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Abstract
Ribonucleotide reductases (RNRs) catalyze the conversion of nucleotides to deoxynucleotides,
providing the monomeric precursors required for DNA replication and repair. E. coli RNR is a 1:1
complex of two homodimeric subunits: α2 and β2. The interactions between α2 and β2 are thought
to be largely associated with the C-terminal 20 amino acids (residues 356-375) of β2. To study subunit
interactions, a single reactive cysteine has been introduced into each of fifteen positions along the
C-terminal tail of β2. Each cysteine has been modified with the photo cross-linker benzophenone
(BP) and the environmentally sensitive fluorophore, dimethylaminonaphthalene (DAN). Each
construct has been purified to homogeneity and characterized by SDS PAGE and ESI-MS. Each BP-
β2 has been incubated with 1 equivalent of α2, photolyzed, and the results analyzed quantitatively
by SDS-PAGE. Each DAN-β2 was incubated with 50-fold excess of α2 and the emission maximum
and intensity measured. A comparison of the results from the two sets of probes reveals that sites
with most extensive cross-linking are also associated with the greatest changes in fluorescence.
Titration of four different DAN-β2 variants (351, 356, 365 and 367) with α2 gave a Kd of ∼0.4 μM
for subunit interaction. Disruption of the interaction of α2DAN-β2 complex is accompanied by a
decrease in fluorescence intensity and can serve as a high throughput screen for inhibitors of subunit
interactions.

Ribonucleotide reductases (RNRs) catalyze the conversion of nucleoside-5′-di or triphosphates
(NDPs or NTPs) to deoxynucleoside-5′-di- or tri-phosphates (dNDPs or dNTPs) in all
organisms, and thus provide the essential precursors for DNA replication and repair(1,2). In
E. coli, the active RNR is a 1:1 complex (α2β2) of two homodimeric subunits(3-5). The α2
subunit binds both NDP substrates, and the dNTP/ATP allosteric effectors that govern the
specificity and rate of dNDP production. The β2 subunit houses the diferric tyrosyl radical (Y•)
cofactor (6,7) that is required to initiate the nucleotide reduction on α2, 35 Å μremoved(8). No
structure of an active αnβn complex of any class Ia RNR is available(9). Thus, the molecular
details of subunit interactions essential for understanding radical propagation across the subunit
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interface and allosteric regulation that triggers this propagation remains an important issue to
resolve. This paper describes new methodology to gain insight about this interface.

Several structures of α2 and of β2 are available (8,10-13) however, and have provided a
framework for methodology design. E. coli α2 (761 residues) in complex with a peptide
composed of residues 356-375 of the C-terminus of β2 (E. coli β2 has 375 amino acids) was
crystallized and solved. In this structure, residues 358-375 of the peptide were visible(8,13).
The binding mode of this peptide was proposed to be indicative of how C-terminal tail of β2
binds to α2. Many structures of E. coli β2 are also available. In all cases, only residues 1-340
are visible(11,12), with the remaining 35 residues, including 358-375, being disordered. Thus,
no structural information is yet available about residues 341-357 of β2 and their roles in
mediating subunit interactions.

Based on the individual structures of α2 and β2, Eklund and coworkers generated a docking
model of a 1:1 complex of α2β2 using shape complimentarily and charge compatibility(8). The
model is the basis for the 35 Å distance proposed between the essential Y• (Y122) in β2 and
the active site cysteine (C439) in α2. Recent pulsed electron-electron double resonance
experiments support this long distance and the docking model(14,15). An independent
validation of the model through identification of α2β2 interaction sites is required to increase
our understanding of this unique long-range radical transfer pathway and its control by
allosteric effectors.

β is an obligate dimer (β2), while α is an equilibrium mixture of monomer and
dimer (α2) with the dimer predominating in the presence of nucleotide (3)

Interactions between α2 and β2 in all class I RNRs thus far examined are weak and largely
dependent on the C-terminal 10-20 amino acids of β2 (16-18). The weak interaction, the
potential changes in this interaction in the presence of substrates and/or allosteric effectors that
bind to α2, and the consequences of these changes on enzymatic activity have prompted a
number of studies to determine the Kds for subunit interaction (19-21). Early studies used
sucrose gradient ultracentrifugation and showed that allosteric effectors are required in the
gradient for detection of α2β2 complex formation(4). Inhibition studies with α2, β2, CDP and
ATP monitoring rate of dNDP formation using inactive β2 (Y122F) or using peptides of
varying length corresponding to C-terminus of β2, revealed a Km of 0.2 μM for α2 and β2
(18,21). Recently, surface plasmon resonance techniques were examined in an effort to
determine the influence of allosteric effectors and/or substrates on subunit affinity (20).
Unfortunately, technical problems in attaching β2 to the sensor chips have limited data
interpretation. Thus, there is a gap in our quantitative understanding of complex formation
between the subunits. Such information may well be important for the development of a
quantitative description of allosteric regulation in class Ia RNRs in general and E. coli RNR
specifically.

In the present paper, development of a method to probe subunit interactions is reported in which
all surface reactive cysteines in β2 are removed and a single cysteine has been incorporated
site-specifically into 15 positions in its C-terminal tail. Each cysteine mutant has been modified
with the photo cross-linker benzophenone (BP) to give a BP-β2 variant or with the
environmentally sensitive fluorophore dimethylaminonaphthalene (DAN) to give a DAN-β2
variant (Figure 1). Analysis of cross-linking between α2 and BP-β2 by SDS PAGE for all
variants is reported, as are the fluorescent changes accompanying binding of DAN-β2 to α2.
The results suggest that this method will be informative in acquiring molecular details and
quantitative data about subunit interactions and the effects of substrates and/or effectors on
these interactions.
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Materials and methods
Materials

Benzophenone-4-maleimide (BPM) and 6-bromoacetyl-2-dimethylamino naphthalene
(BADAN) were purchased from Molecular Probes (Eugene, OR). BL21 Gold (DE-3)
competent cells were purchased from Stratagene (La Jolla, CA). Isopropyl-1-thio-β-D-
galactopyranoside (IPTG) and 1,4-dithiothreitol (DTT) were purchased from Promega
(Madison, WI). Ni2+-NTA resin was purchased from Qiagen (Valencia, CA). 1,10-
Phenanthroline, 5,5′-dithio-bis(2-nitrobenzoic acid) (DTNB), N-hydroxyurea (HU),
adenosine-5′-triphosphate (ATP), cytidine-5′-diphosphate (CDP), reduced β-nicotinamide
adenine dinucleotide phosphate (NADPH), kanamycin (kan) and phenylmethylsulphonyl
fluoride (PMSF) were purchased from Sigma (St. Louis, MO). DNAse I and alkaline
phosphatase were purchased from Roche Diagnostics (Indianapolis, IN). [5-3H] Cytidine 5′-
diphosphate, NH4 salt (24.0 Ci/mmol) was obtained from GE Healthcare. The concentration
of α2 was determined using ε280 = 189, 000 M-1cm-1. α2 had a specific activity of 2500 nmol
min-1 mg-1. E. coli thioredoxin (TR) was isolated from the overproducing strain SK3981 and
had a specific activity of 40 U/mg and thioredoxin reductase (TRR) had a specific activity of
1800 U/mg (22,23).

Methods
Construction of β2 mutants—Site-directed mutagenesis was carried out using a
QuickChange® kit from Stratagene according to the manufacturer’s protocol. pET15b-β2
which encodes (His)6—β2(C268S/C305S) was used as a template for site-directed mutagenesis
(24). Forward and reverse primers for the fifteen mutants are listed in supporting information
(SI, Table 1). Each β2 mutant was confirmed by DNA sequencing at the MIT biopolymer
facility. All mutants are (His)6-β2-C268S/C305S with a single additional mutation: S341C,
N343C, Q345C, A347C, Q349C, V351C, V353C, Y356C, V358C, I361C, V365C, T367C,
L370C, F373C and L375C.

Expression and purification of β2 mutants—A plasmid encoding each β2 mutant was
transformed into competent BL21 Gold (DE-3) cells. The cells were grown on LB plates (50
μg/mL kan) and incubated at 37°C overnight (∼15 h). A flask containing 100 mL of LB (50
μg/mL kan) was inoculated with a single colony, and incubated on a shaker at 37°C overnight
(∼15 h). This subculture was then used to inoculate 2×2L at a dilution of 1:200, and incubated
with shaking (200 rpm) at 37°C. At an OD600 of ∼0.7, a solution of 1,10-phenanthroline
(prepared in 0.1 M HCl) was added to a final concentration of 0.1 mM (25). After 15 min,
IPTG was added to a final concentration of 0.5 mM. The cells were grown for an additional 4
h and then harvested by centrifugation at 7000×g for 20 min. A typical yield was 2.5 g per L
of cell culture. An SDS-PAGE gel of the cell lysate before and after induction was run to
confirm successful expression.

A typical purification involved suspension of the cell pellet in 5 mL of lysis buffer (50 mM
Tris, 500 mM NaCl, 10 mM imidazole, pH 7.6) per g of cells. PMSF stock was added to a final
concentration of 200 μM. The cell suspension was homogenized and the cells were lysed by a
single passage with the French Press at 14,000 psi. DNAse I 10 U/μL per mL (Roche) of lysate
was added, and the suspension was stirred for 10 min at 4°C. The cell debris was removed by
centrifugation (60000×g, 30 min). The supernatant was equilibrated with Ni2+-NTA resin (3
mL of resin per g of cells) by gentle stirring in a beaker for 1 h at 4°C. The slurry was then
loaded into a column and washed with 30 column volumes of lysis buffer. The bound protein
was eluted with 200 mM imidazole in lysis buffer. The imidazole was removed by Sephadex
G-25 column (2.5 × 25 cm, 20 mL) in 50 mM Tris, 5% glycerol, pH 7.6, and the protein fractions
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were pooled and concentrated to ∼100 μM. The yield was typically 12.5 mg of apo β2/g of cell
paste.

Reconstitution of the diferric Y• cofactor—The reconstitution, and the determination
of Y• content of each holo β2 mutant spectrophotometrically using the dropline correction
method was carried out as previously described (26).

Isolation and prereduction of α2—The purification and prereduction of α2 were carried
out as previously described (27). α2 was concentrated to 50 μM in the absence of DTT and
stored in small aliquots at -80°C.

Radioactive assay of BP-β2 variants—A typical assay was carried out in a final volume
of 200 μL which contained: 50 mM HEPES (pH 7.6), 15 mM MgSO4, 1 mM EDTA, 0.1 μM
BP-β2, 1.5 μM α2, 1 mM [3H]-CDP (1093 cpm/nmol), 3 mM ATP, 1.0 mM NADPH, 30 μM
TR, 0.5 μM TRR. All the components except BP-β2 and the [3H]-CDP were mixed together.
The [3H]-CDP was then added and a 30 μL aliquot was removed for the zero time point. The
reaction was initiated by the addition of BP-β2, and aliquots (30 μL) were removed over 4 min.
All aliquots were quenched by the addition of 25 μL of 2% perchloric acid and neutralized by
addition of 18 μL of 0.5 M KOH. The production of dCDP was analyzed using the method of
Steeper and Steuart (28). One unit of RNR activity is defined as 1 nmol of dCDP production/
min/mg.

Determination of thiol content of β2 mutants using DTNB—All buffers used were
degassed in vacuo for at least 30 min and flushed with argon for 10 min immediately prior to
use. In a typical measurement, DTT was added to β2 mutants (700 μL, 100 μM) to a final
concentration of 10 mM and the solution was incubated for 30 min at 4° C. The protein was
then passed through a Sephadex G-25 column (1 cm × 10 cm, 7 mL) equilibrated in degassed
buffer A (50 mM HEPES, 1 mM EDTA, pH 8.0). The background spectrum of 25 μM DTNB
in buffer A was recorded (A410 denoted as A1). The protein was then diluted to 10 μM in this
buffer and the background spectrum was taken (A410 denoted as A2). DTNB was added into
the cuvette containing the protein to a final concentration of 25 μM, and the UV/Vis spectrum
recorded until the reaction was complete (A410 denoted as A3). The concentration of 2-nitro-5-
benzoate (TNB) and the β2 mutant in mM-1 are given as follows: [TNB]=(A3-A2-A1)/13.6
mM-1cm-1 and [β2]=A280/131 mM-1cm-1. The number of thiols/β2 is given by [TNB]/[β2].

Labeling of β2 mutants with BPM—BPM (2.5 equivalent from a 0.1 M stock solution in
DMSO) was added to prereduced β2 (typically 500 μL, 75 μM) and was gently stirred at 4°C
for 30 min. The solution was then centrifuged to remove undissolved BPM and passed through
a Sephadex G-25 column (2 cm × 25 cm, 40 mL) equilibrated in β2 buffer (50 mM Tris, 5%
glycerol, pH 7.6). The DTNB assay was performed immediately after the Sephadex G-25
column (2 cm × 25 cm, 50 mL) to determine the extent of labeling. All BP-β2 variants were
characterized before and after labeling by ESI-MS.

Labeling of β2 mutants with BADAN—BADAN (2.5 equivalent from a 0.05 M solution
in DMF) was added slowly to 150 μL of 45 μM prereduced β2 mutant with stirring at 4°C. The
solution was covered with foil to protect the reaction from light and stirred for 5 h. The BADAN
was removed by centrifugation and Sephadex G25 column (2 cm × 25 cm, 40 mL) equilibrated
in β2 buffer. A DTNB assay could not be used to determine the extent of labeling with BADAN
as it has significant absorption at 410 nm (λmax 390 nm). The concentration of DAN and β2
was determined using the following extinction coefficients: for β2, ε280 and ε390 are 131
mM-1cm-1 and 12.2 mM-1cm-1, respectively and for BADAN in H2O (pH 7.6), ε280 and ε390
are 19.8 mM-1cm-1 and 21 mM-1cm-1, respectively (Molecular Probes, Invitrogen). The
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calculation to determine stoichiometry of labeling is given by [DAN]/β2, which assumes that
DAN attached to β2 has the same ε280 and ε390 as BADAN in solution.

ESI-MS characterization of labeled β2 variants—Each sample for ESI-MS analysis
was prepared immediately before analysis. β2 variant (15 μL of 50 μM) was exchanged into
0.1% trifluroacetic acid (TFA)/H2O using a C18 ziptip (Millipore). The sample was then
diluted to a final concentration of ∼5 μM with 50% MeCN, 50% H2O and 0.1% TFA. Typically,
4-5 pmol of the diluted sample was injected into the Sciex Triplequadrupole mass spectrometer
(Model API 365) at 5 μL/min via direct infusion, and data were collected in positive mode.

Photo cross-linking reaction between BP-β2 variants and α2—To optimize the
conditions for the photo cross-linking reaction, an equimolar mixture of BP-β2 and α2 (0.5
μM, 2.5 μM, 5 μM, 7.5 μM) were incubated in 40 μL of 50 mM HEPES (pH 7.6), 15 mM
MgSO4 and 1 mM EDTA in 96-well plate (Corning, NY). The plate was positioned underneath
a hand-held UV lamp (UVP, CA, equipped with glass filter) with a ∼1.4 cm distance between
the lamp and the surface of the protein solution. The protein was irradiated with the lamp
(∼365 nm) for 30 min at 4°C. The protein from each solution was analyzed by 10% SDS-PAGE
gel (2.5 μg of BP-β2, 5 μg of α2). The molecular weight and intensities of the cross-linked
bands were calculated using Quantity One software (BioRad). The band intensities were
normalized to the molecular weight of the cross-linked species (intensity I). In order to calculate
the % of photo cross-linking, the same amount of BP-β2 (2.5 μg) and α2 (5 μg) were also loaded
onto the gel, and the intensities of the bands were normalized to the molecular weight to give
intensity II and intensity III, respectively. The % of cross-linked product formed was calculated
from: Intensity I)/(Intensity II + Intensity III). The % of cross-linked product for each variant
was then normalized to BP-β2(V365C) to obtain the relative extent of photo cross-linking.

Characterization of DAN-β2 variants—Fluorescence studies of DAN-β2 variants were
carried out on a QM-4-SE fluorimeter from Photon Technology International (Montreal,
Quebec) using FELIX software, and 2 nm excitation and 6 nm emission bandwidth slits.
Measurements were performed at 22±1°C in an initial volume of 400 μL 50 mM HEPES, 15
mM MgSO4, 1 mM EDTA, pH 7.6 in 500 μL microcuvettes. The excitation wavelength was
390 nm and the emission spectrum was obtained by scanning from 420-620 nm at a rate of 5
nm per sec. A similar scan of the buffer was subtracted from all other scans. In a typical
experiment, the fluorescence spectrum of DAN-β2 variant (0.1 μM, 400 μL) was recorded.
Prereduced α2 was then added to DAN-β2 to a final concentration of 5 μM (50-fold excess)
and the fluorescence spectrum recorded. Assuming a Kd of 0.4 μM for subunit interactions,
addition of 5 μM would result in >95% complex formation. The intensity integrated over the
full spectrum (420-620 nm) in the presence of α2 (5 μM) was subtracted from the intensity in
its absence to give relative intensity (Ir) for each DAN-β2 variant. The relative intensity (Ir)
for each complex of α2DAN-β2 was normalized to α2DAN-β2(V365C) to give a comparative
measure of the fluorescence change.

Determination of Kd for subunit interactions—The fluorescence spectrum of the DAN-
β2 variant (0.1 μM) in 50 mM HEPES, 15 mM MgSO4, 1 mM EDTA, pH 7.6 at 22±1°C was
recorded to obtain the initial intensity (I0) at the emission maximum. Prereduced α2 (40.0
μM) was then added in aliquots to this solution. Size exclusion chromatography (3) and
sedimentation velocity methods on α suggest that it is predominantly a dimer at low μM
concentrations. Thus at 40.0 μM, α is “completely” dimerized. After each addition, the sample
was mixed, allowed to equilibrate, and then scanned to obtain the intensity (I). The scan was
repeated to ensure equilibration. Typically, 15-20 min was required for equilibration. Addition
of α2 was continued until a saturation point was reached, and the spectrum was recorded to
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obtain the maximum intensity (Imax). To correct for the change in concentration, I - I0 was
multiplied by the appropriate dilution factor. The Kd is given by the following:

(1)

where [α2]f and [DAN-β2]f are the free concentration of α2 and DAN-β2, respectively. The
above expression for Kd assumes a 1:1 interaction between α2 and DAN-β2 (3), and can be
reformulated as:

(2)

where F is the fraction of DAN-β2 complexed with α2 (i.e. [α2DAN-β2]/[DAN-β2]total) and
[α2]f is given by [α2]total − F × [DAN − β2]total. F is obtained from (29,30):

(3)

A non-linear least squares fit of the plot of F vs. [α2]f using prism (Graphpad) gives the Kd.

Synthesis of peptide Ac-YLVGQIDSEVDTDDLSNFQL (1) and Ac-IDSEVDTD (2)
—The peptides 1 and 2 were made by solid phase peptide synthesis as previously described
(24). Each product was characterized by HPLC and MALDI-TOF.

Determination of binding of 1 and 2 to α2—In a final volume of 400 μL, the reaction
mixture contained 0.1 μM DAN-β2(V365C), 0.1 μM α2, 1mM CDP, 1 mM ATP, 50 mM
HEPES, 15 mM MgSO4, 1 mM EDTA, pH 7.6 at 22±1°C. The amount of α2 was calculated
using a Kd of 0.06 μM determined by a fluorescence titration of α2 with DAN-β2(V365C) in
the presence of ATP and CDP (Hassan and Stubbe, unpublished results). The fluorescence
spectrum of the above solution was recorded. Titration with 1 (2 μM to 1.0 mM) was carried
out as described in the preceding section, and fluorescence intensity (I) was recorded until no
further changes were observed. The intensity (I) was plotted against log [peptide] and the
IC50, the concentration of peptide required to obtain the half-maximal point of the titration,
was determined using prism (Graphpad). This IC50, was then used to calculate the Ki from the
following equation (31):

(4)

where Kd is 0.06 μM and y0 is the ratio of [DAN-β2(V365C)]bound to [DAN- β2
(V365C)]free in the absence of the peptide. Eq 4 is a modified form of the Cheng-Prusoff
equation (32). Use of this equation (31) requires that the peptide is a competitive inhibitor of
β2 binding to α2 and that there are two peptide binding sites on α2, one per α, that are
independent of each other (18).
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Result
Site-specific attachment of photo cross-linker and fluorescent probes to study subunit
interactions

Small molecule probes have been shown to provide important tools to study protein-protein
interactions (33). The two probes chosen to study the interactions between α2 and β2 are the
photo cross-linker, BP (34), and the environmentally sensitive fluorescence probe, DAN
(35). BP can potentially allow covalent attachment of the BP-modified residue in β2 to one or
more residues in α2 in the α2β2 complex. The DAN probe in the appropriate position, on the
other hand, has the potential to allow quantitation of the subunit interactions.

Theoretically, these probes could be incorporated into either α2 or β2. However, α2 contains
11 cysteines, 5 of which are essential for catalysis. Thus, generation of α2 with a single reactive
cysteine, the method chosen for probe attachment, would be challenging. These challenges and
the previously demonstrated importance of residues 356-375 of β2 for interaction with α2
(18,21) thus suggested that attachment of probes within this sequence would provide the best
choice to study subunit interactions. An examination of the structure of β2 reveals that it has
5 Cys residues and that C268 and C305 are surface exposed (11,12). These cysteines are remote
from the proposed α2β2 interface, and consequently, attachment of probes to these sites are
unlikely to be good reporters of subunit interactions (8). We have previously shown that the
double Cys to Ser mutation (C268S/C305S) had no effect on the enzymatic activity of E.
coli RNR (36) and this double mutant was chosen as the starting point for all further constructs.
Using β2-C268S/C305S, a single surface exposed Cys has been incorporated site-specifically
into β2 through mutagenesis. Given the requirement of the C-terminal tail of β2 for interaction
with α2, probe placement within this region is likely to report on this interaction. Moreover,
because the C-terminal tail of β2 is unstructured and flexible (37,38), Cys introduced in this
region will likely be accessible for labeling with thiol reactive probes. Our strategy is
summarized in Figure 1.

Selection of the residues for probe attachment
The crystal structure of α2 in complex with the 20 residue C-terminal peptide of β2 (356-375)
guided the selection of residues for probe attachment (8,13). Eighteen residues (358-375) of
the peptide are visible. The structure shows that majority of the peptide adopts a reverse turn
configuration and is sandwiched between helix αI and α13. The side chains of residues V358,
I361, V365, T367, L370, F373 and L375 of the peptide are projected towards α2. Each of these
residues was, therefore, mutated to a Cys and then labeled with BP and DAN. Because no
information is available about residues 341-357, Cys mutations were arbitrarily placed at every
other position within this region. These fifteen residues were selected for probe attachment.

Generation and characterization of β2 mutants
The Cys mutations were introduced by site-directed mutagenesis using N-terminal (His)6
tagged nrdB (N terminal GHHHHHHM-β2) with C268S/C305S mutations as the template (SI,
Table 1). The (His)6 tag facilitated the rapid purification of the mutants and does not have any
significant effect on the enzymatic activity (24). The growth of E. coli and expression of the
mutants were carried out in the presence of the iron-chelator 1,10-phenanthroline resulting in
purification of all fifteen mutants in the apo form (25). The diferric Y• cofactor was then
reconstituted in vitro by standard procedures (26). The yield and the radical content of
reconstituted holo mutants suggest that these cysteine mutations had little effect on the
expression level of the protein or the assembly of the active cofactor (SI, Table 2). Assay with
Ellman’s reagent (DTNB) showed that each mutant had 1.9-2.1 surface accessible thiols/β2.
Activity assays with the Cys mutants showed that the mutation in general reduced activity from
6000 μmol/min/mg (observed for the wt-β2) to 11 - 2586 nmol/min/mg (0.2 to 43 % of the wt-
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β2 activity) depending on the location within the tail (Table 2). In the following sections, a
specific β2 mutant such as (His)6—β2-C268S/C305S/V365C is denoted as β2(V365C).

Labeling of β2 mutants with BP and DAN
BPM was chosen to attach the BP probe to β2 (Figure 1). The reaction conditions for the
Michael addition between the thiolate of the mutant β2 and BPM were optimized by monitoring
the reaction using the DTNB assay. A typical protocol involved incubation of 75 μM mutant
β2 with 187 μM BPM at 4°C for 30 min at which time the reaction was complete. Each BP-
β2 was purified and characterized by ESI-MS. In each case, the presence of a peak with the
expected mass (within the error of the method <20 ppm) for BP-β2 and the absence of a peak
for unlabeled β2 supported stoichiometric labeling (SI, Table 3). Each mass spectrum also
showed a second species with a mass of 170-180 Da greater than the expected mass of the BP-
β2 variants (SI, Figure 1). This second species has been observed previously in the mass spectra
of wt-β2, (His)6-β2 and semi-synthetic β2 (24). The basis for this increase in mass is not
understood. In addition, each mutant was characterized for its ability to make deoxynucleotides
using an assay with [14C]-CDP (Table 2). BP-modification in general reduced activity to 3 -
1100 nmol/min/mg (0.07 to 8.1 % of the wt-β2 activity) depending on the location within the
tail. The lower limit of activity detection was 0.6 nmol/min/mg, thus all mutants are active.

The labeling of the Cys mutants with DAN was accomplished by SN2 displacement of bromide
from BADAN by the Cys thiolate. Optimized reaction conditions employed 75 μM β2 mutant
with 2.5 equivalent of BADAN at 4°C for 5 h. Using the molar extinction coefficients of DAN
and β2 at 280 and 390 nm, the stoichiometry of DAN/β2 was determined
spectrophotometrically. It ranged from 1.9 to 2.2, with the variability likely due to the changes
in DAN absorbance depending on its location within β2, relative to free DAN. The ESI-MS
of variants 356, 361, 365 and 367 were determined and found to be identical to the expected
values (SI, Table 4). As with the BP-β2 variants, additional mass of 170-180 Da was also
observed with DAN-β2 variants. Activity assays of the four variants ranged from 0.1 to 13 %
of the wt-β2 (Table 2).

Photo cross-linking reaction between BP-β2 variants and α2
To maximize the photo cross-linking reaction between α2 and BP-β2 variants, the temperature,
the time of exposure to light and the subunit concentrations of α2 and BP-β2 were varied. In
an optimized experiment, 5 μM α2 and BP-β2 were irradiated at ∼365 nm for 30 min at 4°C,
and then analyzed by SDS-PAGE. The results are shown in Figure 2. The molecular weights
of α and BP-β are ∼87 kDa and 44 kDa, respectively and that of 1:1 complex of αBP-β is
∼131 kDa. The percentage of cross-linking was calculated by comparison of the intensity of
the 131 kDa band with that of α and BP-β bands in the absence of light. This analysis shows
that the yield of the photo cross-linked product varies from 3% to 19%, with BP labeling at
361, 365, 367 giving the highest yields (SI, Table 5). The location of Y356 is particularly
important to establish given the absence of structural information, its essential role in radical
propagation between α2 and β2 and the proposed distance of 25Å between W48 in β2 and
Y731 in α2 based on the docking model (8). The BP-β2(Y356C) variant shows ∼9% cross-
linking. BP variants in the region of 341-357 and at positions 373 and 375 near the C-terminus
show 3-5% cross-linking. Efforts to increase the cross-linking efficiency by addition of
substrate and/or effector to α2 and BP-β2 in which the Y• was reduced were unsuccessful.
Finally, in addition to the photo cross-linked product observed at 131 kDa, a band of varying
intensity with a molecular weight ∼250 kDa was also present in BP modified residues 347-365.
The molecular weight analysis suggests that this band may be a complex of α2BP-β2 (∼260
kDa). A possible mechanism for its formation will be discussed subsequently.
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Fluorescence characterization of DAN-β2 variants with α2
The fluorescence spectrum of each DAN-β2 variant was acquired in the presence of saturating
amounts of α2, where the emission maxima μranged from 496-522 nm. The fluorescence
spectra of a number of α2DAN-β2 variant complexes are shown in Figure 3. A comparison of
the results shows differences in emission intensity, maxima, or both depending on the location
of the probe (SI, Table 6). DAN-β2 (Y356, I361C, V365C and T367C) show significant
increases in fluorescence intensity with minimal change in emission maxima. DAN-β2
(F375C), in contrast, shows both an increase in fluorescence intensity and a shift in emission
maximum. Finally, DAN-β2(N343C and L345C) show very little change in fluorescence
intensity or emission maximum.

Position dependent comparison of the extent of photo cross-linking and change in
fluorescence of the β2 variants

The percentage of photo cross-linking and the change in fluorescence intensity of each BP-
β2 and DAN-β2 variant were normalized to the values observed for β2(V365C), the variant
with the largest changes in both cases (Figure 4). The extent of photo cross-linking parallels
the changes in fluorescence intensity, with the largest changes being observed in residues 361,
365, 367. These studies suggest that 361-367 of the C-terminal tail of β2 might play an
important role in subunit interactions. As discussed subsequently, competitive binding studies
with peptides composed of these residues were carried out in an attempt to better understand
the role of this region in subunit interactions.

Determination of Kd for subunit interactions with DAN-β2 variants
The large increase in fluorescence intensity of DAN-β2(V365C) upon addition of α2 made this
variant a good candidate to probe the binding affinity of α2 and β2, and thus DAN-β2(V365C)
was titrated with increasing concentrations of α2 at 22°C in the absence of allosteric effectors
or substrates. As noted above, α in the absence of nucleotides is a mixture of dimers and
monomers (3). Our titration experiments assume that α2 binds to β2 generating additional α2.
The Kd for α2 has not been determined. However our preliminary results suggest that α is
predominantly dimer (α2) under the titration conditions.

The results of a typical titration are shown in Figure 5. Analysis of these data gave a Kd of 0.36
±0.07 μM (Figure 6). The assumption has been made that at the end of the titration the
predominant species is a 1:1 complex of α2 and β2. Modification of a residue involved in
subunit interactions is likely to alter the measurement of interest. This alteration in case of
residue 365 is apparent from the reduced activity in nucleotide reduction (10% wt activity).
Thus, similar measurements were made with DAN attached to 351, 356 and 367. Residue 367
was chosen because of its similar behavior to 365 in the presence of α2 including its activity
(Table 2). Residue 356 was chosen due to its importance in radical propagation between the
subunits and the likely possibility that its position moves during binding and catalysis. Finally,
residue 351 was chosen, as the previous studies with peptides to C-terminal tail of β2 suggested
that residues 340 to 355 have a small effect on subunit interactions (18,21). Neither 356, nor
351 is observed in any crystal structure. Despite the different behaviors of these DAN-β2
variants, the titration studies surprisingly gave similar Kds (Table 1). No previous studies have
reported a quantitative assessment of α2β2 interactions in the absence of nucleotides.

Determination of Kds for 1 and 2 with α2
The observed fluorescence changes upon α2DAN-β2 complex formation suggest a screen for
inhibitors of subunit interactions and a way to assess the importance of residues 361-367 of
β2 in this interaction. As proof of concept, we examined a peptide composed of residues Y356
to L375 of β2 with the N-terminus acetylated. This peptide was previously shown to inhibit
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subunit interaction with a Ki (equivalent to Kd) of 20 μM (18). The loss of fluorescence from
the α2DAN-β2(V365) complex upon titration with increasing concentration of peptide should
allow determination of its Kd.

In designing a fluorescence-based competitive assay, two factors are important (29,30): the
ratio between probe (DAN-β2) and receptor (α2), and the dynamic range of the assay i.e. the
change in the signal (fluorescence intensity or polarization) between free and bound probe.
Since the optimized concentration of DAN-β2(V365C) used in the Kd determination gives rise
to a large change in fluorescence intensity (Figure 5), both DAN-β2(V365C) and α2 at 0.1
μM were chosen to carry out a competitive titration study. Finally titrations were carried out
in the presence of nucleotide to potentiate α dimerization. Increasing amounts of peptide 1
were added to α2DAN-β2(V365C) resulting in loss of fluorescence intensity at the emission
maxima, ∼503 nm. A plot of relative intensity vs. Log [peptide] allowed determination of the
IC50 (Figure 7), which was then used to calculate Ki (equivalent to Kd) of 16.6 ± 2.7 μM (Eq
4). The Kd for peptide 1 is ∼40 fold higher than for DAN-β2 variants. A difference of ∼100
fold was found between the interaction of wt-β2 with α2 (Ki = Kd = 0.2 μM) and with the C-
terminal peptide of β2 (residues 353 to 375, Kd = Ki = 20 μM) (18). Insight into the basis for
the differences in Kds between full length β and the peptides was obtained from two
independent studies where heterodimer of β2, ββ’, (where β is full length protein with residues
1-375 and β’ is missing the last 22 amino acids or 24 amino acids) have Kds of 6.5 μ M (18,
21) and 11 μM (39). In addition, β’β’ showed no binding (40). These studies initially allowed
Sjöberg and her coworkers to invoke a chelate effect, where binding of one β2 tail to α
potentiates binding to the second second tail to α (18,21).

As noted above and summarized in Figure 4, there appears to be a correlation between sites
resulting in the most extensive cross-linking and those associated with largest increases in
fluorescence. Having established the validity of the competitive assay with 1, an acylated
octamer, 2 (Ac-IDSEVDTD), was synthesized to test the importance of these residues in the
inhibition of subunit interactions. A titration with concentrations of 2 up to 10 mM peptide
resulted in no loss in fluorescence intensity. Thus, this region by itself does not appear to be
responsible for the predominant interactions with α2. This result might have been predicted
from studies of Climent et al(18) in which they determined Kds for peptides corresponding to
the C-terminus of β [peptide 1-8 (residues 368-375), 12-20 (residues 356-364), 1-19 (residues
357-375), 1-20 (residues 356-375) and 1-30 (residues 346-375)]. The acylated 8 mer (1-8) has
a Kd of ∼400 μM, while the 19 mer (1-19) has a Kd of 40 μM. Only a difference of 10 fold is
associated with residues 9-19. Thus, lack of binding of our peptide 2 (8-15) suggests once
again, the importance of the ‘chelate effect’ where binding of the C-terminus of β potentiates
an additional small amount of binding associated with residues 8-15; without the C-terminus,
thus no binding of 2 would be expected.

Discussion
The present communication documents the site-specific incorporation of the photo cross-linker
(BP) and the environmentally sensitive probe (DAN) into intact β2 of RNR to probe subunit
interactions. The studies with BP-β2 variants reveal that the cross-linking occurs to some extent
at each site of BP attachment (Figure 2), with the highest extent of cross-linking occurring
between 356 and 370. Photo cross-linking efficiency for the catalytically important Y356 is
observed, however, at only 9% efficiency. We have recently synthesized the [14C]-
iodoacetamide analog of benzophenone ([14C]-BPI), and analyzed the cross-linking sites with
β2(V365C) variant using trypsin digestion and Edman sequencing (41). Cross-links to 356
(either to α2 or within β2) are of particular interest as they might report on the flexibility of
this residue during catalysis. The possibility of multiple interactions and the low level of cross-
linking, however, will make this analysis challenging. An additional interesting observation
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from the cross-linking experiments is the presence of a higher molecular weight species (∼250
kDa) with BP-modified residues between 349 to 365. The nature of the complex is unknown,
but the size suggests that the complex is composed of 2αs and 2βs. A control photo cross-
linking experiment of BP-β2(V365C) in the absence of α2 was carried out. SDS PAGE analysis
showed the presence of only monomeric β, excluding the formation of an inter-subunit cross-
linking. To obtain a species with >250 kDa, one would need to assume that the cross-linking
between α and β enhances the interaction for free α and β such that the complex is stable under
SDS-PAGE conditions. Such a large molecular weight aggregate has recently been observed
when gemcitabine diphosphate inactivates RNR (3). Further experiments are required to test
the validity of the model.

DAN labeled β2s were of interest for two reasons. First, the Kds for the interactions between
α2 and β2 in the presence of NDP substrates and/or dNTP effectors pairs have not been
determined systematically (18,20,21). A quantitative model for allosteric regulation of RNRs
must include an understanding of subunit interactions and the changes in the interactions in
the presence of nucleotides. Second, fluorescence methods are now widely used in high through
put screening (29,30) to monitor inhibition of protein-protein interactions. Thus, DAN-β2
variants could also serve as a tool to find new antibacterial agents.

The DAN fluorophore was chosen as a probe because of its small size, high extinction
coefficient and environmentally sensitive properties (35,42). In H2O, DAN has an emission
maximum of ∼550 nm, which blue shifts and shows increases in intensity in a non-polar
environment. The docking model of α2β2 has, in part, been guided by the co-crystallization of
α2 with a peptide corresponding to residues 356-375 of β2. The changes in fluorescence
intensities and emission maxima are consistent with the hydrophobic environment that residues
361, 365, 367, 370, 373 and 375 encounter on binding based on the model (SI, Table 7).

To demonstrate the usefulness of the DAN-β2 variants for the determination of the Kd for
subunit interactions, and to assess the perturbation that might be affiliated with the probe, four
different variants were chosen for fluorescence titration studies. Surprisingly, the measured
Kds for all four variants examined were almost identical (0.34 to 0.41 μM). These numbers are
two fold higher than the Kds previously reported based on a kinetic analysis to determine Kis
for peptide inhibition (18,21). However, in these experiments, the presence of CDP and ATP
might account for the differences. Our studies suggest that DAN-β2 variants will be useful to
quantitate the relative changes in subunit interactions in the presence of nucleotides. A
quantitative and comprehensive analysis of the subunit interactions is key component to a better
understanding of allosteric regulation of RNRs and will be the subject of future reports.

The differences in the sequences of the C-termini of β2 from bacteria, viruses and humans, the
importance of subunit interaction in all cases for the formation of active RNR and the
essentiality of RNR for cell survival suggest that subunit disruption could be a therapeutically
important target (17,43). Studies with peptidomimetics of the C-terminal tail of herpes simplex
virus (HSV) RNR have been investigated as potential anti HSV agents (17,43), and peptides
to C-terminal tail of β2 from mouse RNR have been explored as potential anti-cancer agents
(17,44). A high through-put screen of small molecule libraries could facilitate identification
of lead compounds to inhibit α2β2 interactions and thus RNR activity. Our preliminary data
using a competitive fluorescence titration with 1 gave a Kd of 16.6 ± 2.7 μM, similar to the
value previously determined by an independent method (18). Thus, monitoring fluorescence
losses could provide a rapid high through-put screening method for finding lead inhibitors.

Summary
The methodology described in this manuscript offers new probes to determine the molecular
basis for interactions between the subunits of RNR and to measure their affinities in the
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presence of different substrate and/or effector pairs. These methods can be readily extended to
RNRs from other sources and should be generally useful for unraveling the complexities of
these flexible proteins.

Supplementary Material
Refer to Web version on PubMed Central for supplementary material.

Abbreviation
RNR, ribonucleotide reductase
α2, ribonucleotide reductase large subunit
β2, ribonucleotide reductase small subunit
NDP, nucleoside diphosphate
NTP, nucleoside triphosphate
ATP, adenosine-5′-triphosphate
CDP, cytidine-5′-diphosphate
dNDP, deoxynucleoside-5′-diphosphate
dNTP, deoxynucleoside-5′-triphosphate
NADPH, reduced β-nicotinamide adenine dinucleotide phosphate
BPM, benzophenone-4-maleimide
BADAN, 6-bromoacetyl-2-dimethylaminonaphthalene
DAN, dimethylaminonaphthalene
BP, benzophenone
DAN-β2, DAN labeled β2
BP-β2, BP labeled β2
DAN-β2(V365C), DAN labeled β2 at V365C
BP-β2(V365C), BP labeled β2 at V365C
HU, N-hydroxyurea
Y•, tyrosyl radical
TR, thioredoxin
TRR, thioredoxin reductase
DTNB, dithio-bis(2-nitrobenzoic) acid
Kan, Kanamycin
PMSF, phenylmethylsulphonyl fluoride
TNB, 2-nitro-5-thiobenzoate.
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Figure 1.
Strategy for site-specific labeling of β2. A single Cys is placed within the C-terminal tail of
β2 and then labeled with the photo cross-linker (BP) or the environmentally sensitive
fluorophore (DAN).
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Figure 2.
Photo cross-linking reaction between each BP-β2 variant and α2. α (∼87 kDa), BP-β variant
(∼44 kDa) and cross-linked product α-BP-β (131 kDa, box) are indicated with arrows. The
band underneath the cross-linked product is a contaminant (∼110 kDa) that co-purifies with
α2. A band corresponding to ∼250 kDa is also shown. Each lane represents cross-linking of a
different BP-β2 variant: a. S341C; b. N343C; c. Q345C; d. A347C; e. Q349C; f. V351C; g.
V353C; h. Y356C; i. V358C; j. I361C; k. V365C; l. T367C; m. L370C; n. F373C; o. L375C.

Hassan et al. Page 16

Biochemistry. Author manuscript; available in PMC 2009 December 9.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



Figure 3.
The fluorescence spectra of four DAN-β2 variants (0.1 μM) in complex with 5 μM of α2 in 50
mM HEPES, 15 mM MgSO4, 1 mM EDTA, pH 7.6 at 22°C. The excitation wavelength was
390 nm and the emission spectra were collected from 420-620 nm.
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Figure 4.
Comparison of the relative extent of photo cross-linking reaction (■) of each BP-β2 variant
relative to BP-β2 (V365C) and the increases in fluorescence intensity (■) of each DAN-β2
relative to DAN-β2 (V365C).
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Figure 5.
Fluorescence titration of DAN-β2 (V365C) with increasing amounts of α2 (0 to 4.0 μM).
Measurements were carried out in 50 mM HEPES, 15 mM MgSO4,1 mM EDTA, pH 7.6 at
22°C.
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Figure 6.
Plot of F vs. [α2]f to determine the Kd for α2DAN-β2 (V365C) in the absence of substrate and
effector. Measurements were carried out at 22±1°C in 50 mM HEPES, 15 mM MgSO4, 1 mM
EDTA, pH 7.6. Error bars are the standard deviation of three independent measurements.
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Figure 7.
Plot of relative intensity vs. Log [1] to determine the IC50 of the peptide binding to α2.
Measurements were carried out at 22±1°C in 50 mM HEPES, 15 mM MgSO4, 1 mM EDTA,
pH 7.6. Error bars are the standard deviation of three independent measurements.
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Table 1
Kds for the interaction between DAN-β2 variants and α2 determined by fluorescence titrationa

DAN-β2 variants Kd

DAN-β2(V351C) 0.38±0.06

DAN-β2(Y356C) 0.41±0.06

DAN-β2(V365C) 0.36±0.07

DAN-β2(T367C) 0.34±0.07

a
Conditions: 50 mM HEPES, 15 mM MgSO4, 1 mM EDTA, pH 7.6 at 22±1°C.
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Table 2
Specific activities of β2 variants.

Proteins Cys Variants
nmol/mg/min

BP Variants
nmol/mg/min

DAN Variants
nmol/mg/min

β2(S341) - 3.4 -

β2(N343) 1210 893.7 -

β2(Q345) - 8.8 -

β2(A347) - 8.4 -

β2(Q349) - 4.7 -

β2(V351) - 74 -

β2(V353) 300 28 -

β2(Y356) 11 4 6.8

β2(V358) - 43 -

β2(I361) 1091 161 533

β2(V365) 1575 158 540

β2(T367) 2586 482 601

β2(L370) - 209 -

β2(F373) 1168 1093 -

β2(L375) - 297 -

For comparison, wt-β2 has an activity of 5933.0 nmol/mg/min. ‘-’ denotes not determined. The lower limit of activity detection is 0.6 nmol/min/mg.
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