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ABSTRACT. High-molecular weight thioredoxin reductases (TRs) catalyze the reduction of the redox-active
disulfide bond of thioredoxin, but an important difference in the TR family is the sequence of the C-terminal
redox-active tetrapeptide that interacts directly with thioredoxin, especially the presence or absence of a
selenocysteine (Sec) residue in this tetrapeptide. In this study, we have employed protein engineering
techniques to investigate the C-terminal redox-active tetrapeptides of three different TRs: mouse
mitochondrial TR (mMTR3),Drosophila melanogastefR (DmTR), and the mitochondrial TR from
Caenorhabditis elegan@CeTR2), which have C-terminal tetrapeptide sequences of Gly-Cys-Sec-Gly,
Ser-Cys-Cys-Ser, and Gly-Cys-Cys-Gly, respectively. Three different types of mutations and chemical
modifications were performed in this study: insertion of alanine residues between the cysteine residues
of the Cys-Cys or Cys-Sec dyads, modification of the charge at the C-terminus, and altering the position
of the Sec residue in the mammalian enzyme. The results show that mTR3 is quite accommodating to
insertion of alanine residues into the Cys-Sec dyad, with only-&-#ld drop in catalytic activity. In
contrast, the activity of both DmTR and CeTR2 was reduced-BlD-fold when alanine residues were
inserted into the Cys-Cys dyad. We have tested the importance of a salt bridge between the C-terminus
and a basic residue that was proposed for orienting the Cys-Sec dyad of mTR3 for proper catalytic position
by changing the C-terminal carboxylate to a carboxamide. The result is an enzyme with twice the activity
as the wild-type mammalian enzyme. A similar result was achieved when the C-terminal carboxylate of
DmTR was converted to a hydroxamic acid or a thiocarboxylate. Last, reversing the positions of the Cys
and Sec residues in the catalytic dyad resulted in a 100-fold loss of catalytic activity. Taken together, the
results support our previous model of Sec as the leaving group during reduction of the C-terminus during
the catalytic cycle.

Thioredoxin reductases (TR€jom higher eukaryotes are  homodimeric with each monomer constructed from a three-
members of the glutathione reductase (GR) family of pyridine domain architecture and catalyze the reduction of a cognate
nucleotide-disulfide oxidoreductasd3.(These enzymes are  substrate by thietdisulfide exchange. Electrons supplied by
NADPH are transferred to the enzyme active site disulfide
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1 Abbreviations: ADP, adenosine diphosphate; ¢85, ammonium which Conta.ins an e}dditionall diSUl_ﬁde. redox Cenﬂ%@..
sulfide; BME, B-mercaptoethanol; CeTR2, mitochondrial TR from Upon reduction of this C-terminal disulfide by the N-terminal

ggeéloéhabgitis g'le%amﬁf?écygésp\-éag-fﬁal-cxs tet{ﬁﬁegﬁﬁBmgtg? redox center (on the opposite chain), reduction of the
, Cys-Sec-Gly tripeptide; , diethylaminoethyl; ,'5,
dithiobis(2-nitrobenzoic acid); DmTR, TR fromrosophila melano- substrate, Trx, can commence.

gaster EDTA, ethylaminediaminetetraacetic acid; Fmoc, 9-fluoro- The C-terminal redox center of most of the high-TRs

enylmethoxycarbonyl; HPLC, high-pressure liquid chromatography; ; i i _
H,0. hydrogen peroxide: NKDH. hydroxylamine: ICP-MS, induc- are notable because they contain a vicinal Cys-Cys dyad that

tively coupled plasma mass spectrometry; IPTG, isoprofiy- forms an eight-membered ring when oxidized. This type of
thiogalactopyranoside; LB, Luria-Bertait,, molecular ratio; MOPS, disulfide bond is rare in protein structures and is almost

3-(N-morpholino)propanesulfonic acid; mTR3, mouse mitochondrial always found as part of a type VI#-turn, which is thought

thioredoxin reductase; NADPHB-nicotinamide adenine dinucleotide o . .
phosphate, reduced; Ni-NTA, nickel nitrilotriacetic acid; NMN; to help stabilize hlgh-energy turnég, 6) In TR, the elght-

methylmercaptoacetamide; PCR, polymerase chain reaction; PfTR, membered ring structure is not part ofigurn, but part of
Plasmodium falciparunTR; SDS-PAGE, sodium dodecy! sulfate a redox center that cycles between reduced and oxidized

polyacrylamide gel electrophoresis; Sec, selenocysteine; TB, terrific _ ; ;
broth; TNB~, thiobis(2-nitrobenzoic acid) anion; TR, thioredoxin states. Though the Cys-Cys dyad is also found in methanol

reductase; Tris, tris(hydroxymethyl)aminomethane; Trx, thioredoxin; dehydroge_naseiﬁ)c it is thought to play a StrUCtl_”a| r0|e;_
U, one-letter code for selenocysteine; UUG, Sec-Sec-Gly tripeptide. thus, TR is the only known example where this dyad is
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Ficure 1: (A) Proposed pathway for the transfer of electrons to Trx by TR. The Cys residue that interacts with the flavin cofactor is
labeled with a subscript CT (charge transfer), while the Cys residue that acts as the interchange residue is labeled with a subscript IC. Once
the interchange Cys becomes reduced by the flavin cofactor, it initiates attack on the eight-membered ring formed by either adjacent Cys
residues (DMTR and CeTR2) or adjacent Cys and Sec residues (mTR3) on the C-terminus on the opposing subunit. 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 (either a sulfur atom or a selenium atom, labeled as X) initiates attack on the disulfide bond of Trx. The N-terminal Cys of the
dyad would then “resolve” the mixed disulfide formed between TR and Trx and is thus labeled Res. The prime designation indicates
residues that are on the adjacent subunit. (B) Diagram of theTriR complex formed when the attacking nucleophile (either S or Se)
attacks the disulfide bond of Trx. The adjacent Cys residue then attacks to resolve this complex, releasing product and forming the oxidized,
eight-membered ring. (C) The eight-membered ring is then reduced hy. ©Qysc can attack the N-terminal sulfur atom (pathway 1) or

the C-terminal atom (S or Se, pathway 2). We have argued here and previb@sfpr(pathway 1. Ternyis the C-terminal amino acid

(either Gly or Ser).

involved in redox cycling. In contrast, the substrate Trx has abolished upon mutation of Sec to Cys. It is thus likely that
a very common redox center, the CXXC motif, which is the selenolate is the attacking nucleophile in the Trx
found in many proteins with thioredoxin foldg)( Why TRs reductase reaction as well. Since the Sec residue occupies
use this rare type of disulfide bond in redox cycling remains the C-terminal position of the redox dyad in the mammalian
an unanswered question. enzyme, the C-terminal Cys of the Cys-Cys dyad of DmTR

Mammalian TRs are distinguished from other TRs by the and CeTR2 should act as the attaCking nUCleOph”e for their
presence of the rare amino acid selenocysteine (Sec, U)respective cognate Trx's as well. The adjacent Cys residue
which has been shown to be essential for Trx reduction, asin the N-terminal position of the redox dyad would therefore
part of the C-terminal Gly-Cys-Sec-Gly motif (GCUGS)( act to resolve the mixed selenylsulfide or mixed disulfide
Thus, the mammalian enzymes have the interesting featureédetween TR and Trx (Figure 1B). The subsequent release
of containing a selenium atom in the eight-membered ring. Of substrate re-forms the eight-membered ring, which then
The selenium atom is apparently required in only mammalian must be reduced by the N-terminal redox center for the
TRs ©), since several other homologues, notably the TR enzymatic cycle to continue (Figure 1C).

from Drosophila melanogastefDmTR) (2) and the mito- To test the importance of this eight-membered ring
chondrial TR fromCaenorhabditis elegangCeTR2) (0), structure to the catalytic cycle, we have constructed mutant
can Catalyze the same reaction with relatively hlgh efficiency enzymes in which we have en]arged the ring by inserting
with a standard cysteine (Cys) residue. alanine residues between the Cys-Cys or Cys-Sec dyad for

A generalized reaction mechanism for the reaction cata- three different TRs. These TRs are DmTR, CeTR2, and the
lyzed by highM; TRs is shown in Figure 1A. In the mouse mitochondrial TR (MTR3). We have chosen these TRs
mammalian enzyme, it is thought that the attacking nucleo- because they represent both Cys-containing TRs (DmTR and
phile on the disulfide bond of Trx is the selenolate of the CeTR2) and Sec-containing TRs (mTR3). While DmTR and
Sec residue 1(1). This inference is based upon the mam- CeTR2 are both Cys-containing TRs, they have different
malian enzyme’s ability to reduce .8, (12), which is flanking residues on either side of the Cys-Cys dyad, glycine
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residues in the case of CeTR2 (GCCG) and serine residuesemisynthetic mTR3 was determined by inductively coupled
in the case of DMTR (SCCS). This is important because it plasma mass spectrometry (ICP-MS) calculated to the molar
has been proposed that the flanking serine residues in DmTRamount of protein analyzed. The yield of semisynthetic TR
participate in catalysis by acting as acid/base catalysts,was 20-30 mg/6 L of culture.
thereby eliminating the need for Set3j. Cloning and Expression of DmTRVe have previously
We also have performed additional structafenction reported the expression and purification of DmTR as an intein
analysis on these enzymes using intein-mediated peptidefusion protein 17). We also have reported the conditions
ligation (semisynthesis), which allowed us to construct for cloning and constructing the plasmids via PCR necessary
several mutants that are not possible using routine site-for expression of this fusion proteil 7). In this study, we
directed mutagenesis methodologies. These experimentdiave constructed two new mutants using PCR and cloning
allowed us to modify the C-terminal carboxylate to a conditions identical to those described in our earlier report.
carboxamide, a hydroxamic acid, and a thiocarboxylate. This For construction of DmTR with the Ser-Cys-Ala-Cys-Ser
was done to test the hypothesis that the C-terminal carboxy-(SCACS®49) mutant C-terminal redox center, we used
late forms a salt bridge with Lys29. This salt bridge was downstream primerSACAGCCGGTACCCTTGGCAAAG-
hypothesized to be important for positioning the C-terminal CAGCTGCAGGCGCAGCTGGCCGGCGTGGG-For con-
redox center in the proper position for catalysig)( Last, struction of the DmTR mutant with a Ser-Cys-Ala-Ala-Cys-
in the mammalian enzyme, we tested the importance of theSer (SCAACS%74%) C-terminal sequence, we used the
position of Sec within the Cys-Sec dyad by switching the downstream primer'SACAGCCGGTACCCTTGGCAAAG-
position of these two redox-active residues using our CAGCTGCAGGCGGCGCAGCTGGCCGGCGTGGE:3
semisynthetic technique. Our results are reported herein. The sequence of the upstream primer was the same as
previously reported 1(7). Sequencing of the DNA of the
MATERIALS AND METHODS resultant plasmids was conducted at the University of

i . Vermont DNA Sequencing Facility using an ABI 3100-
Materials. Chitin—agarose beads were purchased from ayant genetic analyzer.

New England Biolabs (Ipswich, MA). DTNB [5;4lithiobis- Production of C-Terminal Variants of DmTEach of the
(2-nitrobenzoic acid)], NADPH, bovine pancreatic insulin, TR mutants fronDrosophilais expressed as a FRntein—
and N-methylmercaptoacetamide (NMA) were purchased cpitin pinding domain fusion protein and affinity purified
from Sigma-Aldrich (St. Louis, MO). Hydrogen peroxide  from chitin—agarose beads as described for mTRG).(E.
(30% solution) was purchased from J. T. Baker (Phillipsburg, ¢oji ER2566 cells were used for production of recombinant
NJ). All other chemicals were purchased from Fisher \w1 and mutant enzymes. The cells were transformed with
SC|ent|f|_c (_Fa|r Lawn, NJ) and were reagent grade or better. i, plasmid, plated on LB/ampicillin plates containing 200
All restriction endonucleases, Vent DNA polymerasg, and ug/mL ampicillin, and incubated at 3T overnight. A single
T4 DNA ligase were purchased from New England Biolabs |ony was used to grow a 100 mL inoculum culture of LB
and use'd with the supplied buffers according to the manu- 200 ,,g/mL ampicillin). This culture was incubated overnight
facturer's guidelines. at 37°C with shaking. An inoculum culture of 10 mL was
Peptide SynthesiSec-containing peptides were produced added ¢ a 1 L baffled Pyrex Fernbach flask containing TB
by Fmoc solid phase synthesis as previously describ8d ( medium [12 g/L tryptone, 24 g/L yeast extract, 4 mL/L
Peptides were purified via a preparative HPLC system from glycerol, 16 mM monobasic potassium phosphate, and 72
the Shimadzu Corp. (Kyoto, Japan) and verified by matrix- mM dibasic potassium phosphate (pH 7.0)] containing 200
assisted laser desorption ionization time-of-flight mass ,g/mL ampicillin. The cells were incubated at 3T with
spectrometry on a Voyager DE PRO Workstation from shaking (100 rpm) until the OD at 600 nm reached 1.0. The
Applied Biosystems (Framingham, MA). Synthesis of the cells were then chilled on ice until the temperature decreased
Cys-Sec-Gly-NH (CUG) tripeptide with C-terminal car-  to 20°C and then induced via addition of IPTG to a to final
boxyamide utilized a similar protocol with the exception of concentration of 0.5 mM. The induced cells were incubated
substitution of Fmoc-PAL resin from PE Biosystems (Ham- at 20°C overnight with shaking (100 rpm). The cells were
burg, Germany) which yielded the carboxamide upon cleav- harvested by centrifugation, stored-a20 °C, then thawed
age from the resin. on ice, homogenized in MOPS buffer, and lysed by probe
Production of Semisynthetic Mouse Thioredoxin Reduc- sonication as previously describetitf. The WT enzyme
tase. The general method for producing mouse TR3 by having an SCCS C-terminal sequence, as well as mutants
semisynthesis has been previously descrildes). Briefly, with SCACS and SCAACS C-terminal sequences, is released
the full-length Sec489Cys mutant as well as the truncated from the intein, while bound on chitinagarose beads, by
MTR3 missing the C-terminal CUG tripeptide sequence is the addition of NMA.
expressed as a FRntein—chitin binding domain fusion To produce DmTR mutants in which the carboxylate group
protein inEscherichia coliE. coli cell lysate supernatantis  was changed to another functional group by addition of small
applied to chitinrragarose beads to affinity purify the molecules to the column buffer, four parallel experiments
truncated TR. Cleavage of TR from the intein was performed were performed. Chitin resin with bound fusion protein was
on-resin using 70 mM NMA in the presence or absence of separated evenly into four columns with 20 mL of chitin
peptide. The TR mutant in which tripeptide UUG (Sec-Sec- resin in each. Column 1 contained buffer only (no cleavage
Gly) was to be incorporated used 140 mM NMA instead. reagent) to evaluate nonspecific hydrolysis from the intein
Final purification of TR was performed by hydrophobic with subsequent release of the fusion protein. Column 2
interaction and anion exchange chromatography as previouslycontained 100 mM NMA. Column 3 contained 100 mM
described 16). The efficiency of peptide incorporation for  (NH,4).S to produce the thiocarboxylic acid derivativis).
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Column 4 contained 100 mM hydroxylamine to produce the mL column of Ni-NTA resin with a flow rate of 0.51.0
hydroxamic acid derivative. Each column was equilibrated mL/min. The column was washed with the buffer until the
with 3 column volumes of cleavage reagent. The column absorbance at 280 nm reached 0.05. This was followed by a
buffer containing 50 mM MOPS buffer, 500 mM NaCl, and wash with buffer containing 20 mM imidazole to eliminate
100 mM cleavage reagent was then adjusted to pH 7.5. Thenonspecific protein binding, after which the protein was
equilibrated resin was transferred to a 50 mL conical tube eluted in a buffer containing 250 mM imidazole.
and brought to a final volume of 45 mL. Cleavage was The protein was dialyzed against modified TE buffer [10
allowed to proceed for 24 h at4C followed by 4 h at 25 mM Tris, 1 mM EDTA, and 10 mM NacCl (pH 8.0), 2 4
°C, after which the column was drained of cleavage buffer L]. The dialyzed protein was then reduced by addition of
and 100 mL of fresh eluant was added and then collected.20 mM SME and then loaded onto &,2-ADP Sepharose
The reaction mixtures were evaluated by 12% SIPAGE column (20 mL, Amersham) equilibrated with 10 mM Tris,
with the final purification of each DmTR enzyme by 1 mM EDTA, 10 mM NacCl, and 20 mN8ME (pH 8.0) and
hydrophobic interaction chromatography followed by ion washed until theé\,so was below 0.05. Protein was eluted in
exchange chromatography as previously descriiéyl ( buffer containig 3 M NaCl and analyzed by 12% SBS
Cloning of His-Tagged CeTRPlasmid pCeTR21(0) was PAGE. Fractions were pooled and concentrated by ultrafil-
used as a template to clone the CeTR2 gene into plasmidtration using an Amicon Ultra 30 000 molecular weight cutoff
pPET45b(t) (Novagen) using an upstream primer containing (MWCO) (Millipore) concentrator to a final volume of-12
a “hexaHis-tag”. For this construct, an upstream primer with mL. The concentrated protein was gravity loaded onto a
a 3-ACAGCCCCGGATCCCTTCTCATCAAATAAATTT- Sephacryl S-200 gel filtration column (Pharmacia) with
GATCTG-3 sequence was used with downstream primer dimensions of 3.8 cnx 97 cm. The column was equilibrated
5-ACAGCCAAGCTTGTCGACTCATCCACAGCATCC- with 50 mM potassium phosphate, 300 mM NaCl, and 1
CTGAGTTCTTGG-3 in the amplification process to pro- mM EDTA at pH 8.0. Fractions were collected (4 mL each)
duce the WT enzyme with a Gly-Cys-Cys-Gly C-terminal and then analyzed by UWis spectrophotometry at 280 and
sequence. C-Terminal mutants were produced using down-460 nm and examined for purity by 12% SBBAGE.
stream primers 'BACAGCCAAGCTTGTCGACTCATC- Fractions exhibiting the 55 kDa band were pooled and
CACATGCGCATCCCTGAGTTCTTGG-3(Gly-Cys-Ala- concentrated by ultrafiltration.
Cys-Gly mutant) and 'SACAGCCAAGCTTGTCGACT- Production of ThioredoxinThe clone containing the gene
CATCCACATGCTGCGCATCCCTGAGTTCTTGG3Gly- for TrxAfrom E. coliwas a gift from R. T. Rainesl@) and
Cys-Ala-Ala-Cys-Gly mutant). The resulting plasmids (pHis- was produced as previously describ@®)( E. coli BL21-
CeTR2) encode a protein with an N-terminal hexahistidine (DE3) cells were made competent with CgGtansformed
tag followed by an enterokinase cleavage site and the CeTR2with 50 ng of DNA, and plated onto LB agar supplemented
protein. Each PCR was identical to the one described for with 200 ug/mL ampicillin. Single colonies were used to
DmTR. The amplification reaction was monitored by 0.8% inoculate 100 mL of ampicillin-containing LB medium and
analytical agarose gel electrophoresis. The DNA from the allowed to shake overnight at 3T.
PCR was then purified using the Qiagen QIAquick PCR  Six liters of LB medium (10 g/L tryptone, 5 g/L yeast

purification kit. extract, and 10 g/L NaCl) supplemented with 2@g/mL
The PCR product and pET45b) plasmid were then  ampicillin was inoculated with 10 mL (each liter) of
treated with restriction enzymes BamHI and SaH 2oh at inoculum culture and grown to an OD of 0.6 at 600 nm while

37 °C. Digests were purified using the Qiagen QIAquick being shaken at 37C in a C25KC shaker incubator (New
PCR purification kit. Ligation reaction mixtures contained Brunswick Scientific). The cells were induced ® h at 37
200 ng of plasmid and 400 ng of PCR product as described°C with 0.5 mM IPTG and then harvested by a 10 min
for DMTR. The ligation reaction mixture was then incubated centrifugation at 10 000 rpm in a JA-14 rotor using a model
at 37°C with 5 units of Ascl fo 2 h toenhance the amount  J-21B centrifuge from Beckman. The resulting cell pellets
of positive clones as Ascl will cut only plasmids that have were frozen at-20 °C. The cells were then thawed on ice,
not been ligated with the PCR insert. Positive clones were homogenized in 20 mM Tris (pH 8.4) containing 1 mM
screened by restriction analysis using BamHI and Sall, EDTA, and lysed by probe sonication using a Branson
analyzed by analytical agarose gel electrophoresis, andsonifier. The lysate was centrifuged as described above for
verified by sequencing of the DNA coding region. 90 min, and the resulting supernatant was loaded onto a 70
Purification of WT and Mutant CeTR2 Enzyméor mL column of DEAE-Sephacel (Sigma-Aldrich) equilibrated
expression of recombinant WT CeTR2 and mutant enzymeswith lysis buffer. After being loaded, the column was washed
in E. coli, the same protocol that was described for DIMTR with buffer until theAys, of the effluent was 0.05. The sample
was used except the TB medium was supplemented withwas eluted using two 400 mL gradients containing NacCl
niacinamide, pyridoxine, and riboflavin (20 mg/L each). The (from 0 to 100 mM and from 100 to 250 mM). Fractions
frozen cell pellets were thawed on ice and homogenized in were collected (3 mL) and evaluated by absorbance at 280
100 mL of 50 mM sodium phosphate, 500 mM NaCl, 10 nm and further analyzed by 15% SBBAGE. Fractions
mM imidazole, 10% glycerol, and 20 mM@ME (pH 8.0) containing Trx were pooled, then adjusted to 60% ammonium
until they were homogeneous. Lysozyme was added to thesulfate saturation, and centrifuged as described above for 60
homogenate at a concentration of 1 mg/mL and allowed to min. The pellet was solubilized in a minimal volume of 20
stir at 4 °C for 1 h. The homogenate was then briefly mM Tris (pH 8.4), 250 mM NacCl, and 1 mM EDTA.
sonicated (5< 30 s). The sample was then centrifuged with A 2 mL sample was loaded onto a Sephacryl S-100 HR
a Beckman J21B centrifuge (JA-14 rotor) at 7§G0r 90 (98 cm x 3.3 cm), gel filtration column from Pharmacia-
min at 4°C. The supernatant was gravity loaded onto a 5 Amersham Biosciences (Uppsala, Sweden) equilibrated with
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sample buffer. Collected fractions (1 mL) were evaluated contained 0.15 mM NADPH and 1 mM EDTA. The activity
by absorbance at 280 nm and SBEXSAGE. The fractions  was measured at 340 nm and background corrected. The data
containing Trx were pooled and concentrated using an were collected in duplicate, then normalized to the percent
Amicon Ultra with a 5000 MWCO from Millipore. The  of maximal activity for each given mutant, and plotted as
purity was>95% as judged by 15% SBSPAGE. The Trx percent activity versus pH.
concentration was calculated using an extinction coefficient
at 280 nm of 13 700 M' cmt (21). RESULTS

Enzymatic Characterization of Thioredoxin Reductdses
TR mutants were assayed for activity toward DTNB, TrX, Production of TRs with Modified C-TermirBecause the
and hydrogen peroxide as described by Ar@@(A” assays last steps of catalysis occur near the C-terminus of TR and
were performed on a Cary 50 UWis spectrophotometer  the C-terminal carboxylate has been proposed to be involved
from Varian (Walnut Creek, CA) at 25C and pH 7.0 and in a salt bridge that is important for catalytic functiobd(
were initiated by addition of enzyme. Spectral properties of 23), we are able to use an intein to modify the C-terminus
purified TR were evaluated at 275, 370, and 460 nm in ways that would be impossible with other protein
(summarized in Table S1 of the Supporting Information) as engineering techniques. In this system, the use of intein-
previously describedi(l), and the concentration of ho- mediated engineering allows us to convert the C-terminal
modimeric TR was determined using the flavin extinction carboxylate of DmTR into either a thiocarboxylate or a
coefficient of 22.6 mM* cm™ (22). Activity was monitored hydroxamic acid as illustrated in Figure 2. The thiocarboxy-
over 2 min withV, determined from the linear fit. Plots of late form of TR is produced by adding (M}S to the column
Vo/Er versus substrate concentration were fit by the Michae- buffer of the chitin affinity column, with bound TRintein
lis—Menten equation using KaleidaGraph 4.02 from Synergy fusion protein. The sulfide anion causes cleavage of the
Software (Reading, PA), and activities are reported as molesfusion protein, resulting in a thiocarboxylateg]. Similarly,
of NADPH consumed per minute per mole of TR dimer.  addition of NHOH to the column buffer will result in

The DTNB assay contained 0.2 mM NADPH and 10 mM cleavage of the fusion protein to produce a protein with a
EDTA in 100 mM potassium phosphate. For each concentra-hydroxamic acid-functionalized C-terminus. Cleavage of
tion of DTNB, activity was corrected for background by DmTR from the intein using NMA yielded 35 mg of TR,
addition of buffer only. Activity was measured by the while cleavage with (NB),S and NHOH yielded 31 and
increase in absorbance at 412 nm, calculated using the4l mg of enzyme, respectively. If no cleavage reagent is
extinction coefficient for TNB-S (5-thio-2-nitrobenzoate,  added to the column buffer, the fusion protein will hydrolyze
13.6 mM™* cm™), and divided by 2 to account for the to a small extent. This control reaction yielded 1.4 mg of
production of two TNB-S molecules per NADPH con- TR as a combination of TR and the fusion protein. On the
sumed. The concentration of mTR3 in the assay was 2 nM, basis of the yields given above, this represents-2.68%
of DmTR 5 nM, and of CeTR2 4 nM. nonspecific release or hydrolysis. A 12% SBBAGE gel

The Trx assay contained 0.15 mM NADPH, 1 mM EDTA, demonstrating the cleavage efficiencies of the various
and 10 mg/mL insulin in 50 mM potassium phosphate in a reagents is available in the Supporting Information (Figure
volume of 500uL. Activity was background corrected for  s3).
each concentration of Trx by addition of buffer only as well
as with enzyme in the absence of Trx. Activity was measured
by the decrease in absorbance at 340 nm for the consumptio
of NADPH and calculated using an extinction coefficient of
6200 Mt cmL. The concentration of WT mTR3 in the assay
was 2 nM, of WT DmTR 25 nM, and of WT CeTR2 40

Activity of Semisynthetic Mouse TR toward Thioredoxin
To overcome the barriers to heterologous production of
r%elenoproteins inE. coli (24), we have utilized intein-
mediated peptide ligation to join residues487 of mTR3
with the Cys-Sec-Gly tripeptide, to produce a fully functional

nM. The concentration of each mutant TR was adjusted to epzyriu?[_w). ,[Usti?g(t:his te.Chri'?Lie’ Wethdavefma_llfjsgagumber
achieve a change in absorbance at 340 nm similar to that of?hengg Erinll,?tr;?\tg coitair?gnrilgztiorﬁ E)?Zilil)elniir% Tve wéreegglue steo
the respective WT TR. Mutants with poor Trx activity determine the efficiency of ligation b usii1 ICP-MS to
required 0.4-2.5uM homodimeric TR in the assay. determine th | y i 9 ‘ Iy Using h mutant
The hydrogen peroxide assay for semisynthetic mTR3 is etermine the mole percentage of sefenium In each mutan

formulated similar to that of the DTNB assay with activity and then dividing the molar concentration of selenium by

measured at 340 nm and background corrected as with thethe molar concentration of TR in the sampl&6) The

Trx assay. The concentration of WT mTR3 in the assay was gﬁipiency of pepticje incorpgration is much higher when.Cys
50 nM, and the concentration of each mutant TR was 'S I the N-terminal position of the attacking peptide.

adjusted to achieve a similar change in absorbance at 340Dresqmably, when Se'c is in the N-terminal position, the
nm. resulting selenoester is much more prone to hydrolysis,

pH Optima of Trx ReductionActivity toward Trx was resulting in a lower Iigatiqn efficiency. Thg ligation efficiency
tested as a function of pH for each construct. Because of OF €&ch mutant enzyme is summarized in Table 1 along with
the insolubility of insulin below pH 7.0, each assay utilized noncorrected catalytic parameters for the reductio. aoli
500 M Trx, which is approximately 10 times greater than 1'%
the estimate&,. To avoid differences in ionic strength, each ~ The data in Table 1 demonstrate that changing the
assay contained buffer with a final concentration of 30 mM C-terminal carboxylate of mTR3 to a carboxamidereases
citrate, Tris, and phosphate adjusted from pH 5.5 to 10.5. the activity of the enzyme. This increase in activity is not
The concentration of TR in the assay was the same as thalimited to the reduction of Trx; this mutant enzyme also has
used for the Trx MichaelisMenten profile. Each assay an increased hydrogen peroxidase activity (Table 2) and
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FiGure 2: Use of “intein engineering” to incorporate changes at the C-terminus of DmTR. DmTR is produced as a fusion protein with the

VMALlintein. The fusion protein exists in equilibrium between amide and thioester forms, and the thioester form can be liberated from the
intein by the addition of small molecules added to the column buffer. Addition of a thiol to the buffer results in a thioester-tagged protein.

This thioester will hydrolyze to form the free carboxylic acid. Addition of hydroxylamine {8H) liberates DmTR, with the C-terminus

being functionalized to a hydroxamic acid, while addition of ammonium sulfide Jjp8]i results in the formation of a thiocarboxylate at

the C-terminus.

Table 1: Thioredoxin Reductase Activity of Semisynthetic mTR3 Table 2: Hydrogen Peroxidase Activity of Semisynthetic mTR3

Enzymes’ Enzymes
% peptide Keal Km

enzyme Keat (Min~2) Km (uM) incorporation enzyme keat(Min™)  Knp (MM)  (min~!mM™Y)
TR-G-COO»e no activity ~ no activity NA TR-G-COO0O+ no activity  no activity =~ NA
TR-GCCGCOO+d 41+£0.11 49.1+3.2 NA" TR-GCCGCOO?» 19.6+£19 233+ 36 0.084
TR-GQUG-COO»e 2220+ 78 67.6+ 6 91 TR-GQUG-COO~* 17534+ 257 259+ 46 6.77 (5.30)
TR-GCQUG-CONHf 3010+ 351 41.6£5.0 63 TR-GQUG-CONHH 3204+ 351 167+ 24 19.18 (13.46)
TR-GUCG-COO- 8.3+£0.1 36.1+ 1.3 32 TR-GUCG-COO- 19.7+ 0.8 9.5+ 1.2 2.07
TR-GUUG-COO- 1.2+ 0.1 64.8+ 16.1 10 TR-GUUG-COO- 6.0+ 0.7 47+ 10 0.128
TR-GCAUG-COO- 350+ 14 20.8+ 3.5 100 TR-GCAUG-COO- 284+ 3.9 14+ 0.7 20.29
TR-GCAAUG-COO- 501+41 34.9+10.0 100 TR-GCAAUG-COO- 125+6.4 6.8+1.2 18.38
rat TR® 3000 35 NA

a2 The truncated form of the enzyme missing the C-terminal Cys-

@ Spectral properties of these enzymes are listed in Table S1. Sec-Gly tripeptide® The full-length Sec489Cys mutaritThe WT
b Reported previously in ret6. ¢ The truncated form of the enzyme  enzyme produced by semisynthesi¥he WT enzyme produced by
missing the C-terminal Cys-Sec-Gly tripeptidélhe full-length semisynthesis with a C-terminal carboxamiti@he numbers in
Sec489Cys mutant.The WT enzyme produced by semisyntheSihe parentheses are the second-order rate constant determined from the
WT enzyme produced by semisynthesis with a C-terminal carboxamide. linear fit due to poor saturation.
9 Taken from ref222 and41, purified from rat liver, and assayed with
E. coli Trx. " Not applicable. low catalytic activity. Even if thé.y values were normalized

for selenium content, the TRYBCG and TR-&®UG mutants

enhanced DTNB reductase activity as well (Table 3). If the have catalytic activity 90- and 185-fold lower, respectively,
selenium content is normalized for both samples, the than that of the WT enzyme. The mutants in which alanine
carboxamide mutant has nearly twice the activity as the residues were inserted to increase the ring size (TR-GGA
semisynthetic WT carboxylate enzyme. The position of the and TR-GCAAJG) show only a modest decrease in catalytic
Sec residue in mTR3 is important for catalysis as demon- activity, 6- and 4-fold, respectively.
strated by the mutant in the which Sec and Cys residues are
“switched” (TR-QUCG)? showing activity similar to that 2 Throughout this study, we use the nomenclature TR@aaaa

_ i as an abbreviation to show the changes we have made to the C-terminal
of the Sec489Cys mutant (TR-GCCG), 8.3 and 4.1hin tetrapeptide. In the tables, we add the designafl@O- CONH,, or

respectively. Replacement of the Cys-Sec dyad with a Sec-cos:to show what changes we have made to the C-terminal carboxyl
Sec dyad (TR-GUG) results in a mutant enzyme with very  group.
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Table 3: DTNB Reductase Activity for Semisynthetic mTR3

Keal Km
enzyme Keat (MIiN™2) Kn (MM)  (min"tmM™1)
TR-G-COO+4 856+ 43 2.72+0.43 314
TR-GCCGCOO?» 794+ 78 1.75+0.41 454
TR-GQUG-COO* 1251+ 71 0.46+ 0.09 2720
TR-GQUG-CONHY 32844133 0.13+£0.02 25260
TR-GUCG-COO- 751+ 51 1.61+ 0.34 466
TR-GUUG-COO- 914+ 18 1.84+0.12 497
TR-GCAUG-COO- 1010+ 26 0.26+ 0.03 3885
TR-GCAAUG-COO- 999+ 44 0.43+ 0.08 2323

2 The truncated form of the enzyme missing the C-terminal Cys-
Sec-Gly tripeptide® The full-length Sec489Cys mutaritThe WT
enzyme produced by semisynthesi¥he WT enzyme produced by
semisynthesis with a C-terminal carboxamide.

A
100

80

60

% Activity

40

20

10

100

80

% Activity

20

0

55 6 65 7 75 8 85 9 95
pH

Ficure 3: Activity toward Trx as a function of pH for semisynthetic
mTR3. Panel A shows the WT enzyme with the naturally occurring
carboxylic acid @), the WT amino acid sequence produced as a
C-terminal carboxamide), the Sec489Cys mutanij, and the
GUUG mutant ©). Panel B shows the WT carboxylate enzyme
(@) for reference, the GUCG mutamt), the GCAUG mutant®),

and the GCAAUG mutanty).

pH—Rate Profiles of Semisynthetic mTR3 Enzyritdmgms
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Ficure 4: Michaelis-Menten plot of the hydrogen peroxidase
activity of semisynthetic mouse enzymes. Shown are WT mTR3
(@), the GCAUG mutant), and the GCAAUG mutant«). The
dramatic shift inKp, is apparent.

identical to that of the WT carboxylate enzyme. However,
the di-Sec mutant shows a pronounced shift toward pH 10.0
for maximal activity. In contrast to the large pH shift
observed for the di-Sec mutant, the TRIGG mutant shows
only a modest alkaline shift in pH optima [G-3.0 unit
higher than that of the WT enzyme (Figure 3B)]. The alanine
insertion mutants also display an alkaline shift near pH 8.0
in the Trx reductase assay (Figure 3B).

Peroxidase Actiity of Semisynthetic Mouse TRydrogen
peroxidase activity is a characteristic that is unique to the
mammalian TR due to the presence of the Sec resiflue (
11, 12), and thus, this activity is absent in DMTR and CeTR2.
However, HO, is a poor substrate for mTR3 as indicated
by the highK, values (low millimolar) and may not be a
physiologically relevant activity for the enzyme. Peroxidase
activity plots for mammalian TRs reported previously show
poor saturation but have been limited to substrate concentra-
tions of <5 mM (11, 16). In this study, we have expanded
the profile to 70 mM peroxide. The results demonstrate poor
saturation for WT carboxylate and carboxamide forms
(Figure S2 of the Supporting Information). We previously
reported an activity of 73 7 min~ with aK,, of 6.6+ 0.5
mM (16) when limiting the analysis to substrate concentra-
tions equivalent to that reported in the literatutd)( After
repeated extended analysis of the WT carboxylate enzyme,
we observe an activity of 175% 257 min ! with a Ky, of
2594 33 mM using 50 nM enzyme, while the carboxamide
mutant has an activity of 3204 351 min! with a Ky, of
167+ 17 mM using 20 nM enzyme (Table 2).

However, as shown in Table 2, tk&, values for mutant
enzymes TR-GCAIG, TR-GCAAUG, and TR-®CG are
dramatically lower. The interpretation of this data is that,

been well documented that mutation of the catalytic Sec while the WT enzyme displays significant peroxidase activ-
residue to Cys in the mammalian enzyme results in a shift ity, the kinetics are more typical of a second-order reaction
of the maximal activity toward a higher pH.1). As such, due to minimal binding of the substrate by the enzyme. In
part of our mechanistic evaluation of the semisynthetic contrast, the mutants mentioned above display saturation
mutants included an evaluation of TR activity as a function kinetics, typical of enzymes that behave in a Michaelis

of pH. We also observe a shift from pH 7.0 to 8.0 for the Menten fashion. The saturation curves for these mutants can
Sec to Cys mutant (Figure 3A). The carboxamide mutant be seen in Figure 4 and are dramatically different from those
(exhibiting activity higher than that of WT) has a profile of the WT enzyme. One interpretation of this result is that
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Table 4: DmTR Thioredoxin Reductase Actiity Table 5: DTNB Reductase Activity for DmTR

enzyme Keat (Min™?) Kin (M) - . kc?{Km .

TR-S-COO® no activity no activity enzyme Keat (Min™?) Kn (MM) _ (min™* mM™)
TR-SCCSEOO* 2994+ 74 173.3+ 8.1 TR-S-COO+# 178.0+7.0 0.75+0.09 237
TR-SCCSCONHOH! 513.3+ 33.3 172.5+21.7 TR-SCCSE00+ 157+ 12.4 0.22+0.07 713
TR-SCCSEOS¢ 491.9+ 19.6 67.8+ 7.3 TR-SCCSCONHOH 230.9+8.6 0.14+ 0.02 1650
TR-SCACSEOO- 212+ 0.3 298.3t 58.0 TR-SCCSE0SH 337.2+19.9 0.45+0.06 748
TR-SCAACSCOO- 0.91+0.2 166+ 58.0 TR-SCACSCOO0- 187.5+17  0.20+ 0.06 935
TR-SCAACSCOO- 949+4.1 0.25+0.03 380

a Spectral properties are listed in Table 8Zhe truncated form of
the enzyme missing the C-terminal Cys-Cys-Ser tripeptidéie WT 2The truncated form of the enzyme missing the C-terminal Cys-
enzymed The WT enzyme produced as the C-terminal hydroxamic Cys-Ser tripeptide? The WT enzyme® The WT enzyme produced as
acid.®e The WT enzyme produced as the C-terminal thiocarboxylate. the C-terminal hydroxamic acid.The WT enzyme produced as the
C-terminal thiocarboxylate.

insertion of alanine residues into the dyad creates a binding
site for H,O, that is not present in the WT enzyme. This 0n a vicinal disulfide than the mammalian enzyme does for
would explain the saturation behavior of the mutants and @ vicinal selenylsulfide.
the highK,, of the WT enzyme. Comparison of DTNB Reductase Adies. The small
We also tested the impact of the concentration of the molecule disulfide DTNB has long been used for quantifica-
cosubstrate NADPH on the saturation profile since TR has tion of free thiols in proteins2g) as well as in evaluation of
a ping-pong bi-bi mechanism2%). This analysis was thiol—disulfide exchange reactiong%), the same process
conducted for the WT enzyme and for the TR-GOA catalyzed by TR. As a substrate of TR, DTNB displays
mutant. The kinetic plots are shown in the Supporting Michaelis-Menten kinetics, but it is not a physiologically
Information as Figure S3A (WT enzyme) and Figure S3B relevant substrate, which is reflected by the highvalues
(GCAUG mutant). Detailed information about these plots is that have been previously reported for this substraté 1,
provided in Table S2 of the Supporting Information. For each 28). It does, however, provide a substrate suitable for
enzyme, the saturation curves are similar from 25 to 500 evaluating the activity of TR mutants that show little or no
uM NADPH. In both cases, progress curves remained linear activity toward Trx since both the N-terminal and C-terminal
over the 2 min time frame of the assay with the exception disulfide redox centers are capable of reducing DTNB which
of the assay using 26M NADPH and 70 mM peroxide,  has been reported by u4€) and others Z, 28). A good
where linearity was maintained to 90 s due to depletion of model for either redox center interacting with DTNB has
NADPH. Thus, the change ik, observed in the mutants is  been previously presentedd).
not due to an altered affinity for NADPH. For our truncated form of mTR3 (Table 3), we observe a
Thioredoxin Reductase Aciy for DMTR and CeTRThe kear Of 856 &= 43 mim™. This is 68% of that of the
mutants produced for DmTR can be subdivided into those semisynthetic WT enzyme, which haskg of 1251+ 71
that have activity higher or lower compared to that of WT min 1. The WT enzyme does, however, have a significantly
DmMTR (Table 4). In the case of the mutant enzymes that lower Kn.. This is different from what is observed for the
have increased activity, the results are analogous to thoseC-terminal mutant of rat TR11¢l) or the truncated form of
for mTR3. When the C-terminus of DTR is changed from human TR 80), each of which exhibits poor activity.
a carboxylate to either a thiocarboxylate or a hydroxamic However, this result is similar to that for a C-terminal mutant
acid, the result is a mutant enzyme with-ah.7-fold increase ~ of Plasmodium falciparunTR (PfTR), which had 64% of
in activity. The data show that, like the case for mTR3, either the WT DTNB reductase activity?g). The alanine insertion
neutralizing the charge at the C-terminus (hydroxamic acid) mutants (TR-GCAIG and TR-GCAAJG) have activities
or changing the charge distribution (thiocarboxylate) results slightly elevated compared to that of the truncated enzyme
in an increase in the observed activity. Spectral characteristicsbut lower than that of the semisynthetic WT enzyme. The
of WT DmTR and mutant enzymes are reported in Table C-terminal carboxamide mutant merits special note as the
S3 of the the Supporting Information. catalytic efficiency of this enzymek{/Kn) is ca. 25 000
In contrast to mTR3 where increasing the ring size of the min™ mM~. This is >10-fold higher than that of the WT
Cys-Sec dyad via insertion of alanine residues had a modesenzyme when the 28% lower selenium content of this mutant
effect on activity (4-6-fold lower), alanine insertion mutants i taken into consideration.
(DMTR-SCACS and DmTR-SCAACS) had activity thatwas ~ The DTNB reductase activity of DmTR is also increased
greatly reduced compared to that of WT DmTR. Increasing when the negative charge at the C-terminus is either
the ring size of the Cys-Cys dyad resulted in a -+300- neutralized by converting the carboxylate to a neutral
fold loss ink.y, While the Ky, was affected little. Similar ~ hydroxamic acid or modulated by conversion to a thiocar-
results are observed for CeTR2, which shows a 145-fold boxylate (Table 5). Similar to the Sec-containing mammalian
decrease for the single insertion and 90-fold decrease forenzyme, the truncated DmTR mutant also shows very high
the double insertion (Table S4 of the Supporting Informa- DTNB reductase activity, as do the alanine insertion mutants
tion). The pH optimum for the WT DmTR enzyme-is/.5 (TR-SCACS and TR-SCAACS). This same effect is observed
with no change observed with either of the carboxyl variants in CeTR2, where insertion of alanine between the redox-
and an alkaline shift for both of the Ala insertion mutants active Cys residues of the C-terminal redox center has very
(Figure S4 of the Supporting Information). These trends are little effect on DTNB reductase activity (Table S5 of the
identical to that observed for mTR3. These results indicate Supporting Information). The Cys-containing DmTR and
that the non-selenium enzymes have a greater dependenc€eTR2 enzymes havel2% of the DTNB reductase activity
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of the Sec-containing mTRX; values of 157 min! for When the eight-membered ring of the Cys-Cys(ox) dyad
DmTR and 134 min' for CeTR2), while their catalytic  is opened, one of the sulfur atoms will be attacked by the
efficiencies are only 3- and 8-fold lower than that of mMTR3, interchange Cys and the other sulfur atom will be the leaving
respectively. group (Figure 1C). In examining the crystal structure of
DmTR, we recently proposed that Cys49the C-terminal
DISCUSSION Cys) was in the leaving group position while Cys48s

TRs from higher eukaryotes share a common structure with the site of nucleophilic attackly). We argued that the
the flavoprotein GR with the exception of a 16-amino acid intervening peptide bond of this dyad was igiaconforma-
C-terminal extensionl). This C-terminal tail contains a  tion, and this conformation allowed for the transfer of a
unique redox center as it consists of either adjacent Cysproton from His464to the thiolate of Cys490In contrast,
residues or adjacent Cys and Sec residues that form either ave argued that in the mammalian enzyme, the intervening
vicinal disulfide or a vicinal selenylsulfide bond (analogous peptide bond of the Cys-Sec(ox) dyad was intrans
to a disulfide bond, Figure S5 of the Supporting Information). conformation, and this placed the selenolate in a position
In this study, we have used a combination of protein Where it could not accept a proton from the general acid
engineering techniques to investigate the C-terminal redox (His). However, the low [§, of the selenolate would obviate
center of Sec- and Cys-containing TRs. This investigation the need for proton transfer. If the model is correct, then
is divided into three areas: ring size, the role of charge at insertion of alanine residues into the dyad would disrupt the
the C-terminus, and requirement for the position of the Sec transfer of a proton from the catalytic His and result in a
residue in the mammalian enzyme. These areas are discusse@ss in activity in the absence of Sec, which is observed
below. experimentally.

Ring SizeWhen a disulfide bond forms between adjacent ~We see different results with respect to ring size for the
residues, the result is the formation of an eight-membered nonphysiological substrates®, and DTNB. Enlarging the
ring. This type of disulfide is a rare occurrence and has beenring in mTR3 does significantly improve th&, for H2O,,
found in only 32 structures of 28 000 structures in the Protein and these mutant enzymes behave with typical Michaelis
Data BanRk (4, 5). On the basis of NMR studies of small Menten kinetics unlike the WT enzyme with this substrate
proteins in which the Cys-Cys(ox) dyad is found, we believe (Table 2 and Figure 4). While we see that ring size does
that this unit in TR may be undergoing conformational significantly impact the Trx reductase activity of DmTR and
switching betweertis andtrans forms of the ring (Figure =~ CeTR2, enlarging the ring does not affect DTNB reductase
S5). This is apparently the case in human and bass hepcidinactivity to an appreciable extent. The fact that all of the
which also contains this unique ring structuBd,(32). A mutants in this study (including the truncated forms of TR)
comparison can be made between this peptidyl eight- exhibit high DTNB reductase activity indicates the impor-
membered ring and cyclooctene. Cyclooctene existscis a  tance of the N-terminal redox center in the reduction of
configuration as there is a-10 kcal/mol difference in ~ DTNB for these three enzymes.
stability between theis andtrans isomers of cyclooctene Comment on DTNB Reductase Aitti of the TRs in This
(33). By analogy, the peptidic eight-membered ring, having Study In comparing the DTNB reductase activity for the
partial double bond character (40%) that restricts rotation enzymes in this study (Tables 3, 5, and S5), we can make
about the peptide bond, could also relieve ring strain by three important conclusions. First, the C-terminal active site
adopting acis geometry. Interestingly, insertion of a selenium is not required for DTNB reductase activity but can affect
atom into this ring should increase the overall ring size and catalytic efficiency. Second, it offers a plausible direct
decrease the strain of the ring. correlation with the results for the reduction of Trx angh

Insertion of either one or two alanine residues between by mTR3. This is accomplished by dividing the results into
residues of the Cys-Sec or Cys-Cys dyad of TR results in agroups based on catalytic efficiencieka(Km). The C-
larger, less strained ring of either 11 or 14 atoms instead of terminal carboxamide variant has the highest catalytic
8. The kinetic data in Table 1 indicate that these insertions efficiency for DTNB and the highest Trx activity, while the
have only a modest effect on ttkgy (4—6-fold) of MTR3 WT carboxylate enzyme and Ala insertion mutants have
when assayed with Trx and a minimal impact Kp. In moderate catalytic efficiency for DTNB. The mutants with
contrast, the data indicate for DMTR that the same alaninepoor Trx reductase activity have the lowest catalytic ef-
insertion mutants are greatly affected as shown by the largeficiency for DTNB and are similar to truncated mTR3,
decrease ik [150—300-fold (Table 4)], while thek of indicating that the DTNB reductase activity from these
CeTR2 (also a Cys-containing TR) is decreased by B4b- mutants can be attributed to the N-terminal redox center.
fold. Taken together, the data show that for Sec-containing The decrease in efficiency is due to the incread&,nwhich
mTR3, the catalytic impact of ring size is minimal, while has been reported for mutants of DmTR &nd PfTR 28).
for the Cys-containing TRs, the catalytic impact of increasing ~ We offer an explanation for the varying activities of mutant
ring size is significant. Therefore, relief of ring strain may TRs for DTNB reported in the literature. DTNB has two
not significantly contribute to the catalytic function of carboxylate groups as well as a lowgpthiol expected to
mammalian TR. be unprotonated upon reductioB4( 35). Therefore, the

difference in activities between mutant forms of different

3 The study by Perczel and co-workers is the most current study on TRS can be explained by comparing differences in the active
the number of vicinal disulfide bonds in the Protein Data Bank (PDB). site electrostatic surface potentials (shown in Figure S6 of

At the time of the publication of refd and5, there were ca. 28 000 ; ; ;
structures in the PDB. There may be more structures and more proteinsthe Supporting _Information). The least electronegative

containing vicinal disulfide bonds, but this comment s limited to known Potential is for mTR336) (highest DTNB reductase activity),
structures deposited in the PDB. while rat TR1 (4) is the most electronegative [poor DTNB
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reductase activityl(1)]. A similar interpretation was made is most likely explained by a large decrease in the ring
for the poor activity of truncated human TR toward oxidized opening step. The difficulty in opening this diselenide bond
diglutathione 80). is shown by the very large shift in the pH optimum for this
Role of Charge at the C-Terminudur use of inteins has  mutant. The Sec-Sec mutant has a pH optimum for reduction
allowed us to explore the role of the C-terminal carboxylate of Trx near 10, while the WT enzyme is centered on pH 7
in the catalytic mechanism of TR, which is fortuitously (Figure 3A,B). The most likely explanation for this dramatic
placed close to the site of catalysis. In the crystal structure shift in the pH optimum for this mutant is that the thiolate
of rat TR1 (14), Sandalova et al. proposed that a salt bridge (Cys52) that is responsible for the initial nucleophilic attack
interaction between the C-terminal carboxylate of mam- on the dyad must be fully ionized for this to occur, which
malian TR and Lys29 (Lys26 in DmTR) was important for our data suggest occurs near pH 10 in this mutant (Figure
maintaining the position of the Cys-Sec(ox) dyad as it 3A).
approached the N-terminal redox center prior to reduction. |t is thought that the Sec residue is the attacking nucleo-
The same role was suggested for Arg351 in a modeling studyphile in the reduction of Trx. This is so because the selenolate
for formation of a complex between TR and Tr23. of a Sec residue is much more nucleophilic than a thiolate
Another role suggested for Lys29 is that of a general acid of a Cys residue. Indirect evidence for this hypothesis is
(W. Brandt, personal communication). In this role, Lys29 given by the hydrogen peroxidase activity of the enzyme
would donate a proton to the thiolate of the N-terminal Cys (8, 12), which is abolished upon mutation of Sec to C¥$)(
of the Cys-Sec dyad in mammalian TR or the thiolate of the There are two consequences to switching the positions of
N-terminal Cys of the Cys-Cys dyad in DmTR. If a sulfur and selenium atoms in the dyad. First, the interchange
conventional site-directed mutagenesis experiment wereCys residue (Cys in Figure 1C) would have to attack a
performed on Lys29, then these two roles could not be more electronegative atom, which is unfavorable, thus
distinguished if the Lys mutant lost significant activity. In |eading to a decrease in rate. This switch would also place
addition, any time a mutant is made, there is the additional the Cys residue in the leaving group position during ring
complication of altering the structure of the protein, making opening, which would also significantly decrease the activity
interpretation of the result difficult in such cases. toward all three substrates in this study, due to the higher
In this study, we have made the most conservative changepK,, of the thiolate compared to that of a selenolate as we
possible by creating a semisynthetic mammalian TR that hashave argued previousiyi 7).
a C-terminal carboxamide in place of the usual carboxylate. e kinetic profile of the hydrogen peroxidase activity of
The carboxamide is isosteric with the carboxylate, but is {he \WT enzyme is more like that of a chemical reaction
neutral, allowing for an uncomplicated analysis of the [second-order kinetics (Figure 4)] rather than an enzymatic
resultant mutation. In this case, eliminating the charge at the ;a5ction. Small organic molecules with a selenium atom also
C-terminus increases the activity of the enzyme over a broady,ye nonenzymatic peroxidase activit). Therefore, one
range of substrates (Trx,.B,, and DTNB). In all of the  yoyid expect the position of Sec to have little impact on
substrates that were tested, there is an increase in activity Ofperoxidase activity. However, switching positions of the two
2-fold. Similar results are also observed for DmTR when aioms (S and Se) results in a 30-fold decrease in peroxidase
the C-terminal carboxyl_ate is converted to a hydroxamic acid activity when selenium content is normalized (Table 2). The
(PKa = 8.88) @7) or thiocarboxylate. If the proposed salt g reasons for the poor activity of the switch mutant in the
bridge were important for aligning the Cys-Sec or Cys-Cys reqyction of Trx given above apply to the hydrogen peroxi-
dyad for catalysis, one would expect a significant decrease yzse reaction as well. Thus, we argue that pathway 1 in
in activity, which is not observed. Therefore, it seems highly Figyre 1C should be correct. This model is further supported
unlikely that the C-terminal carboxylate is involved in an py 'the data for the Ala insertion mutants, as these mutants

important catalytic electrostatic interaction but could con- \yould maintain Cys in the interchange position and Sec in
tribute to product release. A hydrogen bond, however, cannotihe |eaving group position in the ring opening step.

be ruled out.

Position of the Sec Residue in Mammalian T®ur
semisynthetic technique for production of mTR3 has also
allowed us to make several other unique changes to the
C-terminal redox-active tetrapeptide. In DmTR, there are two
Cys residues whose roles in catalysis are difficult to discern
using conventional protein engineering techniques. In the
marg_mghan_ ehnzglme_, however, th.Ef‘ twofrehS|dduesd|_n this dy.a?jleaving group ability of the thiolate of Cys increases at more
are distinguishable since one position of the dyad Is occupied,, . ;. pH. The data presented here (while not definitive) are
_by Cys and the other t_)y Sec. Herg we have mvesugatgd the:supportive of our model for Sec as the leaving group in the
importance of the position of Sec in the dyad by creating a ring opening step
Sec-Sec dyad (TR4BUG) and a switch mutant (TRAGCG). '

The redox potential of the dyad decreases froB26 to SUPPORTING INFORMATION AVAILABLE
—385 mV when it is changed from a Cys-Sec dyad to a Sec-

Sec dyad 38, 39). The very low redox potential of the Five tables that give spectral properties of mMTR3 mutant
diselenide bond makes it very difficult to open by the thiol ~ enzymes, spectral properties of DmTR mutant enzymes, and
disulfide exchange chemistry. This mutation resulted in an kinetic data for CeTR2 and six figures showing a 12% SDS
enzyme with greatly impaired catalytic function [185-fold PAGE gel of the cleavage experiment with DmTR and
loss of Trx reductase activity (Table 1)]. This loss of activity various cleavage reagents (Figure S1), a Michadllenten

Finally, the results of the pH profiles for Trx reduction
are also supportive of this hypothesis. If the ring opening
step is responsible for the change in the pH optimum, then
the interpretation that we have put forth previously, namely
that protonation of the leaving group in the ring opening
step is partially rate limiting X7), can be used to explain
the shift toward basic pH for the switch mutant since the
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plot of the hydrogen peroxidase activity of semisynthetic
mTR3 enzymes (Figure S2), the effect of titrating NADPH

on theK, for hydrogen peroxide on mTR3 enzymes (Figure
S3), the activity dependence on pH for the DmTR mutants
(Figure S4), a potential conformational switching mechanism
for the Cys-Cys dyad (Figure S5), and the electronic

potential of the tetrapeptide binding pockets of various TRs
(Figure S6). This material is available free of charge via the
Internet at http://pubs.acs.org.
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