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Abstract 

Human glutaredoxin is a member of the glutaredoxin family, which is characterized by a glutathione binding site and 
a redox-active dithiol/disulfide in the active site. Unlike Escherichia coli glutaredoxin-1, this protein has additional 
cysteine residues that have been suggested to play a regulatory role in its activity. Human glutaredoxin (106 amino acid 
residues, M ,  = 12,000) has been purified from a PET expression vector with both uniform "N labeling and I3C/"N 
double labeling. The combination of three-dimensional "N-edited TOCSY, "N-edited NOESY, HNCA, HN(CO)CA, 
and gradient sensitivity-enhanced HNCACB and HNCO spectra were used to obtain sequential assignments for residues 
2-106 of the protein. The gradient-enhanced version of the HCCH-TOCSY pulse sequence and HCCH-COSY were used 
to obtain side chain 'H and I3C assignments. The secondary structural elements in the reduced protein were identified 
based on NOE information, amide proton exchange data, and chemical shift index data. Human glutaredoxin contains 
five helices extending approximately from residues 4-10, 24-36, 53-64, 83-92, and 94-104. The secondary structure 
also  shows  four  P-strands comprised of residues 15-19, 43-48, 71-75,  78-80, which form a P-sheet almost identical 
to that found in E. coli glutaredoxin-1. Complete 'H, I3C, and "N assignments and the secondary structure of fully 
reduced human glutaredoxin are presented. Comparison to the structures of other glutaredoxins is presented and 
differences in the secondary structure elements are discussed. 
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Glutaredoxins are small proteins ( M ,  = 12,000) involved in elec- 
tron transfer reactions via the reversible oxidation of two SH groups 
to a disulfide bond in the active site. The Grx active site sequence 
Cys-Pro-Tyr-Cys is highly conserved among a variety of different 
organisms, including Escherichia coli, vaccinia virus, yeast, plants, 
and mammalian cells (Hoog et al., 1983; Klintrot et al., 1984; Gan 
& Wells, 1987a; Gan et al., 1990; Hopper et al., 1989; Johnson 
et  al.,  1991; Ahn & Moss, 1992; Minakuchi et al., 1994; Padilla 
et al., 1995). Grx  is essential for the glutathione-dependent syn- 
thesis of deoxyribonucleotides by ribonucleotide reductase (Holm- 
gren, 1976, 1979a; Luthman et al., 1979; Luthman & Holmgren, 
1982). Glutaredoxin has inherent glutathione-disulfide oxidoreduc- 
tase activity in a coupled system with GSH, NADPH, and gluta- 
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thione reductase (Holmgren, 1979a, 1989), catalyzing the reduction 
of low molecular weight disulfides as well as proteins. A binding 
site  for glutathione has been identified on E. coli glutaredoxin-l 
(Bushweller et al., 1994), providing a rationale for the preference 
of glutaredoxin for glutathione-containing disulfides. Grx has been 
proposed to exert a general thiol redox control of protein activity 
by acting both as an effective protein disulfide reductase (Holmgren, 
1985; Ziegler, 1985) and as a specific GSH-mixed disulfide re- 
ductase (Gravina & Mieyal, 1993). In addition, glutaredoxin ex- 
hibits dehydroascorbate reductase activity, suggesting a function to 
defend cells against oxidative stress (Wells et al., 1990). 

The glutaredoxin family of proteins is distinguished from the 
thioredoxin family of proteins on the basis of their differential 
reactivity. Glutaredoxins are reduced by GSH (which is, in turn, 
reduced by glutathione reductase) but not by thioredoxin reduc- 
tase, whereas thioredoxins are reduced by the corresponding thio- 
redoxin reductases but not by GSH; thus, these two families of 
proteins represent independent sources of reducing equivalents. In 
addition, glutaredoxin catalyzes GSH-disulfide oxido-reduction re- 
actions, unlike thioredoxin, which acts as a quite general protein 
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disulfide  reductase  (Holmgren.  1979b,  1985).  Thioredoxin  and  glu- 
taredoxin  belong  to a large  class of proteins  catalyzing  redox  re- 
actions in the cell. For  several  members of this  class,  three- 
dimensional  structures have  been reported; for example, for the 
oxidized  form of E. coli thioredoxin  by  X-ray crystallography 
(Katti et al.,  1990),  for  the  reduced  and  oxidized  forms  of E. coli 
thioredoxin  by  NMR (Dyson et  al., 1990;  Jeng  et al.,  1994). for 
the  reduced  and  oxidized  forms of  human  thioredoxin  by  NMR 
(Forman-Kay  et al.,  1991;  Qin  et  al.,  1994).  for  the  oxidized  and 
reduced  forms of T4 glutaredoxin by  X-ray crystallography (Ek- 
lund et al.,  1992;  Ingelman et al., 1995), for pig  liver  thiol- 
transferase by  X-ray crystallography  (Katti et al.,  1995),  and  for 
oxidized,  reduced,  and  glutathione  mixed-disulfide  forms of E. coli 
glutaredoxin-1 by  NMR (Sodano  et  al.,  1991;  Xia  et  al.,  1992; 
Bushweller  et  al., 1994). 

All the  mammalian  glutaredoxins  studied  thus  far  have  two 
cysteine  residues in addition  to  those  observed in the  active  site. 
These  additional  cysteine  residues  have  been  proposed  to  play a 
regulatory  role,  because  their  oxidation  leads  to  inactivation of 
enzyme  activity in the  case of  calf  thymus glutaredoxin  (Klintrot 
et  al., 1984).  These  cysteines  are  part of a group of amino  acids 
conserved  among  the  transforming  growth  factor$ (TGF-P) fam- 
ily and  mammalian  glutaredoxins  (Guig6 & Smith,  1991).  leading 
credence  to  the notion  of this motif  as a potential site for redox 
regulation. 

As  seen in Figure I ,  glutaredoxins  show a high degree of  ho- 
mology in the  vicinity  of  the active  site, as expected  because  this 
is  the  location  of  the glutathione  binding  site  (Bushweller  et al., 
1994).  However,  outside  these  regions,  the  homology  between 
mammalian  glutaredoxins  and E. coli glutaredoxin  breaks  down. 
Human glutaredoxin  is  longer  than  its E. coli counterpart  (106 
versus 85 amino acids) and  is a basic  protein  unlike E. coli, thus it 
is of significant  interest  to  determine  the  structure of the human 
glutaredoxin. In addition,  the  presence of  this  potential site of 
redox  regulation  provides a unique  opportunity to examine  the 
structural  implications of this  increasingly  common  phenomenon 
in this  system.  The  recent  cloning  and  high-level  expression of 
human  Grx in E. coli (Padilla et  al.. 1996)  have  provided us  with 
ample  quantities of  protein to  pursue  structural  studies of this 
protein.  Herein we  report the  heteronuclear  assignments and  sec- 
ondary  structure of  human glutaredoxin in its fully reduced  form. 

Human 
Rabbit 
Calf 
Pig  liver 
Vaccinia 
Grx I 

Results 

2 0  HSQC 

Figure 2 shows a two-dimensional  "N-IH  HSQC  spectrum  of 
human glutaredoxin in the fully reduced  form.  Despite  the  mod- 
erately low  amide  proton dispersion,  there  are  only  four  cases of 
completely  degenerate  signals,  FI 8/D47, QWV87, K77/Q90,  and 
E94/180.  Additionally,  the  resonances  of  all  five  of  the  expected 
arginine  e-amino  groups  are  resolved. For the  side-chain  reso- 
nances  of  Gln  and  Asn, a total  of 30 peaks are. resolved  with 
several  cases of near  degeneracy. 

Backbone  assignment  strategy 

Assignments  of  human glutaredoxin  began  from  the HNCA  and 
HN(C0)CA data.  These  experiments  correlate the intraresidue and 
interresidue C, in the  case of  HNCA  and  the interresidue C, only 
in the  case of HN(C0)CA. It  was clear  that  these  two  spectra  alone 
would  not  be adequate  for  this  protein  due  to  degeneracies in the 
C, resonances. 

The recent  introduction  of  experiments  such  as  HNCACB (Witte- 
kind & Mueller,  1993)  and CBCA(C0)NH (Grzesiek & Bax,  1992) 
has  provided  an  independent  route for assignments  through  the C, 
resonances,  wherein  the  ambiguity  present in data  from  HNCA/ 
HN(C0)CA arising from degeneracies in C, frequencies  is  almost 
always  overcome.  High-quality  HNCACB  data  were  collected  for 
human Grx using  the  gradient  sensitivity-enhanced  pulse  sequence 
of  Muhandiram  and  Kay (1994). 

The HNCACB spectrum, which correlates both intraresidue and 
interresidue C,  and Cp  resonances with the NH resonance,  was 
then  employed  to  complete  the  backbone  assignment  process. By 
searching [w2(I3C), w3(NH)]-strips at  the IsN frequencies ob- 
tained  from  the I5N-'H HSQC  spectrum in the  HNCACB spec- 
trum in a semi-automated  fashion  using  the  program  XEASY 
(Bartels et  al.,  1995),  neighboring  residues  were  identified  readily 
on  the  basis  of  the  common C,, Cp shifts  observed  for  neighboring 
residues.  Data  from  the HN(C0)CA spectrum  were  used  to con- 
firm  the  sequential  assignments.  The  unique  chemical  shifts  ob- 
served for Gly,  Ser,  Thr,  and  Ala  residues  provided  checkpoints in 
the  assignment  process. 

m m I . " "  '"' I I -7u I 
N xu 

Human TNEIQDYLQQLTG 

Calf ISEIQDYLQQLTGA 
Pig  liver TNEIQDYLQQLTGA 
Vaccinia ENELRDYFEQITGG 

IW 

LVSLQQSGELVTRLKQIGALQ 

glutaredoxins are outlined in  a dashed box (Hiiijg 
et al., 1983; Klintrot et al., 1984; Gan & Wells, 1987a; 
Hopper et al., 1989; Papayannopoulos et al., 1989: 
Johnson et al., 1991; Padilla et al., 1995). The second- 
ary structure for glutaredoxin-I is shown with line 
segments under  the E. coli Grxl sequence. The sec- 
ondary  structure of human Grx as determined  by NMR 
spectroscopy is indicated  with boxes above the  human 
Grx sequence. 
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Fig. 2. Contour plot of the region [ol ("N) = 104-131 ppm; 02 ( 'H)  = 
5.9-9.4 ppm]  in  the IsN-'H HSQC spectrum of reduced  human gluta- 
redoxin. Assignments for the  backbone NH peaks are indicated. 

In order to provide an additional unique pathway for resonance 
assignments, as well as to obtain assignments for the H, reso- 
nances necessary for side-chain assignment, we also recorded an 
HN(CA)HA spectrum (Clubb et al., 1992). This experiment cor- 
relates the intraresidue and interresidue H, resonances with the 
NH and thus provides a unique check on the assignments made 
above. All the above assignments were confirmed in this manner 
and H, assignments were obtained. Intraresidue and interresidue 
H, resonances were distinguished on the basis of "N-edited three- 
dimensional TOCSY data collected earlier on an I5N-labeled sample. 

Side-chain  resonance  assignments 

Based on  the unique H, and C, resonance assignments described 
above, the HJC, region of the [ I3C-'H] CT-HSQC spectrum was 
assigned. These HJC, peaks were then used as  the anchor points 
for the assignments of the aliphatic side chains. Assignments for 
the aliphatic side-chain resonances were obtained from HCCH- 
TOCSY (Kay et al., 1993) and HCCH-COSY (Ikura  et al., 1991) 
spectra with reference to the C, data obtained from the HNCACB 
spectrum. HCCH-TOCSY data were recorded with mixing times 
of 8 and 21 ms to provide single and multi-step side-chain corre- 
lations, respectively. The HCCH-COSY data were employed to 
obtain definitive identification of neighboring carbons and hydro- 
gens in the aliphatic side  chains. 

The limited bandwidth of the DIPSI-3 mixing sequence used in 
the HCCH-TOCSY experiment did not allow correlations to be 
obtained to the aromatic rings. In order to complete these assign- 
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ments, two- and three-dimensional versions of the (Hp)Cp(C,Cg)Hs 
and (Hp)C,(C,C,C,)H, experiments of Kay and coworkers (Yama- 
zaki et al., 1993) were recorded. These experiments provide direct 
correlations between the C, resonances (as well as Hp in the case 
of the three-dimensional version) and  the protons of the aromatic 
rings. HCCH-TOCSY and DQF-COSY data were employed to 
check the assignments and extend them to H, in the case of the 
phenylalanines. Aromatic ring assignments are complete with the 
exception of Phe 45, for which the H, could not be identified. 

The side-chain amide resonances of Gln and Asn were assigned 
via a combination of HNCACB and "N-edited NOESY data. As 
described by Wittekind and Mueller (1993), the HNCACB exper- 
iment can be modified slightly to obtain correlations for the side- 
chain amides of Gln and Asn. These data were adequate for the 
assignment of all the Asn residues; however, degeneracies were 
observed in the C, and Cy chemical shifts of six of the Gln resi- 
dues. In these cases, NOEs between the side-chain amide protons 
and the aliphatic H, and Hp protons observed in a 120-ms three- 
dimensional "N-edited NOESY spectrum were used to resolve 
these ambiguities. The HNCACB and NOESY data also provided 
assignments for the HNE of the arginine residues. 

Chemical shifts of all assigned 'H, I3C, and I5N nuclei are listed 
in the table in the supplementary material provided in the Elec- 
tronic Appendix. 

Secondary  structure determination 

Regular secondary structure elements in proteins give rise to char- 
acteristic NOEs (Wuthrich, 1986) that can be used to identify the 
boundaries of these elements. Particularly in @-helices, a dense 
array of sequential and medium-range NOEs are observed that 
provide definitive identification of these elements. These include 
NH(i)-NH(i + I ) ,  NH(i)-NH(i + 2), H,(i)-NH(i + 3), H,(i)- 
NH(i + 4), and H,(i)-Hp(i + 3) NOEs. In the case of P-strands, 
strong sequential H,(i)-NH(i + 1) NOEs are observed, as well as 
Ha-NH and Ha-H, NOEs across the strands of a P-sheet.  These 
interstrand NOEs can be used for determination of the topology of 
the P-sheet as well as to define the ends of P-strands. 

The hydrogen bonded amide protons of helices and P-sheets 
display slowed exchange upon dissolution in D 2 0  buffer; thus this 
provides an additional means of identifying those residues in- 
volved in regular secondary structures. In addition, the chemical 
shifts of the backbone atoms H,,  C,, Cp, and C' have been shown 
to have a strong correlation with the secondary structure of the 
residue involved (Spera & Bax, 1991; Wishart & Sykes, 1994). 
Recently, Wishart and Sykes have developed a chemical shift in- 
dex (CSI) based on the chemical shifts of all four nuclei that 
predicts the secondary structure with relatively high accuracy. Fig- 
ure 3 summarizes the sequential and medium-range NOEs ob- 
served, the amide proton exchange data, and the CSI data for 
human glutaredoxin. 

Discussion 

As seen in Figure 3, analysis of the secondary structure of hu- 
man glutaredoxin shows  it to be an CY@ protein, as  are all the 
other glutaredoxins for which structural information is available. 
N-terminal sequencing showed that the N-terminal methionine is 
proteolytically cleaved off, as demonstrated previously (Padilla 
et al., 1996); thus the assignments begin from the Ala in position 
2 of the cDNA sequence. The protein contains a total of five 
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Fig. 3. Primary sequence of human glutaredoxin with a sum- 
mary of observed short- and medium-range NOEs, NH ex- 
change data, and the CSI data (Wishart & Sykes, 1994). Squares 
below the sequence indicate residues with amide protons still 
visible in a two-dimensional ["N, 'HI HSQC spectrum after 
2 h of solvent exchange in D20 buffer at pH 6.0, 10°C. 
Regular secondary structures are shown above the sequence. 
The consensus CSI data obtained from 'Ha. I3Ca, "C,, and 
carbonyl I3C chemical shift data are represented by the square 
bars. Zero represents the chemical shift of random coil, and 
- 1 and + 1 square bars represent the positive and negative 
deviations of the chemical shifts from random coil values 
observed in a-helices and P-strands, respectively. 

cysteine residues and is only stable for extended periods in the 
presence of a large excess of reduced DTI'. Even under these 
conditions, the sample degraded over the course of several months, 
necessitating the recording of spectra only on freshly purified 
material. 

The secondary structure of human glutaredoxin is comprised of 
five a-helices and four &strands. The a-helical secondary struc- 
ture elements were identified by a combination of the charac- 
teristic sequential and medium-range NOES and CSI data with 
confirmation from the amide proton exchange data. 

The first a-helix runs from residue 4 to residue 10. This helix 
shows strong dNN NOEs for residues 4-10. A pair of medium- 
range NOES indicates the N-terminal end of this helix to be resi- 
due 4.  The paucity of medium-range NOEs observed for this helix 
and the observation of only a single slowly exchanging amide 
proton in this region indicate that this is not a very stable helix. 
Helix 2 extends from residue 24 to residue 36. In contrast to the 
first helix, strong dNN NOES and a dense array of medium-range 
NOEs were observed for this helix. Good agreement with the CSI 
data is observed and  a number of slowly exchanging amide protons 
were identified in this helix. The third helix extends from residue 
53  to residue 64 and again shows  a dense array of medium-range 
NOES characteristic of helices, good agreement with the CSI re- 
sults, and a number of slowly exchanging amide protons. The 
fourth and fifth helices were identified as one long helix from CSI 
data. However, there is a disruption of the dense network of medium- 
range NOEs around Gly 93. Thus, two separate helices exist, which 
extend from residue 83 to  residue 92 and from residue 94 to 
residue 104. As with the second and third helices, a dense array of 
characteristic medium-range NOEs has been identified that are in 
good agreement with CSI results and identification of slowly ex- 
changing amide protons. 

The  P-strands were identified by a combination of strong daN 
NOEs, CSI  data, identification of slowly exchanging amide pro- 
tons, and characteristic interstrand NOEs. The first p-strand ex- 
tends from Val 15 to Ile 19. Strong daN NOEs and CSI  data identify 
this as a  P-strand. In addition, all of these residues exhibit slowed 
amide proton exchange, indicative of an inner strand in a  P-sheet. 

The second &strand extends from Leu 43 to Ile 48, with strong 
daN NOEs observed throughout and good agreement with the CSI 
data. Unlike the first P-strand, there are a number of residues that 
exhibit rapid amide proton exchange indicative of  an outer strand 
in a &sheet. The last two  P-strands are very short, extending from 
Pro 71 to Ile 75 and from Asp 78 to Ile 80, respectively. Strong daN 
NOES are observed in both P-strands; however, the CSI  does not 
identify these elements as P-strands.  The  CSI data for all the nuclei 
of reduced human glutaredoxin are shown in Figure 4. As indicated 
in Figure 4, residues 71-74 show a H  and CO chemical shifts 
characteristic of P-strands; however, the C, and C, chemical shifts 
are indicative of coil conformations, thus this strand was not iden- 
tified in the consensus CSI data. The short 0-strand from D78 to 
I80 shows almost exclusively coil conformation in the CSI anal- 
ysis. Interestingly, the short strand in the analogous position in E. 
coli Grxl is highly twisted (Sodano et al., 1991; Bushweller et al., 
1994), which may also account for the chemical shift data here. All 
of the residues involved in these two strands exhibit slowed amide 
proton exchange with the exception of Cys  79. Thus, /33 appears to 
be an inner strand in the sheet, whereas p 4  is predicted to be an 
outer strand. The CSI predicts a fifth &strand extending from 
Thr 65 to Val 70; however, strong dNN NOES are observed for a 
number of these residues, so this has not been identified as a 
&strand. In E. coli Grxl, this region of the chain does form an 
extended structure, but it also was not identified as  a  P-strand. 

The  four  P-strands of human glutaredoxin combine to form a 
four-stranded @sheet with the same topology as that observed in 
E. coli Grxl and in pig liver glutaredoxin (Katti et al., 1995). This 
topology was established on the basis of characteristic interstrand 
NH-NH, NH-aH,  and  aH-aH NOEs  identified in the three- 
dimensional IsN-edited and I3C-edited NOESY spectra. The over- 
all topology of the four-stranded P-sheet identified in human 
glutaredoxin is depicted in Figure 5. 

Structural studies of E. coli glutaredoxin- 1 (Sodano et al., 1991; 
Xia et al., 1992; Bushweller et al., 1994). phage T4 glutaredoxin 
(Eklund  et al., 1992; Ingelman et al., 1995), and pig liver thiol- 
transferase (glutaredoxin) (Katti et al., 1995) have shown them to 
contain a cis-proline in the vicinity of the active site; therefore, we 
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Fig. 5. Schematic arrangement of the P-sheet identified in reduced human 
glutaredoxin. In the four-stranded sheet, the backbone atoms,  the H, pro- 
tons, the amide protons, and the carbonyl oxygen atoms are drawn. The 
sequence locations are indicated near the C, atoms. Arrows indicate ex- 
perimental interstrand NOEs between backbone protons observed in the 
three-dimensional "N-edited NOESY and/or I3C-edited NOESY spectra. 
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Fig.4. CSI  data derived from H,, C,, C,, CO chemical shifts and the 
consensus  CSI data for reduced human glutaredoxin. The proton chemical 
shifts are relative to internal 2,2-dimethyl-3-silapntane-5-sulfonic acid 
(DSS). The I5N and I3C chemical shifts are relative to liquid ammonia and 
to sodium 2,2-tetradeutero-3-trimethyl-silylpropionate (TSP), respectively 
(Live  et al., 1984; Bax and Subramanian, 1986). Zero refers to the chemical 
shifts of the random coil structure, whereas + 1 and - 1 represent the 
positive and negative deviation of chemical shifts from random coil values. 

have examined the I3C-edited NOESY data  for the sequential 
aH-aH and aH-SH NOEs characteristic of cis and trans prolines, 
respectively. All the prolines except Pro 71 show strong NOEs 
from their SH to the a H  of the preceding residue, indicating they 
are trans. Pro 7 1 shows a very strong NOE from its OH to the a H  
of Val 70, indicating that it is in the cis configuration in agreement 
with the prediction based on the E. coli protein and the homology 
between the two proteins in this region. 

The availability of detailed structural information for E. coli 
Grxl (Sodano et al., 1991; Xia et al., 1992; Bushweller et al., 
1994) allows comparisons with human glutaredoxin to be made. 
The four-stranded @sheet identified in human glutaredoxin is vir- 
tually identical to that observed in E. coli Grxl, with a similar 
number of residues identified in the &strands and the same topol- 
ogy. The differences between the two structures arise predomi- 
nantly in the a-helical secondary  structure  elements.  Human 
glutaredoxin contains additional a-helices at the N and C termini, 
not found in E. coli Grxl, which helps to account for its extended 
length. The second helix in human glutaredoxin (first in E. coli 
Grxl) is shorter by four residues, or one full turn, than that seen in 
E. coli Grx 1. Interestingly, the recent secondary structure determi- 
nation of E. coli Grx3 has also shown this helix to be shortened by 
one turn relative to that seen in Grxl (Aslund et al., 1996). The 
difference in helix 2 in human glutaredoxin is likely to be func- 
tionally important because the analogous helix in Grxl has been 

suggested to be part of the surface through which glutaredoxin 
interacts with its protein disulfide substrates (Xia  et al., 1992). 

The structure of oxidized pig liver thioltransferase (glutaredox- 
in) has been determined by X-ray crystallography (Katti et al., 
1995). As indicated in Figure 1, all the mammalian glutaredoxins 
show a high degree of similarity in their primary sequences, there- 
fore it is of interest to compare the secondary structural elements 
of human and pig liver glutaredoxin. Secondary structural ele- 
ments in the pig liver structure were identified using the program 
PROCHECK (Laskowski et al., 1993; Rullmann, 1996). This anal- 
ysis shows both proteins to be comprised of a four-stranded @sheet 
and five helices. The helices in the pig liver structure span residues 
2-10,23-34,53-64,82-90, and 93-101, whereas the helices iden- 
tified in human glutaredoxin by NMR span residues 4-10,  24-36, 
53-64,  83-92, and 94-104. The four-stranded &sheet in pig liver 
glutaredoxin is comprised of residues 14-18,  42-46,  71-74, and 
77-80, whereas the corresponding /3-sheet residues in human glu- 
taredoxin are 15-19, 43-48, 71-75,  and  78-80. The two proteins 
exhibit virtually identical secondary structural elements. The small 
differences observed may be attributable to the difficulty in iden- 
tifying the ends of secondary structural elements solely by NOEs. 
The last two helices of human glutaredoxin arise from a Gly dis- 
ruption in what would otherwise be one extended helix. In the pig 
liver glutaredoxin structure, this Gly results in a significant bend 
between the two helices. Detailed comparisons between the two 
structures will have to await the determination of the high-resolution 
solution structure of human glutaredoxin, which is in progress. 

Because there are now NMR resonance assignments available 
for E. coli Grxl in several forms (Sodano et al., 1991; Xia et al., 
1992; Bushweller et al., 1994), E. coli Grx3 (Aslund et al., 1996), 
and human glutaredoxin, comparisons between the three, particu- 
larly in the active site region, may provide useful insights. The 'H 
chemical shifts for the active site residues of all three proteins in 
the fully reduced form  are given in Table 1. The agreement of the 
chemical shifts among the three proteins is excellent and indicates 
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Table 1. Chemical shifts in ppm of active site residues 

Human Grx E. coli Grxl E. coli Grx3 

N H K  ) C23  7.20 C11 7.26 CI 1 6.95 
aH(C) 4.85 5.07 4.78 
f f W )  P24  4.25 PI2 4.29 P12  4.43 
NH(Y) Y25 9.33 Y13 9.14 Y 13 9.43 
ffH(Y) 4.40 3.96 4.37 
W C )  C26  9.60 c14 9.41 C I4 9.79 
ffH(C) 3.94 4.13 3.94 

clearly that the local environment in the active site is quite similar 
in all three. In all three cases, the NH  of the residue preceding the 
N-terminal Cys of the active site (Gly I O  in E. coli Grxl, Thr 10 
in E. coli Grx3, and Thr 22 in human Grx) has not been observed. 
No significant broadening of the side-chain 'H or I3C resonances 
of Thr  22  is observed for human Grx; thus this appears to be a 
result of extremely rapid NH exchange. In all the known gluta- 
redoxins, the pK,  of the thiol at position 23 in human Grx is very 
low, 54.5 (Can & Wells, 1987b; Bjornberg, 1990; Mieyal et al., 
1991); thus the local environment must be highly positively charged 
to stabilize the thiolate to such an extent. This may offer an ex- 
planation for the extremely rapid NH  exchange  for this position in 
the glutaredoxins. In the structure of oxidized T4 glutaredoxin, a 
hydrogen bond was identified from the backbone amide NH of 
Cys 17 (Cys 26 in human Grx) to the sulfur of Cys 14 (Cys 23 in 
human Grx) in the active site and this was suggested as one mech- 
anism for stabilization of the thiolate and thus the low pK,. As seen 
in Table 1, the amide NH resonance for the second cysteine residue 
in all three proteins is shifted very far downfield from the random 
coil value (ca. 8.3 ppm). Additionally, for E. coli Grxl, there is a 
0.54-ppm downfield shift for this NH  upon going from the oxi- 
dized to the reduced form (Sodano  et al., 1991; Xia et a]., 1992). 
Such large downfield shifts are consistent with hydrogen bonding 
to a charged group (Biindi & Wiithrich, 1979) and suggest that this 
NH does play a role in the stabilization of the thiolate in the 
glutaredoxin family of proteins. 

Conclusions 

We have completed the sequence-specific NMR resonance assign- 
ments of the 'H, I3C, and I5N nuclei of human glutaredoxin in its 
fully reduced form. The secondary structure of the human protein 
shows it to be an cy@ protein consisting of a four-stranded P-sheet 
and five cy-helices. Comparison with the structure of E. coli Grxl 
shows that the human protein contains an identical four-stranded 
P-sheet to that seen in E. coli Grxl, but that there are significant 
differences in the helical secondary structure elements between the 
two proteins. The secondary structure of human glutaredoxin is 
very similar to that of pig liver thioltransferase. The completion of 
the assignments for  this protein sets the stage for the determination 
of its solution structure, which will provide useful insights into the 
nature of the interaction between human glutaredoxin and its pro- 
tein disulfide substrates, namely ribonucleotide reductase, and also 
provide a structural basis for the role of the other cysteine residues 
in human glutaredoxin as a potential motif for redox regulation of 
the enzyme as well as perhaps for the TGF-P family of proteins. 

Materials  and  methods 

Sample preparation 

Human glutaredoxin was expressed and purified from E. coli strain 
BL21(DE2)LysS harboring the plasmid PET-grx according to a 
modification of the procedure described by Padilla et al. (1995). 

A minimal media containing 15 g/L Na2HP04, 2 g/L KH2PO4, 
0.5 g/L NaCI, 0.473 g/L Na2S04, 1 g/L (NH4)#04, 4  g/L sugar 
mix (EMBL, Heidelberg), 1 mg/L thiamine, 1 mg/L biotin, 0.25 
g/L Mg2S04, 33 mg/L CaCIz, 100 mg/mL ampicillin, and 20 mg/mL 
chloramphenicol was used for isotope enrichment of protein sam- 
ples. I5N  and I3C were incorporated into the protein by growing 
the cells in this media with 1 g/L '5(NH4)2S04 and 4 g/L uni- 
formly labeled 13C/"N sugar mix (EMBL, Heidelberg) as the sole 
nitrogen and carbon sources, respectively. Protein concentration 
was determined by measured ODzso. 

NMR spectroscopy 

The buffer used for NMR studies was 50 mM potassium phos- 
phate, pH 6.0, 0.1 mM EDTA, 5 mM D'IT, 0.1% NaN3, and 5% 

All  NMR measurements were made at 30 "C on a Varian UNI- 
TYplus 500 spectrometer equipped with an actively shielded gra- 
dient triple resonance probe and pulsed field gradients. In all 
experiments, no sample spinning was used. Carrier frequencies 
were typically 4.72 ppm for 'H, 117 ppm for "N, 45 ppm for 
aliphatic "C, 58 ppm for "Ca, and 177 ppm for I3C'. 

All the NMR experiments used for assignments and secondary 
structure determinations are shown in Table 2. 

For measurement of the amide-proton exchange rates, 525 p L  of 
fully protonated 0.8 mM protein in 50 mM phosphate buffer at 
pH 6.0 was lyophilized. Lyophilized protein was dissolved in 'Hz0 
and quickly transferred to the NMR tube at 4 "C. The NMR sample 
was inserted into the preshimmed spectrometer at 10°C. After 
additional shimming, data acquisition started 30 min after the pro- 
tein was dissolved. A series of two-dimensional ["N. 'HI HSQC 
spectra were recorded, with each spectrum lasting 2 h. Resonances 
that were still present in the first HSQC spectrum were deemed 
slowly exchanging. 

D20. 

Data processing 

NMR data were processed using the program PROSA (Guntert 
et al., 1992). Forward linear prediction was used to extend the 
time-domain data in all the I5N and "C dimensions. Zero-filling 
was applied to all the indirect dimensions. Visualization and anal- 
ysis of all the spectral data were performed using the program 
XEASY (Bartels  et al., 1995). 

Supplementary  material  in  Electronic  Appendix 

IH, I3C, and I5N assignments for all 105 residues of human glu- 
taredoxin are given in the Electronic Appendix. 
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Table 2. NMR experiments  employed for assignments and secondary structure 
determination for reduced human glutaredoxin 

Spectra  recorded  Dimensions  References 

Backbone  2D ["N, 'HI-COSY 128* X 1024*  Otting & Wiithrich,  1988 
DQF-COSY 512* X 1024* Rance  et al., 1983 
TQF-COSY 500* X 1024* Muller  et al.,  1986 

Filtered ["N, 'HI-HMQC 128* X 1024* Kay & Bax,  1989 
3D-I5N  edited['H, 'HI NOESY 32* X 128* X 512* Gronenborn  et al.,  1989 
3D-I5N  edited ['H, 'HI  TOCSY 32* X 128* X 512* Gronenborn  et  al.,  1989 
3D  CT-HNCA 32* X 48* X 512* Grzesiek & Bax,  1992 
3D CT-HN(C0)CA 32* X 48* X 512* Grzesiek & Bax,  1992 
3D HNCACB 32* X 36* X 512* Muhandiram & Kay,  1994 
3D  HN(CA)HA 32* X 64* X 512* Clubb  et al.,  1992 
3D  HNCO 32* X 64* X 512* Kay  et al.,  1994 

Side-chain 

Aromatic 

2D  [I3C,  'HI  CT-HSQC 256* X 1024* Vuister & Bax, 1992 
3D HCCH-TOCSY 32* X 128* X 512* Kay  et  al.,  1993 

(mixing  time = 7 ms  and  21  ms) 
3D HCCH-COSY  28* X 128* X 512*  Ikura  et  al.,  1991 

Secondary  structure  "N-edited  NOESY-HSQC 
I3C-edited  NOESY-HSQC 

(mixing  time = 60 ms) 

32* X 512*  Yamazaki  et  al.,  1993 
32* X 32* X 512* 

32* X 128* X 512*  Zhang  et  al.,  1994 
40* X 124* X 512*  Muhandiram  et  al.,  1993 
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