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Letter

Pnu Transporters:
Ain’t They SWEET?
Michael Jaehme,1,2

Albert Guskov,1 and
Dirk Jan Slotboom1,*
The recent review by Feng and Frommer
[1] summarizes spectacular new insights
into the molecular architecture of Semi-
SWEET transporters for sugars, resulting
from four crystal structures published over
the past 12 months [2–4]. The authors
briefly touch upon the possible evolution-
ary relation between SemiSWEET trans-
porters and other families of membrane
proteins, notably the Pnu transporters for
vitamins and G-protein-coupled receptors
(GPCR), but they do not make a clear
distinction between sequence and struc-
tural similarities, which may lead to confu-
sion. In a recent Opinion article in TiBS, we
also analyzed the possible evolutionary
relation between SemiSWEET and Pnu
proteins [5], but unfortunately Feng and
Frommer [1] did not discuss this analysis,
which may also confuse the readers of this
journal. In this Letter, we clarify the differ-
ences between the two studies, and
emphasize that similarities and differences
in 3D structure offer handles to establish
not only evolutionary relations, but also
mechanistic insights.

In the absence of high-resolution struc-
tural information, the potential relatedness
of different protein families is commonly
derived from sequence analysis, often by
using sophisticated algorithms that can
detect very distant relations. For mem-
brane proteins, additional information
derived from sequence pattern analysis,
such as the number and topology of trans-
membrane segments (TMs), may also help
to establish relatedness. In this way, it has
been predicted that the family of SWEET
transporters is related in structure to bac-
terial Pnu transporters and eukaryotic
GPCRs [6]. The prediction tools indicated
that all three families comprise seven
/-helical TMs, and that the SWEET and
Pnu transporter families comprise two
three-helix bundles (THBs), which are con-
nected via a linker helix. The linker helix is
absent from the SemiSWEETS, which are
homodimers of THBs.

Although the sequence-based predictions
are useful to identify distantly related pro-
teins, they sometimes produce false-pos-
itive results. The determination of high-
resolution (crystal) structures makes it
possible to verify or refute the predictions.
Unfortunately, in the review by Feng and
Frommer [1], the predicted similarities
between SWEETs, Pnus, and GPCRs
were not systematically tested against
the crystal structures that are now avail-
able [7,8] for all three families. A compari-
son based on the crystal structures
immediately shows that the GPCR fold
is clearly distinct from the Pnu and SWEET
folds [root mean square deviation (rmsd)
�8 Å and higher], thus refuting the
sequence-based predictions. By contrast,
the THBs present in the SemiSWEET and
PnuC structures have similar structures
(rmsd between 1.7 Å and 3.3 Å [9]). The
THBs of PnuC are also similar in structure
to the THBs in a full-length SWEET, of
which the structure was determined
recently (rmsd values �2.8 Å). In this case,
the relative orientation of the two THBs in
the different proteins differs slightly,
because the proteins were trapped in dif-
ferent states of the transport cycle
(occluded for PnuC and inward-open for
SWEET), but importantly the THB-building
blocks are similar in structure [10]. Thus,
the perceivable structural evidence shows
that (semi)SWEET transporters and PnuC
have similar spatial structures. Nonethe-
less, Feng and Frommer question whether
Pnu and SWEET transporters are related,
because of an apparently difference in the
topology of the THBs. We stress that this
apparent difference in topology can be
accounted for by a simple domain swap,
and that related helices are in identical
positions in the SemiSWEET and Pnu
transporters. The likeliness that such a
Trends in 
domain swap has occurred in the evolu-
tion of the two protein families was
described in our Opinion article [5].
Domain swaps are not unprecedented
in the evolution of (membrane) proteins
[11].

Excitingly, a transport mechanism for
(Semi)SWEET transporters proposed by
Lee and colleagues provides support for
the postulated domain swap [3]. The
authors compared Escherichia coli Semi-
SWEET structures in the inward- and out-
ward-facing conformations, and noticed
that a THB might move in a similar manner
to a binder clip movement or rocker
switch. Intriguingly, the rocking bundle is
formed by TM2 and 3 from one protomer
and TM1 from the other. These three heli-
ces exactly match the swapped domain
structure of PnuC [3,5]. Such an organi-
zation of rocking bundles is indicative that
a domain swap might indeed have
occurred during the evolution and has
been tolerated with respect to the function
of the transporter.

Taken together, based on the compari-
sons of available crystal structures, it is
clear that SWEET and Pnu transporters
(but not GPCRs) have similar structures.
Based on the available mechanistic infor-
mation, it is very well possible that the
SWEET and Pnu families are evolutionary
related by a domain swap.
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Letter
Evolution of
Transporters:
The Relationship of
SWEETs, PQ-loop,
and PnuC
Transporters
Liang Feng1,* and
Wolf B. Frommer2,*
Recently, a whole series of novel trans-
porters has been identified, followed by
rapid structural dissemination. These
include in particular the SemiSWEET
and SWEET sugar transporters [1,2],
and the PnuC vitamin transporters [3].
Table 1. A Comparison of a Select Group of 7T

Feature 7TM Transporters an

Semi-SWEET SW

Origin Bacterial Euk

Substrate Sugar Sug

Module THB THB

Basic pore unit Dimer Mon

Total TMH 6 7 

Higher-order oligomerization Trim

Helix arrangement in THB 1-3-2 1-3-
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Interestingly, these transporters all com-
prise a basic triple helix bundle [THB; a
linked set of three transmembrane (TM)
domains] that either assembles into
dimers, or contains two THBs fused via
an inversion linker helix (TM4). Two THBs
form the pore. Moreover, certain 7-TM
SWEETs and PnuC members appear to
form higher-order trimers of the 7TM
polypeptides [2,3,9].

PFAM, a phylogenetic database, groups
SWEETs, PQ-loop amino acid transport-
ers [4], and the MPC mitochondrial pyru-
vate transporters into the MtN3-like clan
(http://pfam.xfam.org/clan/MtN3-
like#tabview=tab3). While there are no
striking sequence similarities detectable
in alignments of SWEETs, PnuC, and
G-protein-coupled receptors (GPCRs),
highly sensitive phylogenetic analyses
have grouped SWEETs, PnuC, and
GPCRs into a transporter–opsin–GPCR
(TOG) superfamily [5]. However, it is note-
worthy that such analyses can be chal-
lenging when applied to membrane
proteins, which are enriched for hydro-
phobic residues in their TM regions, espe-
cially in the case of these exceptionally
small transporters (the basic unit is a
THB). We suspect that Slotboom et al.
[6] and our groups agree that there are
interesting similarities and differences
between PnuC and SWEETs (Table 1).

Similarities include the presence of two
THBs coupled by an inversion linker helix
M Transporters and Receptors

d Receptors

EET PQ-loop MPC PnuC 

aryote Bacterial/eukaryote Eukaryote Bacteria

ar Amino acids pyruvate Vitamin 

 (2) THB (2) THB THB (2) 

omer Monomer Dimer? Monome

7 6? 7 

er Trimer o

2 1-3-2? 1-3-2? 1-2-3 

1, No. 2
and trimer formation as well as the fact
that both are transporters of small mole-
cules. Furthermore, as pointed out by
excellent work by Slotboom and col-
leagues on the structure of PnuC and
an opinion paper in Trends in Biochemical
Sciences, TM helices of SemiSWEET and
PnuC can overlay well when connecting
loops are omitted [3,7]. The main differ-
ences include: (i) TM connectivity: in
SWEET/SemiSWEET, the THB is charac-
terized by a 1-3-2 topology, with TM3 in
between TM1 and TM2; in PnuC, the three
TMs are connected sequentially; (ii) TM4
location: in SWEET, TM4 packs against
TM2 and TM3 to form an integral N-termi-
nal domain with the first THB; in PnuC,
TM4 primarily contacts TM5 and is loosely
associated with the THBs. Therefore, TM4
has a distinct spatial location and possibly
different roles in SWEET and PnuC. An
obvious caveat is that, in both cases,
we only have a single snapshot of the
structure rather than a full overview over
the conformational states, which may help
to assess the similarities and differences
better; and (iii) primary sequence similarity
is low: PFAM algorithms detect similarities
among SWEETs and PQ-loop proteins
(MtN3 clan), but not between the MtN3
clan and PnuC.

To reconcile the different topology of THB
of SWEET and PnuC, Slotboom and col-
leagues [6,7] propose a domain swap
hypothesis, which is interesting and
undoubtedly represents a possible route
GPCR MFS

l Bacterial/
eukaryote

Bacterial/eukaryote

B3 Sugars, amino
acids, etc.

THB (4)

r Monomer Monomer

7 12
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1-3-2
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