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Yellow Fluorescent Protein

Olof Bjornberg# Henrik @stergaarf,and Jakob R. Winthet*
Carlsberg Laboratory, DK-2500 Copenhagen Valby, Denmark
Receied Naember 3, 2005; Résed Manuscript Receéd December 21, 2005

ABSTRACT. Redox-sensitive yellow fluorescent protein (rxYFP) contains a dithiol disulfide pair that is
thermodynamically suitable for monitoring intracellular glutathione redox potential. Glutaredoxin 1 (Grx1p)
from yeast is known to catalyze the redox equilibrium between rxYFP and glutathione, and here, we have
generated a fusion of the two proteins, rxYABrx1p. In comparison to isolated subunits, intramolecular
transfer of reducing equivalents made the fusion protein kinetically superior in reactions with glutathione.
The rate of GSSG oxidation was thus improved by a factor of 3300. The reaction with GSSG most likely
takes place entirely through a glutathionylated intermediate and not through transfer of an intramolecular
disulfide bond. However, during oxidation by, hydroxyethyl disulfide, or cystine, the glutaredoxin
domain reacted first, followed by a rate-limiting (0.13 miptransfer of a disulfide bond to the other
domain. Thus, reactivity toward other oxidants remains low, giving almost absolute glutathione specificity.
We have further studied CPYE&- CPYS variants in the active site of Grx1p and found that the single
Cys variant had elevated oxidoreductase activity separately and in the fusion. This could not be ascribed
to the lack of an unproductive side reaction to glutaredoxin disulfide. Instead, slower alkylation kinetics
with iodoacetamide indicates a better leaving-group capability of the remaining cysteine residue, which
can explain the increased activity.

Green fluorescent protein (GPR)as gained tremendous of fluorescence. Employing GFP as a template, Hanson et
interest as a noninvasive marker in cell biology for investiga- al. (3) created redox-sensitive GFPs (roGFPs), where the
tions of, e.g., protein localization. It is a stable single-chain cysteine residues were introduced at positions 124
protein M; = 27 kDa) whose fluorescence properties arise (roGFP 1 and 2) and 14202 (roGFP 3 and 4, the
from a centrally buried chromophore formed by a self- equivalent positions of rxYFP). The roGFPs have the
catalyzed intramolecular cyclization of three residues (Ser65 advantage over rxYFP of exhibiting ratiometric spectral
Tyr66—Gly67) (reviewed in refl). To extend the applica-  shifts. xXYFP and roGFP have been used to monitor the redox
bility of GFP, it has been modified through direct manipulation Status in the yeaSaccharomyces cersiaeand mammalian
or fusion to other proteins. Recently, cysteine residues cells, respectively3—>5).
capable of forming disulfides were introduced close to the  Similar to other proteins, the redox sensor leaves the
chromophore to obtain redox sensors. A derivative of GFP, ribosome in the reduced state and must subsequently interact
YFP (yellow fluorescent protein) was used as a template by with cellular redox conditions to attain a steady-state level
Ostergaard et al.2] to construct redox-sensitive YFP of oxidation. Because thieldisulfide redox reactions can
(rxYFP), containing a cysteine pair at positions 149 and 202. be slow at neutral pH in the absence of catalyzing enzymes,
Formation of a disulfide bond between these residues, the identification of relevant catalysts for the reaction is
situated on adjacerft strands, results in a strong quenching crucial for determining what redox couple is measuired

vivo. For rxXYFP, it was found that the steady state was

“To wh P hould be add — freached very slowly in yeast deficient in glutaredoxins and
o o e et pamude O that yeast glutaredoin 1 (Grdpln siro, efciently
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Scheme 1: Two Half Reactions in the Glutaredoxin Assay

Half reaction 1:

RSSG + Grx(SH), = RSH + Grx(SSG)(SH)
Half reaction 2:

GSH + Grx(SSG)(SH) = GSSG + Grx(SH),
Possible side reaction:

Grx(SSG)(SH) = Grx-S, + GSH

reductants, e.g., as the hydrogen donor for ribonucleotide
reductase, the two protein families differ with respect to the
substrate specificity and reduction system. Grx is reduced
by glutathione (GSH), whereas thioredoxin is reduced by
thioredoxin reductase. Both systems ultimately rely on
NADPH as an electron dono6). In addition to a dithiol
pathway for the reduction of a disulfide, Grx follows a
monothiol pathway in the reduction of a mixed disulfide with
glutathione, as evidenced by the ability of mutant monothiol
Grx (CXXS) to carry out the reaction8). Furthermore,
kinetic evidence for a preferred monothiol pathway (half
reactions 1 and 2 in Scheme 1) was presented by Gravin
and Mieyal Q). The three dithiol Grx’s fromEscherichia
coli (reviewed in ref7) are particularly well-understood; their

levels of expression have been analyzed in detail, and their

structures have been resolved by NMR. The monothiol Grx4
was recently characterized@, 11). S. cereisiae contains
five Grx’s. The cystosolic Grx1p and Grx2p, both involved
in the response to oxidative stred®); belong to the typical
dithiol form (CPYC), while the other three are, lile coli
Grx4, monothiol Grx’s with the active-site sequence CGFS.
Grx3p and Grx4p are localized in the nucleus, and Grx5p
participates in the assembly of iresulphur clusters in
mitochondria £3). Two dithiol Grx’s have been isolated from
human cells, the predominant Grx1 with mainly cytoplasmic
location and Grx2 with both nuclear and mitochondrial
isoforms (4—16). Human Grx1 has been suggested to be
involved in both signal transduction and radical scavenging
(17, 18).

We were interested in characterizing the interaction

between yeast Grx1p and its synthetic substrate rxYFP and

obtaining a redox sensor independent of the availability of
Grx in the experimental host organism. We therefore
constructed a fusion of the two proteins, rxY+8rx1p,
which efficiently equilibrates the sensor with a glutathione
redox buffer and provides new insight into the mechanism
of Grx.

EXPERIMENTAL PROCEDURES

Materials. Enzymes for the modification of DNA were
from New England BioLabs, and oligonucleotides were
obtained from MWG-Biotech (Germany). Analytical chemi-
cals [DTT, NADPH, GSH, GSSG, hydroxyethyl disulfide
(HED), cystine, glutathione reductase, and cystamine dihy-
drochloride] were purchased from Sigma, Fluka, or Merck.
PD10 and NAPS5 columns and Q-sepharose were from
Amersham Bioscience. The His-bind resin was from Novagen.
The reactive polymer mPE@maleimide (5000 Da) was
from Nektar. NUPAGE Novex Bis-Tris Gels (12%) were
bought from Invitrogen.
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Construction of the Fusion Protein rxYF&Grx1p. The
coding regions of rxXYFP and Grx1p were fused by overlap
extension in PCRI1(9) using four primers. As templates, we
used the plasmid pHOJ124, containing the reading frame of
rxXYFP as described?}, and genomic yeast DNAS( cere-
visiag, strain S288C) for the Grx1p gene. The primer 5rxYFP
(TAGGAGGCCATATG CTAAAGGTGAAGAACTG) con-
tained anNdd site at the start of the rxYFP reading frame
and was used in the first PCR together with 3rxYFP
(CATGCCGGAACCAGAGCCGGAACCAGATTTATA-
CAGCTCATGCATGCCATGCGT), which replaced the stop
codon of rxXYFP by a serine codon followed by seven
alternating glycine and serine codons. In the second PCR,
the Grxlp gene was amplified by the primers 5Grx-1
(AAATCTGGTTCCGGCTCTGGTTCCGGCATGGTAT-
CTCAAGAAACTATCAA GCACGTC) and 3Grx-1 (GT-
CAGCTCTCGARTTTGCAAGAATAGGTTCTAACAA-
TTCCTC). Primer 5Grx-1 harbored the complementary
changes of 3rxYFP and the first 10 codons of Grx1p, and
primer 3Grx-1 removed the stop codon of the Grx1p gene
and introduced arXhd site (in italics). The two PCR
products obtained, covering the two genes, were purified on
Qiaquick columns (Qiagen) and used in a third PCR with

%5xYFP and 3Grx-1 as flanking primers. The final PCR

product containing the fused genes was inserted into the pCR-
XL-TOPO plasmid (Invitrogen), and using thield and Xhd

sites, the insert was moved to the pET-2#4p(plasmid
(Novagen). The cloning in th&Xhd site results in two
additional residues, leucine and glutamate, followed by a
hexahistidine “tag” at the C terminus of the translated protein.
The insert of the new plasmid (pOB1) was verified by
sequencing.

Construction of rxXYFP-Grx1p-sC and Grx1p-s@lasmid
pOB1, encoding rxYFP-Grx1p, was used as a template for
mutagenesis according to the “QuickChange procedure” as
described by Stratagene. The two mutant primers, Cys276S5
(ACGTACTGTCCATACTCTCATGCAGATTAAACACG-
CTTTTTGAAAAG) and Cys276S3 (GTTAAASCTGCAT-
GAGAGTATGGACAGTACGTTTTGGA) were designed to
change the cysteine codon (TGT) of the second cysteine
(C276) in the Grx domain to a serine codon (TCT).
Furthermore, to facilitate the subsequent screening, the
primers introduced ®ral restriction site (in italics), which
was silent with respect to the translation product. In a separate
construct, the same mutant primers were used to change the
second cysteine (C30) of Grx1p into serine. As a template,
we used pHOJ167, a pET-248(based plasmid encoding
Grx1lp @). The rxYFP-Grx1p-sC and Grx1p-sC reading
frames in the plasmids, called pOB2 and pOB3, were
confirmed by sequencing.

Expression and Purification of ProteinsThe fusion
proteins, rXYFP-Grx1p and rxYFP-Grx1p-sC, as well as
Grx1p and Grx1p-sC, were expressed in the strain BL21-
(DE3) (Novagen) essentially as described for rxYR. (
Extraction was performed by 10 freeze/thaw cycles in 10
mM imidazole, 50 mM potassium phosphate, and 0.3 M
NaCl at pH 7.8 (binding buffer) and followed by centrifuga-
tion at 1700@ for 45 min. The cleared extract was loaded
onto a column (1.6« 4 cm) with His-bind resin (Novagen)
and washed with 5 volumes of binding buffer and 5 volumes
of 20 mM imidazole, 50 mM potassium phosphate, and 0.3
M NaCl at pH 7.8. Proteins were eluted with 0.25 M
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imidazole, 50 mM potassium phosphate, and 0.3 M NaCl at was determined by fluorescence according to Ostergaard et
pH 7.8. The final yield of fusion protein from 0.5 L of al. (4). However, no additional Grx was required because
bacteria was typically 20 mg. Expression and purification the fusion protein catalyzed its own equilibration with the
of Grx1p and its mutant form Grx1p-sC followed the same glutathione buffer. The concentration of GSSG at equilibrium
steps until the His-bind resin. The eluted protein was dialyzed was determined on acid-quenched samples by HR).GK(
against 20 mM potassium phosphate and 1 mM EDTA at was converted to standard redox potentf)(by the Nernst
pH 7.5, applied onto a Q-Sepharose column (%.@ cm) equation using a value of240 mV for the GSH/GSSG
previously equilibrated in dialysis buffer, and eluted again redox couple Z5).
by a gradient of NaCl (60.5 M) in dialysis buffer. To avoid Protection of Reduced Grxlp from Modification with
the formation of dimers8), 1 mM DTT was included during ~ mPEG-Maleimide.Reduced and desalted Grx1p (BM)
dialysis and Q-Sepharose chromatography of Grx1p-sC. Finalwas incubated during 15 min on an ice bath in standard buffer
yields of Grx1p and Grx1p-sC were ca. 40 mg/0.5 L of with the oxidants HO,, HED, cystine, and cystamine (0.5
bacteria. mM) before the addition of mPEGmaleimide (0.6 mM).
Protein and Reagent Quantification#\bsorption was Protein modification was assessed by retarded migration on
measured on a PerkirfElmer UV/vis 16 spectrometer. The 12% reducing SDSPAGE gels.
concentration of rxYFP and its two fusion variants was  Alkylation of Grx1p and Grx1p-s@Reduced and desalted
determined by denaturation (0.1 M NaOH) and absorbanceGrx1p and Grxlp-sC had a thiol content per enzyme
measurement at 447 nm of the base-denatured chromophorenolecule of 1.8-2.0 and 0.9-1.0, respectively. Alkylations

using an extinction coefficient of 44 000 Mcm™ (20). were performed on ice (8C), and preliminary experiments
Concentrations of Grx1p and Grx1p-sC were assessed usingvere set up to find suitable pseudo-first-order conditions.
a theoretical protein extinction coefficient of 5200 Mem The reaction was started by adding ice-cold iodoacetamide

at 280 nm R1). The difference between the dithiol, mono- (200 uM). Samples were taken at intervals and quenched
thiol, or disulfide form 200 M* cm™) was considered by a 10-fold dilution in standard buffer supplemented with
negligible. The thiol content of reduced and desalted protein 0.1 mM GSSG and 0.1 mg/mL bovine serum albumin. A
and of stock solutions of GSH and DTT was determined sample representing 0 min was taken before the reaction,

with Ellman’s reagent (13 600 M cm™® at 412 nm) 22). and the time samples were assayed in the glutaredoxin assay
Stock solutions of GSSG were quantified by absorption at (24).
248 nm [382 Mt em* (23)]. Data AnalysisMonophasic first-order reaction traces from

Glutaredoxin AssayThe glutaredoxin assay, also referred oxidation and reduction of redox sensors as well as the
to as the GSHdisulfide transhydrogenase (oxidoreductase) disappearance of activity during alkylation were evaluated
or thioltransferase assay, involves a coupled system whereusing the software Kaleidagraph (Synergy Software). A
the GSSG generated (half reaction 2 in Scheme 1) is reducediphasic fit was used for oxidations of rxYF®&rx1p and
by glutathione reductase and NADPH. The assay was carriedrxXYFP—Grx1p-sC by GSSG. The figures were also generated
out according to Holmgren and Aslun@4 in 0.1 M Tris- using Kaleidagraph.

HCI at pH 8.0, 2 mM EDTA, 0.1 mg/mL bovine serum

albumin, 1 mM GSH, 0.7 mM HED, and fig/mL glu- RESULTS

tathione reductase at 2&. However, the NADPH concen-
tration was reduced from 0.4 to 0.3 mM, and 1.0 mL cuvettes
were used.

Construction of the Fusion ProteinNe constructed a
fusion protein consisting of an enzyme (Grx1p), which was

] » to act intramolecularly on a covalently linked substrate
Redox Reaction Condition&enerally, a standard buffer — yFp). |t was considered crucial to incorporate sufficient

consisting of 1200 mM po_tassium phosphate and 1 mM EDTA istance and flexibility between the domains and at the same
at pH 7.0 saturated with argon was used at°80 The time minimize the risk of proteolysis.

exceptions were the alkylation reactions €\CDin standard The last 7 C-terminal residues of rxYFP were not defined

buff(oar (also saturated with argon) and the glutaredoxin assayi, its X-ray structure ), and these residues can be deleted
(25°C and pH 8.0). in GFP without affecting fluorescence properti@§)( The
Fluorimetric MeasurementsThe fluoresence measure- C terminus of rxYFP furthermore extends fromgastrand
ments were performed in a Perkiftlmer luminiscence  on the same face of the protein as the cysteine pair. We
spectrometer LS50B with a thermostated (30) stirred  therefore chose rxYFP as the N-terminal partner in the fusion,
single-cell holder. The excitation and emission wavelengths rxYFP—Grx1p. To improve mutual flexibility, the rxYFP
were 512 and 523 nm, respectively, using slit widths between domain was connected to the Grx domain by a linker of 8
2 and 3.5 nm. The reaction volume was usually 2 mL in a residues, consisting of alternating serine and glycine residues
3mL1x1cm quartz cuvette from Hellma. The concentra- (Ser_G|y)4 Expression of erFP.erlp in yeast cells
tion of the redox sensor was 0430.1xM, and oxidants or  indicated that the linker was resistant to proteases because
reductants were added by pipetting. The reduced forms of only the full-length protein was detected by Western blots
the redox sensors were obtained by reduction with DTT for (data not Shown)_ Recombinant protein frd® coli was
1hatpH 8.0 at room temperature, followed by gelfiltration optained in reasonable yield, and the two domains of
on PD10 or NAPS columns previously equilibrated in rxyFp—Grxip were only slightly affected in their intrinsic
standard buffer saturated with argon. properties. Excitation and emission spectra were close to
Determination of Redox Potentialhe equilibrium con- identical with those of rxYFP. However, upon reduction by
stant, Koy, in standard buffer (pH 7.0) for the reaction: DTT, the increase in emission intensity (at 523 nm) was
IXYFP—Grx1pes + GSSG= rXYFP—Grxlpy + 2 GSH, slightly lower (2.1-fold, as compared to 2.2-fold for rxYFP).
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0.5 T T T Y T the rate of reduction with GSH was unaffected when the
concentration of rxXYFPGrx1p was varied between 0.2

; and 1.6uM. On the basis of the observations above, we
04 fot can conclude that catalysis is almost exclusively intramo-
lecular.

Reduction by DTT and Standard Redox Potential of
rxYFP—Grx1p. Because of its low standard redox potential
[—308 mV 7)], DTT quantitatively reduces rxYFP and
rxXYFP—Grx1p. The apparent second-order rate constant for
reduction of rxYFP-Grx1p was 19 M! min~t, obtained
from two independent experiments with four different
concentrations of DTT in the range of 2@5 mM. This is
a lower number than the 24.8 Mmin~* found for rxXYFP
0 L . . L : (2). Thus, Grx1lp, even when present as a fusion partner,

0 2 4 6 8 10 12 does not catalyze DTT reduction of rxYF,; an expected
[Grxp] (WM) observation if Grx1p is much less reducing than rxYFP. On
FiGURE 1: Grx dependence of the redox sensors during reduction the other hand, catalysis by Grx1p during GSH reduction,
by GSH. The redox sensors rxYFB)(and rxYFP-Grx1p (a) were within the fusion or with isolated subunits (Figure 1), is
reduced by GSH in the presence of varying concentrations of Grx1p. sgnsistent with a mechanism (Scheme 2) in which Grx1p

All reagents were diluted in standard buffer, and redox sensor and . . . .
Grx1p were added in their oxidized forms. The redox sensor, in (SH). attacks rxYFP-(SSG)(SH), i.e., the mixed disulfide

1800uL, was added to the fluorescence cuvette, followed by 100 between glutathione and rxYFP.

ulL of Grx1p, and the fluorescence signal was monitored duringa  Reduced rxYFP was only oxidized very slowly (0.02
preincubation for at least 5 min until a stable baseline was observed.min—1) by a 150-fold excess (50M) of Grx1p—S;, but the
The reduction was started by the addition of 1000f 400 mM reverse reaction, with a 150-fold excess of Grx1p(Stias

GSH to a final concentration of 20 mM. Because of the content of | 5 ti | B fthe | f thiol
GSSG (ca 0.3%) in the GSH stock solution, the final level of &t 1€ast S times slower. Because of the low rates of tnio

reduction was ca. 50%. The concentration of the redox sensor wasdisulfide exchange and the practical difficulties of avoiding
0.3uM, and the reactions were followed to completion, except for interference by atmospheric oxygen, these reactions only
the one in which no Grx1p was added to rxXYFP. In this case, the Shgw that Grx1p is less reducing than rxYFP.
gﬁ&ﬁﬁi Ir?z:\llf gfnictistreligsgtgtéogn:v;ﬁufgg.owed for 90 min, 0 Asjynd et al. 28) developed a method for determination
of standard redox potential&q values) applicable to Grx
and other thiot-disulfide oxidoreductases of the thioredoxin
In the glutaredoxin assay, the fusion had approximately the superfamily. By direct proteiaprotein redox equilibrium
same turnover number, 9% as separate Grx1p, which is determinations with suitable standards (mutant formg.of
comparatively low among Grx’s. Grx1 froma. coli has a coli thioredoxin), theE, values of Grx1 and Grx3 frork.
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4-fold higher turnover numbei24). coli (both containing the active-site sequence CPYC) were
Reduction of the Fusion Protein by GSHo determine determined to-230 and—200 mV, respectively. It is likely
whether Grx1p in the fusion to rxYFP acteddis or trans, that the By’ of Grxlp from yeast is in this range. We

reduction of rxYFP and rxYFPGrxlp by GSH was  determined the stability of the 14202 disulfide bond in
compared with respect to Grx1p dependence (Figure 1). Inthe rxXYFP-Grx1p fusion through its equilibrium with the
the absence of Grx1p, reduction and oxidation of rxYFP by GSH/GSSG couple by fluorescence as described for rxYFP
GSH and GSSG are slow. In practice, overnight incubations (4). The equilibrium constank,, was 8.0 M (267 mV),

are required to attain equilibrium, but the addition of catalytic as compared to 6.8 M-265 mV) for rxYFP. The attachment
amounts of Grx1p €10 uM) enables equilibration within  of an additional protein domain to rxYFP thus caused a slight
10 min @). Incubation of oxidized rxYFP in even fairly  but significant decrease in the standard redox potential of 2
concentrated solutions of GSH (20 mM) from commercially mV.

available sources does not result in complete reduction. This Oxidation of the Fusion Protein by GSSThe oxidation

is because of the difference in the standard redox potentialrate of rxYFP by GSSG was previously found to be 72'M
between rxYFP 265 mV) and GSH {240 mV) and the min~! at pH 7 @). Measurements with rxXYFPGrx1p were

fact that freshly prepared GSH solutions typically contain performed with up to 2@M GSSG, and the apparent second-
around 0.3% GSSG as determined by HPLC (data not order rate constant was 2>4 10° M~* min™%, an enhance-
shown). As seen in Figure 1, a very slow reduction of rxYFP ment of 3300-fold (Table 1), illustrating the dramatic effect
was observed when Grx1p was omitted. The Grx1p-depend-of adding a functional Grx domain to rxYFP. The reaction
ent increase in the rate showed an apparent saturation withrshowed simple monophasic kinetics belowM GSSG, but
respect to Grx1p toward a limiting rate of ca. 0.45 ndirn above this concentration, the traces were biphasic (Figure
contrast, the reduction of rxYFRGrx1p was largely inde-  2A), with a second exponential rate constant of ca. 0:01 s
pendent of exogenous Grx1p, which caused only a moderate(0.6 mirt) independent of the GSSG concentration (Figure
increase in the rate<(15%) over the same range of added 2B). The second component accounted for about 20% of the
Grx1p, and toward a similar limiting rate. The fusion protein total amplitude.

can thus be described as essentially saturated with covalently We speculated that the biphasic reaction traces, observed
linked Grx1p. Under the chosen conditions (BN rxYFP— only in oxidations with GSSG, were caused by two alterna-
Grx1p), the effective concentration of Grx1p as seen by the tive pathways for the oxidation of the 14202 dithiol in
rxXYFP partner can be estimated to ca.M. Furthermore, the rxXYFP domain. In the first step toward oxidation, Grx
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Scheme 2: Reduction and Oxidation of rxYFP by Grx1p and Glutathione

Reduction:
Uncatalyzed Grx(SH ),
rxYFP-S; + 2GSH = xYFP(SSG)(SH) +GSH —,  rxYFP(SH), + GSSG
Oxidation:
Uncatatyzea

xYFP(SH); + Grx(SSG)(SH) = rxYFP(SSG)(SH) + Grx(SH), ~ —  rxYFP-S; +GSH + Grx(SH),

Table 1: Rates of Oxidation by GSSG, HED, CystinePk and A
Cystaminé 350 T T T T
oxidant
redox sensor GSSG HED cystine ;® cystamine 300"
XYFP 72 35 1500 3.4 290
XYFP—Grx1p 240000 30 1300 3* 250
rXYFP—Grx1p-sC 1800000 220 21000 180 290 250

@ The reduced redox sensors were oxidized by at least four different
concentrations, and the linear plots of the pseudo-first-order rate constant
versus the concentration were used to obtain the apparent second-order 200
rate constants (M min=%). ® Value obtained from re#. ¢ The linear
plot could be extrapolated to an intercept on thaxis of ca. 0.13
min—2,

Emission intensity

1 50 1 1 1 1
100 200 300 400 500 600

reacts with GSSG to form a mixed disulfide at the more Time (sec)

N-terminal and exposed cysteine residue, Grx(SSG)(3H) ( B

Through intramolecular attack from the remaining free 0.8 T T T T
cysteine, Grx(SSG)(SH) will eventually decompose into Grx 0.07k o -
disulfide, Grx-S,, and one molecule of GSH. Both species,

Grx(SSG)(SH) and GrxS,, might oxidize the 149202 eoer o I
dithiol in the fusion, and to resolve whether this was the __ oosp -
basis for the biphasic kinetics, we made a variant of the o ool © i
fusion sensor with the second cysteine of Grx mutated to 5 ' o ©

serine. This variant, called rxYFRGrx1p-sC, cannot form 0.031 .
Grx—S,. Interestingly, rxYFP-Grx1p-sC showed a further oozk ° )
rate enhancement in the oxidation by GSSG by a factor of ° o

7,10 1.8x 10F M~ min~1. At GSSG concentrations above ] o A
3 uM, the reaction had a half-life{10 s) similar to the time ol N 1 1 i
required for mixing. However, the biphasic character of the 0 3 10 19 0
reaction traces was still present (data not shown). The second, [GSSG] (M)

GSSG-independent, rate component accounted for ca. 30%ggure 2: Oxidation of rxYFP-Grx1p with GSSG. (A) Oxidation

of the total amplitude and may be caused by a later stepof rxYFP—Grx1p by 20uM GSSG. The addition of GSSG is seen
toward the formation of the 14902 disulfide with quenched  as a small, transient rise in signal, and fitting of the subsequent
fluorescence. reaction trace yielded the sum of two first-order reactions with the

S rate constants 0.06 77 0.0002 and 0.009& 0.0001 s?, connected
. OX|da_Lt|on of XYFP by Grx1pTo learn m(_)re ab_out the to two amplitudes for intensity changes of 10&®.2 and 21.3t
interaction between rxYFP and Grx1p, we investigated the 0.2, respectively. The fluorescence cuvette contained reduced
reaction between Grx1p and reduced rxYFP in their isolated rxYFP—Grx1p (0.3uM) in argon-saturated standard buffer, and

forms. As mentioned above, the direct oxidation by GSSG after watching the baseline signal for-8 min, GSSG (+20uM)

is slow (72 Mt min-%), implying that the oxidation of rxYFP was added. (B) Two exponential rate components in the oxidation
. L . of rxXYFP—Grx1p. The first componentQ) showed a linear
by 100uM GSSG is hardly detectable within a time frame  jependence on the GSSG concentration yielding an apparent

of a few minutes. In the experiment shown in Figure 3A, an second-order rate constant of 2410° M~! min-L. The second
excess of Grx1p(SH)(5 uM) was first added to rxYFP-  component((l) accounted for ca. 20% of the change in signal and
(SH). When GSSG (10@M) was added, a rapid oxidation ~Was independent of the GSSG concentration. All reaction traces

e i« were evaluated assuming biphasic reaction kinetics, but below 5
of rXYFP followed. Thus, under these conditions, Grx1p is uM GSSG, the parameters obtained (amplitude and rate) for the

an active catalyst of rxYFP oxidation. In the next experiment gecond phase were negligible:; i.e., simple monophasic kinetics were
(Figure 3B), Grx1p-S; (5 uM) was added to rxYFP(SH) observed.

A stable baseline of the rxYFP emission was recorded for

almost 10 min, which shows that Grx&f; is inefficient as had been preincubated with GSSG fb h at 30°C to

an oxidant of rxYFP. When 100M of GSH was added to ~ promote the formation of Grx1pS,, and the reaction was

this mixture, a rapid oxidation of the redox sensor took place. initiated by the addition of reduced rxYFP. However, the

These experiments show that, while GSSG and Gp&yp same oxidation rate (0.4% 0.02 minm?) was obtained.

are inefficient as oxidants, the reactive species is the mixed Although the fraction of Grx1p present as Grx1p(SSG)(SH)

disulfide with glutathione, Grx1p(SSG)(SH). is not inferred from these experiments, they demonstrate the
We wished to gauge the rate at which Grx1p(SSG)(SH) oxidizing capacity and stability of the intermediate Grx1p-

decomposed to GrxpS,. Thus, the experiment shown in  (SSG)(SH). They suggest that the rxYF8rx1lp fusion

Figure 3A was repeated under conditions where Grx1p{SH) almost exclusively uses Grx(SSG)(SH) for the oxidation of
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Ficure 3: Oxidation of rxYFP by Grx1p. The oxidation of rxYFP-
(SH), by Grxlp and the influence of GSH and GSSG were
monitored by fluorescence. At the start, the cuvette contained 0.3
uM of reduced rxYFP in 2 mL of standard buffer. (A) After 3
min, Grx1p(SH) was added to xM, followed by GSSG to 100
uM at 7 min. The addition of GSSG initiated the oxidation of
IXYFPreq (B) After 2.5 min, Grx1p-S, was added to xM. The
addition (100uL of 106 uM Grx1p—S;) is seen as a dilution of
the fluorescence signal. After 12 min, GSH was added to 100
(2.1 uL of 100 mM GSH), resulting in fast oxidation.

the rxXYFP domain, although it is capable of forming &rx
S,. IXYFP—-Grx1p-sC can only adopt one species for
oxidation, rxYFP-Grx1p(SSG)(OH), which appears to be
very efficient.

Reactions of the Fusion Proteins with Other Oxidafitse
glutathione-binding site in conjunction with the redox-active
cysteine residues are the hallmarks of Grx. Accordingly, the
capability of rapid and glutathione-specific exchange reac-
tions was conferred to the fusion proteins. Comparisons with
the less specific oxidants, HED (Figure 4A).®4 (Figure
4B), cystine, and cystamine (Figure 4C), were also made.
rXYFP, rxYFP-Grx1p, and rxYFP-Grx1p-sC were exposed
to at least five different concentrations of each oxidant. HED
is the standard substrate of the glutaredoxin asady Only
rather recently, kDD, and organic peroxides were shown to
be substrates of Grx’'20). rxYFP and rxYFP-Grx1p-sC
displayed simple linear plots of pseudo-first-order kinetics
versus the concentration of the oxidant, with lines passing
through thex—y-axes intersection. The rate enhancement of
rXYFP—Grx1p-sC compared to rxXYFP was most pronounced,
50-fold, for HO, (Figure 4B and Table 1). For cystine and

HED, the corresponding rate increases were 14- and 6-fold,
respectively, while no rate increase was seen for cystamine.
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Ficure 4: Oxidation of the redox sensors by HED,®}, and
cystamine. The redox sensors, rXYREBR) (rxYFP—Grx1p (a), and
rXYFP—Grx1p-sC W), were compared with respect to oxidation
by HED (A), H,0, (B), and cystamine (C). The oxidants were added
to the reduced redox sensors, and the reactions were followed under
standard conditions (3T, 0.1 M potassium phosphate and 1 mM
EDTA at pH 7.0) and evaluated as described in the Experimental
Procedures. For rXYFP, which showed comparatively low rates with
H,0, and HED, the linear plots are partly based on measurements
at higher concentrations than those shown. Up to 30 and 10 mM
were used for KO, and HED, respectively. Apparent second-order
rate constants are presented in Table 1.

Surprisingly, the oxidation of rxYFPGrx1p showed a
dependence on the oxidant concentration, which was very
different from those of rxXYFP and rxYFRGrx1p-sC. Low
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concentrations of HED, #D,, and cystine gave a rapid rise

in the rate, but the further increases gave effects similar to
those seen on rxYFP. For the three different oxidants, the
further increases could be extrapolated back to a common
intercept, of ca. 0.13 mird, on they axis. The rate plot for
cystamine did not show an intercept but was slightly skewed
from linearity, and the rates for rxXYFP and the two fusion
proteins were all approximately similar (Figure 4C).

We interpret these results as follows: for oxidants different
from glutathione, Grx1p S; is rapidly formed via either the
mixed disulfide (for HED or cystine) or the sulfenic acid
formed by HO,. The steep increase in the rate at low
concentrations of oxidants represents a rate-limiting forma-
tion of Grx1p-S;, and the break in the curve marks the
effective saturation of Grx by the oxidant. Once Grx is
saturated, direct oxidation of rxYFP by the oxidant becomes
more and more dominant, giving rise to a linear increase,
which is seen to be parallel for rxXYFP and rxYFBrx1p.
The intersection with thg axis represents the intramolecular
transfer of a disulfide bond from GrxH; to rxYFP, with
a rate constant of 0.13 mih The disulfide form of Grx

Bjérnberg et al.
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FIGURe 5: Protection of Grx1p(SH)from modification by PEG-
maleimide (5000 Da). Reduced and desalted Grx1pu{@% was
incubated on ice with different oxidants at 0.5 mM. The incubations
were terminated after 25 min by the addition of PE@aleimide
(5000 Da) to 0.6 mM and incubated on ice for 10 additional min.
The modification was analyzed by reducing SBFFAGE. (Lane

1) Grx1p(SH) sample without added oxidant. (Lane 2) Neither
oxidant nor PEG-maleimide was added. The reactions analyzed
in the subsequent lanes were with@®4 (lane 3), HED (lane 4),
cystamine (lane 5), and cystine (lane 6), respectively. The increase
in the mass is larger than 10 kDa for the dithiol Grx1p because
PEG-maleimide binds water.

accumulates because its subsequent reduction by rxYFP iCPYC) and the mutant form with only the more N-terminal

slow (0.13 min?). For the oxidation of rxYFP-Grx1p-sC,

one left (CPYS), we made the single-cysteine mutation,

the Grx=S, form cannot be made and the intermediate called Grx1p-sC, in the independent Grx1p domain. As seen
formed on the cysteine residue is subsequently free to oxidizefor other members of the thioredoxin superfamily, structural
rXYFP. Thus, the Grx S, off-pathway is avoided, and the studies of Grx's have shown that the first cysteine residue
oxidation rate increases linearly over the whole concentrationis exposed, while the second one is buried, consistently with
range. When rxYFPGrxlp is oxidized by GSSG, the earlier investigations using chemical modificati@d{32).
transfer of glutathione from Grx1p to rxXYFP is much more The effects of the CPYS mutation have been studied in many
rapid than the formation of GrxH5, and noy-axis intercept other Grx’s. Both increases and decreases in glutaredoxin
is seen (Figure 2B). The model also predicts that no clear activity have been reported, certainly demonstrating that the
intercept on they axis will be seen if the rXYFP domain is  second cysteine residue in the active site is not, like the first
oxidized to the disulfide form faster than the Grx domain. one, essential for the reaction. However, both cysteine
An example of this is seen with cystamine, which appears residues are essential for the reduction of a protein disulfide
to react more rapidly with reduced rxYFP than with reduced like that in ribonucleotide reductase8)( In two cases,
Grx1p (Table 1 and Figure 4C). To assay the formation of significant increases of activity have been reported for the

Grx1p—S; directly, protection experiments were carried out
on isolated Grx1p. When unreacted thiols are modified with
PEG—maleimide, oxidation could be compared by SBS
PAGE. The poor reactivity of cystamine with Grx1p(SH)
relative to HED, HO,, and cystine was confirmed, because
it did not protect the enzyme from the reaction with PEG
maleimide (Figure 5).

A slow transfer of the disulfide bond to the rxYFP domain
is relevant for the interpretation of the oxidation kinetics with
GSSG, in which rxYFP-Grx1p-sC is 7 times faster than
rXYFP—Grx1p. The formation of a disulfide bond in the Grx
domain of rxYFP-Grx1p during the oxidation by GSSG
would lead to the presence and accumulation of a slowly
reacting species, but this is not observed (Figure 2B). Thus,

CPYS mutation. Similar increases by a factor of 2 were
reported for human Grx1 (thioltransferasg@®)(and, recently,
for human Grx2 84). Grx1p-sC and the rxXYFPGrx1p-sC
fusion displayed a 4-fold increase in activity in comparison
to Grx1p and rxYFP-Grx1p. Yang et al.33) explained the
rise in activity of human Grx1 by the absence of a futile
intramolecular reaction to G#xS; (side reaction in Scheme
1) but also considered an alternative explanation, namely,
an intrinsically higher reactivity of the remaining cysteine
residue. Having seen the considerable stability of the
intermediate Grx1p(SSG)(SH), we investigated the latter
explanation.

The reactivity of a thiol is partly determined by it&p
and unusually low values, below 5.5, for the exposed cysteine

both fusion sensors use the same mechanism, in which aresidue in Grx have been concluded from alkylation studies

glutathionylated intermediate on the reactive cysteine (C273)
is transferred to rxXYFP, and the slower oxidation of rxY+P
Grxlp by GSSG is not caused by the formation of an
intramolecular disulfide in the Grx domain. Importantly,
although Grx(SSG)(SH) does not readily release GSH,
decomposition to GrxS; of other mixed disulfides is fast,
as seen, e.g., for rxYFRGrx1p with HED (Figure 4A),
which defines an efficient escape route for such mixed
disulfides.

Alkylation of Grx1p and Grx1p-sCrTo further examine
the difference between native Grx with two cysteine residues

of yeast Grx2pE. coli Grx1, and pig liver Grx 30—32).
Direct NMR observation of the thiol proton also supported
an abnormally low K, in E. coli Grx3 (35). An interaction
stabilizing the negative charge on the cysteine residue will
tend to lower its K, value and, at the same time, decrease
the nucleophilic characte3f). To measure the reactivity
of the exposed cysteine residue (C27) in native Grx1p in
comparison to its reactivity in the single-cysteine context
(CPYS), i.e., in the mutant Grx1p-sC, we followed the
disappearance of activity during alkylation reactions at pH
7.0 (standard buffer). Although alkylation was very rapid



Intramolecular Transfer of Glutathione Biochemistry, Vol. 45, No. 7, 2002369

T T T T T T by GSSG was increased by a factor of 25000 for the
100 ¢ 1 rxYFP—Grx1p-sC fusion, specificity was superior for the
rxYFP—Grx1p construct, which showed an almost 4000-fold
increase in specificity toward GSSG relative to the biologi-
cally relevant disulfide cystine (Table 1). The results strongly
suggest that the oxidation of rxYFP proceeds through the
transfer of glutathione to generate a rxYFP(SSG)(SH)
intermediate, which decomposes to rxYF&.

Experiments using isolated rxYFP and Grx1p showed that
the disulfide form of Grx1p is inefficient as an oxidant of
rxXYFP (Figure 3). Within rxYFP-Grx1p, the disulfide form
of the Grx domain (GrxS,) only reacts very slowly with
the rxYFP dithiol. The transfer rate, 0.13 min can be
compared to an example in nature. The large subunit of
ribonucleotide reductase operates at a 1500-fold higher

. turnover number, and one of the required steps, which
B e e 1 TO0LL jon therefore has o be at least as fast, is the inramolecuar
was started by the addition of iodoacetamide to 200, and transfer of a disulfide bond from one cysteine pair interacting
aliquots of 40ul were withdrawn at intervals. The aliquots were With the ribonuceotide substrate to another pair interacting
immediately diluted 10-fold in standard buffer containing 100 with the hydrogen-donor syster@?). Apart from the redox

GSSG as a quenching agent and bovine serum albumin (0.1 mgleqyijipration of rxYFP, we are only aware of one example
mL), and activity was measured the next day in the glutaredoxin

assay 24). The presence of GSSG and iodoacetamide, up to 2.0 in Whi_Ch Grx has been_sho_vvn to act as an OXi_darWi V0.
and 0.4uM, respectively, did not disturb the assay. The resultis E- CO_“ Grx1 catalyses (_j|sulf|de k_)o_n(_j formation in Ieader_less
presented as the remaining activity in comparison to an aliquot takenalkaline phosphatase in the oxidizing cytosol of combined
out before the addition of iodoacetamide (100%, corrected for nyll mutants of glutathione reductase and thioredoxig8). (
d"”t'?“)i Ffor tﬁrxdl.p 0) and GrX1fp'S(t? ‘.(;)' the fgfégggg ratg On the basis of the results with rxYFP, we suggest that the
8?5‘26"’;{‘ 8_00(;3 ,ﬁi,«r'ia%%%aergt?f;y? activity were an mixed d_isulf_ide with qutathic_)ne is employed in the formation
of the disulfide bonds, consistently with a recent comparison
) ) ~ of thein vitro oxidase activities oE. coli Grx1 and protein
even when carried out on an ice-water bath, the reactionsgisyifide isomerase by Xiao et al39). Furthermore, the
were efficiently quenched by the oxidation of Grx with  fysjon proteins shed light on two connected but unresolved
GSSG. Alkylation of Grxlp and Grx1p-sC by 2Q(M  qguestions concerning the mechanism of Grx, namely, the
iodoacetamide revealed a large difference in the rate ('lz'gurekinetic stability of the mixed disulfide with glutathione and
6). E;lr)dp. was alkylated with a rate constant of 410'M  the consequences of a CPYS mutant. The reactivity of Grx1p
min~*, while Grx1p-sC was alkylated 44% slower (230M  yjith rxYFP provides information not available through
min~1). Only one of the cysteines, presumably the more steady-state kinetics.

N-terminal one (C27), reacted in Grx1p, because a control  pytation of the second cysteine residue in the CPYC motif
sample, alkylated fol h at al5-fold higher concentration  of Gry excludes GrxS; offering the possibility to obtain

of iodoacetamide, still retained 0.87 equiv of thiol per staple mixed disulfides, and previous CPYS mutants have
enzyme molecule (as determined using Ellman’s reagent). peen rewarding for structural studies. There are three NMR
The slower alkylation of C27 in Grx1p-sC shows that itis stryctures with covalently bound glutathione in the active
less nucleophilic and indicates that, while it is not as efficient gjte. GIX(SSG)(OH), the first one @&. coli Grx1 (@0). It

in attacking disulfides, it has a better leaving-group capability \yas followed by the corresponding complex structures of
(i.e., a lower fXy). The substitution of cysteine with serine  yman Grx1 83) and E. coli Grx3 (41). In addition, the
involves no change of charge but may affect the strength of gtructure of theE. coli Grxl CPYS mutant has been

hydrogen bonds. determined in covalent complex with a peptide mimicking
the C terminus of the large subunit of ribonucleotide
DISCUSSION reductase4?2). The binding of glutathione in an extended
We have previously shown that rxYFP functions as a redox conformation in the three NMR structures of Grx(SSG)(OH)
indicator of cytosolic glutathione in yeast cells because of was roughly consistent with a previous model based on the
the capacity of endogenous glutaredoxins to catalyze theX-ray structure of Grx from bacteriophage T43}.
equilibration between the sensor and the glutathione pool While the structural studies have defined glutathione
(4). This was found to be the case in yeast and could in binding in three Grx’s, our results demonstrate the kinetic
principle be a peculiarity of Grx1p; therefore, it might not stability of the intermediate Grx(SSG)(SH). The stability of
be generally true for other cells, e.g., of mammalian origin. the Grx(SSG)(SH) mixed disulfide is rather puzzling because
Two rxYFP—Grx1p fusion proteins were made to extend one would expect the nearby second thiol to compete strongly
the possible use to other organisms and improve the dynamicfor the disulfide. Only the NMR structure @&. coli Grx3-
properties of rXYFP as a glutathione-specific redox sensor: (SSG)(OH) offers a plausible explanation for stability of the
a fusion with the native yeast Grx1p and a single-cysteine intermediate Grx(SSG)(SH). On the basis of the assumption
variant Grx1p-sC. We found that the two domains com- that the thiol group of the second cysteine residue would
municated intramolecularly, resulting in dramatically in- take up the same place as the hydroxyl group of the serine
creased reaction rates. While the rate constant for oxidationresidue (in the monothiol mutant structure), the thiol group

B [=23 =23
(=3 < (=3

Remaining activity (%)

n
[=]

Time (min)

Ficure 6: Alkylation of Grx1p and Grx1p-sC by iodoacetamide.
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is not in optimal position for intramolecular attack on the C-terminal cysteine residue into serine in Grx is not only a
mixed disulfide 41). In addition, favorable interactions conservative substitution; improved leaving-group capability
between the body of glutathione and glutaredoxin will serve makes the enzyme better as a donor of a glutathione moiety,
to further stabilize the mixed disulfide. A comparison of the which may be pertinent to the role of native monothiol Grx’s.
glutathione binding in the NMR structures &f coli and

human Grx1(SSG)(OH) revealed some differences with ACKNOWLEDGMENT
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