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ABSTRACT. Thioredoxin reductase (TR) fror@rosophila melanogaste(DmTR) is a member of the
glutathione reductase (GR) family of pyridine nucleotide disulfide oxidoreductases and catalyzes the
reduction of the redox-active disulfide bond of thioredoxin. DmTR is notable for having high catalytic
activity without the presence of a selenocysteine (Sec) residue (which is essential for the mammalian
thioredoxin reductases). We report here the X-ray crystal structure of DmTR at 2.4 A resoRyfigr~
19.8%,Ryee = 24.7%) in which the enzyme was truncated to remove the C-terminal tripeptide sequence
Cys-Cys-Ser. We also demonstrate that tetrapeptides equivalent to the oxidized C-terminal active sites of
both mouse mitochondrial TR (mTR3) and DmTR are substrates for the truncated forms of both enzymes.
This truncated enzyme/peptide substrate system examines the kinetics of the ring-opening step that occurs
during the enzymatic cycle of TR. The ring-opening step is-3800-fold slower when Sec is replaced

with Cys in mTR3 when using this system. Conversely, when Cys is replaced with Sec in DmTR, the
rate of ring opening is only moderately increased-86-fold). Structures of these tetrapeptides were
oriented in the active site of both enzymes using oxidized glutathione bound to GR as a template. DMTR
has a more open tetrapeptide binding pocket than the mouse enzyme and accommodates the peptide Ser-
Cys-Cys-Ser(ox) in a cis conformation that allows for the protonation of the leaving-group Cys by 'His464
which helps to explain why this TR can function without the need for Sec. In contrast, mTR3 shows a
narrower pocket. One possible result of this narrower interface is that the mammalian redox-active
tetrapeptide Gly-Cys-Sec-Gly may adopt a trans conformation for a better fit. This places the Sec residue
farther away from the protonating histidine residue, but the low&mb Sec in comparison to that of Cys
eliminates the need for Sec to be protonated.

Thioredoxin reductase (TR)is a member of the glu- The proteins of the GR family are homodimeric with a
tathione reductase (GR) family of pyridine nucleotide- three domain modular architecturg, @). Each monomer
disulfide oxidoreductases. Members of this family accept contains a N-terminal FAD binding domain followed by a
reducing equivalents in the form of NADPH via an enzyme NAD(P) binding domain, each a variant of the Rossman
bound cofactor (FAD). These electrons are transferred to an

enzyme disulfide (as a charge-transfer complex) and then to  : apbreviations: Ac, acetyl; CCG, the tripeptide Cys-Cys-Gly; CNS,
the target substratel,(2). High M; TRs, approximately  crystallography and NMR system; CUG, the tripeptide Cys-Sec-Gly;

55 kDa per subunit. are unique in this family of enzymes DEAE, diethylaminoethyl; DmTR, thioredoxin reductase fr@roso-

b th tai d tive disulfid t ghila melanogasteDTNB, 5,5-dithio-bis(2-nitrobenzoic acid); EDTA,
ecause they contain a second reactive aisulliae center a thylenediamintetraacetic acid; FAD, flavin adenine dinucleotide;

the C-terminus, which after becoming reduced, attacks the GCCG, the tetrapeptide Gly-Cys-Cys-Gly; GCUG, the tetrapeptide Gly-
target substrate thioredoxin (Trx), a 12 kDa protein that plays Cys-Sec-Gly; GR, glutathione reductase; GSH, reduced glutathione;

; ; GSH |, interchange glutathione; GSH I, first leaving-group glutathione;
a key role in cellular redox homeostasis. GSSG, oxidized diglutathione; HPLC, high-pressure liquid chroma-

tography; MALDI-TOF, matrix-assisted laser desorption ionization time
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papap fold. The two are oriented in a head to head fashion
to place the flavin and nicotinamide in proper orientation
for electron transfer3). The active site is located in an
extendedx-helical segment, connecting strand two to strand
three in the parallel sheet of the FAD domain. The redox
active site sequence Cys-Val-Asn-Val-Gly-Cys (CVNVGC)
is conserved within the family, with the N-terminal cysteine
(Cys) responsible for thiol disulfide exchange and the
C-terminal Cys forming the charge-transfer complex with
the flavin 6). The C-terminal domain is the dimerization
domain for this class of proteins and is a five-stranded
antiparallels-sheet with twoo-helices on either side. Only
the homodimeékris physiologically relevant.

Oxidized diglutathione (GSSG), the substrate for GR,
consists of two molecules of glutathione (GSH) that form
anintermoleculardisulfide bond. GSH | (one-half of GSSG)
is associated with chain A, whereas GSH Il is associated
with chain B. Two phases compose the catalytic cycle of
GR: areductive half-reaction and an oxidative half-reaction.
During the reductive half-reaction, the FAD-associated
disulfide from chain A is reduced upon the consumption of
electrons from NADPH. The oxidative half-reaction is the
reduction of GSSG that results in the reoxidation of GR.
The intermediate in the oxidative half-reaction is the mixed
disulfide formed between the Cys of GSH | and Cys58 from
chain A @). This step is referred to as the interchange.
Histidine467 from chain B has been identified as the acid/
base catalyst in GR7{ for the protonation of the leaving-
group thiol of GSH and is conserved in higfy TRs.

High M; TRs can be mechanistically differentiated from
GR by the presence of an extra thiaisulfide exchange
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Ficure 1: Proposed pathway for transfer of electrons to Trx by
DmTR. Cys57 is the interchange residue (Cysh7and Cys62 is

the charge-transfer residue (Cys@2 Once Cys57 becomes reduced
by the flavin cofactor, it initiates attack on the 8-membered ring
formed by adjacent Cys residues on the C-terminus on the opposing
subunit. The reduction of this 8-membered ring is the additional
thiol—disulfide exchange step not found in GR. We refer to this
step in the reaction mechanism as the ring-opening step, and it is
highlighted in red in the diagram. Once this ring is reduced, the
attacking nucleophile (Cys490nitiates attack on the disulfide bond

of Trx. The prime designation indicates residues that are on the
adjacent subunit.

from C. elegangwhich has a Gly-Cys-Cys-Gly motif) also
has a high activity towardt. coli Trx (13). Because there
are no flanking Ser residues in this enzyme to help explain
its high activity, the question of how nonselenium-containing
TRs can function with high activity remains unanswered.

A general reaction mechanism for the reduction of Trx
by DmTR is shown in Figure 1. Once the C-terminal Cys-
Cys dyad becomes reduced, a thiolate nucleophile attacks
the disulfide bond of Trx to initiate reduction of the substrate.
In Figure 1, we show this nucleophile as residue '490
Though there is no direct evidence in the field that Cy$490
is the attacking nucleophile, this residue occupies the same
position as Sec in the mammalian enzyme. Because the

step, which is added to the enzyme before the target substrat@resence of the Sec residue in mammalian TR is essential

can be reduced. This additional thialisulfide exchange step

is analogous to the reduction of GSSG in GR and utilizes a
16 amino acid C-terminal extension, characteristic of TR,

which contains a vicinal Cys-Cys dyad that forms an

intramoleculardisulfide. Upon reduction of this dyad by the

for its hydrogen peroxidase activity and is likely to be the
nucleophilic residue in the peroxidase reaction, it is thought
that Sec must be the attacking nucleophile in the reduction
of Trx as well (L2, 14). Thus, by analogy to its mammalian
counterpart, we show Cys498s the attacking nucleophile

N-terminal redox center (on the opposite chain), the substrateln Figure 1.

(Trx) can then be reduced. Mammalian TRs are distinguished

in this group because they contain the rare amino acid

In order to explain why mammalian TR requires Sec but
DmTR can utilize Cys, we have solved the 2.4 A X-ray

selenocysteine (Sec, U) as part of the C-terminal redox-activecrystal structure of DmTR. We demonstrate that tetrapeptides

motif Gly-Cys-Sec-Gly (GCUG)&, 9). Drosophilia mela-
nogasterTR (DmTR), also a higtM; TR, lacks Sec as part

of this motif and has the C-terminal sequence Ser-Cys-Cys-

Ser (SCCS)10, 11). Thus, highM; TRs can be divided into

in the oxidized, monomeric-cyclic form, equivalent to the
C-terminal active sites of both mammalianTR and DmTR,
are substrates for the truncated forms of both enzymes
missing the C-terminal redox center. We used the NMR

enzymes that contain Sec and those that have a conventionastructures of these tetrapeptides to orient the tetrapeptide

Cys residue.

The replacement of the catalytic Sec residue in the
mammalian enzyme with a Cys residue results in a large
decrease in catalytic activityL ). It was, therefore, surprising
to learn that DmTR (lacking Sec) has high activity toward

motifs in the active site to propose an explanation for why
DmTR can catalyze the reaction without a Sec residue.

MATERIALS AND METHODS
Materials. Vent DNA Polymerase, Nde I, Kpn |, Eco RI,

its cognate Trx, thus demonstrating that the presence of at4 pNA ligase, and chitin agarose beads were purchased
Sec residue is not required to catalyze the reduction of thefom New England Biolabs, Inc. (Ipswich, MA). The DEAE

catalytic disulfide bond of TrxX0, 11). Gromer et al. 10).

sephacel resin, DTNB, NADPH, NADM-methylmercap-

proposed that it is the flanking serine (Ser) residues in the gacetamide (NMA), and bovine pancreatic insulin were
SCCS motif that aid in deprotonating the catalytic Cys pyrchased from Sigma-Aldrich (St. Louis, MO). The Fast
residue, thus obviating the need for Sec in this enzyme. oy 6 |ow-substitution phenyl sepharose resin was pur-
However, it was recently reported that the mitochondrial TR chased from Pharmacia-Amersham Biosciences (Uppsala,
Sweden). All other chemicals were purchased from Fisher

2 The subunits are referred to as chain A or chain B and residues Scientific (Pittsburgh, PA) and were of reagent grade or
from chain B are denoted with a prime designation. better.
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Cloning and Expression of TR from Drosophil@he >95% by 12% SDSPAGE and by the ratio of the
DrosophilaTR clone (accession number AF301144), was a absorbance at 280 nm to the absorbance at 460 nm. The
generous gift from Stephan Gromer. For the production of concentration of homodimeric TR was determined using the
DmTR inE. coli, we subcloned the coding region of DmTR flavin extinction coefficient of 22.6 mM cm™ (17).

(via PCR amplification) into plasmid pTYB1 of the Impact Enzymatic Characterization of TlEach TR preparation
System from New England Biolabs to generate an intein- was assayed for activity toward DTNB and Trx as described
fusion protein. Primers were purchased from Integrated DNA by Arnér et al. (L7). All assays were performed on a Cary
Technologies, Inc. (Coralville, IA). The upstream primer was 50 UV/VIS spectrophotometer from Varian (Walnut Creek,
of the sequence 'SAACAGACATATGGCGCCCGTG- CA) at 25°C at pH 7.0 and were initiated by the addition of
CAAGG-3. The downstream primer,-ACAGCCGGTAC- enzyme. Activity was monitored over 2 min, and the initial
CCTTGGCAAAGCAGCTGCAGCAGCTGGCCGG-3wvas velocity was determined from a linear fit. Plots \&§/Er in
designed for the production of the full-length TR containing min~* (mole of NADPH consumed per minute per mole of
the C-terminal tetrapeptide Ser-Cys-Cys-Ser (S€ESY). homodimeric TR) versus substrate concentration were fit to
A second downstream primer;-BCAGCCGGTACCCT- the Michaelis-Menten equation using KaleidaGraph 4.02
TGGCAAAGCAGCTGGCCGGCGTGGGG 3 was de- from Synergy Software (Reading, PA).

signed for the production of a truncated TR, removing the  The DTNB assay contained 0.2 mM NADPH and 10 mM
C-terminal tripeptide CC%8? 4L EDTA in 100 mM potassium phosphate. For each con-

The PCR reaction mixtures contained 100 pg of template centration of DTNB, activity was background corrected by
DNA, 50 pmol of each primer, 2 units of Vent DNA the addition of only the buffer. Activity was measured
Polymerase, and-23 mM magnesium chloride in a volume by the increase in absorbance at 412 nm and calculated
of 100uL. Each PCR was performed on a GeneAmp PCR using the extinction coefficient for thionitrobenzoic acid
System 2400 from Perkin-Elmer Life Sciences, Inc. (Boston, (13.6 mM* cm™1). The concentration of TR in the assay
MA) using 25 cycles with the following parameters: 96 was 2 nM for mTR3 and 5 nM for DMTR.
for 45 s, 50°C for 30 s, and 72C for 180 s. The product The Trx assay contained 0.15 mM NADPH, 1 mM EDTA,
was analyzed by analytical agarose gel electrophoresis andand 1 mg/mL insulin in 50 mM potassium phosphate buffer.
then purified using QIAquick Purification Kit from Qiagen  Background activity was corrected at each concentration of
(Valencia, CA). The PCR product and plasmid pTYB1 were Trx by measuring th\A340 upon the addition of only the
each incubated with Kpn | and Nde Irf@ h at 37°C, buffer. Activity was measured by the decrease in absorbance
purified using the QIAquick kit, then ligated at T& for at 340 nm for the consumption of NADPH and calculated
16 h using T4 DNA ligase at 37C. E. coli DH5a cells using an extinction coefficient of 6200 M cm™t. The
were made competent via the Inoue methd) @nd then concentration of the enzyme in the assay was 25 nM for
transformed with JuL of purified DNA. The culture was  DmTR, 2 nM for semisynthetic mTR3, andi for each
plated onto LB agar containing 2Q@y/mL ampicillin and of the mTR3 Sec-Cys mutants.
incubated at 37C. Individual colonies were used to inoculate Activity of Truncated TR toward C-Terminal Tetrapeptide
100 mL of LB containing 20&g/mL ampicillin and allowed  SubstratesTetrapeptides Ac-GCUG(0x), Ac-GCCG(0x), Ac-
to shake at 37C overnight. Plasmids were purified using SCUS(ox), and Ac-SCCS(ox) were prepared by Fmoc solid-
the QIAfilter Plasmid Prep Midi from Qiagen, screened by phase peptide synthesis and oxidized to the monomeric form
1% analytical agarose gel electrophoresis, and verified by using a newly described procedure for making disulfide
sequencing at the DNA Analysis Core Facility, Vermont bonds on resini@). The peptides were purified by prepara-
Cancer Center, University of Vermont. tive HPLC and verified as intramolecular disulfides by

Cloning and Expression of Mouse Mitochondrial TiRe MALDI-TOF mass spectrometry using a Voyager-DE PRO
wild-type form of mouse mitochondrial TR (mTR3) (C- from Applied Biosystems (Framingham, MA). The peptides
terminal sequence Gly-Cys-Sec-Gly) was produced by semi-were treated as substrates for the truncated DmTR and mTR3
synthesis, whereas a Sec-to-Cys mutant of mTR3 (C-terminalusing conditions similar to those of the DTNB assay, and
sequence Gly-Cys-Cys-Gly) was produced by mutagenesisenzyme concentrations were adjusted to get a signal at
as previously described ). A second mutant of mMTR3 with 340 nm as is seen in the Trx assay. Activity was measured
a C-terminal sequence of Ser-Cys-Cys-Ser was also producedby the decrease in absorbance at 340 nm for the consumption
by mutagenesis (via PCR amplification). The downstream of NADPH, corrected for background in the absence of
primer used for this mutant was of the sequenc¢e 5 enzyme and inthe absence of substrate, and plotted as mole
ACAGCCGCTCTTCAGCAGGAACAGCAA- of NADPH consumed per minute per mole of homodimeric
GAAGTCACAGTAGGCTCC-3. TR.

Purification of TR.The detailed method for producing TR Crystallization of TR from DrosophilaPurified DmTR
has been previously described and was utilized for both was dialyzed against 10 mM potassium phosphate at pH 7.4
mouse androsophilaTRs (16). Both TRs are expressed with 300 mM NaCl and 1 mM EDTA and then concentrated
as a TR-intein-chitin binding domain fusion protein i to 26 mg/mL. Crystals were grown at ZIC using the
coli ER2566 cells. The protein is affinity purified using chitin  hanging drop diffusion method with a reservoir solution
agarose beads with TR cleaved away from the intein using containing 200 mM succinate at pH 5.5 and 22% PEG 6000.
70 mM NMA at pH 8.0. The TR purity was improved using Hanging drops were 1@L with 6 uL of protein, 3uL of
phenyl sepharose chromatography with elution using anreservoir, and IuL of 10 mM NADP. Crystals (280x
ammonium sulfate gradient (1.0 to 0 M), followed by DEAE 100 x 100 um3) were fully developed in 57 days.
sephacel chromatography using a linear gradient of 10 to Cryoprotection was achieved by dipping the crystal in
300 mM NacCl to elute the protein. Purity was judged as reservoir solution containing 4% increments of ethylene
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glycol for 4 min per step until a final concentration of 20% Table 1: DTNB Reductase Activity dbrosophilaand Mouse TRs
was achieved.

. o ) enzyme kear (Min) Km (MM)
Data Collection, Structure Determination, and Refinement. DMTR.SCCS Y 0171002
Data were qollected at169 °C using a Rigaku RU-H;R DMTR-& 142483 092+ 015
generator with a copper rotating anode on a Mar345 image mMTR3-GCUG 1250+ 70 0.47+ 0.09
plate detector. The data were indexed using DENZO and  mTR3-G 935+ 49 2.72+0.43
scaled and merged using SCALEPACKI]. The structure aThe full-length Drosophila enzyme with C-terminal sequence

of rat TR1 (pdb 1H6V) was used for molecular replacement SCCS.? This mutant is truncated (missing residues CCS from the
routines with CNS (v 1.1)20). The cross-rotation search - e 2 e with C-ferminal sequence GCUDS mutant
ylelded. a single peak 28 above the mean, and. _the ist%ncated (missi%g residues CUG from tﬂe C-terminus) so that Gly521
translational search found a peak@adbove the mean. Rigid- s the C-terminal amino acid.

body refinement reduced thefactor to 0.46 for data from

15 to 2.4 A. Data were processed using space giR&Mh
Model building was based upon simulated-annealing omit
map interpretation with the graphics program @ZI)(

Table 2: Thioredoxin Reductase Activity 8frosophilaand Mouse
Enzymes

Successive rounds of refinement were performed by simu- enzyme kear (Min™) Km (M)
lated annealing, occupancy, aBdfactor refinement using Bnﬁg-gCCS 346+ 16 141+ 12
1 m - no act|V|ty no act|V|ty
CN_S_and EcriPAsz,(fl)D. In the :Iater sf;[age? ﬁfArSgnen"!ent, tﬂe mMTR3.GCUG 2290+ 78 67646
position of the FAD as well as that of NAC (mlr_1ust e mTR3-G no activity no activityy
nicotinamide moiety) was determined by fitting omit maps. mTR3-GCCQ 7.6+0.7 123+ 8
Final refinement was performed using REFMACZ3) in mTR3-SCCS 5.0+0.6 32+ 8.8
CCP4 version 5.0.2 with the entire model as a single TLS  aResuilts for the semisynthetic enzyme have previously been reported
group. in ref 16 (16). ® The full-length mouse enzyme with C-terminal sequence
- . - - . c - I - i
C-Terminal Peptide Structure and Dockifhe oxidized SSSSG The full-length mouse enzyme with C-terminal sequence

tetrapeptides Ac-GCUG(ox), Ac-GCCG(ox), and Ac-

SCCS(ox) were examined by NMR spectroscopy and found o .
to exist as a population of four major conformers (Deker, P. results indicate that the truncated forms of both TRs retain

B. and Hondal, R. J., unpublished work) as has been quite high DTNB reductase activity (148% of the full-length
previously described for a similar peptide with a vicinal €NZyme in the case of DmTR and 75% of the full-length
disulfide bridge 24). Each of the four conformers was placed €NZyme in the case of mTR3).

at the reaction interface proximal to the conserved flavin- 1hioredoxin Reductase Aotly. Wild-type DmTR, trun-
associated active site sequence CVNVGC of both DmTR ¢&ted DmTR, semisynthetic mTR3, truncated mTR3, and two
and mTR3 (pdb 1ZKQ)Z5). Because of the high similarity mutants of mTR3 (containing C-terminal tetrapeptlde se-
between the reaction mechanisms of GR and TR, we useddUences GCCG or SCCS) were alfso tested for activity toward
the orientation of oxidized glutathione (GSSG) in the active & Noncognate Trx fronk. coli, which has been used as a
site of GR (pdb 1GRA, 3)) to orient the structures of our stand_ard_m the flgld for measuring TR acuvnﬂj. AII_ of
oxidized peptides in the active site tetrapeptide binding the kinetic data is summarized in Table 2, including the
pocket of TR. The disulfide bond of the oxidized peptides Previously reported activity of our semisynthetic mTR3,
was placed in an orientation similar to that of the disulfide Which has very high activity toward. coli Trx (16).
bond of GSSG and evaluated for the potential to form the Mutation of the catalytic Sec residue to Cys in the mam-
interchange mixed disulfide as well as for the positioning malian enzyme _dramaucally lowers the catalytic activity of
of the leaving group with respect to the catalytic histidine "€ €nzyme, which has been demonstrated previously by us
of GR. Additional restrictions on the placement of the peptide (16) and others12, 26). In light of the proposal by Gromer
were imposed by the covalent interchange mixed disulfide @1d co-workers 0), we made a second mutation to this
structure of GR (pdb 1GRE3)). Using the two GR enzyme in which the flanklng Gly re5|due§ were replaced
structures, priority was given in peptide modeling to the first With Ser so that the C-terminal tetrapeptide sequence of
step (interchange) of the GR GSSG-dependent oxidative half-MTR3 was SCCS, as in the enzyme fr@osophila The

reaction by the super-positioning of theg @nd sulfur (or results s_how tha}t when the qatalytic Sec_ residue of the
selenium) atoms to the interchange cysteine of GSH |. mammalian TR is replaced with Cys, activity cannot be

Independent fits for each peptide were performed for both restored when the flanking Gly residues are mutated to Ser,
cysteines in peptide SCCS(ox) or the Cys and Sec in peptide!n 2@greement with a recently published stu@y)(

GCUG(ox) as the interchange residue. Alignments were It sho.uld be noted that DmTR_has much higher activity
performed using the graphics program Z1) toward its cognate Trx thaR. coli Trx (11) so that when

comparing cognate substrates, DmTR would have much more
RESULTS robust activity when comparing the two enzymes (DmTR

still has 16% of the activity of the semisynthetic mouse

DTNB Reductase Acity. Truncated TRs missing the final enzyme, Table 2). Th&, of DmTR for E. coli Trx is

three amino acids (abbreviated as DmTR-S and mTR3-G in 141 uM, which is about a 20-fold increase over the cognate
the data Tables), full-length DmTR and a semisynthetic DmTRx-2 (10) and is not unexpected for a noncognate
version of mTR3 (containing the last three amino acids CUG) substrate 13).
(16), were tested for their ability to reduce DTNB. A Truncated TR as a Disulfide ReductaBerring the course
summary of this kinetic data is presented in Table 1. The of developing our semisynthetic technique for the construc-
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Table 3: Summary of the Relative Activities toward Tetrapeptides for the Truncated Forms of MouBeosoghila TRs* and Ratio of
Peptide Turnover Rates for the Truncated Forms of MouseDandophilaTRs

(A) Summary of the Relative Activities toward Tetrapeptides (turnover rate in‘inirM)

enzyme Ac-SCCS(0x) Ac-SCUS(0x) Ac-GCCG(ox) Ac-GCUG(ox)
mTR3-G 0.21 107.3 0.06 18.5
DmMTR-& 57.0 7)) 322.6 B) 2.4 (40) 87.04.7

(B) Ratio of Peptide Turnover Rates
SCUS/SCCS GCUG/GCCG GCUG/SCCs SCCS/GCCG SCUS/GCUG

enzyme (Sels) (Sels) (Sels) (SIS) (Se/se)
mTR3-G 511 308 88.1 35 5.8
DmTR-S 5.65 36.2 1.5 33.7 3.7

aThe rate of peptide turnover was determined at pH 7.0 in potassium phosphate buffer as described in Materials and 'Métaadsio of
rates (fold difference) for DmTR-S and mTR3-G are given in parentheses in bold text.

tion of mammalian TR, we discovered that oxidized peptides If we compare the decline in the rate of ring opening to the
corresponding to the missing amino acids of the truncated ratio of k.: values for the reduction of Trx by mTR3-GCUG
enzyme could act as substrates for the truncated enzi@pe (  and mTR3-GCCG (292), we see that they are nearly equal.
This is reasonable because as part of the enzyme, the oxidizetHowever, our semisynthetic wild-type enzyme is a 91% full-
form of the C-terminal tetrapeptide must be reduced by the length enzyme (as judged by the selenium content); therefore,
N-terminal redox-active dithiol during the enzymatic cycle. thek.yvalue for the wild-type enzyme should be somewhat
A disulfide bond formed between vicinal Cys-Cys (or Cys- higher. If we use thé&., value of rat TR1 (2500 mirt) (12),
Sec) residues results in the formation of an eight-memberedthen the ratio ok., values increases to 329. A reasonable
ring, and this assay examines the kinetics of the ring-openinginterpretation of this result is that much of the reduction in
step that occurs during the enzymatic cycle of TR TR activity observed when Sec is replaced by Cys in the
(Figure 1). For example, the oxidized tripeptide Cys-Sec- mammalian enzyme is due to the decline in the rate of the
Gly-OH(ox) is a substrate for mTR3 when added to the assayring-opening reaction.
mixture containing NADPH and truncated TR (Supporting  Overall, these experiments indicate that replacement of
Information Figure 1). When the selenium atom is replaced Sec with Cys in the mammalian enzyme drastically decreases
with a sulfur atom in the homologous peptide CCG(0x), there the rate of ring opening. Conversely, a Cys-to-Sec substitu-
is very little activity (0.81 mint). In contrast, peptide CUG-  tion in this reaction step for DMTR results in a slight increase
(ox) is reduced at a rate of 260 min indicating that the in rate. The flanking serine residues of the SCCS tetepeptide
ring-opening step is greatly affected by the replacement of motif in DmTR have a modest impact in increasing the rate
a selenium atom with a sulfur atom in the mammalian of this step for both enzymes (3.5-fold for mTR3 and 23.7-
enzyme. fold for DmTR). This point will be further elaborated in the
We subsequently tested oxidized tetrapeptides as substrateBiscussion section.
for both truncated enzymes so that we could fully examine  Crystal Structure of TR from DrosophilA representative
the effect of flanking residues on either side of the Cys-Cys crystal used to collect the data is shown in Supporting
or Cys-Sec dyad. This unique peptide complementation Information Figure 3. The crystal belongs to the space group
system allows us to investigate the electron transfer to the R32 and has a single monomer in the asymmetric unit, and
C-terminus from the conserved N-terminal redox-active the physiological dimer is generated by the 2-fold symmetry
center in a manner that is more analogous to that of GR andaxis. The final model has aR.e value of 24.7% at a
its cognate substrate GSSG. We tested tetrapeptides Actesolution of 2.4 A (Table 4). Truncated DmTR has 488
GCUG(0x), Ac-GCCG(0x), Ac-SCCS(ox), and Ac-SCUS- residues of which residues-884 were observed definitively
(ox) (all as the oxidized, monomeric-cyclic peptides) as in the electron density and deposited in the final model (pdb
substrates for the truncated forms of DMTR and mTR3. A 2NVK). Residues 485488 showed discontinuous density
summary of the kinetic data for ring opening using the two and highB-factors, which agrees with previous results where
different truncated TRs is given in Table 3Section A. The the electron density of the C-terminal tail containing the
low affinity observed between all peptides and both enzymes, second redox active disulfide of the enzyme was either very
is probably the result of minimal binding contacts in this weak or absent in the crystal structures of rat TR8) @nd
noncovalent TR/peptide system (as shown by the kinetic plotsmTR3 5). The overall fold is as expected for a GR family
in Supporting Information Figure 2). member with an N-terminal FAD-binding domain, an NAD-
The ratio of peptide turnover rates for truncated mTR3 (P)-binding central domain, and a C-terminal dimerization
and DmTR are given in Table 3, Section B. The data in domain (Figure 2). The positions of the FAD and NADP
Table 3, Section B demonstrates a dramatic difference inwere verified during refinement by multiple iterations of
the rate of peptide turnover in this step of the reaction annealing while omitting the cofactors. The enzyme has low
mechanism. In the mammalian enzyme, we see that replacingaffinity for the oxidized form of the NADP cofactor, which
the C-terminal Sec residue with a Cys residue (compare Ac-is evident in the crystal structure by the absence of clear
GCUG(0ox) to Ac-GCCG(ox)) demonstrates that there is a density for the nicotinamide moiety and highfactors for
308-fold decline in activity, whereas replacing the C-terminal the remaining atoms of the cofactor.
Cys residue of peptide Ac-SCCS(ox) with a Sec residue in  The DmTR model has a rms residual of 0.84 A upon least-
DmTR results in a small increase in peptide turnover (5.65). squares superposition of thexGitoms to those of mTR3
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Table 4: Crystallographic Statistics for Thioredoxin Reductase from
Drosophila melanogaster

cell parameters

space group R32
a b, c(A) 151.487
151.487
134.259
data collection statistics

resolution range (A) 152.4

unique reflections 22,987

completeness (%) 98.7 (9023)

redundancy 7.85

Rinerge (%)P 5.9

llo 36.8 (2.8)

model statistics
Rworkc 19.8
Riree® 24.7
number of atoms, non-hydrogen

protein 3684
ligand 92
water 121

rms deviation, bonds (A) 0.011

rms deviation, angles) 1.359

Ramachandran plot (%)

most favored regions 89.0
additionally allowed 9.6
generously allowed 0.7
disallowed regions 0.7

aThe number in parentheses denotes the highest resolution shell.

b Rmerge= 22I(h); — [(h)ZZI(h), wherel (h); is thejth measurement of
diffraction intensity of reflectiorh, and i(h)Clis the average intensity

of reflectionh for all j measurement$.Ryork = Z(|Fo| — |Fe|)/Z|Fol.

4 Ryee is calculated using a test set of 10% of the reflections excluded
from refinement.

Ficure 2: Crystallographic structure of the TR froBrosophila

The homodimeric model of DmTR with chain A is shown in green
and chain B is shown in gray. The SCCS(ox) tetrapeptide in the
C+ is oriented with Cys489as the interchange and is shown in
space-filling model format. NADP without the nicotinamide moiety
is indicated in blue and FAD in dark red. The prime designation
for residue numbers indicates the B chain of the TR homodimer,
and the resulting images were generated in PyMBQ).(

(pdb 1ZKQ), 1.15 A to rat TR1 (pdb 1H6V)2@), and
1.16 A to human GR (pdb 1GRA). DmTR shares 55%

Biochemistry, Vol. 46, No. 16, 2004699

r .(..‘._"35?- N

196 118 114 117 404
DniTR1 WHKLVQSVQNHIKSVNWVTRVDLRDK  PTEFFIP
AmITR WEALRTAVQNHVKSVNWVTRVELRTK  PTEFFIP
AgTR WATLTESVQNHIKSVNWVTRVDLRDQ PTEFFIP
MrTR3 WKTMAEAVQNHVKSLNWGHRVQLQDR ~ PLEFTVA
HsTR2 WRKMAEAVQNHVKSLNWGHRVQLQDR ~ PLEFTVA
RnTR1 ~ WEKMTESVQNHIGSLNWGYRVALREK PLEWTVP
CeTR1 ~ WNHLRDSVQDHIASLNWGYRVQLREK PLEYTIS

Ficure 3: Tetrapeptide binding pocket where thialisulfide
exchange occurs between the FAD-associated active site from chain
A and the C-terminal disulfide of chain B for DMTR. Panel A is

a close-up view of the SCCS(ox) tetrapeptide (blue) in the C
conformation with Cys 48%s the interchange residue positioned

in the DmTR structure (green) with an overlay of the mTR3 (pdb
1ZKQ) colored in salmon pink. Panel B is a multiple sequence
alignment generated with ClustalVB1) with either the pdb ID or
accession number in parentheses. Cys-containing TRs are shown
in blue letters and Sec-containing TRs are shown in red letters.
The sequences are TR1 frdin melanogaste(AF301144_1), TR

from A. mellifera linguistica(AAP93583.1), TR fromA. gambie
(CAD30858.1), TR3 fromM. musculus(pdb 1ZKQ), TR2 from

H. sapiendQ9NNW?7), TR1 fromR. nowegicus(pdb 1H6V), and

TR1 from C. elegangAF148217_1). The alignment shows helix

3 from chain A with turns 3-6 in the shaded portion along with
the loop from the dimerization domain of chain B. The numbering
is in accordance with the TR fromrosophila

347. Helix 1 contains the conserved Lys26, previously
suggested as a potential anchor for the carboxyl terminus
(28), whereas helix 2 contains the conserved active site
sequence CVNVGC.

Helix 3 is of particular interest because each of the residues
projecting toward the interface are smaller compared to the
mammalian enzymes containing Sec (Figure 3A). For
DmTR, the residues are Vall10, Thrl14, and Aspl117, as is
the case forA. gambie and A. melliferg which have
C-terminal sequences similar to that of DmTR (TCCS and
SCCS, respectively). Although valine occupies position 110

sequence identity with mTR3, and the majority of sequence in DmTR, bulkier amino acids Leu or lle are found at the

deviations are found on external loops, primarily in the
NADP-binding domain. A distinct difference in the structures
is observed at the tetrapeptide binding pocket where-thiol

equivalent position in mammalian TRs. Threoninel1l4 of
DmTR is replaced by either His or Tyr at this position in
the mammalian enzyme (Figure 3B). The amino acid at

disulfide exchange takes place between the FAD-associatedposition 117 is most variable when comparing sequences,

disulfide and the C-terminal disulfide motif of the adjacent

Asp in DmTR but is the bulkier GIn (numbered 146) in

monomer of TR. This represents the Rossman fold helical mTR3. Additionally, in both mammalian TR structures (rat

face of the FAD domain where helix 1 is residues-29,
helix 3 is residues 97121, and helix 6 is residues 335

TR1 (28) and mTR3 25)), these residues also project toward
the interface.
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In addition to residue substitutions in helix 3, the widening formation of the subsequent mixed disulfide intermediate
of the tetrapeptide binding pocket is contributed to by the (pdb 1GRE). The comparison of these two GR structures
rotation of helix 3 away from the active site and toward the shows that the primary difference is the movement toward
dimer interface. This is analogous to the rotation observed each other of the interchange Cys (Cys58 of GR) side chain
for the equivalent helix in trypanothione reductase when and the Cys side chain from GSH |. Using GSH | of GSSG
compared to that in GR for accommodation of the larger as a reference, each tetrapeptide was fit such that the position
trypanothione substrat®9, 30). The movement is limited  and angle of the interchange cysteines were equivalent.
to turns 3-6 of the 7-turn helix from Asn105 to Leull8 Altogether, we evaluated eight possible orientations for a
(this is Asn134 to Leul47 in 1ZKQ) with a maximum shift given tetrapeptide in the active site of TR because each of
of 1.68 A at Val110. The source of this shift does not appear the four conformations can be overlaid with the sulfur atoms
to be a function of residue substitutions at the packing of GSSG in two different orientations (by rotation of 280
between helix 2 and 3 but rather a packing interac- which would either place the N-terminal Cys in the inter-
tion between His106 in helix 3 and Phe40Bhis residue is  change position or the C-terminal Cys in the interchange
within the helix between strands 3 and 4 of the dimerization position. Upon alignment of the sulfur atoms of peptide
domain of the second molecule and follows a conserved SCCS(ox) with the sulfur atoms of GSSG, it is clear that
bulky hydrophobic residue, which packs within the dimer- peptides in the & conformation place the leaving-group
ization domain. Although His106 is conserved in TR, there Cys (C-terminal Cys) in a favorable position for protonation
is a Thr substituted for Phe404or the mammalian en-  from His464 (His467 in GR and His497in mTR3; see
zymes (Thr437in 1ZKQ). His106 was previously suggested Figure 4A). This histidine has been shown to be essential
to be a base catalyst for DmTRS); however, results from  for GR (7) and proposed as a conserved acid/base catalyst
recent mutagenesis studies indicate a structural role insteadhroughout the protein family29, 33) including TR 34, 35).

(3D). Maintaining the interchange position and angle for the trans

Alignment of Tetrapeptides with GSSGne of the key (T— and T-') peptides, however, results in a rotation of the
questions in the TR mechanism is how the C-terminal redox leaving-group Cys by approximately 9(Figure 4B), as is
dyad is reduced by the N-terminal redox center on the also observed for the-€conformation. This moves it away
opposite subunit. The C-terminal redox center is either a Cys-from His464 by increasing the distance from 3.5 to 5.1 A
Cys or Cys-Sec dyad as introduced earlier. Our analysisand to an angle not reasonable for protonation. In order to
begins with considering the known conformations of a Cys- align the C-terminal sulthydryl of peptide SCCS(ox) in the
Cys(ox) dyad (which are rare in protein structures) that have T— conformation with the GSH Il Cys so that it would be
been previously reported. For example, the solution structurein a favorable position for protonation from His464he
of Ac-Cys-Cys-NH(ox) has been examined by NMR interchange cysteine (N-terminal Cys of SCCS(ox)) must be
spectroscopy and found to exist as a mixture of four different rotated away from the interchange residue (Cys57).
conformers 24, 32). These conformers are designated as C Figure 5A and B models the tetrapeptide binding pocket,
C—, T—, and T—. The designations C and T represent the where the oxidized tetrapeptide would be reduced by the
geometry of the peptide bond as either cis or trans, whereasN-terminal redox center in DMTR and mTR3, respectively.
the designations- and — refer to the handedness of the As can be seen in the Figure, the tetrapeptide binding pocket
disulfide bond ¢ for right handed and- for left handed}. is significantly larger in the case of DmTR (Figure 5A)
It was observed that peptide Ac-Cys-Cys-Nbk) also had compared to that of mTR3 (Figure 5B). This larger binding
a second T conformer that is defined by a larger separation pocket in DmTR can accommodate the larger size of the
of Ca atoms, and this peptide was designated ‘as. Dur C+ conformer of the SCCS(ox) tetrapeptide. The distance
NMR solution studies of peptides Ac-SCCS(o0x), Ac-GCCG- from the NH of the N-terminal Cys to the CO of the
(ox), and Ac-GCUG(ox) also show that the same four major C-terminal Cys is larger in the -€ conformer than that in
conformers described by Reitz and co-worke&4) @re also the T— conformer. In addition, the larger binding pocket of
the major conformers of these three peptides (Deker, P. B.DmMTR can also more easily fit the bulkier side chains of
and Hondal, R. J., unpublished work). Ser. The F conformer is much more compact and forms a

The observation that oxidized tetrapeptides can serve astight turn structure that is better accommodated in the binding
the substrate for the truncated forms of TR demonstrates thatocket of mTR3. Thus, using this same analysis with the
TR, like GR, may be considered a disulfide oxidoreductase previously solved mouse TR structure (pdb 1ZKQ) in
in which its own C-terminus is the cognate substrate. Using conjuction with our NMR structures of GCUG(ox) (Deker,
this relationship and the available structures for GR, we P. B. and Hondal, R. J., unpublished), we find that GCUG-
started by asking the question, Which of the four known (0X) in the T— conformation with Cys in the interchange
conformers of Cys-Cys(ox) aligns with GSSG in the GR position appeared to be the most favorable conformation for
structure? We, therefore, aligned the four known conforma- interchange with Cys86 from chain A. With Sec oriented in
tions of peptide Ac-SCCS(ox) to the thietlisulfide inter- the interchange position, an unfavorable interaction with the
change step observed in GB.(The formation of the mixed ~ carbonyl from the adjacent Cys residue occurs with Hi§497
disulfide between Cys57 and a Cys from the C-terminus of but we cannot rule out the-T orientation with Sec in the
the second molecule of TR in the DmTR homodimer would interchange position. The fit of the GCUG(ox) tetrapeptide
represent the binding of GSSG in GR (pdb 1GRA) and the in the binding pocket of mTR3, tetrapeptide SCCS(0x) in

the Ct+ conformation docked in the binding pocket of DmTR,

3In other literature, the term helicity is used to refer to the handedness and a Ster.eo dlagrgm of_tetrapeptuje GCUG(0x) in the C
of the disulfide bond. We refer the reader to refs 24)(and 32 82) conformation positioned in the binding pocket of mTR3 are
for a description of the term helicity. shown in the Supporting Information.
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" 4
- Ficure 5: Electrostatic surface potential calculated using GRASP

Ficure 4: Alignment of the tetrapeptide SCCS(ox) in the structure (52) for thioredoxin reductase showing a close-up of the tetrapeptide
of TR from Drosophila The tetrapeptide structures were determined binding pocket, where thieldisulfide exchange occurs between
by NMR spectroscopy and placed in the tetrapeptide binding pocket the conserved N-terminal dithiol and the C-terminal tetrapeptide
of TR in accordance to the position of GSH | (the interchange of the adjacent subunit containing the 8-membered ring that must
position) in the GR structure (pdb 1GRA). The FAD cofactor (dark be opened during redox cycling. (Panel A) Interface for DmTR.
red) and the helical loop of the conserved active site sequence(Panel B) Interface for mTR3 (pdb 1ZKQ).
CVNVGC, which are components of chain A, are shown. Also
shown is Arg473from chain B as well as His464nd Glu469 cognate Trx. A key difference among the various TRs is the
which are analogous to His46and Glu472in GR. The oxidized gaquence of the C-terminal tetrapeptide redox motif that is
C-terminal disulfide of chain B is reduced by the FAD-associated _ .. . .
disulfide of chain A during the enzymatic cycle. The residues from Cm'c_al for this reaction. Kanzok and co-workerslf Were
TR are in gray, oxidized glutathione is in purple, the tetrapeptide the first to demonstrate that the presence of a selenium atom
is in green, and the omit electron density for the 2.4 A structure is is not required to catalyze this reaction. From a chemical

shown. Cys57 of DTR is in position for interchange with GSH | perspective’ Why m|ght a selenol be required to Cata|yze this

and the Cys489 of the SCCS(ox) tetrapeptide, which is indicated s
by the orange dashed line. GSH Il is in position for protonation reaction? A natural response would be the much lovkr p

from His464 as is Cys490of the SCCS(ox) tetrapeptide when in  Of the selenol of Sec<(5.2) compared to that of a thiol in
the G+ conformation (Panel A) but not when in the-Tconforma- Cys (~8.3) (36). However, there are many examples of Cys
tion (Panel B) as indicated by the red dashed line. Only the cysteinesresidues in proteins with greatly alteredvalues, such as

for the SCCS(ox) peptide and GSSG are shown for simplicity. Cys30 in DsbA, which has a thiolifa value of 3.42 87).
DISCUSSION Th.us, proteins can enhance the chemical reactivity of a thiol
using mechanisms such as the use of a general base,
An important question in elucidating the mechanism of electrostatic interactions, and-helical dipole moments
high M; TRs is how the Cys-Cys or Cys-Sec dyad becomes without the need to place a Sec into the protein. A possible
reduced by the N-terminal disulfide redox center. Using the biological explanation for the presence of Sec in TR is due
conserved interchange step between TR and GR, the knowrto the redox-sensing function of the enzyn38)(
conformations of an 8-membered ring formed by a vicinal  Regardless of the biological role of Sec in mammalian
disulfide, and the kinetics of ring opening, we present a TRs, the replacement of Sec with Cys in the mammalian
model for how TR reduces this C-terminal redox center. enzyme results in a large loss of activity. However, the data
Each of the various TRs catalyzes the same reaction, thein Table 1 demonstrates that the truncated form of the
reduction of the catalytic disulfide bond of their respective mammalian enzyme can still catalyze the reduction of
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reactive disulfides such as DTNB. Why is this aromatic A
disulfide a substrate for the truncated enzyme, whereas other
simple disulfides such as cystine are not? A clue is found /\ flavin

by comparing the rate of reduction of peptide CUG(0ox)
versus peptide CCG(ox) by the truncated enzyme. The rates
are 260 min' and 0.81 min?, respectively. This 320-fold
difference in the rate of ring opening can be explained by
an impairment in the enzyme’s ability to protonate the
leaving group. Thus, the large difference in the rate of ring \
opening of these two peptides can be understood in terms
of leaving-group K. values (ca. 1000-fold difference as /)
discussed above). On the basis of this data, we posit that
DTNB is a substrate for the enzyme because of the very
low pK, (4.75) of the leaving-group thiol that is formed upon B
reduction of this disulfide39), which is remarkably similar
to the K, of a selenol (5.2).

The issue of which sulfur atom is attacked in a thiol )
disulfide exchange reaction was recently addressed very OCO
clearly by Arscott and co-workers6), who discuss the
example of which sulfur atom is attacked in a mixed disulfide j c—)'S\/

of the form R-S-S-TNB. (TNB-S is 5-thio-2-nitrobenzoate.)

In such cases, TNB-Swill be the leaving group because of ( k Ay

the strong electron-withdrawing properties of the 2-nitroben- 2 ( " }S ‘)

zoate group. Such mixed disulfides are also easier to break | \

than a typical disulfide bond because they are highly ' Ac’N'@'COO

polarized. The exact same situation exists in the peptide Ac-

GCUG, which has a low i, leaving group (Se), and the . Noncovalent

S—Se bond is also much weaker than a typical disulfide bond complex

because of the polarization in the bond conferred by the Se C

atom. Thus, our data using oxidized, monomeric-cyclic - _ _

peptides as substrates supports the placement of Sec in the / /\flavfip | NADPH

leaving-group position in the ring-opening reaction. [ I [ ‘
The use of oxidized tetrapeptides as substrates for the e NN N

truncated enzyme allows us to isolate the kinetics of the ring- s /.-CYSEJ,.'F" .

opening step that occurs during the catalytic cycle of the -. 7 d HHis

enzyme. This point is illustrated by the generalized scheme - NN

of the TR reaction shown in Figure 6A and B. In the 8 X 9

mammalian enzyme, the replacement of Sec with Cys greatly SNH S Terman

impairs this ring-opening step as demonstrated in Table 3, ./ BN c| x/

Section B. For example, the ratio of turnover rates for ‘ o 0

peptides Ac-SCUS(0x) and Ac-SCCS(0x) is S11-fold, which FiIGURe 6: (Panel A) Diagrammatic ‘Imodel of one-half of the TR

is similar to the 308-fold difference between peptides Ac- dimer sh.owing the positi%n of the C-terminal tetrapeptide as it is

GCUG(ox) and Ac-GCCG(ox). These data strongly support yndergoing ring opening. Once ring opening occurs, the reduced

our hypothesis that the ability of the mammalian enzyme to Cys is poised to attack the disulfide bond of Trx shown to the right.

protonate the leaving group in the ring-opening step of the If the C-terminal tetrapeptide is removed, then oxidized tetrapeptides

catalytic cycle is greatly impaired compared to that of DmMTR. €an act as substrates for the truncated enzyme as shown in panel B

: - - and undergo a ring-opening step analogous to the step in (panel
Our interpretation that proton transfer to the leaving group ay'\yhen the tetrapeptide is covalently attached to the enzyme. If

is partially rate limiting is in agreement with conclusions the C-terminal peptide is in a-T conformation as shown in

made about the GR mechanism, where proton transfer frompanel C), then proton transfer cannot take place from the catalytic
His467 to the thiol of GSH Il has also been shown to be His residue to the leaving-group position. Whereas in panel A, the
partially rate limiting 6, 40). Thus, we believe that this is peptide bond geometry is cis, allowing for proton transfer to the

- S S leaving group. In mammalian TRs that contain a selenium atom as
strong evidence for the position of the tetrapeptide in the 4o leaving group, protonation would be unnecessary,cdyshe

binding pocket and our proposed mechanism. interchange Cys57, and Gysis the charge-transfer Cys62 in

In DMTR, the presence of a Sec residue does not radicallyDmTR, Terma is the last amino acid of the tetrapeptide, and X is
alter the rate of ring opening as it does for its mammalian the leaving-group residue (either Cys or Sec).
counterpart. For example, if we compare the ratio of turnover is observed for DMTR when the effect of flanking residues
rates for peptides Ac-SCUS(ox) and Ac-SCCS(ox), we see of the tetrapeptide motif is examined by comparing the ratio
only a 5.65-fold difference. This ratio is increased to 36- of turnover for peptides Ac-SCCS(ox) and Ac-GCCG(ox).
fold when comparing peptides Ac-GCUG(ox) and Ac- In the mammalian enzyme, the presence of flanking Ser
GCCG(ox). This increase in peptide turnover is expected residues on either side of the Cys-Cys or Cys-Sec dyad only
because of the lower bond dissociation energy for th&& slightly (3—6-fold) improves the activity (Table 3, Section
bond if Se is in the leaving-group position. A 24-fold increase B). These data indicate that the ability of the enzyme to

eye
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protonate the leaving group is not impaired, as is the caseWe would like to note that in the original structure of MDH,
for the mammalian enzyme. Although the data in Table 3, the peptide dihedral angle of the vicinal disulfide bond was
Sections A and B also indicate that the flanking serine assigned as a cis structure but later was refined to a strained
residues of the tetrapeptide motif aid in deprotonating/ trans structure, withw equal to—171° (45, 46). Finally,
protonating the catalytic Cys residues of the SCCS motif in because our data using oxidized tetrapeptides as substrates
DmTR (10), the effect is modest, and we believe that the for the truncated mammalian enzyme indicated that leaving-
leaving-group effect demonstrated here for the mammalian group ability was an important facet of the ring-opening
enzyme is striking. When this data is put in context with the reaction, we placed the Sec residue of GCUG in the leaving-
structural data (as discussed in the next section), we cangroup position, and by analogy, we placed Cys490 (the
explain the loss of activity when Sec is replaced with Cys C-terminal Cys of SCCS) in the leaving-group position in
in the mammalian enzyme and why Cys-containing TRs DmTR. The resulting placement of the peptides is shown in
(such as DmTR) can function with high activity. Supporting Information Figures 4 and 5. Our placement of

An unusual feature of DmTR is the presence of the the C-terminal Cys residue of the SCCS tetrapeptide of
C-terminal catalytic disulfide bond between adjacent Cys DmTR in the leaving-group position, corresponding to Sec
residues. This vicinal disulfide bond has a very low frequency in the mammalian enzyme, is in agreement with the
in the Brookhaven Protein Data Bank (pdb) as is discussedmechanism proposed for Sec-containing rat TR1 (Figure 7
by Perczel and co-workerdl, 42). In the structures in which  of ref 28 28)) but is in disagreement with the proposed
this type of disulfide is found, the intervening peptide bond placement of Sec for mTR3 as presented by Biterova and
torsion angle @) is strained, with values ranging from 159  co-workers 25).
to —133. In two structures (human and bass hepcidin), it  Our cumulative data has led us to propose a mechanism
was noted that the intervening peptide bond connecting thefor reducing the Cys-Cys(ox) dyad of DmTR as depicted in
two half-cystinyl residues appears to be undergoing confor- Figure 6A. If the C-terminal tetrapeptide (lacking Sec) is in
mational exchange on the NMR time scale, indicating that the Ct+ conformation, proton transfer can take place from
this portion of the molecule has high flexibilityd8, 44). His464 to the leaving-group thiol of the tetrapeptide. This
This suggests that in some cases where these unusual ringvould still be the case if Cys490 were the interchange residue
structures are found, they may be involved in conformational as previously suggestetiq, 47). If, however, the C-terminal
switching. tetrapeptide is in the F conformation, the transfer of the

In this regard, DmTR has a more open tetrapeptide binding proton from the active site His to the leaving-group position
pocket than the mammalian enzyme. The residues from helixof the tetrapeptide is blocked (Figure 6C), and the rate of
3 proximal to the FAD-associated active site are less bulky ring opening is greatly diminished, resulting in a much lower
to more freely accommodate the hydroxyls of the adjacent overall TR activity.
serines (SCCS). The increase in the available space is likely In mTR3 however, the low g, of Sec in the T
to make the enzyme more amenable to the conformationalconformation becomes essential because of its inability to
switching of the SCCS peptide from-T(trans) to G+ (cis) be protonated by His497pdb 1ZKQ). Upon reduction of
necessary to protonate the leaving-group Cys during inter-the vicinal disulfide, the intervening peptide bond would be
change. In contrast, the mammalian TRs have evolved a mordn the trans conformation. If the trans conformation is the
restricted binding pocket by incorporating bulkier residues, conformation that is used for attack on the disulfide bond of
which project into the binding pocket from helix 3. The shape Trx, then no conformational switching to thetGconforma-
of the tetrapeptide binding pocket appears to define the final tion would be necessary to open the ring again. In the
conformation of the oxidized tetrapeptide in the respective proposed mechanism of GR, His46¥ould protonate the
enzymes for the ring-opening step of the enzymatic mech- leaving-group sulfur atom of GSH Il, and then upon
anism. resolution of the interchange mixed disulfide, His4&/duld

Our rationale for positioning the C-terminal tetrapeptide also protonate the sulfur atom of GSH I. This same His
SCCS of DmTR in the active site as shown in Figure 4A is residue is conserved in all high, TRs as well. Incorporation
based upon several lines of reasoning. First, as describedf Sec would eliminate the need for the leaving-group
earlier, we used as a starting point the four known major protonation step and only require the protonation of the
conformers of dipeptide Ac-Cys-Cys-Nlhat were known adjacent Cys residue upon resolution of the interchange.
to exist in solution. We verified that these same conformers Removing the cis/trans conformational switching and elimi-
were the major conformers in solution of peptides Ac- nating a protonation step may be a selective advantage for
GCUG(0ox) and Ae-SCCS(ox) using NMR spectroscopy Sec incorporation in the mammalian TR.
(Deker, P. B. and Hondal, R. J., unpublished work). Second, Using this argument, the incorporation of selenium into
as is clearly seen in Figure 4A, the superposition of the sulfur the tetrapeptide may have been a way to stabilize the T
atoms of GSSG in the GR structure with the tetrapeptide conformer. Selenium would stabilize the-Tconformer of
SCCS demonstrated that the best fit of the peptide in thethe eight-membered ring because a carbselenium bond
active site was the € conformation. This seems like a islonger than a carbersulfur bond, and a sulfarselenium
logical way to proceed because the other two TR structuresbond is longer than a sulfwisulfur bond. Thus, the
(rat TR1 and mouse TR3) showed no electron density for incorporation of selenium into the eight-membered ring
the oxidized C-terminal tetrapeptide. Therefore, the authors makes the ring slightly larger, hence stabilizing the trans form
modeled the conformation of the C-terminal disulfide in the of the ring.
active site using undefined criteria in the case of rat TR1 If the general acid/base mechanism used by GR is also
(28) or using the vicinal disulfide bond of methanol dehy- present in TR, then why is Sec needed in mammalian TRs?
drogenase (MDH) as a templat25] in the case of mTR3.  Much of the reason must undoubtedly be evolutionary
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pressure for a broad substrate range, including the ability to 9.
reduce peroxidesld) and ascorbate4@, 49). As argued
above, however, the incorporation of Se into the C-terminal
8-membered ring would have structural advantages as well
that lead to further improvement in catalytic turnover beyond
reduced K.

Finally, our proposal awaits further validation from a
crystal structure of TR with the C-terminal redox center in
the oxidized state, unequivocally answering the issues raised
here of the geometry of the C-terminal tetrapeptide motif of
TR.

The coordinates (pdb 2NVK) will be released upon
publication.
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SUPPORTING INFORMATION AVAILABLE

A representative crystal used to generate the diffraction

pattern for DmTR, kinetic data that describe the peptide 17.

complementation experiments, the position of peptides
SCCS(ox) and GCUG(ox) in the tetrapeptide binding pockets ;4
of DmTR and mTR3, respectively, and a stereodiagram
showing peptide GCUG(ox) in the®Cconformation in the

binding pocket of mTR3 and the resulting poor fit in this 19

pocket. This material is available free of charge via the
Internet at http:/pubs.acs.org.

20.
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