
mediate the interactions between two nuclear 
spins, and generated high-fidelity two-qubit 
entangling gates, bringing the accuracy of 
nuclear spin-qubit operations to the quantum 
error-correction threshold.

The results of all three groups move 
silicon-based quantum-information pro-
cessing a step closer to offering a viable quan-
tum-computing platform — a status so far held 
by only a few other systems, including super-
conducting qubits9 and trapped ions10. How-
ever, there are still challenges to be overcome 
if the groups’ devices are to become scalable. A 
key issue is that a lot of the qubits’ calibration, 
benchmarking and achieved fidelities will be 
negatively affected when the system size is 
increased — even by a single qubit. The next 
experimental milestone for this system would 
therefore be to build a larger array of quantum 
dots hosting two-qubit gates with fidelities 
as high as those demonstrated by Xue et al. 
and Noiri et al., despite the presence of more 
qubits. A further breakthrough for such a sys-
tem would be the demonstration of quantum 
error correction.

At some point, adding qubits to the array 
will do more harm than good. This is because 
it will become too difficult to calibrate and 
control a large system with multi-qubit inter-
actions. A modular architecture could instead 
be developed based on resonators, which are 
microstructures that use light to tune spins 
to certain ‘resonant’ frequencies. Resonators 
have already been shown to be capable of 
coupling two quantum-dot spins11, and could 
potentially be used to build arrays of quan-
tum dots that are connected in a network. 
The details of how large these modules need 
to be and how they would be connected is an 
open problem from both a theoretical and an 
experimental point of view.
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Creating new drugs is extremely difficult, 
and very expensive1. There are an estimated 
1060 drug-like molecules in chemical space — 
the theoretical space spanned by all possible 
molecules and compounds2. However, only 
relatively few will bind to a particular target 
site in the body and thus be medically useful. 
Therefore, identifying a molecule that acts on 
a specific target and is also suitable for use as 
a drug (for example, in terms of how it travels 
to its target and is broken down) is a highly 
complex task. On page 452, Sadybekov et al.3 
present an innovative approach to identifying 
potential drug molecules from exceptionally 
large chemical libraries, and demonstrate its 
performance in a screen for inhibitors of three 
target proteins.

Chemical space is very large, and only a 
handful of molecules within it are potential 
drug candidates (called hits); therefore, 
exploring as much of this space as possible 
is important. High-throughput experimen-
tal methods enable millions of molecules 
to be tested for activity against a particular 

biol ogical target, and high-powered comput-
ers can screen virtual libraries of tens of mil-
lions of compounds against specific biological 
targets. However, these numbers are still small 
compared with the scale of the challenge of 
finding potential drug molecules.

Virtual libraries containing billions of com-
pounds have been developed by combining 
compound fragments and reliable chemical 
reactions to generate molecules. As the size 
of virtual libraries increases to the billions, 
screening the molecules that the libraries con-
tain becomes computationally impractical and 
prohibitively expensive. Indeed, Sadybekov 
et al. describe how screening even 10 billion 
compounds using a single central processing 
unit could take more than 3,000 years.

Thus, more-efficient methods are needed 
to search these, and even larger, libraries. 
Sadybekov and colleagues’ approach, called 
V-SYNTHES (virtual synthon hierarchical enu-
meration screening), substantially reduces the 
number of molecules that need to be assessed 
when searching for potential hits in these 

Drug discovery

Less is more in 
virtual drug screens
Charlotte Deane & Maranga Mokaya

A computational method has been devised to identify 
drug-candidate molecules from a library of billions of 
molecules using 100 times less computational power 
than is used by standard methods. See p.452

Figure 1 | A virtual drug-screening approach to tackle enormous chemical libraries. Some compound 
libraries contain billions of molecules, and are therefore computationally expensive to screen for promising 
drug candidates (called hits). Sadybekov et al.3 present an innovative way to approach the virtual screening 
of such libraries. They selected about 600,000 fragments (small compounds with a low molecular weight) 
from a library of 11 billion molecules, and used a method called docking to computationally estimate 
the affinity of the binding of these fragments to each of three target proteins. The authors selected the 
1,000–10,000 fragments with the highest docking scores and added synthons (small segments of a 
molecule) to them to create a new library of about 1 million molecules. By repeating the docking and 
synthon-addition steps, the authors were able to identify a relatively high number of hits by screening only 
a few million compounds, thereby using about 100 times less computational resources than do standard 
virtual-library-screening methods.
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libraries. As an example, they take a library of 
11 billion molecules, prioritize approximately 
2 million of these molecules for screening on 
the basis of their 3D structure and the struc-
ture of the target site, and still identify biolog-
ically active compounds. Notably, the authors 
achieved this without compromising the accu-
racy of docking — the computational estima-
tion of the binding affinity of a compound to 
a target.

V-SYNTHES takes advantage of the modu-
lar nature of large virtual libraries of readily 
accessible compounds — molecules that can 
be synthesized relatively easily. The approach 
uses an iterative cycle of library preparation, 
enumeration (the creation of organized lists 
of molecules), docking and then selection, to 
search efficiently for hits (Fig. 1).

The authors began by building a small 
virtual library of only about 600,000 frag-
ments — small compounds that have a low 
molecular weight  — that together aim to 
represent all the different structural motifs, 
known as scaffolds, present in the entire 
virtual library. The authors then used docking 
to score how well each fragment could bind 
to the target. By docking only this relatively 
small number of scaffolds in this first round, 
Sadybekov and colleagues were able to take 
forward high-scoring scaffolds for improve-
ment. To improve them, the authors added 
synthons (small segments of a molecule) to 
the promising scaffolds. This step generates 
a new library of more-complete compounds 
that are, in turn, docked and scored before the 
highest-scoring are selected — and the cycle 
continues. With each iteration, the size of each 
compound increases as the molecules become 
more complete.

Sadybekov et al. first demonstrated the 
power of V-SYNTHES on two target proteins: 
cannabinoid receptors 1 and 2. The authors 
found that about one-third of the top 60 com-
pounds predicted by V-SYNTHES to bind to 
and inhibit the activity of these receptors at 
low compound concentrations indeed showed 
such effects in vitro. This ‘hit rate’ is about 
double that achieved by the standard meth-
ods used by the authors, and yet V-SYNTHES 
required 100 times less computational 
resources than do such methods. The authors 
then tested V-SYNTHES on a kinase enzyme  
called ROCK1 and report a 28.5% hit rate: 6 of 
the 21 most promising compounds selected 
for synthesis and testing in vitro could bind to 
and inhibit the ROCK1 enzyme at compound 
concentrations of less than 10 micromolar. 
Such compounds could be suitable leads 
for further optimization in a drug-discovery 
programme.

V-SYNTHES represents a combination of 
two major approaches for the initial stages 
of drug discovery: structure-based and frag-
ment-based drug design. In structure-based 
design, the structural characteristics of 

molecules and their interactions with a target 
 are used to inform the design process. In frag-
ment-based drug design, molecular groups are 
added to fragments that are initially identified 
as promising because of their potential 
activity.

This paper paves the way for identifying 
biologically active molecules from the large 
compound libraries that are now available 
(see go.nature.com/3emc4zm), using a frac-
tion of the computational resources and time 
required by standard virtual screening meth-
ods, and with increased success. Crucially, the 
computational cost of the method scales with 
the number of synthons used, rather than with 
the size of the initial, main library. Therefore, 
the method will continue to be computation-
ally feasible as libraries of readily available 
chemicals and their combinations continue 
to grow.

The scaling of V-SYNTHES means that users 
will be able to search for and find biologi-
cally active molecules in exceptionally large 
virtual compound libraries. The method is 
not guaranteed to find the best hits, but this 
might not matter much, because suboptimal 

hits often provide good starting places for the 
drug-development process. The larger prob-
lem for virtual screening is that, however fast 
the method, its results depend on the accuracy 
of the docking step. As for all virtual screening 
methods, the ability of V-SYNTHES to identify 
good hits depends on the accuracy of the dock-
ing scores estimated for the scaffolds, ranging 
from small fragments to complete molecules, 
and a truly reliable docking score has yet to be 
developed4,5.

Charlotte Deane and Maranga Mokaya are 
in the Department of Statistics, University of 
Oxford, Oxford OX1 3LB, UK.
e-mail: deane@stats.ox.ac.uk

1. Schneider, P. & Schneider, G. J. Med. Chem. 59, 
4077–4086 (2016).

2. Bohacek, R. S., McMartin, C. & Guida, W. C. Med. Res. Rev. 
16, 3–50 (1996).

3. Sadybekov, A. A. et al. Nature 601, 452–459 (2022).
4. Ross, G. A., Morris, G. M. & Biggin, P. C. 

J. Chem. Theory Comput. 9, 4266–4274 (2013).
5. Llanos, M. A. et al. J. Chem. Inf. Model. 61, 3758–3770 

(2021).
 
The authors declare no competing interests. 
This article was published online on 15 December 2021.

Shape is all-important for molecules, especially 
when it comes to a property known as chirality 
(handedness). A chiral molecule exists in two 
forms, called enantiomers, that are chemically 
identical, but are mirror images of each other, 
and that interact with other molecules in dif-
ferent ways. Chiral molecules have long been 
used in drug design — and some molecules 
can even be tailored to interact with the body 
in enantiomer-specific ways. On page 366, Xu 
et al.1 report that chirality can also be used to 
design nanoparticles that have identical chem-
ical structures, but that differ in their ability to 
activate immune cells, owing to differences in 
the spatial arrangement of their atoms.

Nanoparticles can exhibit chirality on 
different scales — both at the level of the 
molecules interacting with a cell, and on the 
much larger scale of the particles themselves. 
Understanding which type of chirality is inter-
acting with a cell requires a synthesis protocol 

that decouples their effects. Xu et al. achieved 
this by using circularly polarized light, in which 
the electromagnetic field of the light wave 
rotates in a plane perpendicular to the direc-
tion of its motion. Molecules or nanoparticles 
that absorb left- and right-handed circularly 
polarized light differently are chiral. Using this 
method to synthesize left- and right-handed 
enantiomers of gold nanoparticles allowed the 
authors to change the degree of asymmetry of 
the nanoparticles by tuning the parameters of 
the polarized light. This, in turn, meant that 
they could correlate chirality with the strength 
of the immune response. 

The authors tested the efficacy of their 
nano particles by performing experiments 
on the immune cells of mice — both in culture 
and in living animals. Although they found 
that both nanoparticle enantiomers could 
elicit immune responses, the left-handed 
enantio mer had a stronger effect than the 

Chemical biology

Nanoparticle asymmetry 
shapes immune response
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The chirality, or handedness, of nanoparticles is shown to be a 
key factor in determining how well such particles engage with 
the immune system — a finding that might help to inform the 
design of vaccines and anticancer therapeutics. See p.366
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