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its 2D spectrum. This homodimer is poised at 
the boundary between the well-understood 
strong coupling limit and the not-yet-
understood intermediate coupling regime.

The 2D experiments are interpreted by 
Miller and colleagues using an extended 
vibronic–exciton model with a ‘two particle’ 
basis set12 so that vibrations can be excited 
on the ground electronic state. Combined 
experimental and theoretical analysis of a 2D 
feature that is isolated from other 2D features 
by strong electronic coupling, yet gains 
intensity through the variation in electronic 
character with vibrational coordinate, allows 
them to separate ground- from excited-state 
contributions in this homodimer. Their 
analysis reveals that this isolated 2D feature 
has peak amplitude oscillations dominated 
by coherence between the excited states; it 
oscillates through a mixture of vibrational 
and electronic coherence known as vibronic 
coherence. All coherent oscillations are 
washed out with a 1/e time of 80 fs. This 

vibronic coherence lifetime is twice as long 
as the lifetime for electronic coherence 
between the ground and excited state, but 
an order of magnitude shorter than typical 
vibrational relaxation times. The mechanism 
by which the excited-state vibrations are 
washed out (and any connection to their 
possible disappearance in antennas) remains 
unclear. The exciton potentials centred on 
q– = 0 in Fig. 1b suggest weaker excitation 
of vibrational wavepackets in this strongly 
coupled system; this might explain the 
weak vibrations calculated by Miller and 
co-workers. Altogether, by working just 
at the edge of what is known, they have 
taken an important step in extending 
our understanding of how excitons and 
vibrations can work together to drive 
efficient energy transfer. ❐
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Most papers in the chemistry 
literature are based on molecules  
with concentrations in the range 

of micromolar to molar, and in volumes 
that range from microlitre to litre. But a 
different set of challenges is encountered 
when reactions are performed at much lower 
concentrations, such as nanomolar, and in a 
much larger volume, such as in the ocean.

A good example is extraction of 
uranium from seawater. Uranium plays an 
important role in the search for alternative 
energies to fossil fuels. One gram of 
235U can theoretically produce, through 
nuclear fission, as much energy as burning 
1.5 million grams of coal1. But uranium 
resources on land are not unlimited. With 
~4.5 billion tonnes of uranium in seawater, 
the ocean contains 1,000 times as much 
uranium as is buried in deposits on land. 
Unfortunately, the uranium in the ocean is 
in the form of water-soluble uranyl (UO2

2+) 
which is present at a very low concentration 
(around 14 nM or 3 ppb) and dissolved in an 
extremely large volume (~1.3 billion cubic 
kilometres, or 1.3 sextillion (1021) litres; 

ref. 2). The uranyl is also tightly bound by 
carbonate and other anions, and seawater 
contains many other metal ions at much 
higher concentrations (for example 10 mM 
calcium), which makes separating the 
uranium extremely complicated. To meet 
these challenges, two recent publications 
have made significant advances in extracting 
uranyl from seawater.

Writing in Nature Chemistry, a US 
and Chinese team led by Chuan He from 
the University of Chicago and Luhua Lai 
from Peking University, in collaboration 
with researchers at Argonne National 
Laboratory, report the successful design of 
a uranyl-binding protein with femtomolar 
(10–12 M) affinity and more than 10,000-fold 
selectivity over other metal ions such as Ca2+ 

(ref. 3). Before this work, the state-of-the-
art in uranium extraction used materials 
containing amidoxime, which contains 
amine and oxime groups for binding. 
Amidoxime has a low affinity and poor 
selectivity for uranyl, however, as it binds the 
nickel, cobalt and iron present in seawater 
with greater affinity4.

A number of metalloproteins have been 
shown to bind metal ions with femtomolar 
to zeptomolar (10–21) affinity and with 
greater than a million-fold selectivity. The 
team therefore decided to use a protein 
scaffold as their ligand system to provide 
the required affinity and selectivity. The first 
problem was to find the optimal structure 
to bind uranyl tightly and selectively. As 
no naturally occurring protein is known to 
bind uranyl, they realized they would have 
to design their own. The first step was to 
define uranyl-binding motifs containing 
five or six equatorial ligands in pentagonal 
or hexagonal bipyramidal geometry. 
These arrangements were predicted to be 
capable of binding the linear triatomic 
uranyl ion with two axial oxo ligands 
(Fig. 1a); such a motif distinguishes uranyl 
from most common metal ions present in 
the environment.

Next they developed a computer program 
called URANTEIN, which searched 
the Protein Data Bank for proteins that 
contained, or could be adapted to contain, 
a uranyl-binding motif. After many hits 

URANIUM EXTRACTION

Coordination chemistry in the ocean
The amount of uranium in seawater vastly exceeds that in land-based deposits; but separating it from other more 
abundant metal ions requires high affinity, selectivity — and the ability to deal with an enormous volume of water. 
Now, two complementary approaches have made considerable contributions to overcoming these challenges.
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had been scored and their predicted 
properties considered, the best candidates 
were expressed and tested in binding 
experiments. One promising candidate 
with a dissociation constant of 37 nM 
was improved further by incorporating a 
series of mutations to improve the affinity 
(7.4 fM at pH 8.9). A crystal structure 
confirmed that most of the computationally 
designed structural features were present 
in the optimized protein — including 
the pentagonal bipyramidal binding 
configuration, direct coordination of uranyl 
by Glu17 and Asp68 in the equatorial plane, 
and formation of a hydrogen bond with an 
axial oxo group of the uranyl ion by Arg71 
(Fig. 1a). In addition, the crystal structure 
also revealed the importance of Asp13 and 
Glu64 in providing a negatively charged 
environment to stabilize the positively 
charged uranyl. After immobilizing the 
protein on a sulfhydryl resin, He, Lai and 
colleagues found that the system was able 
to bind uranyl competitively over 17 other 
metal ions, showing >10,000-fold selectivity. 
A further display of the protein on the 
surface of Escherichia coli resulted in a 
system capable of extracting more than 60% 
uranyl from synthetic seawater.

This work represents not only an 
important step towards developing 
efficient strategies to extract uranium 
from the ocean but also a breakthrough 
in metalloprotein design. Although many 
proteins have been designed to bind 
different metal ions, the binding affinity is 
often in the micromolar range, with a few 
examples in the nanomolar range. This is 
the first time a protein has been designed 
to possess femtomolar affinity with 
extremely high selectivity using natural 
amino acids exclusively.

One reason for the success is the 
incorporation of a search algorithm for 
potential hydrogen bonding interactions 
between the oxo groups of the uranyl 
with the amico acid residues surrounding 
the binding site, to maximize potential 
uranyl binding affinity and selectivity. 
This kind of non-covalent interaction 
has been shown to play a critical role in 
tuning both the metal-binding affinity and 
enzymatic activity; incorporating such 
features in future metalloprotein design is 
important5. But the unique coordination 
geometry of uranyl also helps to achieve 
the high affinity and selectivity, and 
applying the method demonstrated here 
to designing proteins to bind other metal 
ions with similar high affinity may not be 
straightforward. First, most metal ions do 
not contain axial oxo ligands (as uranyl 
does). Therefore the metal ion binding 
motifs need to be carefully defined for each 
case, and the computational algorithm 
would need to be optimized for different 
metal ions. Second, the computational 
search resulted in an engineered protein 
with only a modest binding affinity of 
37 nM. To achieve the femtomolar affinity, 
the team resorted to a series of mutations 
based on the crystal structures.

It is not clear how the experience gained 
from these additional mutations can be 
applied more generally to increase binding 
affinity in other designed metalloproteins, 
although general principles, such as 
enforcing a correct geometry, exerting 
charge stabilization and providing proper 
hydrogen bonding interactions to the metal-
binding site, can be obtained from this 
impressive study. Similar ideas of protein 
scaffold searching have been successfully 
used to design protein–protein interactions 

pairs6,7 and in de novo enzyme design8. 
Although in all of the reported cases 
active proteins were successfully designed, 
considering only a few key interacting 
residues can only provide prototypes 
that need to be further optimized using 
experimental methods. With more examples 
of design and optimization, much could 
be learned to increase the activity of the 
designed proteins.

Another problem hindering the 
extraction of uranyl from seawater is that 
an enormous volume of seawater must be 
processed to extract a useful amount of 
uranium (~300,000 litres of seawater are 
needed to provide ~1 gram of uranium, of 
which only 0.72% is the isotope 235U that is 
used for fission). One method to meet the 
challenge posed by the volumes required is 
to pass the seawater through a sorbent. This 
necessitates a system with efficient binding 
kinetics and a high adsorption capacity. In 
a second paper, published in Angew Chemie 
International Edition, Sheng Dai and 
co-workers from the Oak Ridge National 
Laboratory made an important advance in 
this direction by developing a new class of 
mesoporous copolymer9. This polymeric 
material contained a large number of 
accessible reactive sites for grafting of 
uranyl-binding groups onto the surfaces of 
the mesoporous copolymer (Fig. 1c).

Porous copolymers using divinylbenzene 
as the crosslinking agent have previously 
been shown to provide controlled porosity 
and high surface areas without the need for 
adding porogens. By choosing vinylbenzyl 
chloride as the monomer, Dai and 
co-workers demonstrated that the resulting 
copolymer contained a large number of 
accessible chloride groups inside, which 
can be used as initiators for atom-transfer 
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Figure 1 | The concentration of uranium in seawater is very low. Separating uranium successfully from other metal ions requires high binding affinity, high 
selectivity for uranium over other metals and the capacity to handle vast volumes of water. a, Super uranyl-binding protein binds uranyl tightly in a pentagonal 
bipyramidal arrangement, and provides an excellent way to extract the low concentration of uranyl from the ocean. b, Seawater contains several metal ions 
that have a similar size and charge to uranyl. c, Microporous polymers containing a large number of uranyl binding groups and a high absorption capacity 
provide one solution for dealing with the high volume of seawater required. Part c reproduced with permission from ref. 9, © 2013 Wiley.
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Linus Pauling is generally credited with 
having first pointed out that the acceleration 
of chemical reactions in biological 
systems requires that “enzymes bind 
reaction transition state structures even 
more strongly than they bind the initial 
substrates”1. Only when this condition is 
met can the free energy of the transition 
state be lowered more than that of the 
substrate, thereby lowering the free energy 
of activation (ΔG‡) for the overall process. 
Fraser Stoddart, Jay Siegel and co-workers 
now provide in Nature Chemistry2 a splendid 
textbook example of this principle first 
enunciated by Pauling.

The ‘chemical reaction’ they studied 
is an uncomplicated, unimolecular 
conformational change — namely, the 
transformation of a bowl-shaped polycyclic 
aromatic hydrocarbon, through a planar 
transition state, to its corresponding 
inverted bowl structure3,4 (Fig. 1a). No 
covalent bonds are broken or formed during 
this process. The catalyst that accelerates 
this reaction (ExBox4+, Fig. 1b) is shape-
complementary to the planar transition 

state, which it binds strongly, but it is 
ill-suited to accommodate the bowl-shaped 
substrate, which it binds less strongly. The 
dependence of this example on shapes, 
rather than on the intricate mechanistic 
details of a more complicated organic 
reaction, gives it a visual simplicity that 
every chemist can understand.

The 5-membered ring at the centre of 
corannulene (compound 1 where R = H) 
causes the molecule and its derivatives 
to adopt a bowl-shaped equilibrium 
geometry5. In the present study, Stoddart, 
Siegel and co-workers have used 
variable-temperature NMR (VT-NMR) 
to assess the energy required for bowl-
to-bowl inversion of ethylcorannulene 
(compound 1 where R = CH2CH3), and 
determined ΔG‡

190 K = 10.8 ± 0.62 kcal mol–1 
in acetone-d6. Unfortunately, the high 
symmetry of unsubstituted corannulene 
(1, R = H) prevents the direct experimental 
determination of its bowl-to-bowl 
inversion barrier by VT-NMR, but high-
level theoretical calculations indicate 
that the ethyl substituent perturbs the 

geometry and molecular dynamics of 
corannulene very little. When two molar 
equivalents of ExBox∙4PF6 were added 
to the solution of ethylcorannulene in 
acetone-d6, the bowl-to-bowl inversion sped 
up by more than an order of magnitude. 
VT-NMR measurements revealed that 
the free energy of activation is reduced 
to ΔG‡

190 K = 8.71 ± 0.36 kcal mol–1. The 
presence of the ExBox4+ catalyst thus lowers 
the free energy of activation for bowl-to-
bowl inversion of ethylcorannulene by 
2.1 kcal mol–1.

The electron-deficient ExBox4+ cation 
is known to have a high affinity for planar 
polycyclic aromatic hydrocarbons with 
π-electron-rich surfaces6. The inclusion 
complex of ExBox4+ with perylene, 
for example, has a very large binding 
constant: ΔG = –6.74 ± 0.45 kcal mol–1 
(ref. 6). As perylene and corannulene 
are similar in size, and each have 20 π 
electrons, it is reasonable to assume that 
the planar transition state for the bowl-
to-bowl inversion of corannulene (and 
its derivatives) should also bind strongly 

ENZYME CATALYSIS

Basic principles in one easy lesson
Enzymes catalyse nearly all of the myriad chemical reactions that occur in every living organism. An easily 
understandable, visually appealing model has now been described that illustrates the fundamentals of how 
enzymes work.

Lawrence T. Scott

radical polymerization (ATRP). ATRP is 
a common method used for controlling 
polymer growth and can be used to prepare 
well-defined polymers with controlled 
molecular weights determined by the 
ratio of the initiator and monomer. When 
acrylonitrile was used as the monomer for 
the ATRP, a number of polyamidoximes 
— a known uranyl-binding ligand — are 
formed inside the mesoporous copolymers. 
Therefore, by preparing a mesoporous 
copolymer with high micropore volume 
(>15%), Dai and the team created a new 
copolymer with a fast uptake rate for uranyl. 
Grafting so many uranyl-binding ligands 
inside the micropores meant that the 
copolymer has a uranyl-adsorption capacity 
of 1.99 mg U per gram of adsorbent, which 
is higher than any previously reported 
adsorbent. The paper also demonstrated 
that the surface area and pore volume can 
be tailored by changing the ratio of the 
divinylbenzene and vinylbenzyl chloride.

Although this second report overcomes 
the limitations of slow kinetics and low 
capacity of uranium extraction from 
seawater, it still uses amidoxime as the 
uranyl-binding ligand, which has a low 
affinity and poor selectivity for uranyl. A 
natural question is whether one can combine 
the results of the two studies described 
here and replace the amidoxime in the 
mesoporous copolymer with the engineered 
protein reported by He, Lai and colleagues 
This may not be straightforward, because the 
engineered protein may not be compatible 
with the polymerization conditions, and 
postpolymerization conjugation of the 
proteins into the polymer may not allow 
efficient incorporation of the proteins into 
all of the available sites in the polymer. 
Perhaps a better approach is to design small 
organic or peptide ligands that mimic the 
binding site within the engineered proteins, 
and then explore conditions to graft such 
ligands into a mesoporous copolymer. 

This proposal is just one of many ideas 
inspired by these two excellent papers 
that demonstrate that chemistry can be 
performed at very low concentrations and 
in extremely large volumes, and that these 
approaches can have an important impact 
on the challenges facing society. ❐
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