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ABSTRACT: The first committed step in de novo DNA biosynthesis involves the conversion of
ribonucleotides to the corresponding deoxyribonucleotides catalyzed by the enzyme ribonucleotide
reductase. Reduction of disulfides in ribonucleotide reductase is essential and is catalyzed by the protein
disulfide reductants glutaredoxin or thioredoxin. The interaction region betweenEscherichia coli
glutaredoxin-1 andE. coli ribonucleotide reductase has been localized to the C-terminal end of the B1
subunit of ribonucleotide reductase. We have demonstrated that a 25-residue peptide corresponding to
this C-terminal sequence is a very good substrate for glutaredoxin via a fluorescence assay and that this
peptide binds in a specific manner via isothermal titration calorimetric measurements. By selectively
mutating the two cysteines in the peptide, we have identified the electrophilic cysteine as C759 (B1
numbering) and prepared a mixed disulfide betweenE. coli glutaredoxin-1 (C14f S) and the C759
monothiol form of the peptide. The peptide and the protein have been labeled with13C and15N, and
complete heteronuclear NMR resonance assignments have been completed for both the peptide and the
protein in the complex. By using half-filtered NOESY spectra, intermolecular NOEs between the protein
and the peptide have been identified and the binding site on glutaredoxin has been mapped. The electrostatic
charge distribution of the protein in this region is very positive, thus providing an excellent match for the
highly negatively charged peptide. In addition, the electrostatic potential of the peptide provides a rationale
for the observed cysteine selectivity in the reaction between glutaredoxin and the B1 peptide.

Glutaredoxins are a family of proteins involved in electron-
transfer reactions via the reversible oxidation of two active-
site thiols to a disulfide bond. Glutaredoxins have been
identified in numerous species, includingEscherichia coli,
bacteriophage T4, vaccinia virus, yeast, rabbits, pigs, and
humans (1-9). Additionally, a total of three glutaredoxins
have now been identified inE. colialone (10). Glutaredoxins
have been shown to be essential for the glutathione (GSH1)-
dependent reduction of ribonucleotides to deoxyribonucle-
otides by ribonucleotide reductase (11-14). Glutaredoxins
have also been shown to play a role in the reduction of sulfate
(15, 16), arsenate (17, 18), and ascorbate (1, 19). Glutare-
doxins preferentially reduce GSH-containing mixed disul-
fides (19, 20), because of the GSH binding site present on
the protein (21), but can also function as general protein
disulfide reductants. This preference for GSH-containing
mixed disulfides implies that glutaredoxins are also likely
to have a role in glutathionylation and deglutathionylation

of proteins, an important element of the cellular response to
oxidative stress (22, 23).

Glutaredoxins are part of a superfamily of proteins
including thioredoxin, DsbA, GSH transferases, GSH per-
oxidases, and glutaredoxin which all share a common fold
(24). Glutaredoxins are distinguished from the related
protein disulfide reductants termed thioredoxins by their
differential reactivity. Glutaredoxins are reduced by GSH
but not by thioredoxin reductase, whereas thioredoxins are
reduced by the corresponding thioredoxin reductase but not
by GSH. As mentioned above, glutaredoxins preferentially
catalyze GSH mixed disulfide oxidoreduction reactions,
whereas thioredoxin acts as a quite general protein disulfide
reductant. InE. coli, both thioredoxin and glutaredoxin can
function as effective protein disulfide reductants for ribo-
nucleotide reductase. However, mutants deficient in glu-
taredoxin (25) and the 10-fold lowerKm of Grx for
ribonucleotide reductase suggest that Grx may be the
dominant in vivo reductant for ribonucleotide reductase. Site-
directed mutagenesis of the five thiols of the B1 subunit of
E. coli ribonucleotide reductase has shown that Cys 439 is
the protein radical that abstracts the 3′ proton, whereas the
remaining four cysteines form two redox-active dithiol-
disulfide pairs (26, 27). Cysteines 225 and 462 were
identified as the active-site reductant for the radical cation
intermediate, whereas cysteines 754 and 759, located at the
C-terminal end of the B1 subunit, were shown to be the
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interaction site for glutaredoxin and thioredoxin (28, 29).
Indeed, a Cys 439f Ser mutant of B1 was demonstrated to
have protein disulfide reductant activity but no detectable
ribonucleotide reduction (30). The recent solution of the
X-ray crystal structure of the B1 subunit ofE. coli ribo-
nucleotide reductase (31) has confirmed the active site
location of cysteine 439 and the proximity of cysteines 225
and 462. Interestingly, the 24 C-terminal amino acids were
not observed in the crystal structure, potentially indicating
a high degree of mobility for this region of the polypeptide.
Thus, there is no structural information regarding the site of
interaction with glutaredoxin and thioredoxin.
The NMR solution structures of several mixed disulfide

intermediates with mutated forms of the protein disulfide
reductant have recently been reported, including a mixed
disulfide betweenE. coli glutaredoxin and glutathione (21)
as well as mixed disulfides between human thioredoxin and
peptides derived from NFκB and Ref-1 (32, 33). These
structures have elicited the basis for recognition in these
related proteins. Here we report analysis of ribonucleotide
reductase B1 C-terminal peptides as substrates for glutare-
doxin as well as measurement of binding affinity via
calorimetry and the preparation of a mixed disulfide between
E. coli glutaredoxin-1 (C14S) andE. coli ribonucleotide
reductase B1 736-761 (C754S). In addition to conventional
biochemical characterization of the mixed disulfide, we have
obtained the complete heteronuclear NMR resonance as-
signments for the complex which provides confirmation of
mixed disulfide formation and provides a map of the binding
site for the peptide on glutaredoxin.

EXPERIMENTAL PROCEDURES

Protein Purification. The expression and purification of
wild typeE. coliglutaredoxin (wt Grx) as well as the mutant
glutaredoxin Cys 14f Ser (GrxC14S) have been previously
described (22, 34). A total of 240 mg of GrxC14S and 50
mg of wt Grx were obtained from 4 and 1 L, respectively,
of unlabeled TB media (Sigma). The uniformly15N-labeled
GrxC14S was purified from 500 mL of [15N]Celtone media
(Martek Co.) with a yield of 25 mg. The13C, 15N doubly
labeled GrxC14S was purified from 250 mL of CN-Celtone
(Martek Co.), yielding 16 mg after purification.
Optimal Peptide Length and Identification Of the Elec-

trophilic Cysteine. The 15- and 25-mer peptides of wt (Cys
754 and Cys 759) and 15-mer single mutant (Cys 754f
Ser or Cys 759f Ser) peptides were prepared by solid-
phase synthesis (W. M. Keck Foundation Biotechnology
Research Laboratory, Yale University, New Haven, CT). To
remove the acetamidomethyl (Acm) protecting groups from
the Cys residues of the wt peptides with concomitant
formation of an intramolecular disulfide bridge between Cys
754 and Cys 759, a 4 mMpeptide solution in acetic acid/
water (8:1) was oxidized with a 5-fold molar excess of I2 at
4 °C and purified by HPLC using a Vydac protein and
peptide C18 column (mobile phase of 0.1% TFA/5%
2-propanol in H2O with a linear gradient of 0 to 85% of
0.1% TFA/5% 2-propanol over the course of 50 min). To
prepare the peptide-mercaptoethanol mixed disulfides, the
crude peptides were first HPLC purified and lyophilized. A
solution of 0.5 mM mutant peptide in 50 mM Tris (pH 7.0)
was reduced with a 6-fold molar excess of DTT for 10 min

at room temperature, then treated with a 20-fold molar excess
of hydroxyethyl disulfide (HED) for 3 h at 4°C, and finally
purified by HPLC. Oxidized and mixed disulfide forms were
confirmed by mass spectrometry (W. M. Keck Foundation
Biotechnology Research Laboratory).
Fluorescence Assays.The reaction of 1.0µM reduced

are desalted wt Grx with 4.0µM oxidized disulfide peptides
and of 1.0µM reduced and desalted wt Grx with 1.2µM
mixed disulfide mutant peptides in 50 mM Tris (pH 7.5)
and 2 mM EDTA was monitored by the fluorescence
intensity of Tyr 13 at 310 nm with excitation at 280 nm
using a Shimadzu RF-1501 spectrofluorophosphometer, for
a period of at least 100 s with a time resolution of 0.1 s.
Cloning, Purification, and Labeling of the 25-mer C-

Terminal RR Peptide.The cloning and purification protocol
is an adaptation of one previously described by Walsh and
co-workers (35). For the construction of the fusion protein,
two 78-mer DNA oligonucleotides were synthesized by
Operon Technologies, Inc., each corresponding to the sense
and antisense sequences of the peptide: 25 codons, 75
internally complementary base pairs, and an additional
terminal overhang used for ligation into theAlwNI restriction
site of the plasmid pET-31b(+) (Novagen). The annealed
oligo was ligated withAlwNI-digested plasmid at 16°C for
12 h using 10 units of T4 ligase/mL (50 mL total reaction
volume). The plasmid DNA was extracted from the trans-
formed cells using the QIAGEN plasmid purification kit,
tested by restriction analysis, sequenced, and finally trans-
formed intoE. coli BL21pLyS cells for protein expression.
Using this procedure, tandem repeats with ann of 1-3 were
obtained. Transformed cells were incubated at 37°C in LB
media, using 100µg/L carbenicillin and 50µg/L chloram-
phenicol, and then diluted 1:100 into fresh media at an OD600

of 0.2. The culture was induced with 0.8 mM isopropylâ-D-
thiogalactopyranoside (IPTG) at an OD600 of 0.6 and
harvested after 8 h. The cells were resuspended in 50 mM
Tris (pH 7.0) and lysed with four passes at 18 000 psi in a
French Pressure Cell. For the construct with ann of 1, the
KSI-peptide fusion remains in the pellet fraction as con-
firmed by SDS-PAGE analysis. The pellet was dissolved
in a buffer of 50 mM Tris (pH 7.5), 500 mM NaCl, and 5
mM imidazole containing 6 M guanidine-HCl (binding
buffer) and loaded onto a 10 mL His-Bind column. The
protein was eluted using the same binding buffer with an
imidazole concentration of 500 mM. Fractions of 3 mL were
collected and analyzed by gel electrophoresis. Protein-
containing fractions were collected and dialyzed overnight
against two changes of 1 L of H2O. A heavy white
precipitate corresponding to the insoluble fusion protein was
obtained. This was dissolved in 85% formic acid and
digested with 3.0 g of CNBr, under N2, for 22 h at room
temperature. The remaining reaction was evaporated at 25
°C under vacuum and extracted three times with 15 mL of
potassium phosphate (pH 7.5) and 250 mM NaCl, under N2

for 6 h each time. To disrupt any mixed disulfides that might
be formed, the extraction was titrated with DTT until an
excess of reduced DTT was detected by HPLC after a 1 h
reaction at room temperature, and then an additional 2-fold
molar excess of DTT was added. The low molecular mass
components were removed by size exclusion chomatography
using a 50 mL BioRad P2 column and eluted with 25 mM
Tris (pH 7.0) and 75 mM NaCl at 0.8 mL/min. Fractions
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of 2 mL were collected and analyzed by HPLC using a
Vydac protein and peptide C18 column (mobile phase of
H2O, 0.1% TFA, and acetonitrile, with 0.1% TFA from 0 to
85% over the course of 50 min). The pH of the fractions
containing the peptide was adjusted to 9.0 with NaOH for
20 min at room temperature and then to 7.0 for 2 h. A
C-terminal digestion of the resulting homoserine residue was
performed with carboxypeptidase Y at a concentration of
0.5 unit/mL (sequencing grade, Boehringer-Mannheim) on
a 0.1 mM peptide sample at 16°C. Under these conditions,
the reaction profile monitored by HPLC showed a new peak
at 23.28 min that reached a maximum area after reaction
for 80 min. A third peak is seen to build up with extended
reaction times at 21.33 min. The reaction was stopped at
different times with TFA at a final concentration of 0.1%
and the mixture frozen at-80 °C. Fractions at 23.28 and
21.33 min were immediately frozen and lyophilized. Both
fractions were active in our fluorescence assay. The mass
spectrum of the peak at 23.28 min shows a predominant
molecular species with a molecular mass of 2598.5 Da that
compares well with the calculated molecular mass of 2598.0
Da for MH+ of the oxidized 25-mer peptide. Uniformly15N-
labeled peptide was purified from 1 L of M9minimal media
(36), 10 g/L glucose, and 1 g/L (15NH4)2SO4 as the sole
source of nitrogen. When the culture reached an OD600 of
1.0, the cells were centrifuged at 15°C and then resuspended
in fresh media at 37°C for 30 min and induced with 0.8
mM IPTG for 12 h at 37°C, yielding 2.7 mg after
purification. CN-Martek 9 medium was used for13C and
15N labeling of the peptide with a yield of 2 mg/L.
Preparation of the Mixed Disulfide GrxC14S-B1 (736-

761) (C754S) Complex. A 0.2 mM solution of the protein
was fully reduced with a 10-fold molar excess of DTT for
30 min at room temperature. The DTT was removed and
the buffer exchanged to 50 mM potassium phosphate (pH
7.5). The resulting DTT-free protein was treated with
oxidized peptide at a peptide:protein ratio of 1.3:1. The
excess peptide was removed by size exclusion chromatog-
raphy on a Sephacryl S100 (Pharmacia) column, eluting with
50 mM potassium phosphate (pH 6.5) at 0.8 mL/min. The
mixed disulfides were concentrated to 600µL, yielding 1.1,
1.4, 1.8, and 1.0 mM samples of [15N]Grx-B1, Grx-[15N]-
B1, [15N,13C]Grx-B1, and Grx-[15N,13C]B1, respectively.
Concentrations of the protein and mixed disulfides were
calculated using the extinction coefficient of Grx (34).
Peptide concentrations were calculated by integration of
HPLC peaks using as a reference a 25-mer sample which
had its concentration determined by amino acid analysis. (W.
M. Keck Foundation Biotechnology Research Laboratory).
Characterization of the Complex. The purity and stability

of the mixed disulfide were evaluated by IEF gel electro-
phoresis and HPLC. The analysis of the purified complex
shows a single species corresponding to the mixed disulfide
by both methods. Two peaks with HPLC retention times
corresponding to GrxC14S and reduced peptide standards
were formed only when a sample of the purified mixed
disulfide was reduced with a 10-fold molar excess DTT for
30 min at room temperature.
Isothermal Titration Calorimetry.The equilibrium con-

stant for the formation of a mixed disulfide between
GrxC14S and ribonucleotide reductase B1 (737-761) was
determined by isothermal titration calorimetry (ITC). All

experiments were performed at 25°C on a Micro Calorimetry
System MCS ITC (MicroCal Inc.). A 0.5 mM GrxC14S
sample was treated with a 10-fold molar excess of DTT at
room temperature for 25 min. Excess DTT was removed
and the buffer exchanged by size exclusion chomatography
using a 50 mL BioRad P2 column eluting with 50 mM
potassium phosphate (pH 7.0) and 75 mM NaCl at 0.8 mL/
min. A 0.15 mM GrxC14S solution was titrated with 1.0
mM oxidized 25-mer peptide. Ligand dilution enthalpies
were subtracted from the titration, and data were fitted to a
one-site model using Origin (MicroCal Inc.). Values were
also measured for HED and GSSG under the same concen-
trations and conditions.
NMR Spectroscopy and Data Analysis. All NMR samples

were dissolved in 50 mM potassium phosphate (pH 6.0),
0.1% NaN3, and 5% D2O. All measurements were carried
out at 20 °C on a Varian UNITYplus 500 MHz NMR
spectrometer equipped with a Nalorac actively shielded
gradient triple-resonance probe and pulsed field gradients.
In all these experiments, no sample spinning was used.
Carrier frequencies were typically located at 4.72 ppm for
1H, 117 ppm for15N, 45 ppm for aliphatic13C, 58 ppm for
13CR, and 177 ppm for13C′. NMR data were processed using
the program PROSA 3.7 (37). Zero-filling was applied to
all the indirect dimensions. Visualization and analysis of
all the spectral data was carried out using the program
XEASY (38). The experiments employed for the complete
assignment of the complex are summarized in Table 1.
Backbone and side chain assignments for the protein were
completed from the information recorded from the [15N,13C]-
Grx-B1 sample. Complete peptide assignments were
obtained from recordings of the same experiments on the
Grx-[15N,13C]B1 sample.
Electrostatic Potential and Dipole Moment Calculations.

All calculations were performed using the commercial
software package QUANTA96 (Molecular Simulations).
Atomic radii and charges were obtained from the CHARMm
22 parameter file with a dielectric constant of 4 at 300 K.
The lowest-target function NMR solution structure of the
reduced form of Grx (39) was used in the electrostatic
potential calculations. The Hγ of Cys 11 was removed, and
the Sγ parameters of this cysteine were manually modified
to represent a thiolate anion (S-). All remaining residues
were assumed to be in their usual protonation state at pH 7.
The electrostatic potential was mapped on a solid surface
defined by a 2.0 Å probe. The electrostatic distribution was
represented with shades of blue for positively charged regions
of potential energy from 0 to 20 kcal and shades of red for
negatively charged regions with energies between 0 and-20
kcal. Color codes for values of greater than 20 or less than
-20 kcal are blue and red, respectively.
The molecular dipole moment was calculated at 0.5 ps

intervals in a trajectory of a 100 ps molecular dynamics
simulation with a time step of 0.05 ps. Thex, y, and z
components as well as its magnitude did not change
significantly during the simulation, yielding an average value
of 260 D.

RESULTS AND DISCUSSION

Characterization of the Interaction of Glutaredoxin-1 with
Peptides DeriVed from the C Terminus of E. coli Ribonucle-
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otide Reductase Subunit B1. Previous studies have demon-
strated no effect of the presence or absence of GSH on the
reduction ofE. coli ribonucleotide reductase byE. coliGrx,
suggesting that the C-terminal disulfide region of ribonucle-
otide reductase B1 is itself a good substrate for reduction
by glutaredoxin (40), i.e., that there is a binding interaction
between glutaredoxin and this region of B1. To verify
experimentally that this C-terminal disulfide portion of B1
is in fact a good substrate, we have tested the reactivity of
two peptides derived from the C terminus of B1. The X-ray
crystal structure of the B1 subunit ofE. coli ribonucleotide
reductase shows no electron density for the 24 C-terminal
residues; thus, there is no structural information for this
region of the protein which is important for the interaction
with thioredoxin and glutaredoxin (31). Therefore, we have
prepared a peptide corresponding to the last 25 residues of
B1 as well as a shortened 15-residue peptide to assess the
importance of residues more distant from the disulfide on
the reactivity. Previous work has shown that the fluorescence
of the tyrosine in the active site of glutaredoxin shows a
dramatic quenching upon going from the reduced to the
oxidized form of the protein (41). We have employed this
fluorescence method to assay the reactivity of our 15- and
25-mer peptides. Figure 1A shows the fluorescence data
obtained upon treatment of reduced Grx with the oxidized
form of glutathione, hydroxyethyl disulfide (HED), and the
two peptides derived from the B1 subunit of ribonucleotide
reductase. Glutathione is known to be a very good substrate
for Grx due to the presence of a glutathione binding site on
the protein (21), whereas hydroxyethyl disulfide is a poor
disulfide substrate.
As expected, oxidized glutathione causes a very rapid

oxidation of Grx that occurs during the time period of the
mixing of the reactants, whereas HED displays a relatively
slow rate consistent with its lack of binding interactions with

Table 1: NMR Experiments Used for the Complete Assignment of the Mixed Disulfide Complex

sample spectrum recorded size reference

[15N]Grx-B1 2D15N-1H HSQC 128× 1024 54
2D [15N, 1H]-hf-COSY 128× 1024 50
2D 15N-hf-[1H, 1H]TOCSY 32× 128× 512 55
(mixing times of 32, 56, and 80 ms)
2D 15N-edited hf-[1H, 1H]NOESY 32× 128× 512 55
(mixing times of 120 and 200 ms)
2D 15N-edited hf-[1H, 1H]ROESY 32× 128× 512 56
(mixing times of 80, and 120 ms)
3D 15N-edited hf-[1H, 1H]NOESY 32× 128× 512 55
(mixing times of 120 ms)

[15N,13C]Grx-B1 3D HNCACB 32× 36× 512 57
3D HN(CO)CACB 32× 36× 512 57
3D CC(CO)-NH-TOCSY 20× 64× 512 58
3D HCC(CO)-NH-TOCSY 22× 64× 512 58
3D HCCH-TOCSY 32× 96× 512 59
(mixing times of 8 and 16 ms)
2D [13C, 1H]CT-HSQC 128× 1024 60
aromatic
2D (Hâ)Câ(CγCδ)Hδ 32× 512 61
aromatic

Grx-[15N]B1 2D 15N-1H HSQC 128× 1024 54
3D 15N-edited hf-[1H, 1H]TOCSY 32× 64× 512 50
(mixing times of 30, and 56 ms)
3D 15N-edited hf-[1H, 1H]NOESY 32× 48× 512 50
(mixing times of 120 ms)

Grx-[15N,13C]B1 3D HNCACB 32× 36× 512 57
3D C(CC-TOCSY)-NNH 24× 96× 512 58
3D HCCH-TOCSY 28× 96× 512 54
(mixing times of 8 and 16 ms)

FIGURE 1: Assay of reactivity of glutaredoxin with various
substrates monitored by tyrosine fluorescence at 310 nm (excitation
at 280 nm). (A) Reactivity of Grx withâ-hydroxyethylene disulfide
(HED), the oxidized form of glutathione (GSSG), and oxidized 15-
and 25-mer peptides corresponding to the C terminus ofE. coli
ribonucleotide reductase. (B) Reactivity of Grx with 15-mer
C-terminal E. coli ribonucleotide reductase peptides with one
cysteine replaced by serine in each peptide. Peptides were prepared
as mixed disulfides with mercaptoethanol.
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Grx. Interestingly, both of the peptides display rapid rates
of reaction with the protein, indicating that they are indeed
good substrates for Grx. The longer peptide shows a larger
overall oxidation of the protein, measured as the overall
fluorescence change, that is closer to that obtained with
GSSG, apparently indicating a more oxidizing redox potential
for this peptide than the shorter one. On the basis of these
results, we have focused our subsequent efforts on the 25-
residue peptide. To provide additional confirmation of a
substantial binding interaction between Grx and this C-
terminal peptide, we have carried out calorimetric measure-
ments on the binding of GrxC14S with the disulfide form
of the 25-mer peptide. Figure 2 shows the results of these
measurements which establish a 1:1 stoichiometry for binding
of the peptide to the protein and establish aKd for this process
of 0.75 µM. Similar measurements of the binding of
oxidized glutathione yield aKd for that process of 1.5µM
(data not shown); thus, the peptide binds with an affinity
very similar to that observed for glutathione. Measurements
of theKm of glutaredoxin for ribonucleotide reductase yield
a value of 0.15µM (42). Although a comparison of these
values must be made with caution, the similarity of the
measuredKd for the peptide and theKm measured with
ribonucleotide reductase suggests that the majority of the
binding determinants reside in this region of the polypeptide
chain.
Determination of the Electrophilic Cysteine in the 25-mer

Peptide. To prepare a physiologically relevant mixed
disulfide intermediate between Grx and the B1 peptide for
structural studies, we must first determine which of the two
cysteines in the peptide is the site of attack for the
nucleophilic thiol of Grx. Additionally, this determination

sheds light on the order of events associated with the
reduction of the B1 subunit and the transfer of those reducing
equivalents to the inner-pair active site disulfide. To
determine this, we have again employed the fluorescence
assay utilizing mutant 15-mer peptides in which one or the
other of the cysteines has been replaced by serine and the
remaining cysteine has been oxidized with HED to provide
a mixed disulfide substrate for Grx. Shown in Figure 1B
are the results of these assays. Replacement of the more
C-terminal of the two cysteines with a serine results in a
peptide that reacts relatively slowly with the protein, whereas
replacement of the N-terminal cysteine with serine results
in a peptide that displays the rapid reactivity observed with
the disulfide forms of the peptide. This clearly demonstrates
that attack of the nucleophilic thiol of Grx occurs first at
the C-terminal cysteine.
The selectivity observed may be understood on the basis

of the electrostatic distribution in the peptide. The sequence
of the 25-mer peptide from the B1 subunit ofE. coli
ribonucleotide reductase is shown in Figure 3 along with
the corresponding C-terminal sequences from a number of
other species (43-48). Examination of the sequence from
E. coli shows a glutamate neighboring the N-terminal
cysteine as well as two aspartic acids located one and two
residues away giving a negatively charged local environment
around this cysteine, whereas the C-terminal cysteine has a
neighboring lysine residue giving a positive local electrostatic
environment. As the nucleophilic thiol of Grx is known to
have a low pKa of 4.5 (49), it exists in solution as a thiolate
anion and is therefore negatively charged. This anion
will be attracted to the positively charged environment
surrounding the C-terminal cysteine and repelled from the
negatively charged environment surrounding the N-terminal
cysteine, thus providing the observed selectivity. Interest-
ingly, examination of the C-terminal sequences of the B1
subunit of ribonucleotides reductases from a number of other
species (Figure 3) consistently shows negatively charged
residues in the vicinity of the more N-terminal of the two
cysteines, indicating that this electrostatic-based discrimina-
tion probably plays a role in this interaction in those species
as well.
Preparation of a Mixed Disulfide between GrxC14S and

Ribonucleotide Reductase B1 (736-761) (C754S). The
mixed disulfide between GrxC14S and B1 (736-761)
(C754S) was prepared by treatment of the reduced mutant
protein with a slight excess of the peptide which was
prepared as a mixed disulfide with mercaptoethanol. Iso-
electric focusing gel electrophoresis of the resulting complex
gave a single band that displayed a considerably more acidic
pI than the protein itself, in agreement with the attachment
of the highly acidic peptide (overall charge of-6). Ad-
ditionally, comparison of reverse-phase HPLC analysis of
the complex itself and the complex in the presence of the
reducing agent DTT showed one species for the complex
which could be reduced by DTT to give two species,
corresponding to the peptide and the protein. To facilitate
NMR analysis of the complex, the protein was initially
labeled with15N and15N half-filtered (50) COSY, NOESY,
and ROESY spectra were recorded. Despite the modest size
of the peptide, there was substantial overlap in these two-
dimensional spectra that suggested the complete analysis
would be difficult. To overcome these difficulties, we have

FIGURE 2: Isothermal calorimetric titration of GrxC14S with the
oxidized C-terminal B1 25-mer peptide. (Top) Raw data from the
addition of 10µL aliquots of 1.0 mM oxidized peptide to a 0.15
mM solution of GrxC14S. (Bottom) Results from the least-squares
fit to a one-binding site model of the heat exchanged per mole of
peptide versus the molar ratio of peptide to protein.
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also prepared15N-labeled peptide via a biosynthetic strategy
for the synthesis of the peptide developed by Walsh and co-
workers (35). This strategy has allowed us to obtain
uniformly 15N-labeled peptide which was attached to unla-
beled protein. Figure 4 shows15N-1H HSQC spectra of
the 15N-labeled protein and peptide in the corresponding
complexes. The HSQC spectrum of the peptide displays a
number of additional peaks corresponding to a minor
conformer of the peptide. Full assignment of the resonances
of the peptide has shown that the second conformer results
from a mixture of cis and trans proline at position 746. Such
mixtures of cis and trans proline are commonly observed in
flexible peptides (51). Both R-R and R-δ NOEs are
observed from the proline to the preceding valine which
is consistent with a mixture of cis and trans proline at
this position. Additionally, all the doubled residues are
located close to the proline, in agreement with cis-trans
isomerism at this position being the source of this minor
conformer.
To accelerate the assignment process as well as to enable

the use of both13C and15N half-filter techniques that will
provide unequivocal assignment of protein-peptide NOEs,
complexes of fully15N- and13C-labeled peptide and protein
have been prepared and coupled to unlabeled protein or

peptide as appropriate. Table 1 shows the experiments that
have been recorded on the protein and the peptide to obtain
complete heteronuclear backbone and side chain assignments.
The assignments for the peptide and protein are available as
Supporting Information.
Mapping of the Peptide Binding Site on Glutaredoxin.

Figure 5 shows strips from three-dimensional (3D)13C- and
15N-edited NOESY spectra recorded with the13C and15N
half-filter element of Hallenga and co-workers (52) appended
to the indirect proton dimension. In the manner in which
these spectra were recorded, intra- and intermolecular NOEs
have a 180° phase difference with respect to one another,
providing an unequivocal identification of inter- versus
intramolecular NOEs. On the basis of these NOESY data,
we have mapped the binding site for the peptide onto the
known structure of reducedE. coliGrx as shown in Figure
6. All the NOEs between the peptide and protein displayed
in Figure 6 have been confirmed by observation in spectra
of labeled peptide and of labeled protein to eliminate possible
misinterpretation based on intramolecular NOEs to unabeled
protons such as the hydroxyls of Thr, Ser, and Tyr. An
extensive interaction surface is observed which includes the
active site, the previously identified glutathione binding site
(21), residues on one face ofR-helix 1, the loop connecting

FIGURE 3: Alignment of the C-terminal sequences of the B1 subunit of ribonucleotide reductase from several species. Solid boxes show
negatively charged amino acids close to the less reactive Cys 754 forE. coli. Residues showing intermolecular NOEs (*) are indicated on
theE. coli sequence.

FIGURE 4: Panels A and B show the15N-1H HSQC spectra of selectively labeled [15N]Grx-B1 and Grx-[15N]B1 complexes, respectively.
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â-strand 2 toR-helix 2, and the N-terminal region ofR-helix
2. The structure of the mixed disulfide between GrxC14S

and glutathione showed the glutathione to be in an antipar-
allel orientation with respect to the short extended element
running from V56 to V59 with the Gly extending toward
R-helix 2. Assuming the peptide adopts a similar orientation
for its C-terminal end, contacts with the loop connecting
â-strand 2 toR-helix 2 and the N-terminal region ofR-helix
2 could result from the presence of two residues C-terminal
to the Cys in the peptide versus only one in GSH allowing
the peptide to make contacts with residues in this region of
the protein.
Mapping of the Peptide Binding Regions. To obtain

preliminary evidence identifying residues of the peptide that
are bound tightly to the protein, we have identified those
residues in the peptide that are displaying intermolecular
NOEs to the protein in the13C and15N-half-filtered 3D13C-
and 15N-edited NOESY spectra recorded on a sample of
doubly labeled peptide attached to unlabeled protein. As
shown in Figure 3, the 11 C-terminal residues of the peptide
are showing intermolecular NOEs to the protein, indicating
intimate contact between this portion of the peptide and the
protein. We have also determined the backbone{1H}-15N
NOE values for the bound15N-labeled peptide to characterize
the dynamics of the peptide in the bound form. As seen in
Figure 7, the 10 C-terminal residues have values for the
{1H}-15N NOE quite similar to those observed for the
nonmobile portion of glutaredoxin-1 (53). The values
observed for the 10 C-terminal residues indicate that this
region of the peptide is tightly bound to the protein.
Continuing toward the N terminus of the peptide, there are
six residues following the 10 C-terminal residues that still
display positive values for the{1H}-15N NOE, indicating
some degree of rigidity, whereas the final seven residues
display negative values for the{1H}-15N NOE, indicative
of a high degree of mobility. Interestingly, the above-
mentioned fluorescence assays showed the longer 25-mer
peptide to be a more effective oxidant of Grx than the shorter
15-mer peptide. As the N-terminal residues are unlikely to
perturb the environment around the peptide disulfide due to
their flexibility and their distance from the cysteine residues,
it appears that this difference in redox potential arises from
an increased affinity for the protein. Four of the residues in
this more mobile N-terminal portion of the peptide are

FIGURE 5: Strips from the 3D15N-edited NOESY spectrum of the
Grx-[15N,13C]B1 complex (panels A, D, and G) and from the 3D
13C-edited NOESY spectrum of the [15N,13C]Grx-B1 complex
(panels B, C, E, F, and H), both recorded with the half-filter element
of Hallenga and co-workers (52) appended to the indirect1H
dimension. Dashed contour lines represent intramolecular NOEs,
and solid contour lines represent intermolecular NOEs. Arrows
indicate several intermolecular NOEs that have been confirmed in
both spectra.

FIGURE6: Identification of residues showing intermolecular NOEs
to the peptide mapped onto a schematic ribbon representation of
the structure of reduced glutaredoxin created using MOLSCRIPT
(64).

FIGURE 7: Plot of the{1H}-15N NOE as a function of residue
number for the backbone15N nuclei of the Grx-[15N]B1 mixed
disulfide.
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negatively charged, suggesting that the electrostatic field
associated with these residues plays a role in the binding to
the protein. The electrostatic potential of the surface of Grx
surrounding the active site suggests this may be the case
(see below). Chemical shift index (CSI) analysis (65) of
the backbone chemical shifts and analysis of the sequential
NOEs has been carried out to determine if the peptide adopts
any type of regular secondary structure in the bound form.
Consensus CSI analysis yields coil values for the entire
length of the peptide. At the more well defined C-terminal
end of the peptide, residues 754-758 do yield CB chemical
shifts indicative of aâ conformation. This is consistent with
the sequential NOEs observed in that we observe strongdRN

but not dΝN sequential NOEs for the 11 protein-bound
C-terminal residues. Thus, the bound portion of the peptide
appears to adopt an extended secondary structure but cannot
be characterized as a regularâ conformation.
Role of Electrostatics in Binding of Grx to Ribonucleotide

Reductase B1. Figure 8 shows the electrostatic potential
surface of reduced glutaredoxin, with positively charged
regions in blue and negatively charged regions in red. There
is a substantial positive patch located in the vicinity of the
active site. The electrostatic potential has been calculated
with a thiolate for Cys 11 on the basis of the pKa of 4.5
observed for this thiol. The thiolate of Cys 11 is located in
the boundaries of this positively charged patch. A similar
calculation that uses a thiol group (SH) instead of the thiolate
(S-) for Cys 11 extends the positive patch over Cys 11,
which may help to explain its surprisingly low pKa by
favoring the formation of the thiolate. Inclusion of this Cys
residue as a thiolate diminishes somewhat the extent of the
positive potential in the vicinity of the active site, but a

substantial positive potential remains. As the peptide is
highly negatively charged, this attractive potential in the
vicinity of the active site is likely to play an important role
in its binding to the B1 peptide. In addition, Figure 9 shows
the dipole moment arising from the particular orientation of
the charge separation produced by the protein structure. This
dipole moment is seen to extend directly from the active
site which will increase the likelihood of a productive binding
interaction by guiding the highly negatively charged peptide
into the active site, thereby enhancing the on rate for binding
and thus the overall equilibrium binding constant.

CONCLUSIONS

We have prepared and characterized a specific complex
betweenE. coliglutaredoxin-1 (C14S) and a peptide derived
form the C-terminus of the B1 subunit of ribonucleotide
reductase. We have shown the 10 C-terminal residues of
the peptide appear to be bound tightly to the protein, whereas
the remainder of the peptide does not appear to be tightly
bound; however, these N-terminal residues contribute to the
overall binding probably through electrostatic interactions.
The bound portion of the peptide seems to adopt an extended
conformation, but no regular secondary structure could be
identified for this region of the peptide. The binding site
for the peptide has been mapped on glutaredoxin and shown
to span a relatively large area, including the active site and
GSH binding site. The electrostatic potential of the protein
in the vicinity of the active site provides an excellent match
for the binding of the highly negatively charged B1 peptide;
thus, electrostatic interactions appear to be an important
component of the interaction between Grx and the B1 subunit
of ribonucleotide reductase. Complete heteronuclear NMR
resonance assignments of the protein and the peptide as well
as NOE information have been obtained, and the determi-
nation of the 3D structure of this important complex is
underway.
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FIGURE 8: Electrostatic potential distribution, mapped on a surface
defined by the reduced form of Grx. The protein orientation is
equivalent to the one shown in Figure 6. Blue and red areas are
associated with regions of positive and negative charge, respectively.

FIGURE 9: Molecular dipole moment for reduced Grx. The
orientation of the dipole moment vector is indicated in two views
(rotated by-90° alongz) of a CR trace representation of the protein.
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SUPPORTING INFORMATION AVAILABLE
1H, 13C, and15N assignments for the 85 residues corre-

sponding to GrxC14S and the1H, 13C, and15N assignments
for residues 737-761 of the B1 peptide, both in the mixed
disulfide (7 pages). Ordering information is given on any
current masthead page.
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