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minor structural differences, but they also 
observed that the crosslinked transaldolase 
is more resistant to heat-induced unfolding 
than is the non-crosslinked version. This 
result is not surprising and implies that the 
crosslinked enzyme undergoes fewer con-
formational fluctuations that could lead to 
unfolding. Smaller-scale fluctuations could 
be required for catalytic activity, and might 
also be restrained by the presence of the  
crosslink.

There is a key conceptual difference 
between the use of disulfide bonds for regulat-
ing protein function and the use of an N–O–S 
bridge. The formation of disulfide bonds is 
chemically reversible, which means that, in 
biological systems, disulfides are frequently 
made and broken in ‘exchange’ reactions 
with other molecules that contain disulfides 
or thiols. By contrast, the N–O–S linkage is 
formed by a different chemistry from that by 
which it is cleaved — that is, molecular oxygen 
is used to form the bridge but is not released 
when the bridge is broken. 

Moreover, the thermodynamics of these 
reactions indicate that it is difficult to form 
the N–O–S bridge but easy to break it. N–O–S 
crosslinks therefore might have evolved to 
enable the selective activation of an enzyme 
under conditions in which disulfides are pre-
served. The particular advantages conferred 
by the N–O–S bridge, and the biological 
scenarios in which it is more useful than a 
disulfide, can now be explored.

The discovery of a new protein linkage 
has implications beyond the specifics of the 
enzyme studied and of the N–O–S crosslink 
itself. Perhaps surprisingly, the task of gener-
ating structural models for proteins is some-
times more difficult when high-resolution 
X-ray data are available. Variations in protein 
conformation or in chemical composition 
might be buried in the noise of the data at low 
resolution, but this heterogeneity becomes 
visible at high resolution and must there-
fore be interpreted6. Unanticipated chemi-
cal groups might also be lurking in the data. 
Wensien and colleagues’ study will inspire 
structural biologists to investigate deviations 
from expectation in their electron-density 
maps of biomolecules. 

It has long been appreciated that enzymes 
are the world’s best organic chemists, because 
they can promote reactions that would be 
almost impossible in their absence. The 
findings show that the covalent chemistry of 
enzymes themselves can also defy chemical 
intuition.
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Researchers have long dreamt of following 
chemical reactions from a single quantum 
state of the reactant molecules to all the 
possible quantum states of the products, 
to understand the quantum dynamics that 
drive chemistry at the most fundamental 
level. The invaluable data obtained by such 
an experiment could be compared directly 
with theoretical results to work out the quan-
tum mechanism of reactions. On page 379, 
Liu et al.1 report that this dream has come 
true for a reaction of ultracold diatomic mol-
ecules consisting of one potassium atom and 
one rubidium atom (KRb). By mapping the 
statistical distribution of all 57 of the possi-
ble quantum states of the reaction products, 
the authors were able to establish the validity 
of quantum-statistical models of reactions.

In the past few years, it has become possi-
ble to prepare dense samples of ultracold 
di atomic molecules of the alkali metals (those 
in group 1 of the periodic table) in their abso-
lute ground states2,3. This means that the 
molecules are in their lowest electronic, vibra-
tional and rotational energy states, and the 
translational kinetic energy of each molecule 
— the energy associated with the movement of 
the molecule’s centre of mass through space 
— is vanishingly small (less than 1 microkelvin, 
or about 10–10 electronvolts). 

The ability to prepare such molecules has 
opened up the possibility of studying chem-
ical reactions in which the reactants start in 
a single internal quantum state (that is, they 
have identical electronic, vibrational and 
rotational states) and collide with a trans-
lational energy of less than 10–10 eV. Such 
reactions are an ideal test bed for validating 
quantum-dynamical models of reactions. 
Once validated and benchmarked, quan-
tum-dynamical calculations could be used to 

model more-complex reactions. The reaction 
in which two KRb molecules exchange atoms 
to form K2 and Rb2 is particularly suitable for 
this purpose, because it is exoergic — the 
reaction releases energy. This implies that 
the reaction can proceed when the reactants 
are in their absolute ground state and have a 
near-zero translational kinetic energy. 

The energy released when two molecules 
collide and react is partitioned between the 
various internal energy states and the transla-
tional motion of the products. The challenge in 
computational chemistry is to determine the 
reaction pathways that connect the initial reac-
tant state to a specific product state, through 
a complex intermediate state. The probabili-
ties with which product molecules in differ-
ent quantum states are formed from a single 
reactant state must therefore be determined 
experimentally. 

But, until the past few years, ultracold reac-
tions were characterized only by the rate at 
which reactant molecules are lost from a trap 
as a result of scattering from reactive and 
non-reactive collisions4. The states of the prod-
uct molecules were not characterized, and so 
the precise reaction pathways involved were 
obscured. Measuring the distribution of prod-
ucts between all the possible quantum states 
that can be produced in an ultracold reaction 
has remained an unresolved challenge. 

A mass-spectrometry technique that can 
selectively analyse molecules in particular 
quantum states and map their velocities has 
been extensively developed for experiments 
with beams of molecules5,6. A team of research-
ers, including some of the authors of the cur-
rent paper, previously adapted this technique 
to study KRb molecules in an ultracold reac-
tion vessel7. However, the small sample size 
and large number of possible product states 
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Quantum chemistry is challenging to model computationally. 
An ultracold chemical reaction has now been used to test 
models with great precision, providing a benchmark for future 
quantum-chemistry calculations. See p.379
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make it much more challenging to measure 
the distribution of these states than in the 
molecular-beam experiments, which used 
lighter molecules that have fewer potential 
product states.

The energy released when two ultracold 
KRb molecules exchange atoms is partitioned 
only between the rotational and translational 
motion of the product molecules — the energy 
released in the reaction is insufficient to excite 
vibrational motion. The joint quantum state 
of the products is designated by the quantum 
numbers (NK2

 and NRb2
) that define the rota-

tional energies of K2 and Rb2. In their exper-
iments, Liu et  al. developed a scheme for 
detecting the rotational states of pairs of K2 
and Rb2 molecules that were produced simul-
taneously in the ultracold reaction. However, 
to determine the states of the product pairs 
accurately, the authors also needed to work 
out whether simultaneously detected K2 and 
Rb2 molecules were actually produced in the 
same reaction event.

Liu and colleagues solved this problem 
using the principle of conservation of linear 
momentum. K2 and Rb2 molecules that 
originate from a single collision of two KRb 
molecules fly apart with equal and opposite 
momenta (Fig. 1). The positions of the two 
product ions imaged in the experiments there-
fore correlate with each other. By detecting 
such correlations, the authors identified pairs 
of molecules produced from the same reaction 
events, and thereby accurately determined the 
statistical distribution of products between all 
57 possible joint quantum states.

The exact quantum-dynamical calculations 
needed to describe this type of reaction are 
currently intractable, but a purely quan-
tum-statistical model can be used to predict 
the probability that a reaction will lead to a 
particular quantum state8. According to this 
model, the probability depends on the state’s 
degeneracy — the number of equal-energy 
versions of a product state that, in this case, 
is characterized by the rotational energies of 
K2 and Rb2. Liu and colleagues’ experiments 
do not distinguish between these degenerate 
states, and so the measured counts represent 
the probability of finding K2 and Rb2 in all of the 
degenerate states that have an energy defined 
by a given combination of NK2

 and NRb2
. By com-

paring the measured counts with the reaction 
probability calculated from the degeneracy of 
a state using the statistical model, the authors 
show that their measurements largely agree 
with the predictions of the model.

Liu et al. observed deviations from the 
statistical predictions for the limiting 
‘threshold’ case, in which the energy released 
by the reaction is almost completely trans-
ferred to the rotational motion of the prod-
uct molecules, leaving only a small amount of 
translational kinetic energy for the products 
to fly apart. In this scenario, the centrifugal 

energy that arises from the orbiting motion 
of the product molecules about their com-
mon centre of mass gives rise to a centrifugal 
energy barrier that tends to prevent them 
from separating into free product states. 
This reduces the likelihood that degenerate 
states that have high orbital angular momen-
tum will occur in a product state. That violates 
the statistical model, which assumes that 
all degenerate orbital states belonging to a 
product state have an equal probability of 
forming.

The authors’ ability to precisely control 
the quantum states of the reactants in their 
experiments allowed them to investigate the 
threshold states of the products that emerge 
at a minimum translational kinetic energy of 
approximately 1 mK (about 10–7 eV). At this low 
energy, the wave character of matter is mani-
fested, allowing the threshold state to ‘tunnel’ 
across the centrifugal barrier — this tunnelling 
explains why the authors’ experimental results 
deviate from the statistical model. By compar-
ing the tunnelling probability calculated from 
theory with their measurements, Liu et al. 
determined the translational kinetic energy of 
the threshold product state, and thereby pre-
cisely quantified the overall energy released by 
the KBr atom-exchange reaction.

Liu et al. have thus probed a chemical 
reaction in the finest detail. It will now be 
interesting to study how the outcome of a 
reaction is controlled by initial states other 
than the absolute ground state. For example, 
reactants could be prepared in a specific rota-
tional–vibrational state using laser excitation9; 
or the orientation of reactants could be con-
trolled through the interaction of their elec-
tric or magnetic dipoles with external fields10; 

or reactants could be produced in states of 
quantum ‘entanglement’ (ref. 11). Likewise, 
external fields could be used to control which 
product states are accessible. Such highly 
controlled, state-resolved reactions will serve 
as a potential benchmark for future theoretical 
modelling of quantum chemistry. 

Will it be possible to exert such fine quan-
tum control over reactions that are of more 
general interest in chemistry? Substantial 
progress has been made in developing tech-
niques for cooling a diverse range of molecules 
to prepare them in stable quantum states12. 

However, so far it has been possible to cool 
only a few types of molecule to microkelvin 
temperatures or lower. Nevertheless, Liu and 
colleagues’ experiment opens up exciting 
prospects for the study of single-state driven 
chemical reactions. 
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Figure 1 | Detection of products formed from the collision of ultracold molecules. Liu et al.1 analysed 
ultracold reactions in which KRb molecules (K, potassium; Rb, rubidium) are produced in a single quantum 
state (the absolute ground state), and collide to produce K2 and Rb2 molecules. The products of one reaction 
event are shown rebounding from a collision site on the left. The rotational states of K2 and Rb2 molecules 
were detected by simultaneously and selectively ionizing them with frequency-tuned laser pulses, and the 
electric fields produced by a series of circular electrodes propelled the ions towards a position-sensitive 
detector. K2 and Rb2 molecules that are produced by the same collision have equal and opposite momenta, 
which means that the positions at which they strike the detector are correlated. The authors identified such 
correlated pairs of ions and analysed the quantum state of the product ions. In this way, they tracked the 
statistical distribution of all 57 of the quantum states that can be produced from a single quantum state of 
the reactants.
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