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ABSTRACT. Human glutaredoxin (GRx), also known as thioltransferase, is a 12 kDa thiol-disulfide
oxidoreductase that is highly selective for reduction of glutathione-containing mixed disulfides. The apparent
pKa for the active site Cys22 residue is approximately 3.5. Previously we observed that the catalytic
enhancement by glutaredoxin could be ascribed fully to the difference betweel tbéifs Cys22 thiol

moiety and the K, of the product thiol, each acting as a leaving group in the enzymatic and nonenzymatic
reactions, respectively [Srinivasan et al. (19Bipchemistry 363199-3206]. Continuum electrostatic
calculations suggest that the lougpof Cys22 results primarily from stabilization of the thiolate anion by

a specific ion-pairing with the positively charged Lys19 residue, although hydrogen bonding interactions
with Thr21 also appear to contribute. Variants of Lys19 were considered to further assess the predicted
role of Lys19 on the K, of Cys22. The variants K19Q and K19L were generated by molecular modeling,
and the K, value for Cys22 was calculated for each variant. For K19Q, the predicted C¥s28 1.3,

while the predicted value is 8.3 for K19L. The effects of the mutations on the interaction energy between
the adducted glutathionyl moiety and GRx were roughly estimated from the van der Waals and electrostatic
energies between the glutathionyl moiety and proximal protein residues in a mixed disulfide adduct of
GRx and glutathione, i.e., the GRx-SSG intermediate. The values for the K19 mutants differed by only
a small amount compared to those for the wild type enzyme intermediate. Together, the computational
analysis predicted that the mutant enzymes would have markedly reduced catalytic rates while retaining
the glutathionyl specificity displayed by the wild type enzyme. Accordingly, we constructed and
characterized the K19L and K19Q mutants of two forms of the GRx enzyme. Each of the mutants retained

glutathionyl specificity as predicted and displayed diminution in activity, but the decreases in activity
were not to the extent predicted by the theoretical calculations. Changes in the respective CysZ2:thiol p
values of the mutant enzymes, as shown by pH profiles for iodoacetamide inactivation of the respective
enzymes, clearly revealed that the K1022 ion pair cannot fully account for the lowKp of the Cys22

thiol. Additional contributions to stabilization of the Cys22 thiolate are likely donated by Thr21 and the
N-terminal partial positive charge of the neighborimgelix.

Many cellular proteins containing sulfhydryl groups are
susceptible to oxidative modifications that change their
biological activity (L, 2). In particular a common modification
under conditions of oxidative stress is formation of mixed
disulfides with glutathione (protein-SSG3+5), and this type

of modification is also considered to be a likely mechanism
of regulation and signal transductio6—9). For example,
the DNA binding activity of nuclear factor 1 and the catalytic
activities of HIV-1 protease and protein tyrosine phosphatase
1B are inhibited by S-glutathionylation (ref®, 11, and12,
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RS-SG RSH Chart 1: Sequence Alignment around the Active Site
1 Cysteine of Various Glutaredoxihs
19 22 25
S $-SG /T GRx_Hu VVFIKPTCPYCRRAQEIL
ORX (en CRX o g GRx_Pig  VVFIKPTCPFCRKTQELL
GRx_Chick TLFVKGSCPYCKNAIVLL
2 GRx2_HuM VIFSKTSCSYCTMAKKLF
GRx2_MoM VIFSKTSCSYCSMAKKIF
- GGISSG doxin (thiol fs” | mechanism. T | GRx_Le AVFSKTYCPFCVSVKDLL
IGURE 1: Glutaredoxin (thioltransferase) mechanism. The centra
portion of the scheme depicts the simple and efficient monothiol GRx_Sc FVAARTYCPYCRATLSTL
catalytic cycle for GRx. The upper left depicts nonenzymatic GRx_Ec VIFGRSGCPYCVRAKDLA
formation of glutathione-containing mixed disulfides which are the Rx V' TIFVKYTCPFCRNALDIL
true substrates for GRX,(13, 14). The side reaction at the lower GRx_ V CPFC
right depicts how formation of the intramolecular G2225 GRx_Hi VIFGRPGCPYCVRAKNLA

disulfide on GRx detracts from ideal catalysk3(19). 2 The alignment was produced by CLUSTAL\®8). The sequences

) ) ) include GRx1 from human (GRxHu, P35754), pig (GRxPig,
respectively). Glutaredoxin (thioltransferase) has been char-p12309), chicken (GRxChick, P79764); human GRx-2; mitochondrial

acterized as a specific and efficient catalyst of protein-SSG precursor (GRx2HuM, Q9NS18); mouse GRx-2; mitochondrial

deglutathionylation§, 13—15), and it is able to restore the 5;05‘:56(;;((13%2&%'\!yp(i%g;)é): 2%?2% ;B_TX(éGRRX%E%QIBGZSFg%));_
binding activity of nuclear factor 110) and reactivate Vaccinia Virus GRx ’(GRx_Vv, P68692); andH. influénzaeer’

glutathionylated PTP1BLQ). Glutaredoxin also catalyzes the (GRx_Hi, P45242).
deglutathionylation of diglutathionylated HIV-1 protease in
a site-specific manner at Cys95, converting the inactive interaction. Simultaneous NMR characterization of the GRx-
enzyme to a superactive form). These and many other  SSG intermediate implicated the Lys19 residue also in
examples where glutaredoxin action restores function to stabilization of the adducted glutathionyl moiety4). A
S-glutathionylated proteins implicate the enzyme as a regula-focus on the Lys19 residue is supported also by the
tion factor in vivo @, 9, 16). occurrence of a positive side chain at that position being
The mechanism of glutaredoxin (GRxcatalysis deduced  conserved in a broad range of glutaredoxins from multiple
from previous kinetics and mutagenesis stud&sl@, 14, species (Chart 1). On the other hand, Arg 26 and Arg 27 are
17—19) involves nucleophilic attack by the GRx Cys22 not conserved.
thiolate on the glutathionyl disulfide bond forming the GRx- ~ We used a continuum electrostatic model to investigate
SSG intermediate, followed by rate-limiting nucleophilic the molecular basis of the lowKp value of the Cys22
attack by a reduced thiol (preferentially GSH) on the GRx- residue. This method has been used to calcultevplues
SSG adduct to return reduced glutaredoxin to the catalytic of ionizable groups in many proteins, including BPTI, T4
cycle (Figure 1). As demonstratetid), the catalytic advan-  lysozyme, serine protease&3], DsbA (24), and thioredoxin
tage of glutaredoxin is directly attributable to the Cys22 (25). In the present study this computational approach
thiolate serving as an efficient leaving group because of its implicated Lys19 and/or Thr21 via ion-pairing and/or
low pK, of 3.5 (17, 20, 21). The catalytic role of the Cys 22  hydrogen bonding interactions as the basis for the 6w p
thiolate is well accepted, but the basis for the lofy palue of the active-site cysteine in human glutaredoxin. To
is controversial. Wells et al. proposed that Arg26 or Lys27 challenge the hypothesis that the Ki1022 ion pair could
or both are responsible for the loviKpof Cys22 according  be the exclusive basis for the lovKpof the C22 thiolate,
to changes in the pH dependence of iodoacetamide inactivaK19Q and K19L mutations of human glutaredoxin were
tion of wild type and R26V and K27Q mutants of pig liver performed in silico, and then the mutants were actually
glutaredoxin 17). On the other hand, we and others proposed constructed, purified, and characterized kinetically. Compu-
a thiol-carboxylate hydrogen bond interaction because atationally the mutants were predicted to retain specificity for
hydrogen bond is less affected by salt screening than an ionglutathionyl disulfide substrates, but to have Cys22 thiq] p
pair, and the i, of Cys22 of human and yeast glutaredoxin values greater than 7 and thus lose most of the catalytic
was not perturbed by changes in ionic streng@® 21). More activity of the WT enzyme. Empirical studies of the actual
recently the structure of reduced human glutaredoxin was mutants confirmed retention of specificity and showed that
solved by NMR 2), identifying the ion pair between Lys19 mutation of lysine 19 does diminish the catalytic rate.
and Cys22. The authors suggested, however, that the lowHowever, the changes were not as large as predicted by
pKa of the Cys22 thiolate was likely due to stabilization by molecular modeling, indicating important molecular contri-
a local positive electrostatic potential resulting from the butions to catalysis besides the Ki1822 ion pair.
composite local environment rather than from a single

BACKGROUND AND THEORY

1 Abbreviations: GSH, glutathione; NMR, nuclear magnetic reso- .
nance; NOE, nuclear overhauser effect; GRx, human glutaredoxin; SC-  The K, values were calculated according to the approach

GRY, single cysteine glutaredoxin (C7S, C25S, C78S, and C82S); SC-of Yang et al. 23) based on the thermodynamic cycle shown

GRX-SSG, single cysteine glutaredoxin in the mixed disulfide adduct ; ; ; ; ;
with glutathione at Cys22; TM-GRYX, triple mutant glutaredoxin (C7S, in Scheme 1 for protonation of a titratable group in solution

C78S, and C82S); TM-GRx-SSG, triple mutant glutaredoxin in the (Si) @nd in the protein environment ijp The particular
mixed disulfide adduct with glutathione at Cys22. program called “§, suite” was kindly provided by Dr. Yang
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Scheme 1: Thermodynamic Cycles of a Titratable Graoup,
Deprotonation in Solution (s) and in Protein (p) Environment

AGg;(AH,A +
AsH sil ) Asi+ Hsi
AG; (AH) AG;(A)
AG,; (AH,A)
pi 5
ApiH Api + Hsi+

(see Acknowledgment). #d and A;H are the protonated
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intrinsic acid-dissociation constanKj', which is defined
as the K, of sitei when all other titratable sites in the protein
are neutral but carry partial charges. Thig]pis given by
eq 2

) . 1
PR = PK3 = ()5 303 AAGT + AAG (2)

and the [, of sitei becomes 4 = pKJ' — ApKY. The
pH-dependent chargeharge interactions of all the titratable

states of the group in solution and in the protein, respectively; groups for estimating\pK; are obtained by calculating the

Ag and A, are the corresponding deprotonated states. H

titration curve for the system, and th&pat sitei is the pH

represents the proton in solution. The procedure has beerat which the group is half-protonated. A hybrid statistical

described in detailA3); therefore it is only summarized here.
The K, of the titratable residuein the protein is given
by

N1
pKy = pKS — ()5 303 ACH(AHA) — AG4(AH.A)] =

0 _ it [AG(A) — AG. -
PKG = 7()5 353 AGI(A) — AG(AH)]
0 _ it AAG
where FKZ is the K, of the isolated amino acid in solution,

AG(AH,A) is the free energy for acid dissociation, and
AG(A) and AG(AH) are the changes in free energy for

mechanical/TanfordRoxby treatment provides efficient and
accurate results for titration curves involving a large number
of titratable groups, even in the case of strongly coupled
interactions 23).

COMPUTATIONAL METHODS

Electrostatic Potential Calculation®elPhi was used to
solve the PoissonBoltzmann equation by finite difference
to estimate the electrostatic potential of the syst2if Z8).
The difference in the reaction field potentiaky in the
term AGirf (eq 3) was obtained for the titratable residue in
the protein with dielectric constaat, of 4 versus the isolated
residue in solution with dielectric constaad; of 80. The
potential AgPe™ for the free energyAAGP*™ (eq 4) is the

transfer of the deprotonated and protonated amino acid frompotential at the site due to partial charges on residues in their
solution to the protein environment as defined in Scheme 1. neutral form. Partial charges from the CHARMMZ22 or

The K¢ values were 3.9 for Asp, 4.3 for Glu, 8.3 for Cys,
10.5 for Lys, 12.5 for Arg, and 6.5 for His. The factpfi)
equals—1 for acidic groups and-1 for basic groupsAAG,;,
the difference in the free energy of ionization in solution

the cvff parameter sets (Accelrys, San Diego) were used in
this study. The solvent-accessible surface was calculated for
a 1.4 A radius probe. The salt concentration was 0.2 M, and
ions were excludg 2 A from the surface. The grid number

relative to that in the protein, has three contributions (egs in each of three dimensions was set to 65 throughout the

a—c):

AAG, = AAG" + AAGP™+ AAG" (a)
AAG{f refers to differences in the reaction field energy of
desolvation, andAAGP*™ is the contribution from interac-
tions with the permanent dipoles in the neutral protein.
AAG{” is the contribution from chargecharge interactions
between residué and the other titratable groups in the
protein. It is pH dependent. The desolvation energy is

(b)

whereA¢'" is the difference in the reaction field potential at

AG" = zqimp”/z

calculations. The focusing method was used to obtain more
accurate boundary conditions. The residue of interest was
first placed in the center of a box with 0.7 grid point/A and
the potential at each grid point calculated. A smaller grid
box (better resolution) was used for subsequent runs with
the potential at the edge of the grid box taken from the
previous run. Four focusing runs were done with 0.7, 1, 2,
and 4 grid points/A.

Glutaredoxin StructuresThe coordinates for 20 NMR
structures for reduced human glutaredoxin (1jt#8) (vere
obtained from the protein data bank (PDB) at Brookhaven
National Laboratory. Cys22 is in the thiolate ionization state
for the NMR structural analysis. The neutral and charged
states of amino acids were modeled in each structure using

the charged atom in the isolated amino acid and in the the HBUILD facility of the CHARMM26 program to “build”

protein. AGP*™ is calculated from the potential\gPe™,

hydrogen atoms in the lowest-energy position from the

arising from all the partial charges of the protein when the known heavy-atom coordinates. Hydrogen atoms were added
titratable groups are formally neutral but with partial charges to the appropriate heavy atom to generate charged His and

assigned for each atom:
(©)

G™*™andG" are equal to zero for the isolated amino acid.

AGiperm: zin¢perm

neutral Asp and Glu side chains. The neutral Lys and Arg
side chains were obtained by deleting oné goton and
the H proton, respectively.

Models for K19L and K19Q variants of GRx were
generated by replacing Lys19 with the desired residue using

A statistical mechanical treatment is needed to estimatethe BIOPOLYMER module within the Insightll program
charge-charge interactions among multiple titratable groups (Accelrys, San Diego). The resulting structures were sub-

in calculating AAG" (23, 24, 26). For this purpose, it is
convenient to determine an intermediat&,pvalue, the

jected to energy minimization using CHARMMZ26 with a
50.0 kcal/&R harmonic restraint potential applied to the
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atomic positions of residues with8 A of Cys22 while the Design and Construction of Glutaredoxin Mutan®te-
coordinates of other residues were fixed. Residue 19 wasdirected mutagenesis was employed to mutate the lysine 19
allowed to move freely. The energy was minimized with the residue of the single-cysteine glutaredoxin (C7S, C25S,
conjugate gradient algorithm until the rms gradient was less C78S, C82S-GRXx) to either a glutamine or leucine residue.
than 0.1 kcal/A. After the minimization procedure, the system The lysine 19 of triple mutant glutaredoxin (C7S, C78S,
was subjected to simulated annealing molecular dynamicsC82S-GRx) was mutated to a leucine residue by employing
with a 5.0 kcal/& harmonic constraint applied to the main the same technique. Forward and reverse primers for each
chain atoms of residues withi8 A of Cys22, and atoms mutant were as follows: glutamine forward;GTG TTC
from other residues were fixed. Simulated annealing was ATC CAG CCC ACC TGC-3 glutamine reverse,'S5CA
carried out for 14 ps at 1000 K with slow cooling to 300 K. GGT GGG CTG GAT GAA CAC-3 leucine forward, 5
Finally, restrained energy minimization using the conjugate GTG TTC ATC TTG CCC ACC TGC-3 leucine reverse,
gradient algorithm was executed until the rms gradient was 5-GCA GGT GGG CAA GAT GAA CAC-3. The tem-
less than 0.05 kcal/A. The Cys22 thiol was assumed to beplates, pET-24d-SC-GRx or pET-24d-TM-GRYX, as well as
ionized during the simulation. Five structures were generatedforward and reverse primers, were added to a reaction
from each NMR coordinate set. The structure with the lowest mixture and allowed to go through 18 cycles of PCR.
total energy was used foiKp calculations. Following PCR, the parental strand was digested uBimg,
K19Q-SC-GRx-SSG ané19L-SC-GRx-SSG were gener- leaving only the newly synthesized mutant DNA. The vectors
ated from the average NMR structure of SC-GRx-SSG containing the desired mutation were transformed into @H5
(1b4g) (14). The NMR structure was first subjected to CellS: _ _
200 steps of steepest-descent energy minimization using Standard Spectrophotometric Assay for Glutaredoxin
CHARMM26 without the electrostatic term, followed by a Activity. The assay mix consisted of equal parts of (a) 0.66
conjugate gradient minimization, including the electrostatic MM NADPH/0.33 M sodium/potassium phosphate, pH 7.4,
interactions with a 13 A non-bond cutoff, until the rms (b) 1.67 mM reduced glutathione (GSH), and (c) Chelex-
gradient was less than 0.1. NMR distance and dihedral treated deionized D and 12 units of GSSG reductase; final
restraints were applied during the minimization to be concentrations in the reaction are 0.2 mM NADPH/0.1 M

consistent with the experimental NMR result. NOE interac- Na/K* phosphate, pH 7.4, 0.5 mM GSH, and 2 units of

HA, were not included in the calculations. The energy- min at 30°C prior to the initiation of the reaction with 1
minimized SC-GRx-SSG structure was used to model the MM L-cysteine-glutathione-disulfide (CSSG); final concen-
glutathionyl mixed disulfide adducts of the mutant gluta- tration in the reaction mixture was 1QM. The reaction
redoxins. The Lys19 residue was replaced with either GIn Was monitored for 5 min at 340 nm using a Molecular
or Leu residues, and the structures were subjected to energyP€vices ThermoMax microplate reader. One unit of GRx
minimization and simulated annealing following the same &ctivity corresponds to zmol of GSSG produced (NADPH
protocols as for GRx except that radial distances for applying ©Xidized) per minute under standard conditions. In some
harmonic restraints and fixed atoms were based on theC@ses a modified assay was used which is the same as
glutathionyl moiety instead of Cys22. Five structures were described above, except the final concentration o_f GSH was
generated, and the one with the lowest total energy was used-22 MM and GSSG reductase content was 4 units/mL. The

for further analysis. modified assay was used so that background reaction rates
were lower than in the standard assay at high concentrations
EMPIRICAL METHODS of CSSG.

Protein Purification.K19 mutant constructs were trans-

Materials.Primers 5>GTGTTCATCCAGCCCACCTGC- formed into BL21(DE3)E. colicompetent cells. Cells were
3, 5-GCAGGTGGGCTGGATGAACAC-3 5-GTGT- cultured until reaching a\soonm Of 1.0 and then induced
TCATCTTGCCCACCTGC-3 and 5-GCAGGTGGGCAA- with 1 mM IPTG to overexpress GRx. After-% h at 37
GATGAACAC-3 for site-directed mutagenesis were pur- °C, the cells were centrifuged at 6aptbr 15 min at 4°C.
chased from Sigma-Genosys. The Quik-Change mutagenesighe pellet was resuspended in 10 mM Khosphate, pH
kit was from Stratagene. DHbcompetent cells and the 7.4, and 1 mM DTT. A French press was used to lyse the
BL21(DE3) strain ofEscherichia coliwere from Invitrogen. cells at a pressure less than or equal to 5000 psi. The lysate
Concert Miniprep kits were from Life Technologie3pnl was centrifuged at 480@0for 20 min at 4°C to remove
and isopropyb-galactopyranoside (IPTG) were from Gibco. cellular debris. The supernatant was treated with 25 mg/mL
Sephadex and Q-Sepharose chromatography resins were frorprotamine sulfate according to tlgsonmreading to remove
Pharmacia Biotech. Micro BCA protein assay was purchasednucleic acids, as described previously) The precipitated
from Pierce. Glutathione (GSH), glutathione reductase nucleic acids were removed by centrifugation at 4&pfa®
(GRase), 24i-morpholinolethanesulfonic acid (MESY;[2- 20 min at 4°C. The supernatant was heat treated in 460
hydroxyethyl]piperazinéN'-[2-hydroxy-propanesulfonic acid] ~ water bath to remove heat sensitive proteins. Precipitated
(HEPPSO), iodoacetamide (IAM), dithiolthreitol (DTT), proteins were removed by centrifugation at 489®6r 20
protamine sulfate, and chelating resin (Chelex) were from min at 4°C. The treated protein solution was poured over a
Sigma. Sodium phosphate, potassium phosphate, sodiunBephadex G-75 size exclusion chromatography column
acetate, sodium citrate, potassium chloride, and sodiumpreequilibrated at £C with running buffer, 10 mM am-
chloride were from Fisher. Ammonium formate was from monium formate, pH 5.8. The elution flow rate was 0.5 mL/
Aldrich. L-Cysteine glutathione disulfide (CSSG) was from min. Fractions were collected and tested for GRx activity
Toronto Research Chemicals. NADPH was from Roche. and total protein content, using the standard GRx assay and
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Micro BCA assay, respectively. Those fractions with the
highest and nearly constant specific activity were pooled. A
final purification was accomplished by passing the pooled
fractions over a Q-Sepharose Fast Flow column to remove
any contaminating nucleic acids. The pure sample was
concentrated and confirmed as a single band on-SBXSGE
and/or HPLC as described previousl¢4). It was then
adjusted to a 20% glycerol stock and stored-&0 °C.

Mass Spectral Analysiddass spectral analysis was used
to determine if the K19 mutants remained specific for the
glutathionylated disulfide substrate. SC-GRx (39) was

keal

incubated with 245M CSSG, 28«M K19Q SC-GRx was Cg !

incubated with 24%M CSSG, and 6uM K19L SC-GRXx o’ i
was incubated with 80tM CSSG. The samples were g 3

incubated for 20 min at 30C. The reaction vial was then 541

placed at £#C pending mass spectral analysis. Mass spectral S 13 5 7 9 11 13 15 17 19

analysis was performed on a Finnigan LCQ electrospray massricure 2: Electrostatic analysis of the Cys22 thiolate. The NMR
spectrometer operated by Paul Minkler (VA Medical Center, structures are numbered so that those with lower calculaked p
Cleveland), as described previouslyl). Exclusive adduction values are designated-5, and structures with higher calculated

: ; . pKa values are 620. The horizontal dotted line is at 8.3, thKp
of the glutathionyl moiety (mass addition #1306 Da) was of cysteine thiol in solution. Plot A: Calculated Cys2Ryvalues

indicative of specificity (see Results). for the 20 PDB NMR structures using the CHARMM22 partial
Kinetic CharacterizationThe K, andVmax values for SC- charge set@®) or cvff partial charge setx). Plot B: Free energy
GRx and the two mutants with the CSSG substrate were gpnt:ribxgcg\pszr%m dﬁsc""a“r?” energigsAG" (D), pgrrrl]wanent
determined using the standard of modified assay for GRx S GAST () sherge eharge hietactonsl, na he s
activity. Instead of initiating with 1 mM CSSG, the reactions  ang cys22 sulfur. The-axis is structure number.
were initiated with CSSG concentrations ranging from 0.05
mM to 10 mM. The final concentrations of CSSG in the |0W pKavalue for Cys22. The calculatetpvalue for Cys22
assay ranged from M to 1 mM. The concentrations of  in the 20 NMR structures of reduced human GRx varied
SC-GRx, K19Q SC-GRx, and K19L SC-GRx in the assay Petween 4.1 and 10.5 when calculated with the CHARMM
were 9 nM, 108 nM, and 154 nM, respectively, reflecting Partial charge set, and between 4.1 and 11.5 with the cvif
their relative specific activities. The concentrations of TM- Partial charge set (Figure 2A). This large range i palues
GRx, K19Q TM-GRx, and K19L TM-GRXx in the assay were IS due to the c_:onformatlonal dn‘ferenpes gmong_t_he NMR
17 nM, 52 nM, and 52 nM, respectively, reflecting their Structures, while the results are relatively insensitive to the
relative specific activities. choice for partial charges. Specific contributions illustrated
with the cvff charge set (Figure 2B) show that interactions
of Cys22 with the partial charges and ionizable groups of
the protein are favorable while desolvation is not favored in

pH Dependence of lodoacetamide Inaation of GRx.
To determine thelg, of the active site cysteine, the enzyme

was incubated with iodoacetamide, a thiol selective alkylating :
. ! o tANGPe™ rf
agent, at different pH values and then assayed for activity, the protein, as expected. We note tha andAAG

analogous to our previous studi€d). The desired concen- terms are strongly inversely corrglated, corresponding to the
tration of enzyme (WT-GRX, 0.66M; TM-GRX, 0.664M: opposing energetlc effects from_mtramolecula_r protein _Cou-
SC-GRx, 1uM: K19Q SC-GRx, 14uM; K19L SC-GRx lombic interactions and o!esolvatlon, as recognized previously
16 4M: K,19Q T’M—GRx, 7uM: Ki9L TMlGRx, 3 4M) was’ (30). The structural basis for the range dfgvalues was

incubated with 30&M iodoacetatmide (IAM) and pH buffer examineq, and a strong interaction with Lyslg.and a smaller
for 3 min at room temperature. A 100-fold dilution of the desolvation penalty were found to be the major factors for

reaction mixture into an ice-cold assay mix quenched the reducing the Ka value of Cys22. The NMR structures

iodoacetamide reaction. Activity of the enzyme was deter- distribute into four graups With_ respect to thei_r calcul_ated
mined using the standard assay for GRx activity. The percentpra(;’ alggs. In dstrucitgres—l{ (F|g|ure 3A), tthet.sme ¢ dh_atlns
activity remaining after treatment with iodoacetamide was g ¢ ys Lanlg Nys d carezéng(': olse ct?]n ac2’5 Ae F'IS ance
determined by comparing the GRx activity of samples etween Lys and Lys IS 1ess than 2. (Figure

incubated in the presence and absence of iodoacetamide #C)- Thef %’ergg?sfon”i?‘u“ﬁn t109 the _ghaﬂfmeg]ge frfe
the indicated pH values. Buffers used were as follows: Na energy or L.ys rom the Lys19 residue for these four
citrate, pH 2.0, 3.0, and 3.5: Na acetate, pH 3.5, 4.0, 4.5’structures.|s—6.5 kcal/molz correspond|_ng to a 4.7 unit
and 5.0; MES, 5.0, 5.5, 6.0, and 7.0; and HEPPSO, pH 7.0,d€crease in the Cys2Xg i.e., the proximity of Lys 19
8.0, and 9.0. All buffers were 10 mM in concentration, and accounts for a decrease ipof Cys22 from 8.3 to 3.6. An

ionic strength was adjusted to 0.5 M in all cases by addition NcT€2s€ N the salt concentration from 0.20/2xM did not
of the appropriate amount of NaCl or KCl significantly affect the calculated chargeharge interaction

energy (6.1 kcal/mol) with the Lys19 charged side chain.
RESULTS AND DISCUSSION This result_ is con;istgnt with the experimental observation
that changing the ionic strength from 0.@52 M does not
Computational Studies. pKof Cys22 Side ChainThe affect the apparentify of the Cys22 thiolate20). Upon close
conformational variation inherent to NMR structures was examination of these structures one finds that the methylene
exploited to try to understand the chemical origin of the very groups of the Lys19 side chain interact with several
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Ficure 3: Four groups of structures classified according to calculakgdsplues: Cys22 is shown in yellow, Thr21 is shown in red, and
Lys19 is shown in blue. (A) These structures (1 to 4) gave calculdfgdglues below 8.5. (B) This structure (5) gavelg palue of 5.5
but did not form an ion pair with Lys19C) Overlap of structures (6 to 16) with conformations that gave calculdgdadues above 8.5
because of higihAG™ values. (D) Overlap of structures (17 to 20) with conformations that gave calculétechjues above 8.5 because
of high AAGPe™ values.

In the second group (Figure 3B), the structure (5) is
predicted to have a lowly value for Cys22 equal to 5.5,
but the contact between Cys22 and Lys19 is not close. In
this case a more favorableAGPe™ reflects stabilization of
the Cys22 thiolate by hydrogen bonding interactions involv-
ing Cys22 with the hydroxyl side chain of Thr21 and the
. R backbone NH, as well as numerous other weaker polar
% 7.9 1 13 15 17 19 interactions. The hydrogen bond interaction between Cys22

tructure number and Thr21 is also found in one structure of the group shown
FiGure 4: Calculated poteptials from 'Ly519, Arg26, and Arg27 i, Figure 3A. This structure (3) has a predictet,equal to
3263&8%’2,%5 égﬁsgfﬁé’nﬁéggﬁ’ﬁésggzé g_ % ,\;_Or these 4.1 which is about 2 unit.sllower than the values for the other
three structures. In addition t8"AGPe™ the second group
. ) (structure 5) has a reduced magnitude MAG™. This
hydrophobic residues, such as the Thr48 methyl group, Il€47, 4iminution in the desolvation penalty for the charged thiolate
and Val69. These interactions can sequester the ammoniumyiihin the protein is a property of the overall conformation
charged group in a relatively solvent-inaccessible space. In¢,. this structure. A relatively favorabl&AGPe™ due to
contrast, other nearby basic residues, Arg26 and Arg27, havery o1 and other polar interactions, combined with a reduced
well-s_olvated side chains and_ the interactions would _be 'essmagnitudeAAG” (Figure 2), leads to the reducepfor
effective compared to Lys19 in stabilizing the C22 thiolate. ,i<"strcture being a result of a more general feature of this
As shown in Figure 4, the most favorable potential at the . ain conformation, rather than a single primary electro-
position of the Cys22 th'ome arising from Arg26 and Arg27 - gi4tic interaction. Nonetheless, both ion-pair interactions with
among 20 NMR structures 150.28 kcal/ mo_l aneFO:22 keall Lys19 and hydrogen bonding with Thr21 are candidates for
mol, respecfmve_ly. Furthermore, these interactions dependserving to lower the K. of Cys22. Since the estimated
strongly on ionic strength; th? vglues decrease by a faCtorstabilization from Lys19 is observed in four structures to be
of 2 when the salt concentration increases to 2 M. Wells et . qjqeraply stronger than that from Thr21, variants of Lys19

al. proposed 'that Ar926 s respontsible.for. the IoK_/a wf were studied in silico and then tested empirically (see below).
Cys22 according to iodoacetamide-inactivation studies of the

R26V variant and the R26V, K27Q double variant of pig _ Structures 6 to 16 are predicted to hake palues greater
liver glutaredoxin 17). The iodoacetamide reactivities of than 8.5 and have a buried Cys22 side chain but no stabilizing

both variants were very low and pH independent over the interaction with Lys19 (Figure 3CAs such, formation of a
range pH 2.5 to pH 8.5 compared to the wild-type enzyme, charged th|olate would be highly unfavorable given this
which displayed a typical titration profile over the pH range conformation. Here, the unfavorabdAG™ values are offset
2.5 to 4.5. This result is anomalous, suggesting that the Py favorableAAGP™, but are not further compensated by
apparent K. of Cys22 in the mutants would be greater than significantly IQW AAGY values. The overall result is high
8.5. Since R26 and K27 appear to be well solvated normally, PKa values (Figure 2A,B).

the loss of IAA reactivity may be better interpreted as alack  In the final group of structures (17 to 20) (Figure 3D),
of accessibility of the Cys22-thiol in the mutant enzymes to high K, values are predicted even though the Cys22 side
IAA, rather than to simple removal of the positive side chains chain is better solvated and shows more favorabeG'

of Arg26 and/or Lys27. values (Figure 2B). In keeping with the inverse correlation
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in AAGPe*™and AAG™ noted above, an increase AAGPe™

Biochemistry, Vol. 45, No. 15, 20061791

reaction rate simply by increasing the concentration of

due to fewer interactions with partial charges accompaniesthiolate species. When th&pof the thiol is 6.0,>90% of

the decrease iMAG™. As a result, the I§, of Cys22 is
relatively high.

As seen in the present studycalculations are sensitive
to local conformation. Thekly, values calculated from NMR

the nucleophile is in the thiolate form at pH 7.4. Further

decrease inlg, would not increase the thiolate concentration

substantially, and actually detracts from the rate of the

reaction as nucleophil®1). Nevertheless, the initial reaction

structures in which Cys22 thiolate interacts with Lys19 and/ of the enzyme with the disulfide substrate occurs rapidly,
or Thr21 are lower and more consistent with the reported and the turnover of the enzym&SG intermediate is rate
experimental value of 3.%( 20). The K, values calculated  limiting. Thus, the active cysteine of glutaredoxin (Cys22,
for structures in which Cys22 interacts weakly with Lys19 pK, 3.5) provides the catalytic advantage by serving as the
are substantially greater than the experimental value. Basedeaving group 18). Cys32 of thioredoxin (€. = 6.7),
on the conformations calculated to have lodypalues, we on the other hand, is more likely to enhance only the
would conclude that a strong Cys2Rys19 interaction is rate of nucleophilic attack and have little effect as leaving
the basis for stabilization of the thiolate ion and the altered group.
pKa of Cys22 in GRx. Further, since the structures with a  Prediction of Glutathionyl Specificity of the K19Q-SC-
short Cys22-Lys19 distance yield good agreement between GRx-SSG and K19L-SC-GRx-SSG Mutants from Steric
the predicted K, and previous experimental results for the Considerations of the Glutathionyl Moiety with Adjacent
wild type enzyme, these structures are considered more likelyProtein ResiduesAs a first approximation to evaluate the
representative of reduced glutaredoxin in solution, while the effect of the K19Q and K19L mutations on the specificity
other NMR structures with predictedpvalues near neutral  for glutathione, the steric fit at residue 19 was characterized
or higher cannot be heavily populated. Therefore the NMR from nonbonded interactions. Electrostatic and van der Waals
structure which gave the most reasonablig palue, i.e., energies were calculated (using structures generated as
consistent with previous empirical data, was chosen as thedescribed under Computational Methods) between the ad-
starting structure for constructing K19Q and K19L mutants. ducted glutathionyl moiety and protein residues within 8 A
Similar calculations have been reported using NMR of this moiety. The nonbonded energies kir9Q SC-GRx-
structures foE. coli thioredoxin @5) whose active-site thiol ~ SSG andK19L-SC-GRx-SSG were-184 and—185 kcal/
group of Cys32 has afa value near neutral. Interaction with  mol, respectively, compared t6192 kcal/mol forWT-SC-
the thiol of Cys35 (analogous to Cys25 in glutaredoxin) was GRx-SSG. The difference is less than a 5% change, despite

found to modulate thek, of Cys32 (analogous to Cys22 in
glutaredoxin). Although 13 out of 20 NMR structures for

the loss of ionic interactions with a Lys residue, and suggests
that the variant proteins could stabilize the glutathionyl

glutaredoxin have a hydrogen bond interaction between Cysmoiety similarly to wild type. The Arg67 side chain moves

25 yH and the Cys22-thiolate@), this interaction does not
significantly lower the K, of Cys22 according to our

closer to the peptide carboxyl group of Gly @uring the
molecular dynamics of modeling to help stabilize both variant

calculations. However, mutation of Cys25 (C25S) does forms. Thus it is predicted that recognition of glutathione

change the impact of Lys19 mutations on thg pf Cys22.
No positive side chain is found in proximity to Cys32 for

would not change substantially for either of the mutants at

the first step of catalysis where the GRx-SSG intermediate

thioredoxin, unlike the case for glutaredoxin Cys22. This is formed, and that glutathionyl specificity should be retained.
distinction for the stabilization of the catalytic cysteine This prediction was borne out by the empirical data (see
thiolate between Lys19 (glutaredoxin) and Cys35 (thio- below).

redoxin) suggests a basis for the different catalytic mecha- pK, Values for the Cys22-Thiol Moiety of the K19Q and
nism of the two enzymes6( 14, 16, 18). The moderately =~ K19L Mutants of GlutaredoxinK19Q and K19L variants
lowered K, of the C35-thiolate on thioredoxin serves as a of glutaredoxin were modeled as described in Computational
better nucleophile to initiate the first step of attack on the Methods. The K, values estimated by the same procedure
disulfide substrate. On the other hand, the very ld of used for the wild-type enzyme are 7.3 and 8.3, respectively.
the C22-thiolate on glutaredoxin serves as a better leavingAccording to the calculations, only small perturbations on
group in the second step involving GSH attack on the GRx- the K, result from the protein environment, consistent with
SSG intermediate to turn over the enzymé)( Lys19 being the major source of stabilization of the Cys22
thiolate. Structures of the two variants are shown in Figure
5 superimposed on the wild-type protein structure corre-
sponding to the lowest calculated pvalue (structure 3,

= 4.1). Structural perturbations due to the mutations are
localized to side-chain conformations. The primary basis for
the difference in K, values between the two variants and

RueS + S-SR > RuueS..S ... SRy > RuueS-S + SRy
[ \ \
R R, R,

For a typical thiot-disulfide exchange reaction where a
thiolate anion (R, attacks one of the two sulfurs of the
disulfide bond, the central sulfur (ScRwill be the one with the wild-type enzyme is the\G" term (charge-charge
higher K. The lower the K, of the leaving sulfur (SR), interactions) (Figure 6). The basis for this difference is clear
the faster the rate, according to the Brgnsted linear freein Figure 5; the chargecharge interaction of the wild type
energy relationship3{): between Lys19 and Cys22 thiolate is only partially com-

pensated by the hydrogen bonding interaction with GIn19

log k= ¢ + By PKagnuey T Be PRay T Big PKagg) in one variant and eliminated altogether by the Leul9

substitution. These conformational factors are reflected in
the lower Cys22AAGP*™ and associatediy value of the

K19Q variant. These calculations show some qualitative

For reactions occurring at physiological pH (pH7.4),
lowering the (K, of the nucleophilic thiol increases the
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mutations of K19 would not interfere with the substrate
specificity of the enzyme. The K19 SC-GRx mutants, as well
as SC-GRx, were incubated with a 10-fold excess of
L-cysteine-glutathione disulfide (CSSG), in the absence of
glutathione, such that the enzyme was trapped in the
intermediate disulfide form. For SC-GRX, like WT-GRY, it
is known that the intermediate form of the enzyme is GRx-
SSG (3, 14). This form can be detected through mass
spectral analysis by exclusive adduction of the 306 Da moiety
to the enzyme X4), distinguishing glutathionyl-enzyme
disulfide formation from cysteinyl adduction derived from
the other half of the CSSG. For each K19 SC-GRx mutant,
as for SC-GRx, only one peak was detected, showing a 306
: Da shift relative to the unreacted enzyme. These results
FiGURE 5. Superimposition of the active site of glutaredoxin  document exclusive adduction of the glutathionyl moiety and
(yellow), K19Q mutant (red), and K19L mutant (blue). confirm retention of enzyme specificity in the K19 mutants.

10 Had either mutant lost specificity, an equal mixture of the
glutathione-adducted enzyme and cysteinyl-adducted enzyme
5 ] - would have been observed. Such nondiscrimination was
= documented when the analogous single-cysteine mutant form
§ 0 of thioredoxin was reacted with cysteine-glutathione disulfide
(CSSG) 14).
-5 Kinetic Characterization of K19 GRx Mutantshe
relationship between theKp of the leaving group and the
-10 overall catalytic rate of the enzymatic reaction for thiol
WT K19L K19Q disulfide exchange reactions can be explained using the

FiIGURE 6: Comparison of free energy contributions from desol- Brgnsted linear free energy relationship (log= ¢ + fBnuc
vation, permanent dipole, and chargeharge interactions for wild- PKauey + Be PKaey + Big PKagg), as decribed above.
type glutaredoxin and the K19L and K19Q mutants. The pattes accordingly, for a given homologous set of thiol disulfide
of bars are as follows: no fill foAAG™, black for AAGPe™ light o . .
gray for the chargecharge interactionAAGY, and dark gray for exchange reactions, each one-unit deprease 'r?Kbefﬂhe
the total free energy. leaving group corresponds to a 4-fold increase in the second-
order rate constant; i.e., the relative rates are giveAloy
agreement but do not correspond quantitatively to what is 44PKJ (31, 32). Srinivasan et al. showed this to fit for GRx-
found empirically for the K19 variants (see below). mediated deglutathionylation of BSA-SSE3J. This concept
Empirical Studies of Glutaredoxin K19 Mutani$ie NMR is illustrated by the modeling predictions described above.
study that served as a basis for modeling the K19 mutantsMutation of the K19 residue was predicted to increase the
was performed using the single-cysteine glutaredoxin (SC- Cys22 (K, and thereby decrease enzyme activity. Accord-
GRx; C7S, C25S, C78S, C82S)4). SC-GRx lacks all ingly, The K19Q and K19L mutants were predicted to retain
cysteines except the catalytically active Cys22. This form only 0.5% and 0.1% of wild-type activity, respectively.
of the enzyme obviates the formation of any nonspecific ~ Kinetic characterization of both sets of K19L and K19Q
intra- or intermolecular disulfide bonds, which might com- mutants relative to SC-GRx and TM-GRx was carried out
plicate the kinetics. It was previously shown to retain using the modified assay of GRx activity (see Empirical
specificity for glutathione-containing disulfide substrates Methods). All of the K19 mutants demonstrated a decrease
(14). Therefore, it was chosen as one of the forms of the in the apparen¥n relative to the corresponding parental
GRx protein in which to test the K19 mutations. SC-GRx enzymes (see Figures 7 and 8; Tables 1 and 2). K19L-SC-
differs from WT-GRX in that it has &max and Ky, 2-fold GRx and K19Q-SC-GRx exhibited 33% and 20% of SC-
higher than the wild-type enzyme, which is consistent with GRx activity. K19L-TM-GRx and K19Q-TM-GRx both
its inability to form an intramolecular C22C25 disulfide, displayed approximately 21% of TM-GRx activity. Based
which detracts from catalysid4) (see Figure 1). A second on the Brgnsted linear free energy relationship as previously
cysteinyl mutant of glutaredoxin that we characterized applied to the WT-GRx enzymd.), Vimaxis dependent on
previously was also used to test the K19 mutations. This the K, of the C22-thiolate as leaving group. Accordingly,
enzyme, triple mutant glutaredoxin (TM-GRx; C7S, C78S, decreases iVma for the mutants would be attributed to
C82S), retains both Cys22 and Cys25, which reside at theincreases in thelfy, of the C22-thiolate, as predicted by the
active site. TM-GRXx has kinetics indistinguishable from those computational analysis (above).
of WT-GRx, and it was used to evaluate how the K19  An important alternative explanation for the decrease in
mutations would affect WT-GRXx properties without potential apparent/naxis focused on the nucleophilicity of the second
complications from the peripheral cysteindsl) substrate, GSH, which is responsible for turning over the
Studies of Substrate Specificitlass spectrometry was enzyme intermediate. Srinivasan et al. showed that GSH has
utilized, as described previousiy14), to assess whether an enhanced nucleophilicity with respect to other thiol
mutation of the lysine 19 residue of GRx would affect the compounds in turning over GRx-SS@§j. Thus, mutation
specificity of the enzyme for glutathionylated substrates. of the lysine 19 may interfere with the interaction between
Computational modeling predicted that the selected isostericthe glutathionylated enzyme intermediate and GSH, which
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Table 2: Kinetic Properties for TM-GRx, K19L TM-GRx, and
- K19Q TM-GRx
o
> Vimax Km? VimaxdKm Cys22 K,
e GRx form  (min™) (uMm) (min~t uM™1) (pH)
€
= ™ (WT) 2000 40 50 3.6
3 K19L 410 35 12 3.7
5 K19Q 420 48 9 3.7
aCSSG at 0.25 mM GSH. See Empirical Methods and captions to
Figures 8 and 10 for experimental details.

05 1.0 15 2.0
CSSG (mM) affinity for the second substrate in the reacti@4)( A similar
FiGURE 7: Kinetic parameters for SC-GR®Y, K19Q SC-GRx scenario can be envisioned in' the case of GRx. I'nteraction
(m), and K19L SC-GRx ¢). A modified assay for glutaredoxin ~ Of GSH with the GRx-SSG intermediate may induce a
activity was used to determingnaxandKn. The concentrations of ~ conformational change leading to destabilization of the
L-cysteine-glutathione disulfide (CSSG), the prototype substrate, djsulfide bond of the intermediate, thus enhancing turnover
were varied as indicated, while the concentration of glutathione ¢ 41 enzyme. Pertinent to this consideration, the average
(GSH), the second substrate, was held at a fixed concentration of :
0.25 mM. The concentration of the coupling enzyme, glutathione NMR structure of SC-GRx-SSG shows the K19 ammonium
reductase (GRase), was 4 units/mL. The concentrations of SC-GRx,ion in association with the carboxylate of the glycine moiety
K19Q SC-GRx, and K19L SC-GRx in the assay were 9 nM, 108 of glutathione {4); therefore it is reasonable that substitutions
nM, and 154 nM, respectively, reflecting their relative specific at the K19 position may alter the efficiency of formation of
ﬁr%t;gtgséh\évgs:ﬁbg[mr bars are not evident, they are within the the GRx-SSG intermediate and/or the orientation of the
disulfide bound glutathionyl moiety.
pH Dependence of lodoacetamide Inaation of Gluta-
redoxin Mutants: C22 pKValues.Molecular modeling
predicted an increase irKp of the active site cysteine from
3.5 to 7.3 for the K19Q mutant and from 3.5 to 8.3 for the
K19L mutant. The pH dependence of inactivation of the
respective mutant glutaredoxin enzymes by iodoacetamide
was used to determine thé&pvalues of their active site
cysteines (see Empirical Methods). THé,pf SC-GRx was
determined to be 4.2 0.09, a value which agrees with
previous data35) (see Figure 9). Thely, values for the
o5 10 15 20 K19L-SC-GRx and the K19Q-SC-GRx mutants were deter-
CSSG (mM) mined to be 4.6+ 0.05 and 5.0+ 0.11, respectively (see

FIGURE 8: Kinetic parameters for TM-GRx#), K19Q TM-GRx Figure 9). Consistent with th‘e!ma% values for the K19-SC

(m), and K19L TM-GRx ®). A modified assay for glutaredoxin GRx mutants, thelg, values relative to the parental enzyme
activity was used to determing,.xandK,. The concentrations of ~ Were increased; however, the magnitude of the changes was
L-cysteine-glutathione disulfide (CSSG), the prototype substrate, considerably less than predicted by the modeling. The
were varied as indicated, while the concentration of glutathione diminution in activity is qualitatively consistent with the

(GSH), the second substrate, was held at a fixed concentration of ; ; ;
0.25 mM. The concentration of the coupling enzyme, glutathione theoretical calculations (above). However, the discrepancy

reductase (GRase), was 4 units/mL. The concentrations of TM- Petween the predictions and the experimental outcome
GRx and K19L TM-GRx in the assay were 17 nM and 52 nM, defeats the hypothesis that the Ki©22 ion pair deduced

respectively, reflecting their relative specific activities. Where error from the NMR structure of WT-GRx2Q) is the sole basis
bars are not evident, they are within the limits of the symbol. for the low K, of the C22-thiolate.

— _ A very different relationship was found between predicted
Table 1: Kinetic Properties for SC-GRx, K19L SC-GRx, and K19Q 5 experimentally observedKpvalues for the K19 mutants

Turnover (min! x 103)

SC-GRx in the TM-GRx background. Theky values for TM-GRX,

f Viax - Ka VialKm — Cys22 [Ka K19L-TM-GRx, and K19Q-TM-GRx were determined to be
CRxform _ (min7) (M)  (min*xM7) (pH) 3.6+ 0.06, 3.7+ 0.09 and 3.7= 0.08 (see Figure 10). Thus,
SC (WT) 4200 92 46 4.2 in the TM-GRx background the decrease¥/ijfnyxvalues for
Eig'{? 1‘;28 ;gg % g'_g the K19 mutants doot correspond to increases ip i.e.,

essentially no changes ifrKpwere observed. One explanation
for disengagement between changes in activity and changes
in pKa, for the K19 mutants of TM-GRx might come from a
may alter the efficiency of GSH as the second substrate andchange in the relative contribution of the side reaction in
decrease th¥nax 0f the reaction. This possibility is suggested which the GRx-SSG intermediate spontaneously forms an
by analogy to the glutathione-S-transferase mechanism,intramolecular disulfide (as depicted in Figure 1). This side
where GSH binding to glutathione-S-transferase Al-1 re- reaction diminishes the steady-state level of GRx-SSG and
quires thea-carboxylate of glutathione to be present for requires more GSH (higher appard§t for GSH) to drive
catalysis to occur 33). Allardyce et al. reported that the intramolecular disulfide back into the catalytic cycle. This
glutathione binding to glutathione-S-transferase induces arelationship was demonstrated previously by the distinction
conformational change leading to a change in apparentbetween the kinetics of WT-GRX and TM-GRXx relative to

a2 CSSG at 0.25 mM GSH. See Empirical Methods and captions to
Figures 7 and 10 for experimental details.
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C22 thiol K, and K, for the first substrate (cysteinyl-
glutathionyl-disulfide, CSSG) are all altered by mutation of
K19 (Figure 7 and Table 1). This situation focuses the
interpretation on changes in the first step of the catalytic
reaction, i.e., formation of the GRx-SSG intermediate. As
described above, an ion-pair interaction involving the K19
ammonium ion and the carboxylate of the disulfide-adducted
glutathionyl moiety of the SC-GRx-SSG intermediate may
be an important contributing factor to the efficiency of
formation of the intermediate. Accordingly th&, for the
CSSG substrate would be increased by substituting uncharged
amino acids for K19.

On the other hand, in the TM-GRx background mutation
of K19 decrease¥nax but does not alter the C22-thioKp
or theK, for the first substrate CSSG (Figure 8 and Table
PH 2). This remarkably focused effect implicates a selective

EEURE 9t3 ?ys%ﬁ ;KaHdgtermigation f?r_ SdC'GRtX a_r:jd K19 t'SCE' change in the second step of the reaction scheme (Figure
X mutants. ‘{hé pri dependence ot lodoacetamite Inaclivation 1y —in particular a change in the special effectiveness

of SC-GRx @), K19Q SC-GRx M), and K19L SC-GRx¢) was ' o .

used to determine thekg of Cys22. To determine theia of the (nucleophilicity) of GSH as the second substrate relative to

active site cysteine, the enzymes were incubated with iodoacetamideother thiol compounds. In other words, no chang&nfor
(IAM), a thiol selective alkylating agent. The desired concentration CSSG focuses attention on a chemistry effect in step 2, likely
gfcegg)f(neléiﬁ)'c\"‘z? i#gﬂg;ﬁ%%%%%ga I1A47Ll\;llvflé)ra(r3]dmli<n19a% involving the relative orientation of the disulfide bound
room ter’nperature and then assayed using the standard assay f&lutathlonyl m0|e_ty a_nd the incoming GSH as second
glutaredoxin activity after a 100-fold dilution into the assay mix. Substrate, or stabilization of the deprotonated form of GSH.
Buffers used were as follows: Na citrate, pH 2.0, 3.0, and 3.5; Na Either of these possibilities could involve ion pairing with
acetate, pH 3.5, 4.0, 4.5, and 5.0; MES, 5.0, 5.5, 6.0, and 7.0; the K19 ammonium moiety and be disrupted by replacement
?;er?t%ﬂgr']" aYrig'io?{i%st?gﬁ ?ﬁ?,;,aélla(?ﬂggg t(‘;"grg lvll?n g‘l:\"ca'g‘esof K19. Hence control of local conformation, involving the
by addition of the appropriategamount Ojf NaCl or KCl. C25 residue_, may distinguish the kinetic effects of mutating
the K19 residue.
The mutations of K19 were originally performed using
] » the SC-GRx form of the enzyme under the assumption that
80 | the C25S mutation would have little effect on the,of the
) active site cysteine (C22). However, the C25S change does
60 | have a significant effect on the C2Ky raising it from 3.6
1 for WT-GRXx to 4.2 for SC-GRx. This indicates that Cys25
40 1 also plays a role in stabilizing the thiolate anion of C22.
] The highest observedpvalue was 5 (K19Q-SC-GRXx), still
] well below the usual ig, value (i.e., 8.4) of solvent-exposed
0 : ' ' : : Cys-thiols on proteins. Therefore, there must be additional
1 5 3 4 5 6 7 mechanisms for stabilization of the C22-thiolate anion of
oH glutaredoxin besides those contributed by K19 and C25.
FIURE 10: Cys22 [, determination for TM-GRx and its K19Q Another candidate for stabilization of the C22 thiolate

and K19L mutants. The pH dependence of iodoacetamide inactiva- 210N 1S _thg partlallp.o§|t|ve charge_ from th? N-terminus of
tion of TM-GRX (#), K19Q TM-GRx @), and K19L SCGRx®) an a-helix in the vicinity of the thiolate anion. Work by
was used to determine th&pof Cys22. To determine thep of Kortemme and Creightor86) showed that cysteine residues
the active site cysteine, the enzymes were incubated with iodo- gt the N-terminus of am-helix in model peptides have

acetamide (IAM), a thiol selective alkylating agent, at different pH ; ; ; ; ;
values. The desifed concentration of enzyme (TM-GRx, @5 decreased thiol K, values relative to cysteine residues in

K19Q TM-GRXx, 74M; and K19L TM-GRx, 3uM) was incubated ~ Unfolded model peptides. An even larger decreaseinp
with 300 4M IAM and then assayed using the standard assay for 0bserved when the cysteine residue is followed by a proline.
glutaredoxin activity after a 100-fold dilution into the assay mix. This is the case for the active site regionP{QFC) of
Buffers used were as follows: Na citrate, pH 2.0, 3.0, and 3.5; Na mammalian GRx1 and most of the GRx forms shown in

acetate, pH 3.5, 4.0, 4.5, and 5.0; MES, 5.0, 5.5 and 6.0. All buffers o4 1 except for mammalian GRx2 which displays lower
were 10 mM in concentration, and ionic strength was adjusted to

0.5 M in all cases by addition of the appropriate amount of Nac| Catalytic activity 87). The proline residue is thought to lock

100

80 |

60

40

% Activity Remaining

20 |

100

20 ¢

% Activity Remaining

or KCI. the thiolate into a position that allows a more favorable
interaction with thex-helix N-terminal partial positive charge
SC-GRx which cannot form the intramolecular disulfidd)( (36). However, the largest decrease i pbserved for a

Thus, the overall reaction rate depends on the concentrationcysteine-thiol attributable to stabilization by thehelix and

of the GRx-SSG intermediate, and any change in its steadythe succeeding proline residue in the model peptides was
state concentration correspondingly would affect the overall 1.6 pH units 86). Again, this interaction alone cannot
reaction rate. However, this steady state appears to beaccount for the large decrease in the CysZ, pf the
affected by different mechanisms in the SC-GRx form glutaredoxin active site. Based on the NMR analysis,
of the enzyme compared to TM-GRx. With SC-GRAax, hydrogen bonding of the Cys22 thiolate with the hydroxyl
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group of Thr21 may also play a role in stabilization of the
active site. The close agreement between the predidfed p
and the measured value for the natural form of GRx indicates
that the physical origin of the lowky is captured in certain

NMR deduced structures, but the essential elements are not

entirely clear. Overall stabilization by a well-designed polar
environment with minimal desolvation penalty, rather than
a single interaction such as Lys19, is most likely involved.

CONCLUSION

According to theoretical calculations the molecular basis
for stabilizing the Cys22 thiolate was predicted to relate
largely to an ion-pair interaction (C22-8-"NH3-K19), with
some contribution from a hydrogen bond interaction involv-
ing T21. Although these calculations involve assumptions
about dielectric models and conformational differences

between protonated and unprotonated species that can limit

the predictive power of the results, the insight on specific
electrostatic interactions allows informed experimental de-
sign. According to proximity, Lys19 was identified as the
major contribution to the stabilization of the Cys22 thiolate
through chargecharge interaction. Hydrogen bonds with the
Thr21 hydroxyl group and polar interaction with the juxta-
poseda-helix may also contribute to stabilization of the
thiolate anion. In addition, the entire structure surrounding
Cys22 influences the magnitude of the energetic penalty for

3

4.

9.

10.

11.

desolvation. Together these factors contribute to charge ,,

stabilization of Cys22 thiolate leading to the alterd<}, pf
Cys22. K19L and K19Q mutants of glutaredoxin were
predicted to retain glutathionyl specificity but to lose catalytic
activity due to higher i, values for their C22-thiol moieties.
However, single site mutagenesis provides only a limited
capability toward probing the physical basis underlying
altered fX, values when a structural framework is involved
in generating the surrounding electrostatic environment.
Nevertheless, empirical data agree qualitatively with the
predictions; but thelg, values for the mutants were increased
by less than 1 pH unit, indicating that the K19 interaction is
not the only contributing factor to the lowKp of the C22-
thiol. In all cases mutation of K19 did diminish catalytic
activity indicating its critical contribution to catalytic turn-
over, an interesting outcome of the computational and

empirical experiments. In the larger picture, this study has 17.

emphasized that 3-D structure elucidation and molecular
modeling are valuable for developing specific mechanistic

hypotheses to be tested by complementary mutational studies, 1g.

although not all factors identified computationally are
amenable to probing experimentally by mutagenesis.
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