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ABSTRACT: To determine the inhibition mechanism of yeast glutathione reductase (GR) by heavy metal,
we have compared the electronic absorption and resonance Raman (RR) spectra of the enzyme in its
oxidized (Eox) and two-electron reduced (EH2) forms, in the absence and the presence of Hg(II) or Cd(II).
The spectral data clearly show a redox dependence of the metal binding. The metal ions do not affect the
absorption and RR spectra of Eox. On the contrary, the EH2 spectra, generated by addition of NADPH,
are strongly modified by the presence of heavy metal. The absorption changes of EH2 are metal-dependent.
On the one hand, the main flavin band observed at 450 nm for EH2 is red-shifted at 455 nm for the
EH2-Hg(II) complex and at 451 nm for the EH2-Cd(II) complex. On the other hand, the characteristic
charge-transfer (CT) band at 540 nm is quenched upon metal binding to EH2. In NADPH excess, a new
CT band is observed at 610 nm for the EH2-Hg(II)-NADPH complex and at 590 nm for EH2-Cd-
(II)-NADPH. The RR spectra of the EH2-metal complexes are not sensitive to the NADPH concentration.
With reference to the RR spectra of EH2 in which the frequencies of bands II and III were observed at
1582 and 1547 cm-1, respectively, those of the EH2-metal complexes are detected at 1577 and 1542
cm-1, indicating an increased flavin bending upon metal coordination to EH2. From the frequency shifts
of band III, a concomitant weakening of the H-bonding state of the N5 atom is also deduced. Taking into
account the different chemical properties of Hg(II) and Cd(II), the coordination number of the bound
metal ion was deduced to be different in GR. A mechanism of the GR inhibition is proposed. It proceeds
primarily by a specific binding of the metal to the redox thiol/thiolate pair and the catalytic histidine of
EH2. The bound metal ion then acts on the bending of the isoalloxazine ring of FAD as well as on the
hydrophobicity of its microenvironment.

Heavy metals, and particularly Cd and Hg, are highly toxic
to most biological organisms and represent a source of major
problems for the environment as well as the public health.
The extent of the toxic effects depends on the chemical form
of the metal species. Heavy metals generally cause oxidative
stress, shifting the redox balance toward an oxidizing milieu
(1-3). The redox cycling of glutathione is central to the
cellular response to oxidative stress. With intracellular
concentrations of reduced glutathione (GSH)1 varying from
1 to 10 mM (4, 5), this low molecular weight molecule is
the most abundant thiol-containing compound in living cells
and protects cells against various oxidants, free radicals, and
cytotoxic agents. Glutathione reductase (GR, EC 1.6.4.2,
NADPH: oxidized-glutathione oxidoreductase) is a key
enzyme in the maintenance of a cytosolic GSH/ glutathione
disulfide (GSSG) ratio equal to or higher than 100. This
flavoprotein belongs to the pyridine nucleotide disulfide
oxidoreductase family and shares many structural and

spectroscopic similarities with other members of this family
such as lipoamide dehydrogenase, thioredoxin reductase, and
mercuric ion reductase (6). GR is a homodimer in which
each monomer contains a flavin adenine dinucleotide (FAD)
cofactor sandwiched between the pyridine nucleotide binding
site and a redox-active disulfide group (Cys45/Cys50 in yeast
GR) (7-10). The reaction catalyzed by GR is the reduction
of GSSG by NADPH.

This global reaction can be subdivided into two half-
reactions (11). The first one is reductive with the reduction
of oxidized GR (Eox) by NADPH. This step gives rise to the
formation of a two-electron reduced species (EH2) with an
oxidized FAD and a reduced dithiol center.

The second half-reaction reaction is oxidative. EH2 reacts
with GSSG, yielding two molecules of GSH and regenerating
the oxidized enzyme with its active disulfide site. In this
reaction, a stable mixed disulfide (MDS) intermediate is
formed.
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Various heavy metals inactivate GR (12-14). These data
suggest that the redox cysteine pair is affected by the metal
insertion. However, the molecular mechanism of inhibition
by these metal ions remains to be determined. Recent studies
using resonance Raman (RR) spectroscopy showed the
mutual influences of the two redox centers of GR in different
oxidation states (15, 16). In the present study, we have
investigated the absorption and RR spectra of the enzyme
in the Eox and EH2 states, in the absence or the presence of
either Hg(II) or Cd(II). Our results highlight the importance
of both the reduced dithiol center and the conformation and
microenvironment of the isoalloxazine ring in the inactivation
of the functional EH2 form of GR.

EXPERIMENTAL PROCEDURES

Protein Preparation. Yeast GR was purchased from Sigma
and purified as previously described (16). The enzyme
concentration was expressed as the concentration of enzyme-
bound FAD using the extinction coefficient 11 300 M-1 cm-1

at 462 nm (17). It was in the ranges (2.3-2.8) × 10-5 and
(3.0-3.5)× 10-4 M for the absorption and RR experiments,
respectively. The NADPH concentration was calculated using
ε340 ) 6220 M-1 cm-1. NADPH, HgCl2, and CdCl2 were
purchased from Sigma. All other chemicals were of the
highest grade commercially available.

The EH2 form of the enzyme was generated by anaerobic
reduction of oxidized GR with NADPH (15, 16). After
equilibration of Eox under a wet atmosphere of argon, a small
aliquot of concentrated HgCl2 or CdCl2 was anaerobically
added. This mixture was then titrated with various concentra-
tions of NADPH under wet argon (16). We also performed
a series of experiments in which GR was first anaerobically
reduced by NADPH and then titrated by the metal ion. For
given concentrations of NADPH and metal ion, the order of
addition of the two reactants has no influence on the final
spectra. Because GSH is expected to strongly sequester most
of the Hg(II) or Cd(II) ions added (18, 19), the effects of
the metal ions on the GSH-reduced enzyme were not
investigated.

Spectroscopies. Electronic absorption spectra were re-
corded using a UV-vis Varian Cary5E spectrophotometer.
Resonance Raman spectra were obtained using a Jobin-Yvon
U1000 spectrometer equipped with an N2-cooled CCD
detector (Spectrum one, Jobin-Yvon, France) (20). The
spectra were excited with the 441.6 nm line of a He/Cd laser
(Liconix, model 4050) or the 363.8 nm line of an Ar laser
(Coherent, model Innova 100). The signal-to-noise ratios
were improved by spectral collections using a 30 s ac-
cumulation time. The spectral analysis was made using the
Grams 32 software (Galactic Industries) and methods previ-
ously described (16, 20). The frequency precision was 0.5-1
cm-1 for the most intense RR bands and 1.5-2 cm-1 for
the weakest bands. All the spectroscopic measurements were
recorded at 20( 1 °C.

RESULTS

Electronic Absorption Spectra of GR in the Presence of
Hg(II) or Cd(II). The influence of the metal ions on the

electronic absorption spectra of oxidized and reduced GR is
shown in Figures 1 and 2. The 350-700 nm regions of the
spectra of oxidized GR (Eox) at pH 7.4 are dominated by
two broadπ f π/ flavin transitions peaking at 378 and 462
nm. On each side of the 462 nm band, two marked shoulders
are observed at 441 and 485 nm. The addition of up to 10
mol equiv/FAD of Hg(II) or Cd(II) does not significantly
affect the absorption spectrum of Eox (Figure 1a, data not
shown). The absorption spectrum of the EH2 form shows a
main flavin band at 450 nm with two shoulders at 432 and
479 nm (Table 1). In the green region, a broad band at 540
nm is characteristic of a CT complex between the thiolate
group of the conserved proximal Cys (Cys50 in yeast GR)
and the oxidized flavin (21, 22, this work). When an excess
of NADPH is present, EH2 forms a complex with NADPH
(EH2-NADPH), which further increases the absorbance at
540 nm (22, this work). In the presence of Hg(II) (1.5-5
equiv/FAD), the reduction of Eox by NADPH produces a
main flavin band at 455 nm (Figure 1, Table 1). When
compared to the main flavin transition of EH2, that of the
EH2-Hg(II) complex is therefore red-shifted by 5 nm.
Moreover, we observe no CT transition at 540 nm for the
EH2-Hg(II) complex (Figure 1, Table 1). Finally, a broad
long-wavelength absorption grows at 610 nm when the
concentration of free NADPH is increased (Figures 1 and

EH2 + GSSGS EH2-GSSGS MDS-
GSHS MDS + GSH (3)

MDS S Eox - GSHS Eox + GSH (4)

FIGURE 1: Electronic absorption spectra of yeast GR in the presence
of 1.5 equiv/FAD of Hg(II) at pH 7.2. (A) Oxidized GR. (B) GR
reduced with 3 equiv/FAD of NADPH. (C) GR reduced with 7
equiv/FAD of NADPH. (d) 510-700 nm region of spectrum C
multiplied by a factor of 2.5.

FIGURE 2: Electronic absorption spectra of yeast GR in the presence
of 4.5 equiv/FAD of Cd(II) at pH 7.2. (A) GR reduced with 3 equiv/
FAD of NADPH. (B) GR reduced with 8 equiv/FAD of NADPH.
(C) 510-700 nm region of spectrum B multiplied by a factor of
2.5.
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3). A plot of A610nm/A455nm(R1), which represents the intensity
ratio of the 610 nm band, characteristic of a CT, and the
main flavin band at 455 nm, reaches a maximum at 3 equiv
of NADPH (Figure 3).

The addition of 1.5 equiv/FAD of Cd(II) to the EH2 form
of GR has a very small effect on the absorption spectrum
(not shown). In fact, preliminary experiments showed that
Cd(II) concentrations equal to or higher than 4 equiv/FAD
are necessary to observe a maximal perturbation of the
absorption spectrum. Figure 2 shows two absorption spectra
typical of the titration of GR with NADPH in the presence
of 4.5 equiv of Cd(II). With reference to the positions of
the flavin bands of EH2, we observe a very small red shift
of the 450 nm band (451 versus 450 nm) and a marked blue
shift of its main shoulder (473 versus 479 nm) (Figure 2).
These spectral alterations are thus clearly different from those
detected for EH2 in the presence of Hg(II) (Figures 1 and
2). The flavin bands are also different in terms of intensity
with a small hyperchromic effect for EH2 in the presence of
Cd(II) (Figures 1 and 2). The 540 nm CT band is again
absent but is replaced by a broad 590 nm band when 3-4
equiv of NADPH are added (Figures 2 and 3, Table 1). In
fact, the evolution ofR2 that represents the intensity ratio of
the 590 nm CT band and the 451 nm band (A590nm/A451nm)
shows two parts when the NADPH concentration is in-
creased. At low NADPH concentrations (1-3 equiv/FAD),

the strong increase inR2 indicates the formation of the 590
nm CT band (Figure 3). At higher concentrations of NADPH
(3-14 equiv/FAD));R2 continues to significantly increase
but this effect is due to a displacement of Cd(II) from the
enzyme by the NADPH excess, allowing a partial restoration
of the broad 540 nm CT band and thus an apparent increase
in absorption at 590 nm. In other words, the Cd(II) ion bound
to GR is easily transferred to free NADPH. This effect is
less pronounced in the case of the EH2-Hg(II) complex.
The complexes of Hg(II) and Cd(II) with free NADPH are
likely different in terms of coordination and stability and
thus can explain the different behavior of the two metal ions.
All these absorption data establish the reversibility of the
Cd(II) and Hg(II) binding to EH2 under anaerobic conditions.

RR Spectra of GR in the Presence of Hg(II) or Cd(II).In
this RR study, the band numbering previously adopted for
the prominent RR bands of oxidized flavoenzymes has been
used (16, 23-26). The assignments given in Table 2 have
been discussed in a previous publication (16). The 1300-
1670 and 1030-1300 cm-1 regions of the 441.6 nm excited
RR spectra of oxidized GR are shown in Figures 4a and 5a.
The addition to Eox of up to 10 equiv/FAD of Hg(II) or Cd-
(II) has no influence on the RR spectra (not shown).

When compared to the RR spectra of oxidized GR, those
of the enzyme anaerobically reduced by NADPH exhibit
significant positive shifts (2-7 cm-1) for RR bands II, III,
IV, V, and VI (Figure 4b). On the contrary, band VII is
downshifted by 2 cm-1. Band shifts are also detected for
bands VIII, IX, X, XI, and XIII (Figure 5b). All these spectral
changes were previously described using different Raman
equipment (16). The concentration of NADPH (3-10 equiv/
FAD) has no influence on the RR spectra of the EH2-metal
complexes excited at 441.6 or 363.8 nm (spectra not shown).
The RR spectra of GR reduced by NADPH (3 equiv) in the
presence of Hg(II) (1.5 equiv) or Cd(II) (4.5 equiv) are shown
in Figures 4c,d and 5c,d. When compared to the spectrum
obtained in the absence of metal ion, the frequencies of bands
II, III, IV, V, and VI are downshifted by 3-6 cm-1 (Figures
4b and 5b). Band VII is upshifted by 2 cm-1. In fact, the
RR spectra of EH2 in the presence of Hg(II) or Cd(II)
strongly resemble the spectrum of Eox (Figure 5a). However,
the frequencies of bands II and III are significantly lower
for the EH2-metal complexes than for Eox (1577 and 1542
cm-1 versus 1579 and 1545 cm-1). Moreover, a shoulder
on band VII is detected at 1338-1339 cm-1 (Figure 4c,d).
In the 1050-1300 cm-1 region of the RR spectra, band VIII
is observed at 1292 cm-1 for EH2 in the absence or presence
of heavy metal (Figure 5b,c,d). Similarly, band X maintains
a significant contribution at 1265-1266 cm-1 for NADPH-
reduced GR as well as for its forms inhibited by Hg(II) or
Cd(II) (Figure 5b,c,d). However, a 1245-1246 cm-1 com-
ponent remains active and is slightly downshifted when
compared to that detected in the spectrum of Eox (1248 cm-1).
On the contrary, the frequencies of bands IX (1275-1276
cm-1), XI (1224-1225 cm-1), XII (1180-1181 cm-1), and
XIII (1153-1154 cm-1) are unaffected in the RR spectra of
EH2-Hg(II) and EH2-Cd(II) relative to Eox (Figure 5a,c,d).

DISCUSSION

Absorption Spectra.The absorption spectrum of Eox is not
modified by the addition of either Hg(II) or Cd(II). On the

Table 1: Observed Absorption Maxima (nm) of Oxidized (Eox) and
NADPH-Reduced (EH2) GR in the Absence or the Presence of
Hg(II) or Cd(II)

GR
λmax

flavin
λmax

CT

Eox ( Hg(II) 441 (sh)a 462 485 (sh)Eox ( Cd(II))
EH2 432 (sh) 450 479 (sh) 540EH2-NADPH
EH2-Hg(II) 436 (sh) 455 478 (sh)
EH2-Hg(II)-NADPH 436 (sh) 455 479 (sh) 610
EH2-Cd(II) 429 (sh) 451 472 (sh)
EH2-Cd(II)-NADPH 430 (sh) 451 473 (sh) 590

a sh indicates shoulder.

FIGURE 3: Variation of theR1 andR2 ratios as a function of the
NADPH concentration (in equiv/FAD).R1 corresponds to the
NADPH-reduced enzyme in the presence of 1.5 equiv/FAD of Hg-
(II) and represents the intensity ratio of the 610 nm CT band and
the 455 nm flavin band.R2 corresponds to the NADPH-reduced
enzyme in the presence of 4.5 equiv/FAD of Cd(II) and is the
intensity ratio of the 590 nm CT band and the 451 nm flavin band.
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contrary, after two-electron reduction of GR by NADPH,
the binding of heavy metal produces changes both in
wavelength and in intensity for the main flavin bands as well
as for the CT transition. When compared to the absorption
spectrum of EH2, the flavin bands of the EH2-metal
complexes are red-shifted. Moreover, these spectral shifts
are metal-dependent (Table 1). The alteration of theπ f π/

flavin transitions is indicative of a change in the structure
and the environment of the isoalloxazine ring of FAD. As
far as the CT transitions are concerned, the metal binding
induces the disappearance of the characteristic 540 nm CT
band of EH2 (Table 1). This band is specific for a CT on the
si-side of the flavin involving the proximal thiolate as an
electron donor and the flavin isoalloxazine as an acceptor
(21). In the spectrum of the EH2-NADPH complex, the

intensity of the 540 nm band is strongly increased. This
hyperchromic effect was assigned to an additional CT on
the re-side of the flavin between the bound NADPH acting
as a donor and the flavin isoalloxazine acting as an acceptor
(22). The crystal structure of the NADH complex of GR
shows a parallel positioning of the isoalloxazine ring, the
nicotinamide ring, and the phenol ring of a conserved Tyr
residue (8). This spatial arrangment could be at the origin
of the increased intensity of the 540 nm CT band. In the
absorption spectra of the EH2-metal complexes, the loss of
the 540 nm band is thus primarily the consequence of a
strong perturbation of the S- (proximal thiolate)-FAD
interaction (vide infra).

Table 2: Observed Frequencies (cm-1) of the RR Modes of Oxidized (Eox) and NADPH-Reduced (EH2) Forms of Yeast GR in the Absence or
the Presence of Metal Ion

RR banda Eox EH2 EH2 + Hg(II) EH2 + Cd(II) assignmentb,c ringc

1642 1641 1642 1643
I 1629 1630 1630 1629 ν(C8C9), ν(C9C9a) I
II 1579 1582 1577 1577 ν(C10aN1), ν(N10C10a) III, II
III 1545 1547 1542 1542 ν(N5C4a), ν(N1C10a) II, III
IV 1498 1503 1500 1499 ν(N5C4a), ν(N10C9a) II
V 1460 1465 1462 1461 ν(C7C8), ν(C8Me) I

1451 1454 1450 1450
VI 1403 1410 1404 1404 ν(N3C2), ν(N1C2) III
VII 1353 1351 1353 1353 ν(N10C10a), ν(C5aC6) II, I

1338 1339
VIII 1297 1292 1292 1292 ν(N5C5a), ν(C8C9) II, I
IX 1276 1279 1275 1275 ν(C4aC10a), ν(C4N3) II, III

1262 1265 1266 1266
X ν(N3C2), ν(N3C4) III

1248 1247 1245 1246
XI 1225 1230 1225 1224 ν(C6C7), ν(C8Me) I
XII 1180 1186 1180 1181 ν(C4aC10a), ν(C4H4a) II, III, I
XIII 1154 1158 1153 1154 ν(C7Me), ν(C6H) I

1144 1145 1143 1144
1132 1132 1133

1093 1092
XIV 1059 1060 1059 1059 ν(N3C2), ν(N1C2) III

a Band numbering according to ref 23.b Mode assignment from refs 16 and 23-25. c See Figure 7 for atom and ring numberings.

FIGURE 4: 1300-1670 cm-1 regions of RR spectra of yeast GR at
pH 7.2. (A) Oxidized GR. (B) GR reduced with 3 equiv of NADPH.
(C) GR in the presence of 1.5 equiv of Hg(II) and reduced with 3
equiv of NADPH. (D) GR in the presence of 4.5 equiv of Cd(II)
and reduced with 3 equiv of NADPH. Excitation was 441.6 nm.

FIGURE 5: 1030-1320 cm-1 regions of RR spectra of yeast GR at
pH 7.2. (A) Oxidized GR. (B) GR reduced with 3 equiv of NADPH.
(C) GR in the presence of 1.5 equiv of Hg(II) and reduced with 3
equiv of NADPH. (D) GR in the presence of 4.5 equiv of Cd(II)
and reduced with 3 equiv of NADPH. Excitation was 441.6 nm.
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As far as the 590 or 610 nm band is concerned, it can be
assigned to a CT band taking into account its wavelength as
well as its intensity and width. On the one hand, this CT
involves NADPH and not NADP+ because it is observed
with an NADPH excess. Under anaerobic conditions, only
1 equiv of NADP+ is formed after Eox reduction by NADPH.
On the other hand, this CT involves the oxidized form of
FAD. An excess of NADPH could reduce at least in part
the FAD of the EH2-metal complexes. However, the
electronic transitions observed in the 400-500 nm region
are clearly those of an oxidized FAD and are not modified
by the addition of NADPH. Moreover, the Raman spectra
give no indication of any flavin reduction. From these
observations, we can exclude the formation of a number of
possible CT between oxidized flavin and NADP+ for the
EH2 form (i.e., FAD-NADP+) as well as between reduced
flavin and NADP+ or NADPH for the four-electron reduced
(EH4) form (in particular, the FADH--NADP+ CT). The
590 and 610 nm bands are thus assigned to FAD-NADPH
CT. Its metal-dependent position suggests an extended CT
from NADPH to the metal site (NADPH-FAD-metal/S-).

RR Spectra. Table 2 summarizes the frequencies and
assignments of the main RR bands observed in the spectra
of the Eox and EH2 forms of GR, in the absence or the
presence of heavy metal. To draw information about the
protein effect on the isoalloxazine macrocycle, we used
Raman diagrams plotting the frequency differencesν (fla-
voprotein) minusν (flavin in water) (δ(∆ν)) of the Raman
bands I-XIII as a function of this band number (26, 27).
The shape of the Raman diagram was associated with the
electron distribution in the three rings of the isoalloxazine
system; the direction of the shifts ofδ(∆ν) was related to
the electron density at the macrocycle, a general positive
shift corresponding to an increased electron density (26, 27).

The diagrams drawn for the Eox and EH2 forms of GR in
the absence of metal ion were previously discussed (15, 16).
They showed frequency shifts that are most frequently
negative, indicating an electron-deficient isoalloxazine ring
(Figure 6). Nevertheless, the diagram of EH2, when compared
to that of Eox, exhibited an increased electron density through
the entire isoalloxazine ring system, illustrating the influence

of the disulfide reduction, and the subsequent formation of
the CT complex between FAD and the proximal thiolate,
on the isoalloxazine modes (16). In the case of the EH2-
metal ion complexes (Figure 6), the RR diagrams indicate
an oxidized rather than an EH2 form. The numerous negative
shifts in the Raman diagram again indicate an electron
deficiency throughout the isoalloxazine ring. This low
electron density is approximately the same as that observed
for the isoalloxazine ring of Eox.

However, measurable differences in the frequencies of the
RR bands II, III, VIII, and X are detected when the RR
spectrum of Eox is compared to that of EH2 interacting with
Hg(II) or Cd(II) (Table 2). Bands II and III were assigned
to vibrational modes of the N1dC10asC4adN5 region (Figure
7), especially N1-C10a and C4a-N5 stretches (23-26). The
characterization of the frequencies of bands II and III has a
particular importance, considering the involvement of the
ring II-ring III junction in the functional properties of the
flavins. The band II and III frequencies were found to be
sensitive to the conformation of the isoalloxazine ring (26).
A strict linear relationship was determined between the
frequencies of bands II and III of planar isoalloxazine ring
systems (15, 16, 26) (Figure 8). The points below the linear
correlation were associated with a flavin ring adopting a bent
conformation (16, 26). Figure 8 plots the frequencies of bands
II and III of Eox and EH2 in the absence or the presence of
metal ion. The behaviors of the frequencies of bands II and

FIGURE 6: Raman diagrams of frequency shifts of the high-
frequency modes (bands I-XIII) of the GR-bound FAD. The
diagrams obtained for oxidized and NADPH-reduced GR are shown
by open squares and open circles, respectively. Black triangles and
reversed open triangles represent the diagrams obtained for GR
reduced by NADPH in the presence of Hg(II) and Cd(II),
respectively. The Raman data are listed in Table 2, and those of
FAD in water are from Desbois et al. (27).

FIGURE 7: Chemical structure of the isoalloxazine ring of FAD.

FIGURE 8: Plot of the observed band II frequency versus band III
frequency of oxidized flavins and flavoproteins. The open squares
represent the RR data obtained for fatty acyl-CoA dehydrogenase
(FACoAD), riboflavin binding protein (RBP), old yellow enzyme
(OYE), riboflavin, FAD and FMN (Fl), fatty acyl-CoA oxidase
(FACoAO), p-hydroxybenzoate hydroxylase (PHBH), luciferase
(LUC), and flavocytochrome b2 (FCB2). The RR data are from
Tegoni et al. (26) and Picaud and Desbois (15). The RR data
obtained for GR are shown by black triangles.

Metal Binding to Glutathione Reductase Biochemistry, Vol. 45, No. 51, 200615833



III of the GSH-reduced, NADPH-reduced, and oxidized GR
were previously reported (14). The point corresponding to
the frequencies of bands II and III of the NADPH-reduced
enzyme in the presence of Hg(II) or Cd(II) (1577 and 1542
cm-1, respectively) shows the most important deviation from
the linear relationship previously determined for planar
isoalloxazine rings (Figure 8). In fact, all the points corre-
sponding to GR constitute a different linear relationship
(Figure 8). This observation indicates that the isoalloxazine
macrocycle distortion is of the same type but is increased
from EH2 reduced by GSH to EH2 reduced by NADPH in
the presence of Hg(II) or Cd(II). In the crystal structures of
GR in its oxidized and NADH-reduced states, a small
butterfly bent along the N5-N10 axis of the flavin was
determined (7). Figure 8 indicates a considerable increase
in flavin bending when a metal ion is bound to EH2 and
illustrates a remarkable flexibility of the oxidized FAD
cofactor in GR (28).

In addition to a sensitivity to flavin conformation, the
frequency of band III was found to be affected by hydrogen
bonding at the N1/N5 sites (26). In fact, the frequency of
this mode is increased when the strength of the hydrogen
bonding at N5 (and N1) is increased. As far as GR is
concerned, the variation in band III frequency suggests a
change in hydrogen bonding interaction at the N5 site (16),
presumably in relation with the conformational change of
the flavin ring. The frequency of band III is downshifted
when Hg(II) or Cd(II) is bound to EH2, indicating a decreased
H-bonding strength between the N5(flavin) atom and a
conserved Lys residue (Lys53 in yeast GR) (10). The
isoalloxazine bending modifies the valence orbitals of N5

and thus can weaken its H-bonding interaction with the Lys
amino group.

Band X was assigned to a stretching mode of the N3-C4

and N3-C2 bonds. This band is sensitive to the H-bonding
state of the N3H site (23-26). On the basis of the observa-
tions made for oxidized GR, we attributed the 1248 cm-1

frequency to band X (16). Another component of band X
was observed at 1261-1262 cm-1 in the RR spectra of Eox

(16). This latter component becomes major in the spectra of
EH2 generated by reduction with NADPH or GSH (15, 16).
The ca. 14 cm-1 upshift is indicative of a strengthening of
the H-bond between the carbonyl group of the catalytic His
residue (His456′ in yeast GR) and the N3H group of the
isoalloxazine ring (16). When the GR reduction by NADPH
is performed in the presence of Hg(II) or Cd(II)), we observe
a band X pattern, suggesting a mixed population of strong
and weak N3H(FAD)-CO(His) interactions, i.e., a strong
H-bonding state (EH2-like at 1266 cm-1) and a weak
H-bonding state similar to that observed for the major species
of the Eox spectrum (Eox-like at 1245 cm-1) (16). Therefore,
the catalytic His residue that is paired with the distal redox
thiol appears to be perturbed by the metal binding to EH2.

Binding Site and Coordination State of the Metal Ion in
GR. The absorption and RR data obtained in this study
clearly establish that EH2 is sensitive to the addition of Hg-
(II) or Cd(II); Eox remains unchanged by the metal ion. The
inhibition mechanism of GR by Hg(II) or Cd(II) is therefore
initiated by the formation of a metal site in the EH2 form.
The redox dependence of the metal effect also indicates that
the reductive half-reaction (eq 1) is not affected by the
presence of metal ion. In addition, it shows that at least one

redox site of GR is modified by the metal association, i.e.,
the isoalloxazine ring of FAD and the disulfide/dithiol center.
The flavin ring is oxidized in both the Eox and EH2 states of
GR (15, 16). The maintenance of an oxidized state makes a
direct binding of Hg(II) or Cd(II) to the isoalloxazine ring
of FAD unlikely. Crystallographic studies on metalloflavin
models showed that the N4 and O5 atoms of the isoalloxazine
ring are the primary sites for metal coordination (29, 30).
Metal binding to the flavin ring produces steric and electronic
effects that induce very important modifications in both
absorption and RR spectra (31, 32). We found no equivalence
in the corresponding spectra of the EH2-metal ion complexes.
Finally, the crystal structures of GR show a conserved lysine
residue interacting via H-bonds with the N5 and O4 sites of
the flavin (Lys66 and Lys50 for human andE. coli GR,
respectively). The placement of the side chain of this Lys
residue appears to hinder any metal binding at N5 and O4.
On the basis of the absorption and RR spectra as well as
from the available X-ray structures of GR, a direct metal
binding to the flavin is therefore excluded.

In contrast to the situation met for FAD, the oxidation
state of the disulfide/dithiol center of GR is modified in the
Eox f EH2 transition. In oxidized GR, the active site
cysteines are tied up as a disulfide and thus hardly available
for metal coordination. The formation of EH2 opens the
disulfide redox center and forms a dithiol group. Because
Hg(II) and Cd(II) have extremely high affinities for the
sulfhydryls (18, 19, 33-35), the thiol/thiolate redox pair of
reduced GR is an excellent site for metal binding.

Further support to this view comes from the analysis of
our spectroscopic data. The electronic absorption spectra of
EH2 exhibit a specific broad band at 540 nm. This band is
representative of a CT interaction between the thiolate group
of the proximal Cys and the electron-deficient isoalloxazine
ring (16, 21, 22). In the absorption spectra of the EH2-metal
complexes, the quenching of the Cys--FAD CT band (540
nm) is a key probe of the participation of the thiol/thiolate
group of the proximal Cys in the Hg(II) or Cd(II) binding.
In fact, the proximal and distal redox Cys share a single
proton (21). The macroscopic pKa ascribed to the proximal
thiol is low (3.6-5.1), and that of the distal thiol is close to
neutrality (7.1) (21), indicating that the two redox Cys of
GR has a thiolate character at pH 7.2. Therefore, the proximal
and distal Cys appear to be primary targets for the Hg(II) or
Cd(II) ion. Given the high affinities of Hg(II) and Cd(II)
for thiol and thiolate ligands, the vicinity of the proximal
and distal redox Cys of reduced GR in fact offers two strong
coordination sites for metal binding. In general, the affinity
of the divalent metal ions varies as a function of preferential
coordination geometry, ion size, liganding atoms, and charge
effects. Additional ligand(s) originating from the protein or
the solvent may be thus necessary to complete the metal
coordination in GR.

It is well-known that Hg(II) and Cd(II) have very distinct
coordination preferences. The most common coordination
number of Hg(II) is two. These compounds are linear or close
to linearity (36, 37). Three- and four-coordinations were also
observed but are less common than the two-coordinated state
(38, 39). On the contrary, Cd(II) prefers four- or six-
coordination (40, 41). Up to now, no linear Cd(II)-dithiolate
complex was characterized (40). The ionic radii of Hg(II)
and Cd(II) are dependent on the coordination number of the
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metal ion (42). It increases from 83 to 110 and 116 pm for
two-, four-, and six-coordinated Hg(II), respectively. As far
as the Cd(II) ion is concerned, its radius varies from 92 pm
for four-coordination to 109 pm in a six-coordinated
complex. For a given coordination state, the ionic radius of
Cd(II) is thus systematically smaller than that of Hg(II).

The biochemistry of Hg(II) is dominated by its extremely
high affinity reaction for soft ligands such as thiols and
thiolates (35). Like Hg(II), the Cd(II) ion is thiophilic.
However, its binding affinity for thiol/thiolate ligands is
lowered when compared to that of Hg(II) (19, 33, 43-45).
The preference of group 12 metals such as Cd(II) and Hg-
(II) for N-donor groups such as imidazole, another soft
ligand, is well-known (46). O-donor ligands can also bind
these metal ions (46, 47).

In the crystal structure of GR reduced by NADH, the
distance between the sulfur atoms of the proximal and distal
redox-active Cys is 3.7 Å (8). Considering this distance, local
rearrangements of the polypeptide chain appear to be
necessary to accommodate a difference in ionic radius of
the Hg(II) and Cd(II) ion, a probable difference in coordina-
tion geometry, as well as differences in metal-ligand bond
length.

The metal-S(thiolate) bond lengths are dependent on the
coordination number, the shortest bond lengths being as-
sociated with the smallest coordination number. Considering
typical Hg(II)-S and Cd(II)-S bond lengths of 2.3-2.5 and
2.5-2.6 Å, respectively, the through-space distance between
the two redox S(Cys) atoms is clearly too small for a cation
insertion yielding a linear S(Cys)-metal-S(Cys) arrange-
ment. A stabilization of the metal binding to EH2 would thus
necessitate (i) an increased separation, i.e., by ca. 1 Å, of
the redox S(Cys) atoms to allow a linear bidentate geometry
or (ii) the intervention of additional metal ligands to form
higher coordination states and thus change the ligand
geometry.

An inspection of the available crystal structures of GR
makes highly probable a participation of the imidazole group
of the catalytic His as a third site for metal coordination.
The perturbation of the RR band X supports this suggestion.
The binding of the metal ion by the imidazole ring of the
catalytic His can indirectly affect the H-bonding interaction
between the flavin N3H site and the carbonyl group of this
His residue. In this line, lipoamide dehydrogenase, in which
the active site is very homologous to that of GR, both in
sequence and in 3-D structure, accommodates a site for Zn-
(II) (48, 49). This metal site is formed by the dithiol redox
group and the catalytic His. To satisfy both the preference
of Hg(II) for a low coordination number and the preservation
of the overall structure of the active site, the Hg(II) ion bound
to reduced GR would also be three-coordinated with a
trigonal Hg(II)(S-Cys)2(N-His) ligation. The bonding
interaction of a secondary weak N(His) ligation could
facilitate a marked deviation of the prefered linear geometry
of the S(Cys)-Hg(II)-S(Cys) grouping and thus could
maintain a S(Cys)-S(Cys) separation of ca. 4 Å.

Given the similar properties of Cd(II) and Zn(II), the Cd-
(II) ion can coordinate the redox thiol/thiolate pair and the
catalytic His residue of GR like the Zn(II) ion in lipoamide
dehydrogenase (49). However, the Cd(II) centers included
in proteins are either four- or six-coordinated (50). Because
the GSSG site in GR is relatively polar, one or three water

molecule(s) can complete the coordination sphere of the GR-
bound Cd(II) ion, forming an intramolecular Cd(II)(S-Cys)2-
(N-His)(H2O) or Cd(II)(S-Cys)2(N-His)(H2O)3 complex.
The binding of water molecule(s) to the bound Cd(II) could
participate in a stabilization of the Cd(II) binding in GR.

From our RR investigation, one can conclude that the
binding of Hg(II) or Cd(II) to reduced GR produces the same
extent of flavin bending (vide supra). However, the EH2-
Hg(II) and EH2-Cd(II) complexes exhibit significant dif-
ferences in absorption spectra and, thus, point to variations
in the FAD microenvironment. Changes inπ-stacking or
H-bonding of the isoalloxazine ring or in hydrophobicity of
the flavin pocket could account for a change in absorption
spectrum. The identity of the RR spectra of the EH2-metal
complexes excludes any difference in eitherπ-stacking of
ring I or H-bonding of the polar N1, O2, N3, O4, N5, and N10

sites of the isoalloxazine ring. Only a difference in solvent
environment appears to be plausible to account for modifica-
tions in wavelength and intensity of the flavin and CT
electronic transitions without any change in frequency of the
RR modes. This effect can be directly related to different
ligation states of the Hg(II) and Cd(II) complexes in GR,
promoting different electrostatic effects on the isoalloxazine
ring of FAD. Alternatively, different hydration states of the
coordinated metal ion in GR could alter the network of the
water molecules located in thesi-side of the isoalloxazine
ring, thus producing a local change in hydrophobicity. As
judged by the blue-shifted flavin bands, the flavin-binding
pocket becomes more hydrophobic upon substitution of Hg-
(II) by Cd(II).

Another point concerns the influence of metal binding on
the flavin redox potentials of GR and particularly the redox
couple involving the EH2 and EH4 forms. On the one hand,
our RR experiments clearly show a bending of the isoallox-
azine ring upon metal coordination. Such a deformation is
known to decrease the redox potential of the flavins,
stabilizing the fully reduced form. On the other hand,
NADPH forms a CT complex with the GR-metal complexes,
but we observe no reduction, even partial, of the EH2 form
by the nicotinamide ring. Therefore, the electrostatic effects
due the metal association to GR appear to cause a negative
shift of the redox potential of the FAD, canceling or over-
passing the positive effect induced by the flavin distortion.

GR Inhibition and Enzyme Rescuing.Our absorption and
RR data are consistent with the fact that the binding of heavy
metal to GR has no influence on the reductive half-reaction
(eq 1). In blocking the redox thiol/thiolate pair formed after
reduction by NADPH, the inhibition of GR by heavy metal
concerns the second half-reaction, i.e., the exchange reaction
(eq 3). Therefore, the metal ions and GSSG essentially
compete for the distal Cys of the EH2 state.

In the frame of this study, we observed that Hg(II) and
Cd(II) can be detoxified in the presence of an excess of
NADPH under anaerobic conditions. In the presence of low
concentrations of Hg(II) or Cd(II), NADPH thus acts as a
chelator, decreasing the metal ion concentration available
for the thiol/thiolate group of EH2. As far as Hg(II) is
concerned, it forms a 1:1 complex with NADPH. AKd

smaller than 10-9 M was estimated for this binding (51).
Hg(II) and Cd(II) form strong complexes with GSH.
Considering the high values for the association constants (17,
18, 34, 44, 45), we speculate that GSH can constitute a more
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efficient chelator than NADPH. Therefore, under anaerobic
conditions, GSH, and to a lesser degree, NADPH, can reverse
the inhibition of GR by the heavy metals. In the cells, GSH
is both a good carrier for Hg(II) or Cd(II) and an antioxidant
by its reducing power. NADPH also has reducing properties
and coordinates these metal ions. The enzyme has thus two
means of reversing moderate metal ion inhibitions.

In vitro, a major problem concerns the presence of
dioxygen when reduced GR and the metal ions are simul-
taneously present. All the experiments presented in this paper
were done under anaerobic conditions. However, in the
presence of atmospheric oxygen concentrations, we have
observed that the EH2-metal complexes produce an oxidized
form of GR affected in absorption properties as well as in
catalysis (data not shown). The exact nature of these oxidized
species was not investigated. As a result of a Fenton-like
reaction (52), reactive oxygen species were most probably
formed when the EH2-metal complexes were in contact with
dioxygen.

CONCLUSION

The interaction of GR with Hg(II) and Cd(II) has been
studied by absorption and RR spectroscopies. This investiga-
tion has clearly demonstrated that the two redox centers, the
flavin and the redox-active disulfide/dithiol, are affected by
the metal association. The point concerning the thiol/thiolate
center acting as a target of metal ion binding is not
unexpected considering most of the published data on
flavoenzyme transhydrogenases. However, it is now firmly
and directly established. A direct coordination of the metal
ion to the thiol/thiolate groups of the redox Cys pair and the
catalytic His thus constitutes a primary origin for the GR
inhibition. As a consequence of metal binding, the flavin is
also affected. These new results concern the conformation
of the isoalloxazine ring by an increased butterfly bending
as well as the microenvironment of the flavin that is
modified.

Finally, the results of this study will be used as a
comparative basis for similar absorption and RR studies on
mercuric ion reductase, an enzyme closely related to GR in
which an EH2-Hg(II)-NADPH complex is a competent
intermediate for reduction of Hg(II) into Hg(0).
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