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Escherichia coli ribonucleotide reductase (RNR) catalyzes the conversion of nucleoside 5 -diphosphates to
deoxynucleoside 50-diphosphates and is a 1:1 complex of two homodimeric subunits: a2 and b2. As a first
step towards mapping the subunit interface, b2 (V365C) was labeled with [14C]-benzophenone (BP) iodo-
acetamide. The resulting [14C]-BP–b2 (V365C) was complexed with a2 and irradiated at 365 nm for
30 min at 4 �C. The cross-linked mixture was purified by anion exchange chromatography and digested
with trypsin. The peptides were purified by reverse phase chromatography, identified by scintillation
counting and analyzed by Edman sequencing. Three [14C]-labeled peptides were identified: two con-
tained a peptide in b to which the BP was attached. The third contained the same b peptide and a peptide
in a found in its aD helix. These results provide direct support for the proposed docking model of a2b2.

� 2008 Elsevier Ltd. All rights reserved.
Escherichia coli ribonucleotide reductase (RNR) catalyzes the
conversion of nucleoside 50-diphosphates (NDPs) to deoxynucleo-
side 50-diphosphates.1,2 It is a 1:1 complex of two homodimeric
subunits: a2 and b2.3–5 a2 binds both NDP substrates (CDP, UDP,
GDP, and ADP) and the dNTP (TTP, dGTP, and dATP)/ATP allosteric
effectors that govern the specificity and enzymatic turnover rate.
b2 contains the diferric tyrosyl radical (Y�) cofactor6 that is re-
quired to initiate the nucleotide reduction in a2 by radical propa-
gation over 35 Å.7 No structure of an active anbn of any class Ia
RNR is currently available.8 Understanding this interaction is
essential to the elucidation of the radical propagation mechanism
between the two subunits,7 the mechanism by which the allosteric
effector binding to a2 triggers electron transfer between the sub-
units,9,10 and how one might take advantage of this knowledge
to design inhibitors of RNR that disrupt subunit interactions.11

The present communication provides methodology to map the
subunit interface at the molecular level.

The interaction between a2 and b2 is weak (Kd = 0.4 lM)12 and
is largely governed by the C-terminal 20 amino acids of b2.13,14 The
current model for the interactions between a2 and b2 is based on
the docking model that Eklund and coworkers constructed from
the structure of b2 and the structure of a2 complexed with a pep-
tide to the last 20 amino acids (356–375) of b2.7 The binding mode
of this 20-mer peptide (only 15 residues of which are observed)
was proposed to be representative of how the C-terminal tail of
b2 binds to a2. Recent pulsed electron–electron double resonance
ll rights reserved.

: +1 617 258 7247.
experiments have provided support for the long distance radical
transfer consistent with the docking model.15,16 Molecular insight
into the subunit interactions, however, is not provided by this
method. In the absence of a structure of the class Ia RNR complex,17

we have recently developed a methodology with the potential to
provide us with the desired molecular insight.12 The methodology
involves the site-specific labeling of a Cys at 15 different positions
within the C-terminus of b2, with the photo cross-linker benzophe-
none (BP). The photo cross-linking reaction of each BP–b2 variant
with a2 demonstrated that BP–b2 (V365C) had the highest photo
cross-linking efficiency (�18%) and was selected to identify the
residues at the interface of a2b2 in the present study.12

To facilitate the isolation of cross-linked peptides from a2b2,
we synthesized a [14C]-iodoacetamide analog of BP. Our previous
studies used BP maleimide to attach BP to a single Cys within
the C-terminus of b2.12 Due to the difficulties in making this mate-
rial [14C]-labeled from available [14C]-starting material, the BP
iodoacetamide (BPI) was selected as an alternative. The synthesis
of [14C]-BPI was accomplished by coupling of [14C]-iodoacetic acid
with 4-aminobenzophenone using dicyclohexylcarbodiimide
(DCC).18 The reaction time, temperature, and the stoichiometry of
reactants were optimized to yield [14C]-BPI in �95% yield with a
specific activity of 6600 cpm/nmol. Labeling of b2 (V365C) with
[14C]-BPI occurred quantitatively and the photo cross-linking reac-
tion of the resultant BP variant with a2 gave �18% cross-linked
product, estimated by SDS–PAGE.12

The a2b2 complex has a molecular weight of �260 kDa, pre-
senting a challenge for the identification of cross-linked peptide(s).
In an effort to enrich the desired a–b (cross-linked) product, the
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Figure 2. Purification of the peptides generated by trypsin digestion of the photo
cross-linked mixture with reverse phase (Jupitor�) HPLC in 0.1% TFA/H2O with the
indicated gradient (---) of 0.1% TFA/CH3CN. The radioactivity of each fraction
(1 mL, - -) is overlaid on the absorbance (—).
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reaction mixture was purified by anion exchange chromatography
on POROS 10 HQ by FPLC. A control experiment (Supporting infor-
mation, Fig. S1) showed that anion exchange chromatograph read-
ily separates a2 from b2, and it was hoped that this process could
remove a large amount of the non cross-linked protein. A typical
FPLC trace (Fig. 1) eluted with the indicated NaCl gradient was sub-
divided into six regions (I–VI). SDS–PAGE gel (Fig. 1, inset) showed
that region I contains free a, regions II–V contain variable mixtures
of a-[14C]-BP–b and free a and [14C]-BP–b(V365C) and region VI
contains predominantly [14C]-BP–b(V365C). These results were
unexpected and interesting. Instead of separation of a–b from a2
and b2, the chromatogram suggests that a–b forms a complex with
free a and b, presumably due to the tight dimerization of b2. This
(a–b)ab complex appears to have increased subunit affinity rela-
tive to the non cross-linked subunits (Supporting information,
Fig. S1). The ratio of a–b:a:b is 1:3:2 in region III and 1:3:6 in re-
gion IV (ratios are the average of 4 determinations). The a–b thus
retards a2 and causes b2 to elute earlier than b2 in the control. This
observation could provide a strategy for crystallization of the elu-
sive a2b2 complex. Importantly, this chromatography typically re-
moves �50–55% of the protein, the goal of the experiment.

The partially purified mixture (regions II–V) was pooled, alkyl-
ated by standard procedures with iodoacetamide, dialyzed into
2 M urea and digested with trypsin. The peptide mixture was then
analyzed by reverse phase HPLC with a Jupiter� C18 column using
the indicated gradient (Fig. 2). Fractions of 1 mL were collected and
analyzed for radioactivity.

Three distinct radioactive regions with retention times of 49 (I),
52 (II), and 68 (III) min were observed superimposed on a radioac-
tive background that was present throughout the chromatogram.
Previous crystallographic and NMR studies have demonstrated
the flexibility of C-terminal tail of b2.19 When complexed with
a2, however, one would have expected this C-terminus to be struc-
tured and consequently little non-specific cross-linking. Thus, the
basis for the background is not understood, but appears to be asso-
ciated with the long photolysis time (Supporting information,
Fig. S2) and the weak dissociation constant between the sub-
units.12–14 In order to identify the interaction sites, each of the
three regions (I–III) was pooled and rechromatographed twice:
once in CH3CN/ammonium acetate at pH 6.8 and finally in
CH3CN/TFA/H2O (Supporting information, Figs. S3–S5).

Peak II was found to be similar to a control in which [14C]-BP–b2
(V365C) alone was photolyzed, and digested with trypsin and
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Figure 1. Purification of the photo cross-linked mixture by anion exchange
chromatography (POROS 10 HQ) in 50 mM Tris, pH 7.6, with the indicated NaCl
gradient. The regions I–VI are shown by vertical lines (from left to right). (Inset)
SDS–PAGE gel of regions I–VI.
chromatographed. Edman sequencing of the resulting peptide re-
vealed S329NPIP (Table 1), the expected proteolytic fragment from
unreacted [14C]-BP–b2 (V365C). Interestingly, peak I, not observed
in photolysis of [14C]-BP–b2 (V365C) alone, gave the same peptide
sequence (S329NPIP). No additional amino acid sequence with com-
parable signal intensity was observed in Edman analysis, which
suggested that peak I also resulted from the unreacted [14C]-BP–
b2(V365C). One possible origin of the peak I could be an inter sub-
unit cross-link between b1 and b2 (of b2). However, the molecular
weight of the resulting peptide would be twice that in peak II and
would be expected to have a longer retention time on HPLC analy-
sis. Alternatively, if the C-terminal tail cross-linked to itself (intra
subunit cross-linking), a cyclic peptide would result which might
explain the shorter retention time of peak I.

The peptide isolated from region III gave two amino acids in
each cycle of Edman sequencing: SNPIP and AVELF (Table 1). While
SNPIP originates from the C-terminal tail of [14C]-BP–b2(V365C),
AVELF is the proteolytic fragment resulting from cleavage of a2
at position 395. Analysis of the crystal structure of a27 in complex
with 20 amino acid peptide to the C-terminus of b2 shows that
A395VELF is present in helix aD (Fig. 3). The detailed analysis of
the structure shows that the residue V365 is pointing directly to-
wards aD. Since the Edman sequencing extended to F399, the first
five residues of aD, cross-linking must occur within peptide
S400LMMQER406. The distance between V365, and S400 and T409

are �9 and �16 Å (Fig. 3), respectively. The distance between –
CH2– of the BP analog attached directly to the thiol of C365 and
the ketone of the BP involved in hydrogen atom abstraction is
�9 Å, which would bring S400LMMQER406 within the reactive vol-
ume of BP.20 The cross-linking data provide the most direct evi-
dence thus far that the crystal structure of the peptide (356–375)
of b2 and a2 is an excellent model for subunit docking.7,25

As noted above, BP has been attached to 15 positions within the
C-terminus of b2 (341–375) including Y356 which plays an essen-
Table 1
The Edman analysis of peptides from peaks I–III and unreacted [14C]-BP–b2(V365C)

Fractions Cycles

1 2 3 4 5

[14C]-BP–b2(V365C) S N P I P
Peak I S N P I P
Peak II S N P I P
Peak III S, A N, V P, E I, L P, F



Figure 3. The crystal structure of a2 (green) in complex with C-terminal tail (cyan)
of b2.7 The orientation and distances of V365 with respect to S400LMMQERAST409

(aD, light blue) are shown.
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tial role in radical propagation between the two subunits.9,10,21

Since residues 341–375 are disordered in b2, cross-linking infor-
mation throughout this region would be of great value in thinking
about a model for subunit interactions. The cross-linking efficien-
cies, however, within this tail are generally low (�9%), requiring
enrichment of the peptide(s) of interest to achieve purification.
To facilitate this enrichment, we are currently incorporating p-
propargyloxyphenylalanine into b2 using a methodology pio-
neered by Schultz and coworkers22,23 p-Propargyloxyphenylala-
nine can be used in a 3+2 cycloaddition reaction with
biotinylated azide for affinity purification by streptavidin beads.24

A method to purify cross-linked peptides of interest in conjunc-
tion with radiolabeling should allow us to map interaction site(s)
in the presence of different substrate (ADP, CDP, UDP, and GDP)
and/or effector (dGTP, ATP, dATP, and TTP) pairs. Our recent studies
with fluorescent probes within this tail region of b2 have shown
that the Kd for subunit interactions vary up to 50-fold.12 The differ-
ences in structure may be detectable by this cross-linking method.
Additionally, it is conceivable that Y356 in b2 moves during the
radical propagation step between the subunits with different sub-
strate and/or effector pairs. The availability of [14C]-BPI in conjunc-
tion with a method to rapidly pull out labeled peptides could be
useful in understanding the amazing gymnastics responsible for
substrate specificity communicated over �40–50 Å within the ac-
tive RNR complex.7,25
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