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PERSPECTIVES

A Never-Ending Story

BIOCHEMISTRY

Britt-Marie Sjöberg

Revealing another way cells make DNA 

building blocks, this time with manganese.

        M
ore than 50 years ago, Reichard 

and colleagues elucidated how 

cells make their DNA building 

blocks—the deoxyribonucleotides or dNTPs 

( 1). They found that the enzyme ribonucle-

otide reductase (RNR) converts ribonucle-

otides (RNA building blocks) to correspond-

ing dNTPs. One would expect that such a 

central pathway for all living cells would be 

meticulously mapped by now. Yes—and no. 

Researchers have described several classes 

and subclasses of RNRs (see the fi gure) that 

appear to have the same evolutionary origin 

( 2– 5), but involve different chemical cofac-

tors, and so enable cells to construct dNTPs 

under different environmental conditions. 

Whenever the fi eld seems settled, however, 

fascinating new aspects appear ( 1,  2). On 

page 1526 of this issue, Boal et al. ( 3) report 

crystal structures of RNR complexes from the 

bacterium Escherichia coli that, together with 

earlier studies, confi rm and neatly illuminate 

yet another way cells can construct dNTPs, 

this time with the help of manganese (Mn).

Early researchers initially identifi ed two 

classes of RNR: class I, which is character-

ized by a nonheme diiron center and a pro-

tein-derived tyrosyl radical (FeIII

2
-Tyr•); and 

class II, which involve the vitamin B
12

 coen-

zyme 5′-deoxyadenosylcobalamin (AdoCbl). 

Both of these RNR classes operate when oxy-

gen is present (aerobic conditions). Later, 

investigators identified an anaerobic class 

III RNR, which involves a glycyl radical 

cofactor (Gly•) generated by an iron-sulfur 

cluster that cleaves S-adenosylmethionine 

(AdoMet). Despite structural differences and 

the involvement of different cofactors (see 

the fi gure), all RNR classes have a common 

origin and generate a transient thiyl radical 

(Cys•) in the active site.

In 1988, investigators isolated a Mn–

dependent RNR from Corynebacterium 

ammoniagenes ( 6). It was not recognized 

as its own class, however; gene sequencing 

classifi ed it as part of RNR class Ib, a sub-

class of class I. In addition, the role of Mn 

was unclear, since the new RNR was active 

in vitro with an iron cofactor (FeIII

2
-Tyr•) ( 7). 

Now, Boal et al., together with Cox et al. ( 8), 

highlight the importance of the Mn form of 

the class Ib RNR in C. ammoniagenes and 

E. coli. The work also highlights the role of 

the protein NrdI, a fl avodoxin that is a cru-

cial player in the formation of Mn-RNR. NrdI 

is encoded in the same operon as NrdE and 

NrdF, the two components of the known class 

Ib RNR. NrdI is essential for the formation of 

Tyr• in Mn-NrdF ( 9).

The NrdIs are unusual fl avodoxins. They 

are smaller than classical fl avodoxins, with 

one notable variation in the loop that interacts 

with the fl avin mononucleotide (FMN) ( 3, 

 10). Recent structures for NrdIs from Bacil-

lus anthracis ( 10), Bacillus cereus ( 11), and E. 

coli ( 3) cover the three redox forms of FMN 

(oxidized, semiquinone, and hydroquinone). 

Whereas the two redox potentials of classical 

fl avodoxin differ by more than 100 mV ( 12), 

E. coli NrdI maintains two almost identical 

redox potentials ( 9). The semiquinone form 

is thus transient in E. coli NrdI, which proba-

bly functions as a two-electron donor. Several 

NrdIs differ markedly from classical fl avo-

doxin in their isoelectric points (pIs). Whereas 

fl avodoxins have very similar pIs (4.5 ± 0.6), 

those of E. coli and C. ammoniagenes NrdIs 

are much higher, and B. cereus and B. anthra-

cis NrdIs have pIs like those of fl avodoxins 

( 11). Both B. cereus and B. anthracis NrdIs 
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higher atmosphere, where they “activate” 

into cloud droplets.

Pöschl et al. report that low aerosol con-

centrations resulted in cloud droplet number 

concentrations that were nearly independent 

of the updraft velocity of a convective cloud, 

and substantially higher supersaturation lev-

els than found in polluted areas. This in turn 

meant that particles could activate to cloud 

droplets at a lower (smaller) critical diameter 

than in polluted areas. This modeling result 

is confi rmed by measurements at the high-

altitude (3580 m) station Jungfraujoch, Swit-

zerland. There, the median of the activation 

diameter decreased from about 100 nm for 

particle concentrations (with diameter D > 

100 nm) greater than 100 cm–3 to about 65 nm 

for particle concentrations below 100 cm–3 

( 7). The effect of varying supersaturation is 

illustrated in the fi gure: At high supersatu-

ration, a much higher fraction of the aerosol 

particles is activated to cloud droplets than at 

low supersaturation.

Pöschl et al. also report on ice nuclei (IN), 

particles that initiate ice formation at a tem-

perature considerably above the freezing tem-

perature of water (roughly –40°C). Supermi-

cron-sized particles over the Amazon con-

sisted mostly of primary biological aerosol 

particles that showed substantial IN activity. 

Precipitation occurs when these supermicron 

particles act as “giant” CCN (in warm rain) 

or IN (when ice formation is involved). The 

impact of aerosol particles on precipitation is 

different for warm and cold clouds. In warm 

clouds, increased CCN concentrations slow 

the conversion of cloud droplets into rain-

drops by nucleating larger concentrations of 

smaller drops, which are slower to coalesce 

into raindrops (8). In cold clouds, the situa-

tion is much more complex. The saturation 

vapor pressure is lower over ice than over liq-

uid water; this transports water vapor from 

the cloud droplets to the ice crystals as soon 

as ice crystals form in liquid clouds (the so-

called Wegener-Bergeron-Findeisen process) 

( 9). This results in evaporation of the cloud 

droplets and a very low fraction of activated 

CCN ( 10). In these clouds, the radiative prop-

erties of the cloud are no longer infl uenced by 

the number of CCN but only by the properties 

of the IN and ice crystals. These processes are 

important for both the hydrological cycle and 

the radiative properties of clouds and clearly 

call for more research.  
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have been crystallized in 

semiquinone form ( 10,  11) 

and may be one-electron 

donors.

The studies on class 

Ib Mn-RNRs from E. coli 

by Boal et al. ( 3) and from 

C. ammoniagenes by Cox 

et al. ( 8) fit together like 

hand in glove. The high-

resolution structures of E. 

coli Mn-NrdF/NrdI com-

plexes highlight a specifi c 

channel connecting the 

FMN cofactor in NrdI to 

the MnII

2
 site in NrdF. This 

perfect match between the 

two proteins is conceivably 

set up to transfer oxidant to 

the metal site during acti-

vation of NrdF. In previous 

studies, C. ammoniagenes 

class Ib RNR had been 

expressed in E. coli, but 

Cox et al. ( 8) chose the safe 

road and expressed high 

levels of C. ammoniagenes 

NrdF in its homologous 

background. The intrinsic 

NrdI probably works cata-

lytically in this expression 

system and forms enzy-

matically active Mn-NrdF 

with Tyr•. Their high-res-

olution structure shows 

two Mn ions bridged by 

one oxo/hydroxo ligand and one carboxylate. 

Using advanced spectroscopic methods, the 

authors elegantly reason that the manganese 

site is MnIII

2
 and observe, with electron para-

magnetic resonance, a deprotonated weakly 

H-bonded Tyr• cofactor.

Just as there are acidic (B. anthracis and 

B. cereus) and basic (E. coli and C. ammo-

niagenes) NrdIs, the corresponding NrdFs 

group into different clades in a phylogenetic 

tree ( 13), with 67% identity between E. coli 

and C. ammoniagenes NrdFs and only ~40% 

identities between the B. cereus group NrdFs 

and the other two. In contrast to the MnIII

2
 site 

in C. ammoniagenes, the MnII

2
 site in E. coli is 

bridged by three carboxylates ( 3). This metal 

ligation is unique to E. coli Mn-NrdF and dif-

fers from C. ammoniagenes MnII

2
-NrdF with 

two bridging carboxylates ( 14).

Failure to oxidize isolated E. coli MnII

2
-

NrdF with small-molecule oxidants led inves-

tigators to propose that reduced NrdI reacts 

with O
2
 to produce peroxide (HO

2

− or H
2
O

2
) 

( 9). The channel in the MnII

2
-NrdF/NrdI com-

plex is wide enough to transfer a peroide spe-

cies and is lined by hydrophilic residues and 

backbone atoms favoring the peroxide anion 

( 3). Models suggest that density observed in 

one of the crystallized complexes is a perox-

ide species. Binding and heterolytic cleav-

age of the peroxide would generate a µ-oxo-

bridged MnIII

2
 site ( 9). A second peroxide 

would generate MnIII/MnIV mixed-valent 

NrdF with the potential to form the enzymat-

ically active MnIII

2
-Tyr•. The fi gure shows a 

simplifi ed reaction scheme for the C. ammo-

niagenes NrdF-NrdI couple ( 8).

Although the class Ib Mn-RNRs are 

now fi rmly established, several open ques-

tions remain. Are class Ib RNRs essential? 

Streptococcus pyogenes NrdI is essential 

for NrdEF function ( 15), B. subtilis class Ib 

RNR is essential both for aerobic and anaer-

obic growth ( 16), and the requirement of C. 

ammoniagenes and C. glutamicum for man-

ganese is related to its class Ib RNR function-

ality ( 8). In contrast, E. coli uses class Ia RNR 

and not class Ib RNR for its aerobic growth, 

but oxidative stress and severe iron limitation 

may promote use of class Ib RNR and Mn-

dependent growth ( 9).

Are class Ib RNRs 

active with either metal 

(cambialistic)? C. ammo-

niagenes and E. coli NrdFs 

can be reactivated in vitro 

with ferrous iron and O
2
 

to the classical FeIII

2
-Tyr• 

cofactor normally found 

in class Ia RNRs, and 

the Fe-NrdFs are enzy-

matically active. Are they 

cambialistic in vivo? The 

requirement of C. ammo-

niagenes for manganese 

argues against this idea, 

and it would be interesting 

to study how the NrdF-

NrdI system may differen-

tiate between Fe and Mn 

ions. In the presence of 

NrdI, Mn-NrdF has higher 

enzyme activity compared 

to Fe-NrdF ( 9).

Characterization of 

class Ib Mn-RNRs has 

been a long, meandering 

path spanning 30 years. It 

is now crowned by beau-

tiful three-dimensional 

structures of a MnIII

2
 form 

of NrdF ( 8), as well as 

complexes of MnII

2
-NrdF/

NrdI ( 3), and these results 

add up to much more than 

their sum. 
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A dimanganese RNR subclass. Three major classes of RNR (I to III) have a common origin in 
the substrate-binding components (red) where the enzyme reaction occurs (top). Class Ib and 
Ic are subclasses of class I (often called class Ia). Canonical class I has a diiron/tyrosyl radical 
cofactor (green), subclass Ib has a dimanganese/tyrosyl radical cofactor (brown), and subclass 
Ic a manganese/iron mixed-valent cofactor (blue). The fl avodoxin NrdI (yellow) is essential for 
generation of the tyrosyl radical in dimanganese class Ib. In a simplifi ed reaction mechanism 
for formation of the dimanganese/tyrosyl radical cofactor (bottom), the FMN in NrdI forms 
peroxide via reduction of dioxygen.
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