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ABSTRACT: The thiok-disulfide exchange reaction plays a central role in the formation of disulfide bonds

in newly synthesized proteins and is involved in many aspects of cellular metabolism. Because the thiolate
form of the cysteine residue is the key reactive species, its electrostatic milieu is thought to play a key
role in determining the rates of thiol disulfide exchange reactions. While modest reactivity effects have
previously been seen in peptide model studies, here, we show that introduction of positive charges can
have dramatic effects on disulfide bond formation on a structurally restricted surface. We have studied
properties of vicinal cysteine residues in proteins using a model system based on redox-sensitive yellow
fluorescent protein (rxXYFP). In this system, the formation of a disulfide bond between two cysteines
Cys149 and Cys202 is accompanied by a 2.2-fold decrease in fluorescence. Introduction of positively
charged amino acids in the proximity of the two cysteines resulted in an up to 13-fold increase in reactivity
toward glutathione disulfide. Determination of the individullwalues of the cysteines showed that the
observed increase in reactivity was caused by a decrease iKivalpe of Cys149, as well as favorable
electrostatic interactions with the negatively charged reagents. The results presented here show that the
electrostatic milieu of cysteine thiols in proteins can have substantial effects on the rates of the thiol
disulfide exchange reactions.

Two fundamental properties characterize vicinal thiol are careful characterizations of model peptides containing
disulfide pairs in proteins and in organic compounds in cysteine residues in various sequence cont@&ytd{owever,
general: reactivity and redox potential. These properties aresuch compounds are normally highly flexible and generally
of particular importance for the function of redox-active mimic the ordered structure of proteins poorly.
enzymes and have been studied extensively. The best- Therefore, while thiotdisulfide redox processes have
characterized enzymes in this group are the thiti$ulfide been the focus of much research, there are only few examples
oxidoreductases belonging to the thioredoxin familyZ). of model proteins where thieldisulfide equilibrium and
These all contain the Cysx—X—Cys active-site motifand  reactivity are easily assayed and at the same time offer
include enzymes both involved in reduction of disulfide tractable possibilities for manipulation. We have previously
bonds (like thioredoxin) and enzymes that are primarily engineered an exposed disulfide bond into the yellow
protein thiol oxidases, like DsbA or protein disulfide fluorescent variant of the green fluorescent protein (rxYFP,
isomerase. Although enzymes of this class have beenref 7). The cysteines forming the bond were introduced at
subjected to extensive biochemical characterization, the positions 149 and 202, connecting adjacgrgtrands that
features that dictate their reactivity and redox potentials are make up part of the rigid scaffold surrounding the central
not fully understood. While there are numerous examples fluorophore of the protein. The introduced disulfide bond is
of mutations in such proteins aimed at changing redox unique in several ways: (a) it is readily accessible to added
potential 8—5), mutagenesis strategies have mostly been oxidants and reductants such as the physiological relevant
governed by homology considerations. Because these englutathione (GSH)and glutathione disulfide (GSSG); (b)
zymes are highly specialized, the reactivity and redox
potential of the active-site thiols involve a complex combina- 1 Abbreviations: CHES, cyclohexylaminoethane sulfonic acid; DTT,

tion of electrostatic properties and various degrees of githiothreitol; EDTA, ethylenediaminetetraacetic adig fraction of
structural strain. At the other end of the complexity scale unmodified scrxYFP; GFP, green fluorescent protein; GSH, glutathione;
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K\' ) expected to influence the disulfide bond in rxYFP. We find
_SH Ka!:# 8 k+1°13 that such mutations strongly increase the reactivity toward
rxYFP_ + GS-SG — rXYFP_ + GS-SG — GSSG. We also show that Cys149 acts as the predominant
SH o SH k., ©S thiolate and that the increased reactivity is caused by a
Thiolate anion combination of favorable electrostatic interactions and a
. stabilization of the predominant thiolate.
_S-8G K; i ~8-SG Kiz ~$
rXYFP_ «— MXYFP_ 3—’4_ XYFP_| + Gs- EXPERIMENTAL PROCEDURES
SH H* s- ks ~s
Mixed disulfide ~ Site-Directed Mutagenesis of rxYFRJutations were
intermediate introduced into thexYFP gene using QuickChange site-

FIGURE 1. Mechanism of thiotdisulfide exchange between rxYFP  directed mutagenesis (Stratagene) on pHOJ100 (lacking
and GSSG. The thiolate anion is the reactive nucleophile in-thiol  redox-active Cys residues) or pHOJ124 [encoding rxYFP

disulfide exchange reactions. The mixed disulfide intermediate is (7)]. The coding sequence of the latter plasmid defines the
formed by the nucleophilic attack of the rxYFP thiolate anion on “ » :
the disulfide bond of GSSG resulting in the release of one molecule term “wt IXYFP” as used in the present paper. Forward

of GS. Subsequently, an intramolecular nucleophilic attack on the Primers are listed in Table 1. To facilitate subsequent
mixed disulfide by the second cysteine in rxXYFP leads to the screening of transformants for successful incorporation of

formation of the intramolecular disulfide and the release of another mutations, all primers included silent mutations introducing

GSH molecule. Stabilization of the rxYER thiolate makes it a unique restriction sites. All variants were confirmed by

better leaving groupkys, k-1, ky2, andk_, are the respective rate sequence analysis of the entire gene.
constantsk, andK}' denote the acid dissociation constant for the Expression and Purification of Protein®roteins were

ti teine thiol and th teine thiol in the mixed disulfid . - .
{ﬁtae‘irgvgd?;’fef*'r’;‘;pe'c"ﬁfg}y_ € cysteine fhiotin fne mixed AISUliee  expressed ifEscherichia colistrain BL21(DE3) (Novagen)

by use of the pET24 expression system (Novagen). Cultures

its thermodynamic stability and reactivity toward such low- were grown at 37°C in Terrific Broth with 30 ug/mL
molecular-weight thiot-disulfides are within easily measur- kanamycin 9). At an ODyoo 0f 1.5, the growth temperature
able ranges; and (c) its formation reduces the fluorescencewas shifted to 18C and protein expression was induced by
signal from YFP by 2.2-fold (at neutral pH). This construct the addition of isopropyB-p-thiogalactopyranoside (Sigma)
constitutes a structurally well-defined system in which the to 0.25 mM. After 17 h of incubation, the cells were
two cysteine residues are located on a rigid platform on harvested and lysed as describ&}l (ysates of the single-
which adjacent amino acid residues may be altered to affectcysteine rxYFP variants were precipitated by addition of
the reactivity and redox potential of the cysteine pair. ammonium sulfate to 82% saturation. After centrifugation,

Thiol—disulfide exchange reactions take place viag2 S the pellets were resuspended in water and desalted on a
mechanism in which the thiolate anion is the reactive Sephadex G-25 (Amersham Pharmacia Biotech) column
nucleophile 8). This enables formation of the mixed disulfide equilibrated with 25 mM potassium phosphate at pH 7.2.
intermediate (Figure 1). In the case of vicinal thiols (like in Finally, the protein was subjected to anion-exchange chro-
rxYFP), subsequent formation of the intramolecular disulfide matography o a 6 mL Resource Q column (Amersham
bond is expected to be very rapkk§ > ki, [GSSG]; Figure Pharmacia Biotech) equilibrated with 25 mM potassium
1). Thus, the initial step is rate limiting, and the observed phosphate at pH 7.0. Proteins were eluted with a gradient of
rate constant depends on the fraction of thiol present as theKCl (0—0.15 M) in 25 mM potassium phosphate at pH 7.0
anion. Accordingly, factors affecting the&<pof the nucleo- over 40 min at a flow rate of 2 mL/min. The proteins were
philic thiol, e.g., introduction of charged residues in proximity estimated to be>95% pure as judged by SB$AGE.
of the redox-active cysteines, should result in an altered Purification of the rxYFP arginine variants was carried
reaction rate. out by loading the lysates onto a DE52 (Whatman) anion-

To gauge the potential magnitude of such effects in a well- exchange column equilibrated in 5 mM potassium phosphate
defined system, we have studied the effect of introducing at pH 7.0. After the wash, the proteins were batch-eluted
positively charged amino acid residues at positions that werewith 5 mM potassium phosphate at pH 7.0 containing 1 M

Table 1: Oligonucleotides Used for Mutagenesis

resulting template primer

plasmid plasmid 5-3
pHOJ173 (scrxYFRod pHOJ100 CCG GTG CTG CTG CCG GAC AAC CAT TAC CTG TGC TAC CAG TCT GCC
pHOJ172 (scrxYFR20 pHOJ104 CCG GTG CTG CTG CCG GAC AAC CAT TAC CTG TCC TAC CAG TCT GCC
pRH5 scrxYFBOR) pHOJ100 CCG GTG CTG CTG CCG GAC AACCACCGG TTG TGC TAC CAG TCT GCC
pRH15 6crxYFBoR) pHOJ104 CCG GTG CTG CTG CCG GAC AAC CAT CGATTG TCC TAC CAG TCT GCC
pRH24 gcrxYFRB2R) pHOJ173 G CTG GAATTT GTG ACC GCC CGC GGC ATC ACG CAT GGC
pRH18 (rxYFP%R) pHOJ104 G CTG CTG CCG GAC AAC CAT AAG CTT TGC TAC CAG TCT GCC CTT TCG
pRH17 (rxXYFP?7R) pHOJ104 G CTG GAATTT GTG ACC GCC CGC GGC ATC ACG CAT GGC
pHOJ120 (rxYFROR) pHOJ104 C AAC CAT CGC CAG TGC TAC CAG TCT GCC CTT TCG AAA GAT CCG
PRH20 (rxY FR00R204R pHOJ104 G GTG CTG CTG CCG GAC AAC CAT CGG CTG TGC TAC CGG TCT GCC CTT TCG
pPRH21 (rxYFROo0R227R pHOJ120 G CTG GAATTT GTG ACC GCC CGC GGC ATC ACG CAT GGC
pRH22 (rxYFRO04R227H pRH17 G CTG CTG CCG GAC AAC CAT AAG CTT TGC TAC CAG TCT GCC CTT TCG

PRH23 (rxY FRO0RI204R/227 pRH20 GCTG GAATTT GTG ACC GCC CGC GGC ATC ACG CAT GGC
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KCI. Although this procedure did not result in pure protein by incubating the reduced proteins «M) with a large
preparations, control experiments verified that the contami- excess of IAA in a buffer mixture consisting of 10 mM MES,
nants did not influence the subsequent characterization of10 mM HEPES, 10 mM CHES, and 0.1 M p&0O, at pH
the variants. values ranging from 7 to 10. After various times of
Analytical TechniquesProtein concentration was deter- incubation, the reactions were quenched by the addition of
mined using the known extinction coefficier) Of the base- 20 mM DTT. All reactions were carried out at 3.
denatured chromophore at 447 neisfnm = 44 000 M* Because of differences in reactivity, experiments with wt
cmY) as described10). Thiol concentrations [GSH and  scrxYFP’s were carried out using 1.35 mM IAA, while only
dithiothreithol (DTT), Sigma] in stock solutions were 88uM IAA was used for the 200R variants. In all cases, the
determined in a 0.1 M potassium phosphate buffer at pH observed reaction kinetics fitted well to a single-exponential
7.0, using Ellman’s reagent [3;8ithiobis(2-nitrobenzoic  decay function consistent with pseudo first-order conditions.
acid)]. The molar extinction coefficient of 14 150 ¥cm™? Reduced and IAA-modified scrxYFP’s were separated on
of 2-nitro-5-thiobenzoic acid at 412 nm was usad)( Stock nondenaturing 10% polyacrylamide gels in Tris-glycine
solutions of GSSG (Calbiochem) were quantified from their buffer at pH 8.3, run at 100 V for 2 h. The gel-loading buffer
absorbance at 248 nna | 382 Mt cm™?, (12)]. Prior to contained 20% glycerol and 0.2% bromophenol blue. Bands
all experiments, the pH of GSH and GSSG stock solutions on the gels were detected using a Storm Phosphorimager
was adjusted to 7.0 using KOH. Concentrations of iodoacetic scanner and quantified using ImageQuant software (Molec-
acid (IAA) and iodoacetamide (IAM, Sigma) were deter- ular Dynamics). The observed pH-dependent reaction rate
mined by comparing the thiol concentration of a slight excess constants were fitted to the Hendersdtasselbalch equation
of DTT before and after treatment with the alkylating agent. using Kaleidagraph (Synergy Softwarell = Kmad[1 +
All concentrations were determined by three independent 10°PKa-PH)]. Here, K max represents the limiting rate constant
measurements. Preparation of reduced rxYFP was performedat high pH.
as described1@). Alkylation of scrxYFP Variants with IAMAIkylation
Fluorescence Measuremeniuorescence measurements reactions were performed essentially as described above, but
were performed using a Perkifclmer Luminescence Spec- in these experiments, reduced scrxYFP’s were blocked with
trometer LS50B with a thermostated, stirred single-cell 1AM and IAA was used as a quenching agent. Because |IAM
holder. Excitation and emission wavelengths were 512 and carries no charge, IAA- and IAM-modified proteins can be
523 nm, respectively, at 3 nm slit widths. All measurements separated by nondenaturing gel electrophoresis. Concentra-
were carried out in 100 mM potassium phosphate at pH 7.0 tions of 0.7 and 0.16 mM IAM were used for the experiments
and 1 mM EDTA at 3C°C. Prior to all experiments, buffers  with scrxYFP and its mutant forms, respectively. All
were thoroughly purged with argon to prevent interference reactions were quenched with 2.7 mM IAA.
from dissolved molecular oxygen. The fluorescence proper- Determination of K. Equilibrium constantsKscoy for
ties of the arginine mutants were similar to those of wt rxYFP the reaction between scrxYFP and glutathione were deter-
with excitation and emission peaks at 512 and 523 nm, mined by incubation of-3 «M protein in 100 mM potassium
respectively. However, the relative fluorescence changesphosphate at pH 7.0 and 1 mM EDTA containing varying
upon oxidation/reduction were slightly smaller, from 1.8-to concentrations of GSH (120 mM) and GSSG (0:110
2.1-fold as compared to 2.2-fold for rxYFP (data not shown). mM). After equilibration of the samples under argon
Rate Constant for the Oxidation of Reduced rxYFP. atmosphere fio3 h at 30°C, the reactions were quenched
Apparent second-order rate constalitg, for the reactions by alkylating the free thiols by addition of 32 mM IAM.
between reduced rxYFP variants and GSSG, 2-hydroxyethyl-N-ethylmaleimide (NEM) was also tested as a quenching
disulfide (HED, Sigma), or cysteamine disulfide (Fluka) were agent. However, this compound could not be used because
determined by following the decrease in fluorescence at 523 of nonspecific modification of other residues.
nm (13). Reactions were performed at 3C€ in 100 mM Free (IAM-modified) and glutathionylated proteins were
potassium phosphate at pH 7.0 containing 1 mM EDTA. separated and quantified by nondenaturing gel electrophoresis
Proteins were diluted te-0.2 uM in 2 mL of prewarmed  as described abovéscox values were estimated from the
buffer. When a stable baseline was attained, the reaction wagelationship
initiated by the addition of a high molar excess of oxidizing
agent to ensure pseudo first-order conditions. Pseudo-first-  fsn= (IGSHI/[GSSG])/Kscox + [GSH)[GSSG])
order rate constants were determined by fitting the progress ) . .
curves to a single-exponential function. A minimum of six wherefsy is the fraction of nonglutathionylated scrxYFP.

independent measurements was performed at varying conBecause of air oxidation and GSSG contamination in the
centrations of oxidizing agent. The apparent second-order GSH Stock, the exact amount of GSSG in the redox reaction

rate constants were then obtained by a linear fit to the Was determined by HPLC essentially as descrikied. (
estimated pseudo first-order rate constants. RESULTS

pKa Determinationsindividual pK, values of the cysteines
in wt rXYFP and the cysteines in the rxXYFP variant where  Increasing the Reactity of rxXYFP toward Glutathione.
position 200 was mutated to arginine (rxY®® were We based the selection of relevant sites for introduction of
determined using the corresponding single-cysteine variants,positively charged amino acid residues in rxYFP on visual
denoted scrxYFP. To ensure that the thiol group in the inspection of the crystal structure of the oxidized form of
variants was accessible to modification, proteins were the protein 7). This approach resulted in identification of
pretreated with DTT as described previousl)( The rates three solvent-exposed residues, Tyr200, GIn204, and Ala227,
of carboxymethylation of the scrxYFP’s were determined respectively, that were within a distance of the redox-active
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Ficure 3: Determination of rate constants for the reaction between

rxYFP200R and GSSG. The reaction between rx ¥R (~2 uM)

and GSSG was performed under pseudo first-order conditions with

5 mM GSSG in 100 mM potassium phosphate at pH 7.0 and 1
M EDTA at 30°C. The reaction was followed by a change in

Ficure 2: Crystal structure of the oxidized form of rxYFP. The
C,, positions of Tyr200, GIn204, and Ala227, investigated in the
present work, are marked by black spheres. The distances betwee 503 L 512 A do f
the G, atoms and the closest sulfur atom in the disulfide bond were uorescence at nm upon excitation at nm. A pseudo first-

measured to 5.3 A for Y206C202, 8.9 A for Q204 C149, and  Order rate constamt = 1.80 0.006 min™ was obtained by fitting
5.8 A for A227-C202, respectivély. The chromophore ’and the the progress curve to a single-exponential function. (Inset) Plot of

Cys149-Cys202 disulfide are shown as ball-and-stick representa- k'.t\llqersus. [stscgéobtainedt fr?m a sgarligs dOf sin|1ilar ?xageeri;nents
tions. The figure was drawn using PyMOL (http:/mwww.pymol.org) Wt varying concentrations, yielaed a value o :

on atomic coordinates obtained from 1H6R from the Protein Data M min"* for the apparent second-order rate constant. The relative
Bank second-order rate constants for the remaining rxYFP variants are

shown in Figure 4.

cysteines that made them obvious candidates for introduction|, comparison to wt rxYFP, the reaction rates with all three
of positive charges (Figure 2). Each of these residues wasyigizing agents were increased for all mutants. However,

mutated to either arginine or lysine. _ the arginine substitutions appeared to strongly favor the
The reactivities toward oxidized glutath|0ne were based reaction with GSSG. This is most evident for the tr|p|e

on the observation that formation of a disulfide bond in mytant, where a 13-fold increase in the rate constant was
rXYFP results in an about 2-fold decrease in fluorescence atgphserved for the reaction with the negatively charged
523 nm. Apparent second-order rate constakig)(were  glutathione, while the increase was only 4.3-fold for the
determined from a series of reactions performed under yeaction with HED and 2.1-fold for the reaction with the
pseudo first-order conditions with-al(>fold molar excess  positively charged cysteamine disulfide. The substantial
of GSSG (Figure 3). As shown in Figure 4AGp, had electrostatic contribution to the reaction with GSSG for this
increased in all mutants and in all positions arginine had a myutant was confirmed by comparing the rates of oxidation
larger effect on reactivity than lysine. The most reactive of wt rxYFP and rxYFROOR204R22TRpy 5 mM GSSG at
variant, rxYFP% was 5.2-fold more reactive than Wt (ifferent ionic strengths in a pH 7 buffer supplemented with
IXYFP. 0—160 mM KSQ, (Figure 5). While the reaction rate of wt
The possibility that introduction of two positive charges rxYFP was nearly independent of the ionic strength, the rate
would have a larger effect on the reactivity than introduction constant of the triple arginine mutant decreased as the salt
of one prompted us to prepare variants where arginine concentration increased.
residues were introduced in all combinations at the three Determination of Redox-Acg Cysteine pK Values.
positions. The reactivity toward glutathione was determined Because our data suggested that the introduction of positive
as described, and the results are shown in Figure 4B.residues reduced thé&pvalue of one or both of the redox-
Introduction of several positive charges indeed increased theactive cysteine residues on rxYFP, we wanted to assess this
reactivity toward GSSG further, with the most reactive directly. This was done by preparing and analyzing single-
mutant being the triple mutant with a 13-fold increagggl cysteine variants (scrxYFP’s) of the redox sensor, where
relative to rxYFP. Cys149 or Cys202 were reverted to the amino acid residues
Because glutathione has an overall negative chargeoriginally found in YFP (Asn and Ser, respectively).
between—1 and—2 at pH 7, we hypothesized that part of The methodology used was based on the following
the increase in reactivity could be due to electrostatic observations: (a) scrxYFP runs as a well-defined band on a
interactions with glutathione. To test this, we measured the 10% nondenaturing polyacrylamide gel; (b) the protein
rate of rxXYFP oxidation by the noncharged disulfide HED maintains its native structure in the gel and can be detected
(the disulfide form of 2-mercaptoethanol) as well as the and quantified by fluorescence scanning; and (c) modification
positively charged cysteamine disulfide. Figure 4B shows a of scrxYFP with negatively charged compounds results in a
comparison of the rate constants, normalized to one for wt. distinct increase in its electrophoretic mobility. Using this
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Q204 A227 Y200 constants were determined as described in Figure 3 at pH 7.0 and

30 °C in the presence of 100 mM potassium phosphate, 1 mM
- EDTA, and different KSO, concentrations ranging from 0 to 160
mM.

934

in these experiments, IAA does not itself significantly change
the ionization state.

Ka —
a Cys— SH=Cys—S +H" (1)
Cys—S +IAA — Cys— SAA+1~ ()

Pseudo-first-order rate constants for the reaction between
the two cysteine variants and a high molar excess of IAA
were determined from the band-shift pattern on a nondena-
turing gel as exemplified in Figure 6B. Fitting these rate
constants in the pH range from 7 to 10 to the Henderson
Hasselbalch equation allowed for an estimation of thg p
values of Cys149 and Cys202 in rxYFP (Figure 6C). It was
found that Cys149 is significantly more reactive at neutral
pH, having a K, value of 8.90+ 0.04, than Cys202 with a
pK, of 9.52+ 0.08. From these results, it can be concluded
that Cys149 is the predominant nucleophile at neutral pH.

To investigate the effects of introducing a positive charge
Ficure 4: Effects of positively charged residues on rxYFP in proximity of the reactlve cysteine, we Com%ﬁreq i p
oxidation rates. Apparent second-order rate constagsg for all values of Cys149 in scrxYhkc and SC"_XYF%QC (Figure
reactions are shown. The graph shokys, values relative to wt ~ 6D). pH titrations revealed a decrease in ti& pf Cys149
rxYFP, which is set to 1, while the absolute values for the rate from 8.9 to 8.2, implying that part of the increased reactivity
Eogisr:gm(s rzre g:;’rz;‘ Zggvae?r(\:iﬂebag/vil?itgngz rg;l wgi;jlﬁe(?)were results from a stabilization of the reactive redox thiolate.
in%roduce% a¥the indicated poqsitions, angh for the reactions with Howgver_, in addition to the change ”KQ a comparison of
GSSG are shown relative to wt rxYFP (black bar). (B) Relative the titration curves showed that the limiting rate constant
kapp Values for the reaction of rxYFP variants with GSSG (black (kmay Of the reaction with IAA at high pH was 7.6 times
choun, ' The sebond-arder rate. sonsiants. wers. determinad aq2 91 Or the scixYEEic variant (Figure 60). Because
described in Figure 2, and in all cases, the relative standard deviatioﬁkaax IS expected to. increase withikp accordl'ng' to'the
was less than 5%. Brgnsted relationship for small-molecule thialisulfide

exchange reactions developed by Szajewski and Whitesides

(17), the further rate enhancement might be explained by an
approach, we found the intensity of the bands to be accuratelyelectrostatic effect, where the positive charge of Arg200
determined within a linear range from 200 ng togpusing attracts the negatively charged I1AA.
a phosphorimager to detect fluorescent bands in the gel (data To test this hypothesis, we applied a variation of the
not shown). Modifications with IAA introduce one negative method described for the determination éfwalues. Here,
charge, while modification with glutathione apparently the scrxYFP’s were reacted with IAM for different lengths
introduces more than one (Figure 6A). of time, followed by quenching of the reaction with a large

Alkylation of cysteine residues with IAA can take place excess of the negatively charged IAA. Because IAM is
only if the cysteines are in the thiolate anion state, as shownunchargedknax should not vary significantly between the
in reactions 1 and 216, 16). Therefore, measuring the wt and mutant protein. The experiment was performed at
reaction rate as a function of pH can be used to determinepH 9, where a 1.6-fold difference between the rate constants

the K, value of cysteine thiol groups. In the pH range used of wt scrxYFR4oc and scerFf{ﬂgE was expected, on the

192

Relative rate constant
[=] N IS o o
72
wit 45
[ 399
127
Q204R 52
1398
215
A227R 91
| 525
370
114
503
P o0
111
|| 516
488
145
575
K
55
687
851

Y200R

Q204R/IA227R
Y200R/Q204R
Y200R/A227R
Y200R/Q204R/A227R



5904 Biochemistry, Vol. 44, No. 15, 2005 Hansen et al.

o
L
i ;5 2 B Modifi i
E = 2 fficationtime| 4 05 1 2 5 10 20 40 60
5323 (min)
scrxYFR,,
—— SI‘;“_”.. T S e Sy Sy
— ! SCIXYF R,
C 1 T D 3 = T T T T T
n.- = 08
=i -
08 | <= |
o =
£ ¢ £
& % =51
I 2. = [~ 2 7
@ S 5 :
§06 [ == £ i
n 2 =
@ ol Es 1
Z2oak =
K
[} 1 .
o
02
05 -
’ " : %
6 7 8 9 10 1 65 7 75 8 8.5 9 95 10

DH pH

Ficure 6: Determination of K, values using a nondenaturing gel system. (A) Modifications of scrxYFP with negatively charged moieties
can be visualized by running samples on a nondenaturing polyacrylamide gel, which separates by charge. Approxipidtely 3

scrxYFBSR was modified with 3 mM iodoacetamide (IAM), 3 mM iodoacetic acid (IAA), or 10 mM GSSG, and samples were loaded onto
a 10% polyacrylamide gel. Modification with IAA introduces one charge, and modification with glutathione apparently introduces two,
while no changes in mobility take place on modification with the noncharged IAM. (B) Determination of the pseudo first-order rate constant
for the reaction between wt scrxYERc- and IAA at pH 8.5. The reaction between scrxYgand 1.35 mM IAA was quenched with 20

mM DTT at the indicated time points, and 2Q of the samples were analyzed on a 10% nondenaturing polyacrylamide gel. (C) Relative
pseudo first-order rate constants for the reactions of wt scr$ERO) and wt scrxYFRo,c (@) with IAA as a function of pH. Rate
constants were determined as described in Figure 3. Data were fitted to the Hentlasselbalch equation (see the Experimental Procedures).
The estimated I§, values are given in the text. (Inset) Using data from B, a pseudo first-order rate constant was determined by fitting the

progress curve to a single-exponential function. (D) Comparison of the pH profiles of wt scix¥FP, as in C) andscerFP;’?@ (m).

The pH profiles were obtained as described in C, but the pseudo first-order rate constants have been corrected for differences in 1AA
concentrations (see the Experimental Procedures) and are therefore depicted as second-order rate constants. Data were fitted to the Henderson
Hasselbalch equation, and the estimat&g yalues are given in the text. The estimatedx values were 0.32t 0.04 and 2.906t 0.13

mM~1 min~! for wt scrxYFR4ec and scerFFﬁg, respectively. (Inset) Normalized plot of the pH profiles. At any given pH, the rate

enhancements m‘cerFFﬁg compared to scrxYFRyc because of the difference irkKpcan be estimated.

basis of the K, differences (inset of Figure 6D). The rate The fact that all arginine mutants of rxYFP exhibited
constants for the reactions at pH 9 were found to be 888 increased reactivity toward HED (Figure 4B) suggested that
0.14 and 1.514+ 0.03 mM™* min~! for scrxYFR4ec and they all exhibited a reducedp of the predominant nucleo-
scrxYFB o9 respectively. Thus, when reacted with IAM, phile Cys149. This would stabilize the Cys149 thiolate as a
the rate constant of scrxYEfe was only 1.7 times that of ~ leaving group (reaction 3) and thus decrekisg, (18). On
wt, close to the expected value of 1.6. From this, it could be the other hand, it is conceivable that the same electrostatic
concluded that the difference kaxWas caused by attractive  interactions that promoted the reaction between scrxYFP and
electrostatic interactions between IAA and Arg200. IAA relative to IAM would stabilize the mixed disulfide
A pH titration of scrxYFBYR was also attempted. Un-  between scrxYFP and glutathione, leading to an increased
fortunately, the B, value of Cys202 in this variant could  Kg., To assess the relative importance of these eff&gts,
not be precisely determined, because IAA unspecifically values for wt and the two arginine mutants were determined.
modified other residues at pH above 10 (data not shown). This was done by measuring the ratio between unmodified
However, the [, appeared to have increased compared t0 (scrxYFRyy) and glutathionylated (scrxYRBQ protein at
scrxYFRoac, meaning that the thiolate has been destabilized. gqilibrium in buffers with different concentrations of GSH
Be_cause the a_tta_c_k of CysZ_OZ on th(aT mixed disulfide (Figure 53nq4 GSSG. Equilibrated samples were quenched by a large
1) is not rate-limiting, th|§ Increase Inépshould not have excess of IAM and analyzed by nondenaturing gel electro-
any effect' on'the reactivity of rXYPFIR . phoresis (Figure 7A).Kscox values of wt scrxYFRgc
Determination of Equilibrium Constants for the Reactions YEFZR and N determined to be 5.4
between Glutathione and the scrxYFP Variarftke equi- SCIXT 400 ANT SCIXT Fijgec WErE determined to be
librium constantKscoy for the reaction between scrxYFP and  0:4: 3:2% 0.2, and 1.30k 0.08, respectively (Figure 7B).
glutathione is defined as This suggests that the 'posmve chqrges stabll|z§ the thiolate
of Cys149 as the leaving group (first hypothesis) and that
ScrXYFR,, + GSSG= scrxYFR,g+ GSH this effect outweigh; the in_teraction betweep the positive
[SCIXYFPss J[GSH] charge of the Arg side chain and the negative charges on
coox = SS ) GSSG. This stands in contrast to the interaction between Arg
[SCrXYFPRs [[GSSG] and 1AA, where the leaving group-effect is irrelevant.
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Ficure 7: Determination oKgox (A) Following equilibration of

scrxYFR e in buffers with varying GSH/GSSG ratios at pH 7.0

and 30°C, samples were quenched with IAM and analyzed
by nondenaturing gel electrophoresis to quantify unmodified
(scrxYFRsy) and glutathionylated protein (scrxYE$. (B) Redox

titration curves of wt scrxYFRoc (O), scrxYFBZ.R (M), and

scrxYFRooq (@) with reduced and oxidized glutathione. Equili-
bration of scrxYFP variants in buffers with varying [GSH]/[GSSG]
ratios were carried out as described inK¢ox vValues are given in
the text.

DISCUSSION

We have used an artificial disulfide bond engineered into
the yellow fluorescent protein (rxYFP) to study the reactivity
and specificity of thiol-disulfide reactions. There are two
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fortuitous, it may also reflect the fact that the positive charge
is distributed over a larger volume in arginine and therefore
is more likely to affect the K, of nearby titratable side
chains. There is a clear inverse correlation between the rate
enhancements in the single mutants and the distance from
the inserted charge to the cysteine residues (Figures 2 and
4). If the contributions to rate enhancement were completely
independent, it would be expected that the rate of the double
mutant relative to the wt would be equal to the product of
the relative rates of the single mutant$9( 20). Not
surprisingly, a comparison of the effects of double mutants
with those of the single mutants shows that the mutual
independence decreases with proximity. Interestingly, the
204R 227R double mutant was expected to give a 5.3-fold
increase in the rate of oxidation with GSSG. The measured
value of 5.4-fold is consistent with the fact that these residues
are the most distant of the three mutated residues (13.6 A
for the G, carbons). On the other hand, the 200 and 227
positions, which are at a distance of 4.9 A for thedarbons,
have predicted versus measured rate enhancements of 12.7
and 8.1, respectively. This trend is also found for HED as
an oxidant. While the 13-fold increase in reactivity toward
glutathione for the triple rxYFPOR204R227TRmytant (Figure

4B) is substantial, it is far from the theoretical 22-fold that
is predicted if the effects of positive charges were completely
independent.

Much of the increased reactivity is due to specific
electrostatic interactions with GSSG, as seen by the much
less pronounced enhancements of activity toward HED and
cysteamine disulfide. Similar investigations of electrostatic
effects on the reactivity of cysteine thiols in peptides have
previously been carried ou6,21). Introduction of three
positive charges in the peptide AYGGCAASQNN-NH,,
obtaining Ac-YGGCRAKRNN—NH,, increased the reac-
tivity toward HED by a factor of 1.7 and GSSG by a factor
of 3.5, while K, dropped from 8.45 to 8.005).

Reduced rxYFP is oxidized by GSSG with a rate constant
in the same order of magnitude as the reaction of DTT with
GSSG [72 and 180 M min™?, respectively 22)]. The 13-
fold increase in reactivity observed for the triple-arginine
mutant of rxYFP, compared to the 3.5-fold increase seen in
the peptide, might be explained by a higher effective
concentration of charge in rxXYFP because of the smaller
conformational flexibility of amino acid side chains in
proteins compared to peptides. The importance of electro-
static interactions between the rxYFP mutants and negatively

aspects of this system that make it unique for these charged reagents was confirmed by comparing the reactions

investigations: (a) the dithieldisulfide pair is located on
the rigid surface of the protein, and (b) the reduction and
oxidation of the disulfide bond can easily be followed in

real time by the change in fluorescence of the YFP scaffold.

We have investigated how the reactivity and specificity of

between negatively charged IAA or neutral IAM and the
single-cysteine variants of wt rxYFP and rxY#f respec-
tively. These experiments showed that the 200R mutation
increased the reactivity at pH 9 toward IAA by 11.9-fold
(Figure 6), whereas IAM reactivity only increased by 1.7-

dithiol—disulfide exchange reactions are affected by modify- fold. The single-cysteine variants were also used to determine

ing the electrostatic environment. We introduced positive
charges in the vicinity of the disulfide bond to test the effect

on the reactivity of rxYFP. Three solvent-exposed residues,

the K, values of the individual redox-active thiols as
described previously for various oxidoreductades 23, 24).
From the (K, determinations, it could be concluded that

Tyr200, GIn204, and Ala227, appeared to be suitable Cys149 was the predominant nucleophile withkg pf 8.9.
candidates for replacement with a positively charged residue.A similar value of 8.7 has been determined for GSH)(
The initial experiments showed that both lysine and arginine and is consistent with the observation tkgpfor the reaction
substitutions increased the reactivity of the respective rxYFP between DTT and oxidized rxYFP is close to tkg, for
forms. However, in all cases, the effects were more pro- the reaction between DTT and oxidized glutathiomg. (

nounced with arginine. Although the difference may be

Interestingly, the |, values of GSH and Cys149 in rxYFP
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are low compared to the thiokp of, for example, DTT (Ka
= 9.2) and 2-mercaptoethanolp= 9.6). It appears that
cysteines in peptides may have lowét,walues than thiols
in non-peptide compound$)(

To determine whether introduction of positive charges
affected the acidity of the predominant nucleophile, tkg p
values of Cys149 in wt rxYFP and rxYPPRwere compared.
This showed that the introduction of an arginine residue at
position 200 resulted in a decrease in tlig pf Cys149 by
0.7 units.

Determination of the equilibrium constant&scox for the
reaction between different scrxYERy variants and GSSG
showed a decrease for the two scrxYFP mutants,
scIXYFB5o8 and scrxYFBLon This confirmed that intro-
duction of positive charges results in a stabilization of
Cys149 thiolate in the rxYFP arginine variants (Figure 7).
The stabilization of Cys149 as a leaving group appears to
have a stronger effect than the putative electrostatic interac-
tion between the introduced Arg residues and the negative
charges on glutathione in the mixed disulfide. In general,
theKscoxValues were close to the ones previously determined
for glutathionylation of protein thiols, where an average value
of 1 has been reporte@%, 26). Interestingly, while all rxYFP
variants had considerably increased reactivities toward glu-
tathione, only two mutants had a significant change in the
equilibrium constantKqy (Where Kox = [rXYFPo][GSH]Y/
[XYFPred[GSSG]). TheKq value of rxYFPR was de-
creased by a factor of 1.7 compared to that of the wt, while
the Kox value of rxYFP?"Rwas increased by 2.6-fold (data
not shown).

Redox-sensitive forms of GFP provide very powerful tools
for detailed analysis of factors affecting the reactivity and
other redox properties of vicinal dithiols. Not only can the
reactions be followed easily in the fluorimeter, in principle,

the combination of nondenaturing gel electrophoresis with 17

fluorescence scanning allows direct assessment of chemical
modifications. We would note that this technique also allows
for distinction and quantification of YFP forms in nonpurified
samples. For example, it has the potential for quantitative
determination of proteolytic cleavage events, phosphoryla-

tion, or other post-translational modifications in cell extracts 19-

without the need for subsequent immunostaining. In conclu-

sion, the presented work has shown that, while reactivity of 2q.

thiols in broad terms is determined bi($ accommodating

for the charge properties of the reactants in specific cases 21-

may be of even greater importance.
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