540 mM) and constant NAD-
reduction. At the end of the experiment, the reoxidized PH concentration. All three reactions followed Michaelis
enzyme had a normalgespectrum and was found to be Menten kinetics as summarized in Tabl&-alkylated TrxR
partially inactivated (36% residual activity) as shown inthe and 3-DAP-alkylated TrxR showed decreased catalytic
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Ficure 5: Cornish-Bowden diagram for the inhibition of TrxR by
Mannich base8a At DTNB concentrations in the range of 150
400 uM, the reversible competitive component of inhibition

Davioud-Charvet et al.

Table 2: Inhibition of TrxR by Mannich Bas®s

pKa value of the ICs0in DTNB
compd amine leaving group reduction ass&y(uM)
3a 10.77 1.9
3b 8.78 7.8
3c 11.24 15.5
5a 9.75 0.8
4a 10.77 reversible
3-DAP 10.77 15.4

a|Csp values for irreversible inhibition using the DTNB reduction
assay; enzyme was incubated for 5 min at°’€5with NADPH and
varying inhibitor concentrations prior to the addition of DTNBTlhe
structures of compounds-5 are shown in Scheme 3.

tion was observed between thesy@nd the K, values of

becomes evident. Upper to lower lines are for 400, 300, 200, and the amine leaving groups, with the exception of the mor-

150uM DTNB. The K, value for DTNB in the absence of inhibitor
was 210.6+ 10.4uM. TheK; value for3awas determined as 147
+ 2.8uM.

efficiency when compared to the untreated enzyme. The

results confirmed (i) that MMTS s likely reduced in both
the N-terminal and C-terminal parts of the active site at
Cys88-Cys93 and Cys538ys540 of unmodified TrxR and
(i) that MMTS is reduced in the N-terminal active site of

enzyme species alkylated at the C-terminal cysteine residues

Inhibition Studies under Steady-State Conditiombe
inhibition of TrxR by the unsaturated Mannich ba3e

showed an inactivation pattern characterized by a reversible

component, i.e., competition with the substrate DTNB
(Figure 5), as well as an irreversible component. Khe
andk../Km values for DTNB in the absence of inhibitor were
210 & 10.4 uM and 2.8 x 10° M~ min™?%, respectively.
ApparentK, values for DTNB were determined at different
inhibitor concentrations o8a. A Cornish-Bowden diagram
made the competitive component of the inhibition evident
at DTNB concentrations<400 «M, as indicated by the
parallel lines (Figure 5). By fitting the experimental data to
the equation for competitive inhibition, th§ value for the
unsaturated Mannich baSa was determined to be 14¥%
2.8 uM.

To characterize the irreversible inhibition, tM TrxR,
reduced with 21Q«M NADPH, was incubated with 810
uM 3afor 0—60 min at 25°C. Residual activity was assayed
using the physiological substrate Trx at2¥. TrxR activity
decreased markedly after preincubation with NADPH and

3a in both a concentration- and time-dependent manner,

pholine derivative, where the bulky heterocycle and the
presence of the oxygen atom could affect the binding to the
active site.

To test the specificity for TrxR inhibition by the Mannich
bases, we determined the inhibitory effects of the compounds
on the mechanistically related human GR, which, unlike
TrxR, has only an N-terminal redox-active cysteine pair, with
only one of the two cysteine residues being partially exposed
to the solvent. Inhibition was studied under the conditions
used for TrxR. Human GR was only slightly inhibited by
3a (10% at 970uM 3a versus 11%P. falciparum TrxR
inhibition at 0.24uM 3a). As determined in the preincubation
assay3ainhibited human GR but with a second-order rate
constant of 3.3 M* s7%, that is, at least 650-fold lower than
for TrxR. Thus, host GR and parasite TrxR are differentially
inhibited.

DISCUSSION

Our findings provide evidence that unsaturated Mannich
bases inactivate TrxR by interacting with the C-terminal
redox-active cysteine residues of the protein (Scheme 4). The
fact that the thiolateflavin CTC decreases upon reaction
with 3aand returns when further NADPH is added indicates
that the N-terminal thiols are not modified (see beloW)e
results are supported by the finding that MMTS is still
reduced by alkylated TrxR; although MMTS reacts prefer-
entially with the C-terminal thiols, it can react with the
N-terminal thiols as well (Table 1).

pH-Dependent Formation of ThieMannich Base Ad-
ducts.Our data confirm the pH dependence of the formation

indicating that the unsaturated Mannich base affected TrxR of glutathione-Mannich base adducts. The first step, addition

activity irreversibly. For a preincubation time of 5 min, the
ICso value was found to be 1.kM. This irreversible
inhibition of TrxR is a fairly rapid process, as judged from
the second-order rate constant evaluated as 2100sv
determined from the equation d[El/e= K[E][I]. It should

of the thiol to thes-arylvinyl ketone, leads to the formation

of the monoadduct (Scheme 2a, structure A). This occurs at
a far greater rate with the,-unsaturated Mannich bases
than with corresponding.,5-unsaturated ketone analogues
(structure B) 28). The second step involves deamination and

be noted that reduction of the enzyme by NADPH is a addition reactions that are controlled by four parameters. On
prerequisite for irreversible inhibition. When TrxR was the basis of our studies the influence of each parameter can
preincubated with the Mannich bases in the absence ofbe rationalized as follows. First, deamination is pH-dependent
NADPH, no inhibition was observed. because enolization is a prerequisite: the diadduct is gener-
Using the same procedure with different Mannich bases ated at pH 8 but not at pH-45 in the model reaction with

(see structures in Scheme 3), TrxR activity was measuredglutathione. Second, the basicity of the amine leaving group
in the DTNB reduction assay. kgvalues were calculated influences the rate of deamination since, as expected,
from the concentration-dependent curves (Table 2). Theinactivation increased with decreasing basicity of the amine
presence of two electrophilic centers (unsaturated Mannichleaving group, except for the morpholine derivative. This

bases) appears to result in complete inactivation. A correla-latter case illustrates the influence of the third parameter,
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Scheme 4: Proposed Mechanism for TrxR Inactivation by the Unsaturated Mannict3®8ase

HsC
on ™
HsC—N o)
FAD FAD
1steq NADPH H
93 |- S + 3a _ ? Ar
S-| 5400~ S
88 |-s | =S L ns_ ) sa
. e , . H§
B S 53 /538
Re-0xidation of the
N-term active site
-— - s ('
HzN(CH;,)z B: >535540

Irreversible Michael addition
of unsaturated Mannich base 3a

to dithiol 540'/535'

a Compound3a reacts with one of the Efspecies reduced at the C-terminus, spe2ieBase-catalyzed deamination creates a second site for

Michael addition, leading to the macrocyclic spedies

namely, the steric effects and/or the electrostatic repulsion.thiols are not the site of reaction. Cys93 cannot have reacted
The steric restriction applies also to the interaction between since it is still able to act as the charge-transfer donor. We
the generated.,S-unsaturated ketone (intermediate B) and would argue that alkylation of Cys88 by as large an electro-
the nucleophile. That is, the fourth parameter is the influence phile as 3a would disrupt the CTC; this suggestion is

of the basicity and nucleophilicity of the attacking thiol on supported by the behavior of the closely related enzyme
the rate of S-alkylation which is expected to increase with lipoamide dehydrogenase. In this enzyme, the interchange
low pKj, values. In other words, the concentration of thiolate thiol is at least 10-fold more reactive with electrophilic

in the inactivation process has to be considered with greatreagents than is the charge-transfer thiol. Reaction of the

care since the K, value of cysteine and selenocysteine
residues can be as low as Bdn the active site of an enzyme
(30).

Mechanism-Based Inactition of TrxR by Unsaturated
Mannich Bases3a and 4. Scheme 4 presents a putative
mechanism for the inhibition of TrxR by the unsaturated
Mannich base8a. The mechanism explains the observation
that the enzyme is inhibited only when it is reduced to the
EH, or EH, levels, which makes thiols available. It is known
from the high extinction coefficient of the CTC that the
equilibrium between the two EHspeciesl and 2, shown
in Scheme 4 favors the CTC speciedNe propose that the
C-terminal thiols of TrxR are the reactive nucleophiles and
that His509 catalyzes the deamination of the reagent by
promoting enolization of the keto group. The equilibrium
between EHspecies is shifted &areacts; as seen in Figure
1, the CTC decreases 8areacts. The resulting inactivated
enzyme is the macrocyclic speciésmost likely resulting
from alkylation first at Cys540and then at Cys535
Inhibition by 3a cannot be reversed by DTT. The formation

interchange thiol of lipoamide dehydrogenase with the
relatively small reagent, iodoacetamide, leads to complete
loss of the charge-transfer interactidi8), On the other hand,
reaction of the analogous thiol of GR with iodoacetamide
does not affect the charge transf&dy

The mechanism for inhibition bya requires that the
carbon in the positior to the keto group has an acidic
hydrogen in order for deamination to occur (Scheme 2a). In
the case of ther,a-dimethyl-unsaturated Mannich bade
no deamination is possible. Scheme 5 shows our interpreta-
tion of the data in Figure 3. Compourfreacts with the
EH, mixture as3a does for the first Michael addition,
presumably at the most exposed thiol Cys5&pecies3).
However, the subsequent reactions are different because there
are no hydrogens to be abstracted from the carbon in the
positiona to the keto group of th@-amino ketone motif.
Expulsion of the reagent by retro-Michael addition from the
adduct can occur at a high rate, in accordance with reported
glutathione dethiolation rates measured for teliethyl
analogue o#l (35, 36). The propensity of the retro-Michael

of macrocycles between unsaturated Mannich bases andeaction accounts for the partial activity observed upon

dithiols is well documented in polymer chemistB4j. Also,
a stable dithioarsine ring complex with vicinal dithiols has

reoxidation of the reacted enzyme; the retro-Michael reaction
also accounts for enzyme reactivation by excess DTT

been previously described with 4-aminophenylarsine oxide (Scheme 5). The lag at 540 nm and the increase in

(32, 33.
Return of the CTC if more NADPH is added to species

absorbance at 460 nm in the 3 min following addition of
the reagent might result from minor alkylation at Cys88. The

in Scheme 4 supports our contention that the N-terminal presence of free EHn significant concentration is evidenced
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Scheme 5: Proposed Mechanism for PfTrxR Inactivatiodtand Reactivation by DT

HQ cHy
EH2
¢ FAD ? excess /DTT
, X
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N-term active site
N
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a Compound4 reacts initially with prereduced enzyme just 2sdoes. Subsequent steps differ due to the absence of an acidic proton at the
carbona to the 8-amino ketone motif and due to reversibility via a retro-Michael reaction=A2-chlorophenyl.

Scheme 6: Mechanism Proposed for PfTrxR Inactivation by Saturated Mannich Base33-DAP

Irreversible Michael addition
of saturated Mannich base 3-DAP
to dithiol 540'/535'

Disappearance

i of the CTC
)OK/\ i
CHs ;
/ in solution )k/
Ar N\ Ar e
CH, .
| *
3-DAP HoN(CH3)2 * Reactive
intermediate

aThe structure of the reactive intermediate generated in solution from 3-DAP is indicated by an asterick (see structure D in Scheme 2b).

by the formation of Elf—CTC following addition of further bases and is deaminated following proton abstraction by
NADPH. At the end of the reaction, addition of a large excess His509. The deamination is shown in Scheme 6 as occurring
of DTT leads to complete reactivation of the enzyme by in solution. However, alkylation by 3-DAP is less efficient
expulsion of the reagent via a retro-Michael reaction (Schemebecause the reactive intermediate is @j-unsaturated

5). Reaction of the released reagent to form the BAT
adduct shifts the equilibrium in favor of the retro-Michael
reaction.

Mechanism-Based Inactition of TrxR by Saturated

ketone with a lower reactivity toward thiols. Addition of the
most exposed thiols to this reactive ketone might lead to
multiple alkylation of TrxR, in agreement with the decrease
of CTC absorbance at 540 nm (see inset, Figure 4). However,

Mannich BasesThe saturated Mannich base 3-DAP reacted as observed with, higher absorbance at 540 nm in the first
more slowly with the enzyme than unsaturated Mannich 3 min after addition of the reagent (cf. insets, Figures 3 and
bases. This accounts for the larger excess of reagentd) might be due to minor alkylation of Cys88. But in that
necessary to fully inactivate the enzyme, in agreement with case, no reversible interchange between Cys88 and C-
the 8-fold higher 1G, value of 3-DAP (Table 2). Further terminal thiols is possible because addition of thiols to
treatment of the 3-DAP-reacted enzyme with 7 equiv of unsaturated ketones is irreversible (Scheme 2b). At the end
reagent was required for complete inactivation of TrxR. of the experiment, the mixture of enzymic species accounts
Comparison of the reactivity of the two classes of reagents, for the observed 36% residual activity in the Trx assay.
unsaturated (Scheme 2a) and saturated Mannich base€omplete inactivation was reached after addition of a further
(Scheme 2b), will make the difference clear. First, saturated 7 equiv of reagent (Scheme 6). The residual MMTS reduction
Mannich bases illustrated by 3-DAP undergo slow deami- activity of the resulting enzyme shows that the C-terminal
nation in solution, leading to the formation of the reactive cysteine pair is the major target of 3-DAP.

o,f-unsaturated ketone (Scheme 2b, intermediate D). We Implications for CytotoxicityUnsaturated Mannich bases
suggest that 3-DAP binds to the enzyme as do other Mannichcan react spontaneously with thiols such as GSH that are
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present in cells at high concentration, but the reaction is berg, as well as Elisabeth Fischer, University of Giessen,
reversible. On the other hand, treatment of vicinal dithiols, for excellent technical assistance.

as in the C-terminal redox center of TrxR, with unsaturated

Mannich bases is much more favorable for entropic reasons;SUPPORTING INFORMATION AVAILABLE

this reaction allows a more complete, specific modification
of TrxR than is possible with the mono-thiol GSH, or

Details of chemical procedures (Scheme 1), analytical data
of compoundd—5, and ESI-MS spectra &a—glutathione

glutathione reductase, where only one cysteine of the catalytic.qnjygates. This material is available free of charge via the
center is partially exposed while the other one is buried. An | ternet at http://pubs.acs.org.

extensive series of Mannich bases possessing one or two sites
for thiol alkylation was evaluated for cytotoxicity against
various tumoral cell lines, showing that reagents capable of
bisalkylation were more effective2{, 35, 38—40). This

agrees with our results showing more efficient inactivation o,

of TrxR by the unsaturated Mannich bases. Recent reports
demonstrated that, in addition to having a cytotoxic effect,
Mannich bases can induce apoptosis in several types of cells
(40). GSH and reduced Trx levels are closely tied to
apoptosis, especially in rapidly dividing cancer cells and
parasites. We suggest that inactivation of human TrxR by
unsaturated Mannich bases may be one of the causes of

4

apoptotic death in human tumor cel&l(-48). In contrast, 5.

saturated Mannich bases such as 3-DAP are much less
specific; many low molecular weight thiols and enzymic thiol
targets could indeed react irreversibly with these reagents. 7
ConclusionsOur results demonstrate for the first time the
mechanism-based inactivation of reduced TrxR fielas-
modium falciparumthe predominant form of the enzyme 9
in vivo, by Mannich bases. The putative mechanism for
irreversible inactivation byx,f-unsaturated Mannich bases
such as3a involves formation of an inactive macrocyclic
species by bisalkylation, first of the C-terminal thiol of
Cys540 (the equivalent of SeCys in the human enzyme) and
subsequently of Cys535Following the initial Michael
addition, base-catalyzed enolization is probably promoted by ;4
His509, allowing deamination and addition of the second
thiol. The partial inhibition by thet,a-dialkyl Mannich base
4 for which deamination is not possible can be fully reversed
by DTT. Reduction of the lowM, substrate MMTS is
possible at the N-terminal interchange thiol Cys88 of

C-terminally alkylated enzyme species. Saturated Mannich 16.

bases such as 3-DAP are less efficient and less specific
inhibitors leading to multiple alkylation.

NOTE ADDED IN PROOF

A second base, His106, has been observed in the active
site of TrxR ofDrosophila melanogasteModeling His106
into the active site of the known three-dimensional structure
of the rat liver enzyme juxtaposes it with respect to the
C-terminal thiols just as His464 is juxtaposed toward the
N-terminal thiols 49). This histidine residue is conserved
in TrxR from P. falciparumas His137. It seems likely to us
that His137 functions in the roles that we have ascribed to
His509, for example, in the deprotonation of tBe-TrxR
adduct prior to deamination.

[any
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