








The L. monocytogenes EGD-e class III RNR system does not
support anaerobic growth due to a deletion in NrdD. L. mono-
cytogenes is a facultative anaerobe able to grow in aerobic and
anaerobic conditions. We therefore expected that L. monocy-
togenes EGD-e would grow under anaerobic conditions and
that growth would be unaffected by hydroxyurea (HU), which
is a specific inhibitor of the class I RNR scavenging the free
oxygen-dependent tyrosyl radical (46). Figure 2 shows that L.
monocytogenes EGD-e (WT) does indeed grow on BHI in solid
medium under anaerobic conditions. An E. coli menA mutant
strain that is unable to grow anaerobically served as a control
for anaerobiosis (57). To verify that growth is dependent on a
functional class III RNR, we created an in-frame deletion in
the nrdDG genes (Material and Methods) and were surprised
to find that the mutant strain grew almost as well as the WT
(Fig. 2). We therefore presumed that growth under anaerobic
conditions was due to the class Ia RNR. To test this hypothesis,
we supplemented BHI plates with 50 mM HU and observed
that growth of EGD-e and the �nrdD mutant was totally abol-
ished, indicating that under the anaerobic conditions employed
EGD-e growth was due to the activity of the class Ia RNR. In
contrast, L. monocytogenes strain F2365 (serovar 4b) is able to
grow under the same anaerobic conditions in the presence of
HU (not shown). Moreover, the listerial species L. ivanovii, L.
welshimeri, L. innocua, L. seeligeri, and L. grayi are all also able
to grow anaerobically in the presence of HU (Fig, 2). These
observations imply that the L. monocytogenes EGD-e class III
RNR is nonfunctional.

Comparison of the predicted L. monocytogenes EGD-e
NrdD amino acid sequence with those of some 25 L. monocy-
togenes strains, including F2365 (see Table S2 in the supple-
mental material), revealed that EGD-e NrdD alone contains a
deletion of six amino acids—KITPFE—in the C-terminal part
of the polypeptide (Fig. 3). Furthermore, all other listerial
species, including L. grayi, L. innocua, L. ivanovii, L. seeligeri,
and L. welshimeri, contain ORFs coding for an intact NrdD
protein. Based on the PROSITE profile of the glycine radical
domain GLY_RADICAL_2 (PS51149) and on the reports of

Luttringer et al. (37) on the Zn center in the E. coli anaerobic
ribonucleotide reductase, the position of the deletion lies close
to the glycyl radical-containing domain (see below), indicating
that it is likely to be critical for the formation of the stable
radical necessary for enzyme activity.

To test experimentally the hypothesis that the KITPFE de-
letion in L. monocytogenes EGD-e is responsible for creating a
nonfunctional class III RNR, we introduced an 18-nucleotide
DNA fragment into the EGD-e nrdD gene to generate the
precise coding sequence present in L. monocytogenes F2365
and in other listerial nrdD genes. In a reciprocal experiment,
we deleted the corresponding 18-nucleotide DNA fragment
coding for KITPFE in strain F2365. The constructions were
performed using a temperature-sensitive replication vector,
pKSV7, as described in Materials and Methods. The pairs of
isogenic strains EGD-e nrdD�KITPFE (WT) and EGD-e
nrdD�KITPFE and strains F2365 nrdD�KITPFE (WT) and F2365
nrdD�KITPFE were tested for growth in BHI medium under
aerobic and anaerobic conditions.

In BHI liquid medium there was no discernible difference in
the growth of the 4 strains under aerobic conditions as judged
by the rates and extents of growth (data not shown). Figure 4
shows growth in liquid BHI medium under anaerobic condi-
tions. F2365 grew well and reached an absorbance (A600) of 1.6
after 8 h, whereas EGD-e grew poorly and reached an A600 of
0.3. The two complemented strains behaved in the opposite
way; EGD-e nrdD�KITPFE grew equally well as F2365, while
F2364 nrdD�KITPFE grew poorly and reached an A600 of 0.3.
The four strains were also tested for growth on BHI plates in
anaerobic jars with and without HU (Fig. 5). In the absence of
HU all four strains grew equally well on the plates (Fig. 5, top).
When the plates were supplemented with 50 mM HU, both
strains carrying the KITPFE deletion, EGD-e nrdD�KITPFE

(WT) and F2365 nrdD�KITPFE, failed to grow, whereas both
strains possessing the KITPFE sequence, EGD-e nrdD�KITPFE

and F2365 nrdD�KITPFE, grew equally well and to the same
extent as they did in the absence of HU (Fig. 5, bottom). These
observations establish that the L. monocytogenes nrdD gene is

FIG. 2. Anaerobic growth of Listeria spp. in solid medium. Listeria species were grown on BHI plates with and without 50 mM HU. Strains
tested were L. monocytogenes EGD-e WT (L. mo EGD-e), an isogenic mutant possessing a deletion in nrdDG (L. mo EGD-e �DG), L. innocua
(L. in), L. seeligeri (L. se), L. welshimeri (L. we), L. grayi (L. gr), and L. ivanovii (L. iv). L. monocytogenes EGD-e WT and the nrdDG mutant strain
failed to grow under anaerobic conditions in the presence of HU. Anaerobic conditions were verified using E. coli MG1655 (WT) and its menA
mutant strain grown on the minimal M9 medium; in anaerobic conditions the menA mutant is unable to grow.
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essential for anaerobic growth. They recall similar studies with
E. coli, Lactococcus lactis, and S. aureus in which the growth
deficiency of an nrdD mutant was apparent only when strict
anaerobic growth conditions were employed (20, 27, 39).

Our original observation of the growth of L. monocytogenes
EGD-e (WT) on BHI plates in an anaerobic jar is most likely
due to the residual activity of the class I RNR under the
microaerophilic conditions existing rather than strict anaero-
biosis. Thus, E. coli, L. lactis, and S. aureus nrdD mutants were
found to grow at very low oxygen concentrations but failed to
grow when strict anaerobic conditions were defined (20, 27,
39). Possibly, expression of the class I RNR genes may be
upregulated at a low oxygen concentration. In Pseudomonas
aeruginosa the class Ia RNR activity is significantly increased
under microaerophilic conditions (61).

The L. monocytogenes NrdD deletion is located next to the
glycyl radical domain. The L. monocytogenes EGD-e NrdD
protein contains 710 amino acids. It shares 53% and 63%
sequence identity with the E. coli and L. lactis orthologs, re-

spectively, and about 50% identity with the bacteriophage T4
NrdD. Phylogeny of the L. monocytogenes NrdD protein with
other bacterial class III RNR NrdD proteins shows that it
clusters together with NrdDs of Gram-positive bacteria and is
well separated from NrdDs of Gram-negative bacteria (Fig. 6).
Figure 3, top, shows the EGD-e NrdD (Lmo0279) domain
structure according to the Pfam database (2, 17). The N-ter-
minal portion of the protein, comprising amino acids 9 to 96,
exhibits high sequence identity (E value of 2.4e�22) with the
ATP-cone regulatory domain found in the NrdA subunit of
class Ia RNR proteins (2). The NrdD C-terminal portion con-
tains the glycyl radical domain (55) consisting of residues 637
to 686. The glycyl radical is located on G680, corresponding to
G681 in E. coli NrdD and G580 of bacteriophage T4 NrdD.
Four conserved cysteine residues in a CXXC(X)14CXXC motif
(34, 37) in the glycyl radical domain upstream of the glycyl
radical site, involved in Zn binding, are conserved in the liste-
rial NrdD protein.

We have attempted to locate the KITPFE deletion site by

FIG. 3. Multiple sequence alignment of NrdD proteins. (Top) The ATP-cone and glycyl radical-containing domains of L. monocytogenes
EGD-e NrdD, which are according to PF03477 and PF01128, respectively. Amino acid numbering corresponds to that for L. monocytogenes EGD-e
NrdD (accession number NP_463810). The six-amino acid deletion in EGD-e NrdD occurs between residues 588 and 589. Two pairs of
zinc-binding cysteines are located between residues 642 and 681. (Bottom) Partial amino acid sequence of an alignment of NrdD proteins from
Listeria and selected bacteria. The position in Listeria species of the KITPFE region that is deleted in EGD-e is marked in light gray. The start
region of the glycyl radical domains in bacteriophage T4 and E. coli NrdD, according to Luttringer et al. (37), is shown in dark gray; that deduced
for the L. monocytogenes NrdD is shown as well. The glycyl radical domain in L. monocytogenes starts at position R587. The KITPFE amino acid
deletion is located at the beginning of the domain. Asterisks, colons, and dots indicate identical, highly similar, and weakly similar residues,
respectively.
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employing a three-dimensional (3D) homology model of the
EGD-e NrdD protein based on the structure established for
the bacteriophage T4 NrdD (18) (Fig. 7), the only existing 3D
structure for an anaerobic class III RNR protein. Surprisingly,
as shown in Fig. 7A, it turns out that the deleted sequence is
not a part of the C-terminal glycyl radical domain—either the
metal-binding part or the loop containing the glycyl radical—as
predicted by the protein domain databases. However, it is
found nearby at the beginning of the second-last helix in the
(�/�)10 barrel domain characteristic of the RNR family, a very
highly conserved part of the structure. The deletion occurs
between the two K residues in the sequence FHYDVRKK
IDF. This deletion is likely to shorten significantly the loop
between the end of this helix and the preceding �-strand.
These are important interaction areas for the extreme C ter-
minus of both pyruvate formate lyase and glycerol dehydratase
(GD) (49), and we suppose that a similar interaction may occur
in NrdD, although we have been unable to model it until now,
as the last 20 residues of T4 NrdD are disordered in all the
crystal structures (33). This might be because the C terminus is
ordered only when in complex with the NrdG activase, or at
some other specific point in the activation cycle.

In the EGD-e NrdD model, the shortening of the loop and
the helix (the latter by about one turn) due to the deletion is
evident (Fig. 7B). In contrast, when the NrdD protein of L.
monocytogenes strain HCC23 possessing a complete NrdD (ac-
cession number YP_002351305) was modeled, the structure
was essentially identical to that of bacteriophage T4, apart
from a few variations in side-chain conformations (not shown).

FIG. 4. Anaerobic growth of L. monocytogenes EGD-e WT, EGD-e
nrdD�KITPFE, F2365 WT, and F2365 nrdD�KITPFE in liquid medium.
Aerobic and anaerobic overnight cultures of all four strains were used
to inoculate Wheaton serum anaerobic bottles containing BHI, resaz-
urin, and cysteine and the liquid cultures grown at 37°C (see Materials
and Methods). EGD-e WT and F2365 nrdD�KITPFE possess a mutant
NrdD protein; EGD-e nrdD�KITPFE and F2365 nrdD�KITPFE contain a
functional NrdD protein (38). The data shown are representative of
two experiments; error bars show the average variation.

FIG. 5. Anaerobic growth of L. monocytogenes EGD-e WT, EGD-e nrdD�KITPFE, F2365 WT, and F2365 nrdD�KITPFE on solid BHI medium
in the presence or absence of HU. Exponentially growing cultures were aliquoted on BHI plates with or without 50 mM HU. Plates were incubated
for 48 h at 37°C in an anaerobic jar.

FIG. 6. Molecular phylogeny of bacterial NrdD proteins. The
neighbor-joining (NJ) method was applied to estimate relationships
among aligned sequences by using the MEGA 4 program. Pyrococcus
furiosus was used as the outgroup in the tree. Bootstrap analysis using
NJ was conducted with 500 replicates, and values above 50% are given
at nodes. Bacterial names and accession numbers of NrdD proteins are
shown in Table S5 in the supplemental material.
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The deletion is one of only a few deviations between the two
structures. There is also a 10-residue insertion relative to the
T4 template structure in the nearby loop (residues 511 to 521
in Listeria) preceding the long helix associated with strand H of
the �/� barrel, which could also be involved in interactions
with the C terminus (Fig. 7B). However, since the insertion is
common to both Listeria strains modeled, it cannot be respon-
sible for differences in activity between them.

The homology model suggests that the remaining residues in
EGD-e NrdD repack into a different compact conformation in
that area that shifts the loop significantly. Pro486, which de-
fines the N terminus of the �-helix, is one of the residues
deleted in EGD-e NrdD. If we assume that the C terminus of
NrdD interacts with the N terminus of this helix, then the
presence of a secondary-structure-breaking proline there is
very important, which explains its extreme conservation in all
bacterial NrdD sequences. Our current hypothesis is that the
KITPFE region is either essential for interactions with the
NrdG activase or, indirectly, for the stability of the glycyl rad-
ical loop. Figure 7C shows the C terminus of the visible part of
NrdD, which points in the general direction of this helix. There
are 15 more residues in the sequence than we can see in the
structure, so it is possible that interactions are made with the C
terminus under certain conditions, perhaps when the activase
is bound. Indeed, in pyruvate formate lyase (3, 31), the car-
boxylate group of the extreme C terminus interacts with the
end of the equivalent helix (Fig. 7C). Significantly, a very
similar interaction is found in GD (42). Moreover, a minimal
point mutation (R782K) in the same three-dimensional region

of glycerol dehydratase results in a tight, unproductive complex
with the GD activase protein, critically reducing enzyme activ-
ity and implying that conformational changes in this area are
very important for activation (42).

Concluding remarks. In order to establish infection, L.
monocytogenes, in common with all food-borne pathogens,
must be capable of sensing and responding to the hostile en-
vironment of the human gastrointestinal tract which may in-
clude nutrient deprivation, acidity, iron limitation, bile, and
oxygen limitation. It has been reported that L. monocytogenes
can grow as a biofilm which contains oxygen gradients and
anaerobic pockets (11). Here we show that L. monocytogenes
serovar 1/2a EGD-e, but not other L. monocytogenes strains or
listerial species, contains a nonfunctional anaerobic class III
RNR system due to a deletion in the C-terminal portion of the
protein, in the essential glycyl radical domain. The EGD-e
strain has been employed extensively as a model laboratory
listerial pathogen to elucidate the mechanisms of intracellular
multiplication and virulence. Because L. monocytogenes
EGD-e lacks a functional anaerobic RNR, it is relevant to ask
whether the findings presented here affect interpretation of
studies of pathogenesis, particularly those with conditions of
low oxygen tension. Plausibly, EGD-e can continue to serve as
a suitable reference strain as long as anaerobic/microaerophilic
conditions are not used, which is the case in many in vitro or
cell culture experiments. However, the EGD-e strain would
not be suitable for studies such as gastrointestinal infections or
environmental conditions of very low oxygen tension. Animal

FIG. 7. Three-dimensional homology modeling of L. monocytogenes NrdD. (A) Mapping of the six-amino acid deletion onto the structure of
NrdD from bacteriophage T4. This NrdD is shown in green, with the C-terminal domain in a darker shade. The second NrdD monomer of the
dimeric enzyme is shown in blue. The deletion sequence is marked in red. The Gly radical site (G580, mutated to Ala in this structure) and the
radical cysteine can also be seen, in stick representation. A plausible position for the C-terminal residue is sketched. (B) Comparison of the crystal
structure of T4 NrdD (green) with the homology models for L. monocytogenes NrdD from strains HCC23 (blue) and EGD-e (dark pink). Side chain
packing for the shortened loop in the EGD-e model, as suggested by Modeler, is shown. However, this is only one of several plausible packings
that can be generated. The nearby loop t511-521, which is 10 residues longer in L. monocytogenes than in T4, is labeled. (C) Importance of
interactions of the extreme C terminus of glycyl radical proteins with the deletion region. The structure of pyruvate formate lyase is shown in dark
blue, with its C terminus in gray. The structure of glycerol dehydratase is shown in light blue. The loop and helix homologous to the deletion region
in NrdD are highlighted in red. The extreme C-terminal amino acid of PFL (M759) and a residue important for conformational changes of the
C terminus in activation of GD (R782) are shown as sticks and labeled.
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model studies are under way to clarify whether the anaerobic
RNR system is a virulence determinant.
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