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ABSTRACT: A thioredoxin homologue (Mj0307) from the hyperthermophilic archakt@thanococcus
jannaschii(MjTRX) was cloned, produced B&. coli, and compared to the thioredoxin frda coli (ETRX).

The secondary structure profile BfTRX obtained by NMR spectroscopy shows that it has fdsheets

and threen-helices arranged ifiaoSpa, similar to that of glutaredoxin. Howevey]jTRX supports the
growth of T7 bacteriophage iB. coli and is weakly reduced by the thioredoxin reductase fEaraoli,
indicating thatMjTRX is functionally closer to a thioredoxin than a glutaredoxXijTRX has higher
specific insulin reductase activity th&TRX and retained its full activity over 4 days at 96, whereas
ETRX lost its activity in 150 min. The standard state redox potentiaMpfRX is about—277 mV,
which is the lowest value thus far known among redox potentials of the thioredoxin superfamily. This
indicates that the lower redox potential is necessary in keeping catalytic disulfide bonds reduced in the
cytoplasm and in coping with oxidative stress in an anaerobic hyperthermophile.

Thioredoxins are small acidic proteins containing two during the folding of exported proteing4, 15), and in the
redox-active half-cystine residues in an exposed active siteeukaryotic protein disulfide isomerase (PDLp). Although
with the sequence Cys-X-X-Cys (X corresponds to any these thioredoxin-like proteins have similar active-site se-
amino acid) that function as protein disulfide reductases in quences, they have different redox functions. Thioredoxin/
numerous biological reactions. Thioredoxin was initially glutaredoxin systems also play a critical role in redox
isolated in vitro as a hydrogen donor for ribonucleotide homeostasis in the cytosol and elimination of harmful
reductase). Oxidized thioredoxin is reduced by thioredoxin oxidants. Wherk. coliis exposed to reactive oxygen species
reductase with NADPH as a hydrogen don@r3). Escheri- (ROS) such as ©° and hydrogen peroxide, the transcription
chia coli thioredoxin ETRX) also plays a key role in  factor OxyR and chaperone Hsp33 are activated. The
promoting egress and assembly of the filamentous phagesactivated OxyR not only triggers the expression of enzymes
fl (4) and M13 6, 6). It also participates in the DNA  that remove the oxidant, but also increases the expression
replication of bacteriophage T7 as a component of the phage-of disulfide reductants, which restores the overall reducing
encoded DNA polymerase complex. An active T7 DNA conditions of the cell and deactivates OxyR and Hsp33 by
polymerase complex is composed of T7 DNA polymerase reducing disulfide bondsly—21).
(gene 5 protein) an&TRX in a one-to-one stoichiometry
(7—10) and has some 1000-fold higher processivity of
polymerization than T7 DNA polymerase alorEl). Glu-
taredoxin has been identified and characterizedt.ircoli

Recently, the whole genome sequences of the hyperther-
mophilic archaeaMethanococcus jannasch{P?), Metha-
nobacterium thermoautotrophicu@3), Pyrococcus hori-

: ! X ’ i koshii (24), Archaeoglobus fulgidu$25), and Aeropyrum
mutants lacking thioredoxin but with fully active NADPH- pernix (26) and the hyperthermophilic bacteriaquifex

dependent deoxyribpnug:leotide synthedig) ( It catalyzes aeolicus (27) and Thermatoga maritime28) have been
glutathione (GSH) disulfide transhydrogenase reactions andgeermined. These hyperthermophiles also have proteins with
is specmc_for a monothiol glutath|_one. In a th_lorec_ioxm/ thioredoxin/glutaredoxin motifs suggesting the ubiquity of
gluc;[aredom(r; doub]le m_ut;cant di:f C,Od“' glu(';aredoxm-3 'ﬁ & this system in nature. Hyperthermophiles are generally
ydrogen donor for ribonucleotide re uctase3)( The . capable of growing under extreme conditions such as low
Fh|oredOX|n fold contammg an a}ct|ve site Cys-X-X—Cys motif pH, high pressure, and high salt concentration. Most of these
IS fguginot;nlljy ilancthlorehdoxm gr;d glutafregoxm but also ,hanisms are anaerobes, have extraordinarily heat-stable
In DSbA an SbC in the periplasm of Gram-negative proteins, and use ingenious strategies for stabilizing nucleic
bacteria, which are involved in catalyzing disulfide formation acids and other macromolecules in viv2g). In M. jann-
"This work was supported in part by a grant from Critical a$Chii’ a_thioredoxin-like proteinNij TRX) V_Vith aC_yS'PrO'
Technology 21 of the Ministry of Science and Technology in Korea His-Cys in the active site (annotated as thioredoxin; MJ0307)

and by KIST2000 Program to K.-S.K. and a thioredoxin reductase homologue (MJ1536) were
59;g°ge59ﬁ’.”cl‘<'”9 a“tg’kr: Ie':*f‘z'z) 958-5934; Fax:482-2) 958-  jgentified @2). MiTRX is 85 amino acids long, similar to
i K'ore'? ﬁgtmﬁfg{‘ Sciésngg 'a,r{d Technology. glutaredoxin in size, but has Cys-Pro-His-Cys in the active
8 Korea University. site that is different from either thioredoxin or glutaredoxin
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M.jannaschii Thioredoxin: MSKVKIEL |F[TsPM[@PH[dP AAKRVVEEVAN|EMP 32
E.coli Thioredoxin: SDK | |HLTDDSFDTDVLKADGA I LVD|FWAEW[dGP[dKkMI AP I LDE | AD|E|]YQ 50
E.coli Glutaredoxin: MQTVI|F[cRsSGIYP YIQVRAKDLAEKLSN|E| R 28

M.jannaschii Thioredoxin: DAVEVEY I NVMENPQKAMEYGIMAVPT I VI N G D|V[E F 1{GIAP TKEA 76
E.coli Thioredoxin: GK LTVAKLN I DQNPGTAPKYGIRGIPTLLLFKNGE|VIAATKV|GIALSKGQ 98
E.coli Glutaredoxin: DDFQYQYVD I RAEGI TKEDLQQKAGKPVETVPQIF|lVIDQQHI|lcglcYTDFAAW 78

M.jannaschii Thioredoxin: | VIEJA | K KR L 85
E.coli Thioredoxin: | KIEIF LDANL A 108
E.coli Glutaredoxin: v K|[E[N L D A 85

Ficure 1: Sequence alignment of some thioredoxin family proteins. Conserved amino acids are in white boxes, and active-site cysteines
are in black boxes.

(Figure 1). We characterized MJ0307 protdifj TRX) from was expressed and purified as described by Langsetmo et
M. jannaschiiand compared it to thioredoxin froi. coli al. (32) with anion exchange and gel filtration chromatog-
to understand the possible role of thioredoxin in hyperther- raphy. The uniform isotope labeling &fC, N atoms in
mophilic archaebacteria, considered to be the most ancientMjTRX was achieved by growing cells in M9 minimal

of all living organisms 80, 31). We show thaMjTRX from medium with 1.0 g of5NH,CI/L and 2.0 g of [°C]glucose/

M. jannaschii exhibits biochemical activities similar to L. NMR samples were prepared by dissolving about 10 mg
thioredoxin although the structure of it is more like glutare- of protein in 0.5 mL of either 90% $D/10%?2H,0 or 99.9%
doxin. We also show thaWljTRX is the most reductive  2H,O. The pH was adjusted to 3.300.05 (glass electrode,
thioredoxin among known thioredoxin-like proteins. uncorrected) with concentrated N&O

Thioredoxin/Glutaredoxin Actity Assay and Thermal
EXPERIMENTAL PROCEDURES Stability. The MjTRX activity was routinely determined with

Genomic DNA from M. jannaschii. M. jannasciDSM the insulin precipitation assay described by Holmgi&).(
2661) were obtained from Deutsche Sammlung von Mikro- The standard assay mixture contained 0.1 M potassium
organism (DSM, Germany) and grown at 85, pH 6.5. phosphate (pH 7.0), 2 mM EDTA, 0.13 mM bovine insulin,
Culture media and genomic DNAs of these strains were and 2uM MjTRX, and the reaction was initiated upon the
prepared by the modified method of Guagliardi et &lL)( addition of 1 mM dithiothreitol. An increase of the absor-

Protein Expression and Purificatiomhe complete coding ~ bance at 650 nm was monitored at 30. The DTNB-
sequence of thioredoxin was amplified by 30 cycles of coupled reduction of thioredoxin with thioredoxin reductase
polymerase chain reaction (PCR) (denaturing at°@% of E. coli was also used to determine thioredoxin activity
annealing at 58C, and extension at 7) using genomic  (34). The activity of thioredoxin reductase was assayed at
DNA as a template. The PCR fragmentsMfTRX were 30 °C by measuring the absorbance increase at 412 nm at
digested witiNdel andBanHI and cloned into an expression ~ Various concentrations dfljTRX (2.2, 4.4, 9, and 12M)
vector, pET15b (NovagenE. coli BL21(DE3) harboring N @ reaction buffer 2 mM DTNB, 0.24 mM NADPH, and
each recombinant p|asm|d was grown at°&7until Asoo = 0.5 unit of E. coli thioredoxin reductase in 1.0 mL of 100
1, and the recombinant proteins were induced with 0.4 mM MM Tris-HCI (pH 8.0)]. As a positive control, ZM ETRX
isopropyl-1-thio8-p-galactopyranoside for 2 h. Cell paste Was used, and the reaction was started by adding thioredoxin
obtained by centrifugation at 5000 rpm for 15 min was reductase in a reaction mixture. Glutaredoxin activity was
resuspended in a lysis buffer (50 mM potassium phosphate,measured uging the glutathione-disulfide transhydrogenase
pH 8.0, and 300 mM KCl) and disrupted by ultrasonication. assay described by Gan et aB5[. The standard assay
DNase | (10ug/mL) and RNase (1@g/mL) were added to ~ Mixture consisted of 100 mM potassium p_hosphate (pH 8.0),
the cell extract and incubated for 30 min at room temperature 1 MM EDTA, 1 mM GSH, 2.5 mM.-cystine, 0.2 unit of
to remove nucleic acid. The crude extract was heated at 859lutathione reductase, 0.3 mM NADPH, ang @ MjTRX.
°C for 30 min, and centrifuged at 16 000 rpm for 20 min. The enzyme activity was monitored at 3€ by the
The supernatant was loaded onto a nickel nitrilotriacetic absorbance at 340 nm. The thioredoxin concentratiofs of
acid—agarose resin (Ni-NTA) column (Qiagen) and eluted coli andM. jannaschiiwere determined using molar extinc-
with an elution buffer (50 mM potassium phosphate, pH 6.0, tion coefficients of 13 700 M* cm™ (34) and 3105 M*

300 mM KClI, and 10% glycerol) containing 0.3 M imidazole. ¢M* (36) at 280 nm, respectively. To evaluate the thermal
The polyhistidine tag was removed by thrombin for 12 h at Stability of thioredoxinsMjTRX andETRX were incubated
room temperature. The cleaved protein solution was dialyzedat 95 °C, and the residual insulin reductase activity of
and loaded onto a DEAE-Sepharose column equilibrated with thioredoxins was measured at 3D as described above. All
dialysis buffer (50 mM potassium phosphate, pH 6.5, and 2 reaction tubes were screw-capped to prevent the evaporation
mM EDTA). The flow-through was concentrated by ultra- ©Of solution during the incubation at 9%.

filtration using an Amicon ultrafiltration apparatus (Amicon). Determination of the pKValues of Thiol GroupsThe
The concentrated sample was further purified by gel filtration thiolate ion has a higher absorption at 240 nm witheag
chromatography using a Superdex G75 column (Pharmacia,of about 4000 M! cm™! than the un-ionized thiol group
1 cm x 30 cm) in 50 mM potassium phosphate (pH 6.5), 2 (37—39). Therefore, the I, values of thiol groups can be
mM EDTA, and 300 mM KCI. Each purified protein was determined by monitoring UV absorption during pH titration.
confirmed with N-terminal amino acid sequencirilRX The pH ofMjTRX solution (0.1 mM) was adjusted by NaOH
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or HCI from 3 to 8.5 and the measured UV absorption at 1 2 3 45

240 nm, and the protein concentration was determined by b

absorption at 280 nm. To measure thiolate-dependent absorp- 66 - =

tion only at 240 nm, absorption of either oxidized thioredoxin

or reduced and akylated thioredoxin by iodoacetamide was -

subtracted. The UV absorption of oxidized thioredoxin or ;

alkylated thioredoxin at 240 nm was negligible the whole

pH range. The pH-dependent absorption was fitted according 8 -

to the HendersonHasselbach equation to obtain th&,p 6.5~ 9__,‘““

value of thiol.
: ; Ficure 2: SDS-polyacrylamide gel electrophoresis analysis of
Interaction between T7 DNA Polymerase and MiTRA. proteins of each purification step. A sample of each purification

expression yector hgrbor.lijTRX was introduced mtp the step was analyzed by SB®olyacrylamide gel electrophoresis
TRX-defectiveE. colistrain (BH2012), and the protein was  (15%) and stained with Coomassie blue. Lane 1, molecular weight
induced with 0.4 mM IPTG for 40 min. The cell with the ~markers (Sigma, low range); lane 2, crude cell extract; lane 3,
expressed proten was used as plaing bacteria and wagPie ECTtan S e IeaTe R0 M e
infected Wl.th T7 phage as d.escnbe.d l.)y Hub_er et @)'( MjTRX ajlfter removing polyhistidine tag and purified by’Superd,ex
The plasmid (pCJF4) encodirtg coli thioredoxin, thiore- G75 gel filtration chromatography.
doxin-defectiveE. colistrains E. colithioredoxin reductase, _ _ _ _
and T7 phage were a generous gift from Prof. C. J. Lim exchange is believed to be a two-step reaction proceeding
(Kangwon National University, Korea). through a mixed disulfide intermediate. The breakdown of
NMR Spectroscopyhe heteronuclear NMR experiments the protein-protein mixed disulfide appears to be very rapid,
were carried out with @N-labeled or a3C- 5N-labeled as it is not normally populated under standard conditions
sample in 90% KD/10%2H,0. All experiments were done  (49):
using a Varian UNITYlus 600 spectrometer (at Advance « K
Analysis Center of KIST) at 30C. The concentration of ~A—SH, + B—5, 54 HSAS-SBSH A—S,+ B—SH,

protein was about 2 mM. Two-dimensiorted—13C constant (1)
time HSQC! 3D *H—'N NOESY-HSQCH—1N TOCSY- _ .

HSQC @1), HNHA (42), HCACO (43), and HNCO 44) KiK; =K, = [A=SJ[B-SHJ/[A-SH,|[B-S)] (2)
were acquired with th&C- or °N-labeled sample, andC-, o o o

15N-edited NOESY 45), HNCACB, and CBCA(CO)NH46) E'A— Eg=AEg = (RT/nR InKy, 3)

were acquired with th&C-, °N-labeled sample. NMR data
were processed using the program NMRPi#@.(Starting

with the identifications of'>N and HN chemical shifts in obtained using the Nernst equation (eq 3), wheie the
IH—15N HSQC, spin systems were partially identifiedHi— . ’
QC, spin sy were parialy | " number of electrons transferred in the reaction (mere2),

15N TOCSY-HSQC, and the sequential assignments of each _". ; e
amino acid were made using HNCACB, CBCA(CO)NH, and F is Faraday's constant (23,040.612-cabl™*-V ™), andR

IH—15\ NOESY-HSQC with mixing time of 120 ms. IS the gas constant (1.987 ddr*-mol™).
Chemical shift indices were calculated by the method of RESULTS
Wishart et al. 48). . ' _

Redox Potential of MjTRXFor the determination of the Preparation of MiTRXAs the optimal growth temperature
redox potential oMjTRX, we used the modified method of ~ of M. jannaschiiis about 85°C, proteins from this organism
Aslund et al. 49). The MTRX—ETRX redox equilibrium ~ are expected to be stable at 8&. In purifying the
reactions (10QuL) contained 50uM of each protein in a  hyperthermophile proteins expressedtircoli, heat treatment
degassed and prurged solution of 100 mM potassium is hlgh|y beneficiaIMjTRX was obtained in about 70% pure
phosphate (pH 7.0) and 1 mM EDTA. The reduced form of form as most otheE. coli proteins were denatured by heat
MjTRX was prepared immediately before use by incubation treatment. The further purification ®jTRX was achieved
of protein fa 2 h at room temperature with 10 mM by Ni-NTA agarose column and gel filtration chromatogra-
dithiothreitol, followed by HPLC gel filtration chromatog- ~ Phy. The final yield ofMjTRX after proteolytic removal of
raphy (TSK-Gel-G2000 SWXL, 7.8 mm i.ck 30 cm long). the polyhistidine tag was about 10 mg per liter of culture
Redox reactions were initiated by adding the reduced form (Figure 2) with purity higher than 95%. The purifié TRX
of MJTRX to the oxidized form ofETRX, and then the has three extra amino acid residues (Gly-Ser-His) at its
sample was left to equilibrate at room temperature. After 4, N-terminus. The yield ofETRX purified as described in
9, and 12 h, an aliquot (26L) of each sample was quenched Langsetmo et al.32) was about 20 mg per liter of culture.
by adding 1QuL of 1.0 M phosphoric acid to a final pH of ~ Thioredoxin/Glutaredoxin Actity Assay.When the spe-
2.5 and analyzed by a reverse-phase HPLC. The reducedfific activity of each protein was compared at3Dand pH
and oxidized forms of the proteins present in the samples 7.0 by the insulin reduction assay}jTRX showed molar
were separated by reverse-phase HPLC on a VyDAE C specific activity higher than that dTRX (Figure 3A) in
column and quantitated. The mechanism of thidisulfide about 1.4 times. And/jTRX retained its full activity over

4 days at 95C wherea€ETRX lost its activity completely
! Abbreviations: NOESY, nuclear Overhauser effect enhancement in 150 min (Figure 3B). The insulin reductase activity is

spectroscopy; HSQC, heteronuclear single-quantum coherence; TOCcSydependent on the ionic status of active-site thiols. Therefore,
total correlation spectroscopy. we determined thel, values of thiol groups. They, was

where A isMjTRX and B isETRX. The difference in redox
potential between the two proteinAE°g, can then be
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Ficure 3: Reduction of insulin disulfides and thermal stability of
MjTRX and ETRX. (A) The activity assay was performed as
described in the text. Purifielj TRX (@) andETRX (O) (2 uM
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FIGURE 4: pK, values of active-site thiols. Thekp values of thiol
groups are obtained by measuring the amount of thiolate concentra-
tion with pH. The data were fitted according to the Henderson
Hasselbach to obtainkp values.

MjTRX has thiol-transferase activity by a glutathione-
disulfide oxidoreductase. As indicated in Figure B TRX
did not have a thiol-transferase activity.

Interaction between T7 DNA Polymerase and MjTRX. E.
coli thioredoxin interacts with T7 DNA polymerase and
improves the processivity of T7 DNA polymerase complex
about 1000-fold, so the T7 bacteriophage cannot survive in
a thioredoxin-deficienE. coli strain without complementa-
tion with thioredoxin §0). To test whetheMjTRX can
complement the thioredoxin deficiency, the thioredoxin-
deficient mutant (BH2012) harboring a plasmid encoding
MjTRX was infected with T7 bacteriophage. After 12 h, the
number of plaques formed by T7 bacteriophage was exam-
ined. About 400 phage plaques were seen on the wild-type
E. coli lawn while about 250 were forming on the thiore-
doxin-deficientE. coli BH2012 lawn withMjTRX comple-
mented. The size of the plaques formed on the thioredoxin-

each) were added to the reaction mixture, and the amount of reducedijeficient E. coli BH2012 lawn was smaller compared to

insulin was monitored by the absorption at 650 nm. Reaction
mixture without thioredoxin was used as a negative cont&gl (
The activities forMjTRX and ETRX calculated from the figure
were 0.14 and 0.1AAssomin, respectively. (B) Residual insulin
reductase activities dflj TRX (®) andETRX (O) were measured
with the incubation time. All samples were incubated at°@5

increased by about 8000 by titration, indicating that two thiol
groups were involved in titration, but a singl&jvalue was
enough to fit data to the HenderseHasselbach equation
(Figure 4). The K, values of both thiols are 6.2& 0.07.

plaques formed on the wild-typ€. coli lawn. No plaques
were seen on the thioredoxin-deficightcoliBH2012 lawn
without any thoredoxins expressed.

Secondary Structure of MjTRXhe chemical shifts of
Ha, 3Ca, and carbonylC are affected by the secondary
structures of protein. The resonancesidéc in the helical
conformation are shifted upfield, and those ¥€a and
carbonyl?*C in the same conformation are shifted downfield.
On the other hand, the trend is reversed in the sheet
conformation 48). In the helical conformation2Jynme-

Thioredoxin reduces other proteins and is reduced in turn coupling constants are lower than 5.5 Hz and NOEa/f

by an NADPH-dependent thioredoxin reductaseincoli.
We tested whetheMj TRX is reduced byETRX reductase.
As shown in Figure 5AETRX reductase could reduce
MjTRX. However, the recombinanMjTRX reductase
(Mj1356) could not reduce eithédjTRX or ETRX with
NADPH as a hydrogen donor (data not shown), indicating
that the MjTRX system might not use NAD(P)H as a

(i, i+3) are observed. In the sheet conformati@&fnie-
coupling constants become higher than 8 H%)( So the
secondary structure of proteins can be estimated by NMR
spectroscopy with high accuracy without calculating the
three-dimensional structure. The chemical shift indices,
3JunHe-coupling constants, and NOE connectivity (Figure 6)
indicated thatMjTRX consists of threex-helices and four

hydrogen donor and/or that another factor is involved in the S-sheets arranged #SoS6a, similar to glutaredoxin. It

thioredoxin system i. jannaschii We also tested whether

retains the so-called ‘thioredoxin fold’ but lacks the N-
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Ficure 5: Reduction ofMjTRX by ETRX reductase and thiol-
transferase activity oMjTRX. (A) DTNB-coupled reduction of
MjTRX by ETRX reductase was monitored by the absorption at
412 nm at various concentrations MfTRX [1: ETRX (2 uM);
2-5: MjTRX (2, 2.2uM; 3, 4.4uM; 4, 9 uM; 5, 12 uM)]. (B)

Lee et al.

quantity of newly generate@TRX red, the equilibrium
constant can be calculated. Equilibrium betwd§mRX and
ETRX was reached after 7 h, and the equilibrium constant
(K12) between them was (0.584 6.5) x 102 at pH 7.0.
Thus, according to eq 3jTRX has lower redox potential
thanETRX by 6.95+ 0.14 mV. The value oE°errx is —270
mV (2, 49, soE°jtrx is about—277 mV. WhenVjTRX_ox
and ETRX_red were mixedETRX red could not reduce
MjTRX_ox, indicating thaMjTRX has lower redox potential
compared toETRX (Figure 7C). The redox potential of
MjTRX is the lowest redox potential among the known
thioredoxin family proteins (Figure 7D).

DISCUSSION

Structure of MjTRX and Interaction with Virus Machinery.
Bacteriophage T7 is able to form plaques orEakoli TrxA™*
strain. The T7 DNA polymerase (gene 5 protein) is bound
to the thioredoxin of the host to produce an active T7
polymerase complex. However, not all thioredoxins interact
with T7 DNA polymerase. The glutaredoxin fro&. coli
(2) or thioredoxin fromAnabaeng52) does not support T7
phage growth, whereas the thioredoxins frémobacillus
ferroxidans (53), Corynebacterium nephridii(54), and
Rhodobactor sphaeroide5) are known to support T7
phase growthMjTRX is structurally similar to glutaredoxin
(Figure 6), butMj TRX does support the growth of T7 phage.
In the active complex of T7 DNA polymerase wikh coli
thioredoxin, the extended loop between helices H and H1
of T7 DNA polymerase wraps arourtd. coli thioredoxin
and buries the active-site cysteines as well as Arg71-Gly72-
lle75-Pro76 $6). Complementation dETRX by MjTRX in
T7 phage-infected, TRX-deficier. coli strain shows that
MjTRX has the thioredoxin fold intact and the N-terminus
of ETRX does not play a key role in T7 DNA polymerase
complex formation. Furthermore, the substitution of either
Cysl14 or Cysl7 by Ser still supported T7 phase growth,
which was also observed in the caseediRX (40, 57). This
result indicates that a serine substitution mutant is similar
to the reduced wild-type protein in structure, and thiol groups
are not required for T7 polymerase interaction as confirmed
in ETRX. However, the amino acid residues dfTRX in

Thiol-transferase activity was measured as described in the text.the interacting region are different from those BTRX,

BSA was used as the negative control. Glutaredoxins feorroli
(©), MjTRX (®), and BSA Q) are compared.

terminal 5-sheet andx-helix of E. coli thioredoxin.ETRX
has foura-helices and fives-sheets arranged gsSoS085a.
Redox Potential of MjTRXThe difference of redox

indicating that the flexibility of the extended loop in T7 DNA
polymerase may play a role in structural adjustment for the
better fit with MjTRX. MjTRX is more like glutaredoxin in
structure, but reduction by. coli thioredoxin reductase and
its interactions with T7 polymerase indicate that it is closely
related to thioredoxin in function. It may also have additional

potential governs the reaction direction of two redox-active unknown functions that require a glutaredoxin-like structure.
proteins, so the redox potential of proteins can be determinedT4 glutaredoxin also reacts with coli thioredoxin reductase,

by direct protein-protein equilibration 49). In principle,
differences in redox potential between two proteiliExg,

but it fails to react with T7 polymeras@)( MjTRX is much
more stable thalETRX against heat inactivation, but the

could be determined by the concentrations of their oxidized reason for this is not clear yet. Presently we are investigating

and reduced forms (eqs-B) at equilibrium. As shown in

factors contributing to protein stability using site-directed

Figure 7, HPLC analysis of the reaction products showed mutagenesis.

that ETRX _ox decreased with time, whil&ETRX red
increased with incubation time (Figure 7BJjTRX_ox and
MjTRX_red coelute in the HPLC chromatogram (Figure 7A),

Biochemical Actiities. MjTRX is a member of the family
of protein disulfide oxidoreductases. The sequence of its
active center, Cys-Pro-His-Cys, is the same as thit obli

but an equilibrium constant was calculated based on theDsbA, the most oxidizing member of the thiol/disulfide

reaction stoichiometry. WheMjTRX_red andETRX_ox are

oxidoreductase family58). The dipeptide located between

mixed,ETRX_ox is reduced with the same molar equivalent the two active-site cysteines plays a critical role in determin-

of MjTRX red oxidized. So once we know the molar

ing the redox potential as well as th&pof the active-site
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FIGURE 6: Summary of NOE connectivityJunne coupling constants, and chemical shift index) ¢A—15N HSQC spectrum oMj TRX.

The cross-peaks from the side chains of Asn and GIn are labeled with connecting lines. (*) Spurious peaks from the cloning artifact. (B)
Secondary structures are assigned based on the NOE conneéyify, coupling constants, and chemical shift indé8)( The 3JynHq

coupling constants smaller than 5.5 He) (and bigger than 8.0 Hza() are shown.

thiols of oxidoreductases within the thioredoxin superfamily indicates that amino acids outside of the active site are also
(50, 59). Each subfamily possesses a characteristic dipeptideimportant in determining redox potenti@(). According to
within the active site: Gly-Pro for thioredoxin, Pro-Thr for the mechanism of thioredoxin-catalyzed protein disulfide
glutaredoxin, Pro-His for DsbA, and Gly-His for the eu- reduction ofETRX proposed by Holmgrer6(l), nucleophilic
karyotic protein disulfide isomerase. The redox potential of attack by the thiolate of Cys32 results in the formation of a
MjTRX is —277 mV, but it has the same dipeptide as in transient mixed disulfide, which is followed by nucleophilic
DsbA, which has a redox potential 6f125 mV. This attack of the deprotonated Cys35 generating oxidized thiore-
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] B y n b of 3.42, and Glu24 is located at that positi@®d). The lack
Z:Z’;R?‘)—‘”‘ Just mixed of a negatively charged residue at the Asp26 position in
.8min, (9 ”

After 10min MjTRX seems to be the reason for the simultaneous titration

]g_r:}ni)—red L eon of the active-site cysteines. On the other hand, the I&w p
FTRX ox J\_ﬁ valyes ofMJ_TRX are related to t_he residues betweerj two
(36.3min) e Just mixed active cysteinesMjTRX has Pro-His between two cysteines,
ETRX _red - After Ohr which are the same residues found in DsbA. Substituting
(34.0min) amino acid residues between two cysteines in DsbA changed

the K, values of the cysteines. Th&pvalue of Cys30 in
DsbA was changed from 3.42 to 6.73 by changing the
dipeptide from Pro-His to Pro-Pro5@). According to

- Hit

MTRX Szajewski and Whitesideg (@), relative K, values of SH
ETRX EGRX PDI DsbA . . . . .
NADPH csh groups govern the reaction direction in the thiol exchange
L l ll l reaction. The group with the lowerkp value becomes a
[ : : ‘ better oxidizing catalyst. However, th&pvalue ofMjTRX
E=mV -325 275 225 -175 -125 is lower than that ofETRX althoughMjTRX is a better
FIGURE 7: Redox potential measurement MfTRX and ETRX. reducing catalyst thafETRX. This implies that once a

MJTRX_red andETRX_ox were incubated for 4, 9, and 12 h at gypstrate binds to the protein, thié4value of the remaining

room temperature at a concentration of 50 mM each in 100 mM , .
potassium phosphate, pH 7.0, followed by acid quenching to pH thiol group could be changed, and the changéd yalue

2.5 before HPLC analysis. (A) Elution profiles &TRX_ox, affects the reactivity of the thiol grouB§). The higher
ETRX_red,MjTRX_ox, andVjTRX_red. (B) Equilibrium between  specific activity of MjTRX in the insulin reduction is
MjTRX_red andETRX_ox. Decrease dETRX_ox and growth of  consistent with the lower redox potential BfTRX com-
ETRX_red could be observed with tme TRX_ox andMiTRX red = pared to that oETRX. The standard state redox potential

elute very closely in the chromatogram, so the intensity of . . . .
MjTRX_red appears to be constant with time. (C) Equilibrium does not always predict the direction of the redox reaction,

betweenMjTRX_ox andETRX_red. Even after 9 hETRX_ox but the environment is another key factor. DsbA in the
could not be observed, indicating tHBERX cannot reduc®lj TRX. periplasm irE. colicould be replaced by the exportE@iRX

(D) Standard state redox potentials of the thioredoxin family of although the standard state redox potentials are very different
thiol-disulfide oxidoreductase. 8)jTRX_red andMjTRX_ox; b, (72). The redox potential oMjTRX may also represent the
ETRX_ox; ¢, ETRX red. ; - . : ?

environments microorganisms inhabit. The reduced redox
doxin (Trx-S) and reduced protein. The N-terminal side of potential of thioredoxin oM. jannaschiiimplies that this
the cysteine residue (Cys32) is known to be solvent-exposedmicroorganism inhabits more reduced environments.
and to have higher reactivity and loweKyp than the The redox potential of theE. coli cytosol has been
C-terminal side of cysteine (Cys35) in the active site (Figure estimated to be approximatety260 to—280 mV (71), and
1). The low K, value is suggested to arise from the partial the thioredoxin and the glutathione/glutaredoxin systems play
positive charge induced by a helix dipole from heli (61). a critical role in maintaining the reducing environme@)(
Also Asp26 and Lys5%-amino groups significantly affect However, a single thioredoxin system has been fourld.in
the K, of the active-site thiol. The redox potential of protein jannaschii(22), and in the conserved neighbdWethano-
is known to be dependent on th& of the active-site thiol bacterium thermoautotrophicur(23). It indicates that a
(62). The higher the g, of the active-site thiol, the lower  single thioredoxin-like protein with the low redox potential,
the redox potential of the thioredoxin. MjTRX, cysteines possibly with multiple functions conserved in glutaredoxin-
in the active site are in the same secondary structurallike structure, is enough to maintain redox homeostasis in
elements as iETRX. The N-terminal side cysteine, Cys14, the archaeal methanogens.
is in the loop between shegil and helixal, and the
C-terminal side cysteine, Cys17, is in taé helix, whichis ~ REFERENCES
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