
this lattice resulted in the emergence of two 
valleys in the energy–momentum band struc-
ture — the relationship between the energy 
and momentum of photons in the material. 
The authors made the holes quasi-hexagonal 
so that they broke the spatial-inversion 
symmetry of the lattice and rendered the two 
valleys topologically inequivalent. This led 
to the formation of topological edge states 
at the interface between two such crystal 
lattices in which the orientation of holes (and 
valleys) was flipped in one lattice with respect 
to the other.

Zeng and co-workers used these topological 
edge states to design and make a robust 
ring resonator (a type of optical cavity that 
traps light at certain ‘resonance’ frequen-
cies) in the form of a triangle (Fig. 1). It is this 
triangular cavity that, along with the light 
amplification from the substrate material, 
forms a topological laser. The laser produces 
light of many frequencies that are separated 
by similar frequency gaps. These frequencies 
correspond to the resonance frequencies of the 
triangular cavity and fall within the frequency 
range of the QCL gain material.

The authors measured light emission from 
different points along the perimeter of the 
cavity and discovered that the emission at 
each point had the same resonance frequen-
cies. This indicates that these waves travelled 
through the length of the cavity, traversing 
the sharp (60°) bends at the corners of the 
triangle. Furthermore, Zeng et al. found that 
the lasing frequencies did not change when 
they introduced defects, in the form of extra 
holes, around the cavity, demonstrating the 
robustness of the QCL.

Another key feature of this laser is that 
energy is ‘pumped’ into the device electrically. 
Previous topological lasers6–8 have been opti-
cally pumped, which means that they require 
a second laser source to drive the topological 
laser to generate light. This pumping scheme 
severely limits practical applications. How-
ever, similar to many commonly used lasers 
(such as laser pointers), Zeng and colleagues’ 
QCL can be directly driven by an electrical 
current, allowing it to be powered, in princi-
ple, by a battery or a wall outlet, rather than 
by another laser.

Robustness against defects and disorder 
is one defining characteristic of topological 
physics, but another important feature is a 
type of asymmetry called chirality. In particu-
lar, in the valley Hall effect, the two valleys are 
associated with photons of opposite circular 
polarization in the plane of the material. If 
right-circularly polarized photons travel to the 
left, then left-circularly polarized ones would 
travel to the right. Realizing this chirality rep-
resents a crucial future step towards terahertz 
topological lasers in which light waves flow 
around a ring resonator in only one direction. 
The chirality could be incorporated either by 

explicitly breaking time-reversal symmetry 
(a symmetry in which reversing the direction 
of light waves is equivalent to running time 
backwards) or by introducing directional light 
amplification in the cavity.

Zeng and co-workers’ results pave the way 
for studying topology in a previously inacces-
sible part of the electromagnetic spectrum. 
One area of great interest for future research 
is the application of other topological mod-
els, such as exotic (higher-order) topological 
insulators, to make robust terahertz lasers that 
have other geometries. For example, these 
lasers could emit light at the corners, rather 
than at the edges, of a triangular cavity.

Another fascinating prospect is the explora-
tion of non-Hermitian (open) physical systems 
at terahertz frequencies, in which the presence 
of light amplification and loss can lead to the 
emergence of features such as parity–time 
symmetry (symmetry under the combina-
tion of a mirror reflection and time reversal) 
and exceptional points (spectral features 

that correspond to coalescing resonances)10. 
The realization of topological photonics in 
the terahertz range could therefore serve as 
a catalyst for the development of practical 
devices, and also enable a better fundamen-
tal understanding of topological physics and 
complex (nonlinear) optoelectronics.
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Most cases of malaria are caused by the 
protozoan parasite Plasmodium falciparum1. 
Given that there are more than 400,000 malar-
ia-associated deaths annually, and that 
P. falciparum is constantly evolving to resist 
pharmacological therapies, opportunities 
for developing drugs that target this organ-
ism must be continuously explored. A protein 
called the P. falciparum hexose transporter 1 
(PfHT1) has a proclivity for scavenging sugars 
from an infected host’s red blood cells to 
improve the parasite’s chances of survival in 
these cells, and is therefore a drug target. On 
page 321, Qureshi et al.2 describe the 3D struc-
ture of PfHT1, and identify a mechanism that 
couples the docking of a sugar in the PfHT1 
binding site to the process by which sugars 
are gated through the protein. This coupling 
facilitates the protein’s substrate promiscuity 
— that is, its ability to transport a wide range 
of sugar molecules effectively, a feature that 
gives the parasite a distinct survival advantage.

Transporter proteins shuttle substrate 

molecules across the otherwise impermeable  
lipid bilayer of the cell membrane. The 
functional and dynamic properties of these 
membrane-embedded proteins are funda
mentally related to their 3D structures, 
which are modulated at the atomic level 
over a broad range of timescales. Membrane 
transporters use the alternating-access 
mechanism for gating3, in which access to the 
substrate-binding site switches from one side 
of the membrane to the other (Fig. 1).

The development of methods for determin-
ing the structures of membrane proteins in the 
past few years has produced near-complete 
pictures of the translocation mechanisms 
of several classes of transporter — that is, 
the global rearrangements that the pro-
teins undergo during translocation cycles 
of substrate binding, transport and release 
have been visualized at atomic resolution. 
Intuitively, the substrate specificity of trans-
porters has generally been found to depend 
on the amino-acid residues at the binding 
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Unlike many sugar-transporting proteins, a transporter in one 
species of malaria parasite can import several types of sugar 
equally effectively, aiding the parasite’s survival. The structure 
of this protein reveals the reason for its versatility. See p.321
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site. The structure of PfHT1 now implies 
that another mechanism affecting substrate 
specificity might be at play.

Red blood cells infected by P. falciparum 
consume about 100 times more glucose than 
do non-infected cells4 because the parasite 
continuously metabolizes sugars from these 
cells to support its growth and replication. 
Because PfHT1 is responsible for transport-
ing sugars from host cells, it has a crucial role 
in supporting this metabolism. It belongs 
to the well-studied major facilitator super
family (MFS) of transporters, which promote 
the diffusion  of substrates across the cellular 
membrane. It has the same overall 3D struc-
ture as the distantly related human GLUT 
transporters5. But whereas these specialize in 
the transport of either d-glucose or d-fructose, 
PfHT1 transports both of these sugars, and 
some others, with comparable efficiency. 

Qureshi et al. resolved the 3D structure of 
PfHT1 in which d-glucose is captured in the 
sugar-binding site, and found that the protein 
was in a fully occluded conformation — that is, 
the transporter protein completely shielded 
the sugar from the aqueous environments on 
either side of the cell membrane. The structure 
therefore provides a snapshot of the substrate 
during a part of the translocation cycle that 
had not previously been visualized for an MFS 
transporter.

Armed with their structure, the authors 
carried out extensive transport studies 
to try to work out why PfHT1 has less sub-
strate selectivity than its human GLUT 
counterparts. They first demonstrated that 
the same set of amino-acid residues in PfHT1 
is required to bind d-glucose and d-fructose. 
They then replaced residues in and around 
the sugar-binding site of PfHT1 by residues 
found in GLUT transporters, but none of 
these mutations conferred GLUT-like selec-
tivity on the resulting proteins. They thus 
concluded that the unusual lack of selectiv-
ity of PfHT1 cannot be explained on the basis  

of the sugar-binding residues alone.
So how can the substrate promiscuity of 

PfHT1 be explained? It has been known since 
the first structures of MFS transporters were 
reported6,7 in 2003 that bundles of α-helices 
in the proteins ‘rock’ around the central sub-
strate-binding site, thereby establishing the 
alternating pathways for substrates through 
the protein: an outward-facing pathway, which 
allows substrates into the transporter from the 
cell exterior, and an inward-facing pathway 
that allows substrates to enter the cytoplasm 
(Fig.  1). By considering their structure of 
the fully occluded state of PfHT1 alongside 
structures of other sugar transporters cap-
tured at different stages in the translocation 
of d-glucose8–13, Qureshi et al. were able to 
describe a complete translocation cycle.

The authors found that, surprisingly, all of 
the sugar-binding residues maintain their ori-
entations throughout the cycle. This implies 
that the switches from the outward-facing con-
formation of PfHT1 to the fully occluded state, 
and then to the inward-facing conformation, 
are not driven by structural rearrangements at 
the sugar-binding site. Instead, they are driven 
by a previously unknown mechanism. 

Qureshi and co-workers’ analysis of the 
gating mechanism of PfHT1 revealed inter
actions involving hydrophilic amino-acid 
residues in two transmembrane α-helices in 
the occluded state. By contrast, in human GLUT 
proteins, the equivalent residues are larger 
and more hydrophobic. Experiments in which 
the authors substituted these gating residues 
in PfHT1 with other residues demonstrated 
that they are crucial for sugar transport. Nota-
bly, the gating residues are about 15 ångströms 
away from the sugar-binding site — a large 
distance. This indicates that the binding 
of a sugar is coupled to remote conforma-
tional changes associated with gating of the 
transporter, a type of mechanism known as 
allosteric coupling. Thus, the ability of PfHT1, 
unlike its human counterparts, to transport 

many similar substrates results from its 
substrate-driven gating dynamics, which 
allows it to adopt the occluded conformation 
more easily and rapidly.

The authors also carried out experiments 
to investigate how PfHT1 is inhibited by two 
small-molecule antimalarial drugs (C3361 
and MMV009085). This allowed them to 
identify a hydrophobic pocket in the trans-
porter that probably facilitates the binding 
of inhibitory drug molecules, and that might 
help to guide the design of new antimalarial 
compounds. However, the most exciting 
finding is the allosteric coupling between 
substrate binding and gating — it suggests 
that substrate recognition in transporters 
can be a consequence of the transporter’s 
conformational dynamics, rather than being 
the result of protein–substrate interactions, 
which underpin the conventional ‘lock and key’ 
model of how molecules interact with their 
biological targets.
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Figure 1 | The alternating-access mechanism. Transporter proteins facilitate the 
passage of substrate molecules across cell membranes. Access to the substrate-
binding site in the middle of transporters is controlled by two gates (red). a, In 
the outward open state, a pathway from the cell exterior allows substrates into 
the protein. b, In the outward occluded state, a substrate is trapped between the 
gates, but the outward-facing pathway is still present. c, In the fully occluded 
state with a bound substrate, no pathways are available. d, In the inward occluded 

state, a pathway to the cytoplasm has formed, but the gate remains closed. e, In 
the inward open state, substrates can exit to the cytoplasm. Qureshi et al.2 report 
the structure of PfHT1, a sugar transporter from the malaria parasite Plasmodium 
falciparum. They find that the binding of a sugar substrate to the structure shown 
in a is coupled to the gating mechanism, and that the transition from a to c occurs 
much faster than in other sugar transporters. This explains why PfHT1 transports a 
wide range of sugar molecules equally effectively, unlike other sugar transporters.

Nature  |  Vol 578  |  13 February 2020  |  221

©
 
2020

 
Springer

 
Nature

 
Limited.

 
All

 
rights

 
reserved. ©

 
2020

 
Springer

 
Nature

 
Limited.

 
All

 
rights

 
reserved.




