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Inhibition of chlamydial class Ic
ribonucleotide reductase by C-terminal
peptides from protein R2
Maria Öhrström, Ana Popović-Bijelić†, Jinghui Luo{, Pål Stenmark,
Martin Högbom and Astrid Gräslund*
Chlamydia trachomatis ribonucleotide reductase (RNR) is a class Ic RNR. It has two homodimeric subunits: proteins R1 and R2.
Class Ic protein R2 in its most active form has a manganese–iron metal cofactor, which functions in catalysis like the tyrosyl
radical in classical class Ia and Ib RNRs. Oligopeptides with the same sequence as the C-terminus of C. trachomatis protein
R2 inhibit the catalytic activity of C. trachomatis RNR, showing that the class Ic enzyme shares a similar highly specific inhibi-
tion mechanism with the previously studied radical-containing class Ia and Ib RNRs. The results indicate that the catalytic
mechanism of this class of RNRs with a manganese–iron cofactor is similar to that of the tyrosyl-radical-containing RNRs,
involving reversible long-range radical transfer between proteins R1 and R2. The competitive binding of the inhibitory R2-
derived oligopeptide blocks the transfer pathway. We have constructed three-dimensional structure models of C. trachomatis
protein R1, based on homologous R1 crystal structures, and used them to discuss possible binding modes of the peptide to
protein R1. Typical half maximal inhibitory concentration values for C. trachomatis RNR are about 200mM for a 20-mer peptide,
indicating a less efficient inhibition compared with those for an equally long peptide in the Escherichia coli class Ia RNR. A pos-
sible explanation is that the C. trachomatis R1/R2 complex has other important interactions, in addition to the binding medi-
ated by the R1 interaction with the C-terminus of protein R2. Copyright © 2011 European Peptide Society and John Wiley &
Sons, Ltd.
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Introduction

The enzyme RNR catalyzes the conversion of all four ribonucleo-
tides to deoxyribonucleotides, a bottleneck reaction to produce
the building blocks for de novo DNA synthesis and repair. Class
I RNRs found in eukaryotic cells and in certain bacteria are com-
posed of subunits a2 and b2. The larger a2 subunit R1 (typically
2� 90 kDa) binds the substrate and has sites for the allosteric
regulation of the enzyme, whereas the smaller b2 subunit R2
(typically 2� 45 kDa) in each polypeptide chain normally carries
a dinuclear metal cluster and a stable free radical on a neighbor-
ing tyrosyl residue [1]. The radical is required for enzyme activity,
which involves long-range electron transfer between the R1 and
R2 subunits [2–4].
The question of which metal ions are involved in RNR activity

in different species has recently become a hot and debated topic.
Besides the well-studied class Ia iron enzymes, recent reports pro-
vide evidence of the involvement of manganese in certain
bacterial RNRs. In Escherichia coli [5] and Corynebacterium
ammoniagenes [6] class Ib enzymes, a dimanganese cluster can
give rise to the catalytically active tyrosyl radical, and in class Ic,
prototyped by the chlamydial enzymes, a mixed manganese–iron
cluster without amino-acid-based free radical can initiate the cat-
alytic reaction [7,8]. Hence, the RNR subclasses Ia, b and c, which
have mainly been defined from comparisons of sequence and
allosteric regulation [1,9], may turn out to be differentiated also
by their metal requirements for efficient catalysis.
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Class Ic RNR was discovered in Chlamydia trachomatis. The
reported crystal structure of C. trachomatis RNR R2 protein
revealed that the dimetal site displays significant differences
compared with class Ia and Ib R2s [9]. It also has a phenylalanine
residue at the position of the conserved radical-harboring tyro-
sine. It was shown that C. trachomatis protein R2 can bind a man-
ganese ion in place of one iron ion and form a mixed-metal
Mn–Fe cluster [7,8] and that the Mn/Fe-containing wild-type R2
protein shows considerably higher specific activity (at least six-
fold) than its Fe-only counterpart [8]. Although the enzymatic ac-
tivity of the Fe-only form of the class Ic RNR R2 is controversial
[7,8], it seems to require activation by metal ion reduction and
Copyright © 2011 European Peptide Society and John Wiley & Sons, Ltd.
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reaction with molecular oxygen for each catalytic cycle [10].
Enzyme activity measurements and Mössbauer spectroscopy
have indicated that C. trachomatis RNR uses a stable Mn(IV)–Fe
(III) cofactor in protein R2 for activity. This redox active state is
formed from a reaction of the reduced metal cluster with molec-
ular oxygen to initiate the formation of the cysteinyl free radical
after substrate binding in protein R1 [7]. Density functional theory
calculations have supported the idea that the Mn(IV) ion of the
Mn(IV)–Fe(III) cofactor is an equally strong oxidant as the tyrosyl
radical in class Ia E. coli R2 protein [11], thereby suggesting an
explanation for the reversible electron transfer in multiple cata-
lytic cycles also in this enzyme class. Genomic analyses suggest
that over 50 organisms contain class Ic R2 proteins [12]. Patho-
gens are common in this group, emphasizing the importance of
inhibition studies of the class Ic.

In the manganese-only class Ib RNRs, on the other hand, a re-
duced dimanganese cluster appears to react with two partly re-
duced oxygen molecules (suggested to be HO2

� produced by
an unusual flavodoxin NrdI bound to R2) to form a neighboring
tyrosyl radical [5,6]. Whether this process is functional in all native
class Ib enzymes and whether it depends on the availability of
suitable metal ions under different conditions remain to be deter-
mined [13].

Despite the obviously different metal binding properties, the
class I R1 and R2 proteins are closely related in molecular struc-
ture between the three subclasses. For class Ia and Ib, it is known
that oligopeptides with sequences derived from the C-terminus
of the respective R2 protein are efficient and specific inhibitors
of enzyme activity [14]. Their inhibitory activity is based on com-
petitive binding to the R1/R2 interaction area of R1, thereby
blocking the formation of a catalytically active R1/R2 complex.
Such oligopeptides have also been found to be useful for crystal-
lization of the R1 protein and have been found at particular bind-
ing sites in the crystal structures of the R1 proteins of, e.g. E. coli
RNR [15] and Saccharomyces cerevisiae RNR [16].

In the present study, we have investigated the inhibitory effect
of R2 C-terminal oligopeptides on C. trachomatis class Ic RNR. We
have made a model of the C. trachomatis R1 protein based on the
published structure of yeast protein R1 [16] and have used this
model to suggest a likely binding area for the peptide and to dis-
cuss possible binding modes. Besides the obvious importance of
defining potential inhibitory agents acting on a potent and com-
mon pathogen, our results also suggest that the catalytic mecha-
nism of the class Ic RNRs with a manganese–iron cofactor and
without an amino-acid-based free radical is in essence identical
to that of the tyrosyl-radical-containing RNRs, involving reversible
long-range radical transfer between proteins R1 and R2. This
transfer pathway is blocked by the competitive binding of the in-
hibitory peptide.
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Materials and Methods

Molecular Modeling

The protein structure homology-modeling server Swiss-Model
was used to generate homology models of the C. trachomatis
R1 protein [17]. Two models were generated, one using the yeast
structure as template (PDB id: 1ZYZ) and one using the human
structure as template (PDB id: 2WGH), resulting in qualitatively
very similar models. Other modeling servers were also tried,
and the results were virtually identical. Figures were generated
using Pymol (www.pymol.org), and the alignment figure was
J. Pept. Sci. 2011; 17: 756–762 Copyright © 2011 European Peptide Societ
generated using ESPript [18]. The yeast and E. coli R2 peptides
were positioned by superpositioning the C. trachomatis model
with the R2 peptide complexes of E. coli (PDB id: 3R1R) and yeast
(PDB id: 2CVY).
Materials

For the preparation of lysogeny broth (LB) and terrific broth
media, Bacto Tryptone and yeast extract were purchased from
Becton, Dickinson and Co. (Le Pont de Claix, France). [3H]CDP
was purchased from Amersham Pharmacia Biotech (Amersham,
UK). Oligopeptides of different lengths were synthesized by Poly-
Peptide Laboratories (Strasbourg, France).
Expression and Purification of RNR Proteins

Plasmids encoding overexpression of C. trachomatis wild-type R2
and truncated wild-type R1 proteins, pET3a-R2 and pET3a-
CTR1Δ1-248, respectively, were constructed in the laboratory of
Grant McClarty, University of Manitoba, Canada, and were re-
ceived as a kind gift from him. The truncated R1Δ1-248 protein
was selected instead of the full-length R1 protein on the basis
of its better stability, higher yield and almost identical behavior
in activity experiments [19].

The bacterial cultures were grown overnight in LB medium,
pH 7.5, with 27.2 mgml�1 chloramphenicol and 50mgml�1 car-
benicillin at 37 �C. Six flasks with 800ml of LB (terrific broth for
R1 protein) medium, containing the same antibiotic concentra-
tion, were inoculated with 7ml of the overnight culture and
shaken vigorously at 37 �C. When the culture reached A595 = 0.8,
the temperature was reduced to 15 �C, and the protein expres-
sion was initiated with isopropyl b-D-1-thiogalactopyranoside at
a final concentration of 500mM. The cultures were grown over-
night for about 15 h at 15 �C. Coincident with the isopropyl b-D-
1-thiogalactopyranoside addition, MnCl2 was added to a final
concentration of 30mM to the R2-protein-containing cultures. C.
trachomatis RNR proteins were purified essentially as reported
in [19] and [8] and briefly described in the succeeding
paragraphs.

Approximately 15 h after induction, the cultures were chilled
and harvested by centrifugation at 4000 rpm for 20min at 4 �C.
The cell pellets were resuspended in 50mM Tris/HCl, 200mM
KCl buffer (pH 7.6), quickly frozen in liquid nitrogen and stored
at �80 �C.

The frozen bacteria were gently thawed in a 25 �C water bath
and centrifuged at 45 000 rpm for 30min at 4 �C. Nucleic acids
were removed by precipitation with streptomycin sulfate to a
final concentration of 10%, and the solution was cleared by
centrifugation at 15 000 rpm for 20min at 4 �C. The proteins
were then precipitated with 40% ammonium sulfate and col-
lected by centrifugation at 15 000 rpm for 20min at 4 �C. The
pellets were gently resuspended in milliliter volumes of 50mM

Tris/HCl, pH 7.6, desalted over a column containing Sephadex
G-25 medium (Amersham Pharmacia Biotech) and then applied
to a column of diethylaminoethyl cellulose (DE52, Whatman,
Maidstone, UK) previously equilibrated with 20mM Tris/HCl,
pH 7.6, 60mM NaCl. The column was washed with 12ml of the
same buffer, and then the protein was eluted with 20mM

Tris/HCl, pH 7.6, 120mM NaCl.
R1/R2-containing fractions were pooled and concentrated by

centrifugation using Millipore (Billerica, MA, USA) concentrators
y and John Wiley & Sons, Ltd. wileyonlinelibrary.com/journal/psc
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(50 000 molecular weight cut-off (MWCO) for R1 and 30 000
MWCO for R2) at 4000 rpm for 30min at 4 �C. The protein was fro-
zen in liquid nitrogen and stored at �80 �C.
Protein purity was analyzed by sodium dodecyl sulfate

polyacrylamide gel electrophoresis. The protein concentrations
were determined spectrophotometrically by measuring the ab-
sorbance at 280 nm. Protein concentration was calculated using
the molar extinction coefficients at 280 nm for monomeric poly-
peptides, 138 660 M

�1 cm�1 for C. trachomatis protein R1 and
57 750M�1 cm�1 for C. trachomatis protein R2 [7].

Enzyme Activity Assay

C. trachomatis protein R2 activity was determined by measuring
the reduction of [3H]CDP in the presence of an excess of C. tra-
chomatis protein R1Δ1-248 as described earlier [20]. In the assay
mixture of a final volume of 50 ml, 4mM Hepes buffer, pH 7.5,
10mM KCl, 10mM MgCl2, 0.01mM FeCl3, 1.5mM ATP, 10mM DTT,
0.5mM [3H]CDP (specific activity 12 000 cpmnmol�1), 2mM pro-
tein R2 and 10mM protein R1Δ1-248 were incubated for 20min
at 37 �C. For the inhibition experiments, the different peptides
were dissolved in 50mM Hepes buffer, pH 7.5, at about 1–10mg
ml�1, and appropriate amounts were added to the assay mixture.
The enzyme activity was measured with concentrations of the
peptides up to 3mM, when the enzyme activity was completely
abolished. Each experiment was repeated at least two times. In
a typical experiment, protein R1 was first added to the assay mix-
ture, followed by inhibitory peptide. After this, the sample was
left on ice for approximately 10min, before incubation with pro-
tein R2 at 37 �C.
Enzyme-specific activity is expressed in nanomole per minute

per milligram. One unit of specific enzyme activity is defined as
1 nmol of dCDP formed per minute per milligram R2 under stan-
dard conditions and in the presence of excess protein R1.

Metal Content Determination

The manganese concentration of C. trachomatis protein R2 was
determined in acid-denatured protein by electron paramagnetic
resonance spectroscopy at 293 K with a microwave power of
3mW and modulation amplitude of 1mT. The concentration of
manganese was determined by comparing the amplitude of the
electron paramagnetic resonance signal with a standard solution
of 0.5mM MnCl2 as described in [21]. The iron content was spec-
trophotometrically determined using an iron/total iron binding
capacity (ferrozine) reagent set from Eagle Diagnostics (Cedar
Hill, TX, USA).
Results

Protein R1 Structure Model

The oligopeptides with sequences corresponding to the C-
terminus of protein R2 are likely to inhibit the enzyme because
of competitive binding to protein R1. Indeed, the crystallization
of protein R1 from various species has required the presence of
this type of R2-derived peptides, which are also visible in the re-
spective crystal structures of protein R1. In the absence of a de-
termined three-dimensional structure of the C. trachomatis
protein R1, we constructed model structures of C. trachomatis
R1 based on the known structures of the yeast S. cerevisiae and
human R1 proteins (PDB id: 1ZYZ and 2WGH, respectively)
Copyright © 2011 European Peptwileyonlinelibrary.com/journal/psc
[16,22]. Both yeast and human proteins have 37% sequence iden-
tity with C. trachomatis R1, and both model structures are very
similar. Figure 1 shows the model based on the yeast R1 struc-
ture. The N-terminal 248 amino acids are not included in the R1
construct used in the experimental part of the present study. It
is clear from this structure model that the omitted N-terminal do-
main is located on the opposite side of the protein, relative to the
R2 peptide interaction area (Figure 1). It is therefore unlikely that
the absence of this domain influences the peptide binding prop-
erties of the protein. An alignment of the amino acid sequences
of C. trachomatis class Ic R1 and the class Ia R1s from yeast, Homo
sapiens and E. coli, starting from C. trachomatis R1 residue 249 is
shown in Supporting Information Figure S1.

Preparation of RNR Proteins: Metal Content of the R2 Protein

The recombinant C. trachomatis RNR proteins R1 and R2 were
produced in E. coli. The R2 protein was purified from bacterial
cells grown in the manganese-enriched LB medium (concentra-
tion of Mn was 30mM and Fe was 8 mM). The proteins were assayed
without further treatment or addition of metal ions. The metal
content of the purified C. trachomatis R2 protein was determined
to be 0.45� 0.02 Mn/polypeptide and 1.45� 0.02 Fe/polypep-
tide, in general agreement with previous enzyme preparation us-
ing the same procedures [8,10,21]. It has previously been shown
that the catalytic activity of C. trachomatis is dependent on the
amount of incorporated Mn/Fe in its R2 component. A total of
two metal ions per polypeptide distributed in a 1 : 1 Mn : Fe ratio
should give the maximum activity [7]. This metal uptake, and
corresponding high activity, is however not possible to obtain
under standard rich-medium growth conditions, even when sup-
plemented with manganese, but a procedure including the re-
constitution of the R2 apoprotein is necessary. In another study,
it was shown that E. coli cells expressing recombinant C. tracho-
matis R2 grown in the normal LB medium incorporate at least
10 times less Mn than Fe and that the cells grown in the Mn-
enriched LB medium incorporate up to 0.45 Mn/polypeptide
[10]. The activities reported in the latter case were considerably
lower than in [7]. In the present study, we have used the method
of growing cells in the Mn-enriched LB medium, hence the more
modest activity.

Inhibition of Enzyme Activity by Oligopeptides

The RNR enzyme activity was determined from the amount of
product formed from the radioactively labeled substrate [3H]
CDP. The inhibition of the RNR catalytic activity by the addition
of any of the six synthetic peptides corresponding to varying
lengths and sequences of the C-terminal end of C. trachomatis
R2 was studied under identical experimental conditions. The
peptide sequences, acetylated at the N-terminus, are shown in
Table 1. Peptides 1–4 have sequences corresponding to the C-
terminal end of C. trachomatis R2. Peptides 5–6 lack the C-
terminal tryptophan, and in addition, peptide 6 has one altered
amino acid in its sequence (isoleucine replaced by threonine).
The inhibitory activities of the synthetic peptides were deter-
mined using the described RNR activity assay [20]. Figure 2 shows
the specific activity of the C. trachomatis protein R2 in the pres-
ence of the inhibitory 12-mer, the Ac-VIEYQHAASLTW peptide.
The assay mixture that contained 4mM Hepes buffer, pH 7.5,
10mM KCl, 10mM MgCl2, 0.01mM FeCl3, 1.5mM ATP, 10mM DTT,
0.5mM [3H]CDP, 2mM C. trachomatis protein R2, 10mM
J. Pept. Sci. 2011; 17: 756–762ide Society and John Wiley & Sons, Ltd.



Figure 1. A ribbon representation of the C. trachomatis R1 model, based
on the yeast R1 structure (PDB id: 1ZYZ). The structure is shown in a rain-
bow color representation, from the N-terminus (blue) to the C-terminus
(red). The position of the peptide binding area, the active site and the po-
sition of N-terminal domain are indicated.

PEPTIDE INHIBITION OF CLASS IC RNR
C. trachomatis protein R1 and various concentrations of the Ac-
VIEYQHAASLTW peptide was incubated for 20min at 37 �C. The
inhibitory activity of this peptide was found to be independent
of the order of addition of protein R2 and inhibitory peptide,
implying that the results are independent of whether the R1–
peptide complex or the R1–R2 complex was allowed to form first
(data not shown). A typical specific activity in the absence of the
inhibitory peptides was about 130 nmolmin�1mg�1. The en-
zyme activity as a function of oligopeptide concentration follows
approximately a sigmoid curve (Figure 2), as observed previously
for HSV RNR [23]. From the parameters of the fitted curve, a half
maximal inhibitory concentration (IC50) value, i.e. the peptide
concentration for which the activity is decreased by 50%, was de-
termined. Similar inhibition experiments were performed also for
the other C. trachomatis peptide sequences of varying lengths
(data not shown). From these experiments, the IC50 values were
estimated for the C. trachomatis peptides and are included in
Table 1.
Table 1. The IC50 values of inhibitory peptides derived from the C-
terminal sequence of C. trachomatis RNR R2 protein

Peptide sequence IC50 (mM)

Ac-HAASLTW 600� 80

Ac-VIEYQHAASLTW 450� 60

Ac-EKNFFETRVIEYQHAASLTW 190� 30

Ac-MSETIDLNKEKNFFETRVIEYQHAASLTW 350� 50

Ac-EYQHAASLT >2000

Ac-VTEYQHAASLT 2000� 150

Amino acid representation: hydrophobic (bold), polar (italic), charged
(underlined) and unique (normal font).

J. Pept. Sci. 2011; 17: 756–762 Copyright © 2011 European Peptide Societ
Discussion

The results presented here show that oligopeptides (the first four
in Table 1) corresponding exactly to the R2 C-terminal sequences
are able to inhibit the C. trachomatis RNR reaction, using recombi-
nant C. trachomatis R2 protein produced under conditions to in-
corporate manganese (and iron) in the R2 metal cluster. We
conclude that the inhibition mechanism that has been shown
for class Ia and Ib RNR also operates for C. trachomatis class Ic
RNR. The inhibition potency increases up to a peptide length of
about 20 residues. It is also worth noting that peptides lacking
the last C-terminal residue (peptides 5–6 in Table 1) are only
weak inhibitors, indicating that the presence of this residue, a
tryptophan in C. trachomatis R2, is very important for the inhibi-
tory effect of the R2 peptide. It should also be noticed that the in-
hibitory activity of the C-terminal peptide suggests that the
manganese–iron-containing RNRs without tyrosyl radical operate
with the same mechanism of long-range proton-coupled elec-
tron transfer that has been shown for the RNRs with tyrosyl rad-
ical. These results are in agreement with those presented in the
recent study of hydroxyurea inhibition of the C. trachomatis RNR
by the Bollinger/Krebs group [24], where the two conserved resi-
dues W51 and Y338 in protein R2 were discussed as partners in
the electron transfer involved in the catalytic process.

The results presented here also show that the C. trachomatis-
derived C-terminal R2 peptides are less efficient inhibitors compared
with the other RNRs [14]. A hypothetic explanation could be that
the R1/R2 interaction in the C. trachomatis case is based to a larger
extent on other interactions than the R2–C-terminus interaction.

The three-dimensional structures of E. coli and yeast R1 pro-
teins have been determined, in complex with their respective
R2 peptides, by X-ray crystallography [15,16]. Figure 3A, B shows
the electrostatic surface potential of the relevant areas of the E.
coli and yeast R1 proteins. Both peptides bind in the same gen-
eral position on the R1 surface but with different, almost perpen-
dicular, orientations [25]. Figure 3C, D shows the surface potential
of the same area of the C. trachomatis protein R1 model.

The 12 C-terminal residues of E. coli R2 peptide bind in a
cleft between a13 (N340–E351, E. coli numbering) and aI
Figure 2. C. trachomatis-R2-specific activity as a function of inhibitory
peptide concentration, obtained for the Ac-VIEYQHAASLTW peptide.
The assay was performed in 4mM Hepes buffer, pH 7.5, with 10mM KCl,
10mM MgCl2, 0.01mM FeCl3, 1.5mM ATP, 10mM DTT, 0.5mM [3H]CDP,
2 mM protein R2 and 10mM protein R1Δ1-248. The solutions were incu-
bated for 20min at 37 �C. The inhibitory peptide was dissolved in 50mM

Hepes buffer, pH 7.5.

y and John Wiley & Sons, Ltd. wileyonlinelibrary.com/journal/psc
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(M711–F724, E. coli numbering) helices [15]. Pender et al. [26] sug-
gested that in a number of prokaryotic and eukaryotic species
the binding site for the seven C-terminal residues of R2 is defined
by E. coli R1 residues (E. coli numbering) Y344, T345, L348, L719,
Y722 and K723 (see Supporting Information Figure S2). These
R1 residues are to some extent conserved, particularly among
prokaryotes. The corresponding residues in C. trachomatis R1
are F577, K578, Q581, L979, W982 and K983 (C. trachomatis num-
bering, see Supporting Information Figure S1). These residues are
indicated in Figure 3C. Figure 3D compares the positioning of the
E. coli and yeast peptides on the modeled C. trachomatis R1 struc-
ture. We observe that the electrostatic interaction with a bound
peptide oriented like the yeast peptide would be unfavorable be-
cause of electrostatic repulsion between negatively charged side
chains of C. trachomatis R1 and the C-terminal carboxyl of the R2
peptide (Supporting Information Figure S1). There are no appar-
ent features that would preclude a binding mode of the C. tracho-
matis peptide similar to the one found in the E. coli R1/R2 peptide
complex, although the details of the interaction and binding may
be different from those in both the E. coli and yeast systems.
Attempts to better define the binding site by theoretical docking
Figure 3. Surface charge representations of the E. coli (A), yeast (B) and mod
superpositioning of the three-dimensional structures. A: Structure of E. coli R1
the R2 peptide is located in the upper right corner. The surface contact poten
interacting with the C-terminal main-chain carboxyl of the peptide. B: Struc
terminus of the R2 peptide is located in the lower right corner. The surface
interaction with the C-terminal main-chain carboxyl of the peptide. C: Locatio
in the C. trachomatis structure model. D: Both R2 peptides overlaid on the su
insertion in the C. trachomatis R1 protein (and thus very uncertain) is indicated
itatively more similar to the E. coli surface compared with the yeast surface. Th
ing mode observed in the yeast system would be unfavorable because of e
differences in the binding modes between the E. coli and yeast peptides also
R2 peptide may interact with R1 in a mode different from both E. coli and ye

Copyright © 2011 European Peptwileyonlinelibrary.com/journal/psc
studies were inconclusive because they could not properly pre-
dict the two experimentally determined complex structures of E.
coli and yeast R1 with their respective peptides (data not shown).

The C-terminal inhibitory peptide sequences of some class I
RNRs are shown in Table 2. An interesting aspect of these peptide
sequences is that the hydrophobic matching between the R2
peptides and the binding area on R1 seems to be a very impor-
tant factor for the interaction [26]. The negatively charged resi-
dues in most systems (Table 2) have little correspondence in
C. trachomatis R2, which instead has a few polar residues present
in its C-terminus. In the crystal structures of E. coli and yeast R1,
the side chains of those residues do not interact with protein
R1. The role of these polar/charged residues may instead be to
keep the C-terminal end soluble and ready to interact with a suit-
able partner.

RNR inhibitors of class Ia and Ib enzymes may be grouped
according to their specific modes of action [32]. They can be di-
vided into three broad groups: translation inhibitors, which stop
enzyme synthesis; interaction inhibitors, which block the forma-
tion of the R1/R2 holoenzyme; and catalytic inhibitors, which re-
act with the active state of RNR. Among these groups, the most
eled C. trachomatis R1 (C, D), showing the same surface area according to
in complex with E. coli R2 peptide (PDB id: 3R1R). The very C-terminus of
tial shows hydrophobic interactions as well as a positively charged patch

ture of yeast R1 in complex with yeast R2 peptide (PDB id: 2CVY). The C-
contact potential shows hydrophobic interactions and a similar charged
n of residues proposed to form part of the peptide binding site (see text)
rface of a model of the C. trachomatis R1. The surface contributed by an
in gray. The model C. trachomatis surface contact potential appears qual-
e surface potential of the C. trachomatis R1 model suggests that the bind-
lectrostatic repulsion to the R2 C-terminal main-chain carboxyl. The large
suggest that the interaction is not conserved and that the C. trachomatis
ast.

J. Pept. Sci. 2011; 17: 756–762ide Society and John Wiley & Sons, Ltd.



Table 2. C-terminal inhibitory peptide sequences of some class I
RNRs

Origin Inhibitory peptide

C. trachomatis EKNFFETRVIEYQHAASLTWa

E. coli YLVGQIDSEVDTDDLSNFQLb

Mouse FTLDADFc

M. tuberculosis EDDDWDFd

S. cerevisiae FTFNEDFe

Herpes simplex virus YAGAVVNDLf

Amino acid representation: hydrophobic (bold), polar (italic), charged
(underlined) and unique (normal font).

aFrom this work.
bFrom [27].
cFrom [28].
dFrom [29].
eFrom [30].
fFrom [31].

PEPTIDE INHIBITION OF CLASS IC RNR
specific inhibitors are the interaction inhibitors. The specificity of
oligopeptide inhibitors was first demonstrated for a nonapeptide
that inhibited the HSV RNR without affecting the activity of the
mammalian enzyme [23,31,33]. Efficient inhibition by R2 C-termi-
nal peptides has later been demonstrated for class Ia E. coli [27],
mammalian [28,34] and S. cerevisiae [30] RNRs among others, as
reviewed in [14], and also for the pathogenic Mycobacterium tu-
berculosis class Ib RNR [29,35,36]. It can now be concluded that
the Mn/Fe-cofactor-containing class Ic RNRs will follow the same
pattern of oligonucleotide inhibition of the catalytic process. This
type of peptides remains a good starting point for constructing
species-specific inhibitors to RNR for pharmaceutical purposes.
7
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