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SCIENCE ADVANCES | RESEARCH ARTICLE

BIOCHEMISTRY

pH-dependent gating mechanism of the Helicobacter
pylori urea channel revealed by cryo-EM

Yanxiang Cui'?*, Kang Zhou"?*, David Strugatsky3, Yi Wen*, George Sachs®,

Z. Hong Zhou"*', Keith Munson®

The urea channel of Helicobacter pylori (HpUrel) is an ideal drug target for preventing gastric cancer but incomplete
understanding of its gating mechanism has hampered development of inhibitors for the eradication of H. pylori.
Here, we present the cryo-EM structures of HpUrel in closed and open conformations, both at a resolution of 2.7 A.

Copyright © 2019

The Authors, some
rights reserved;
exclusive licensee
American Association
for the Advancement
of Science. No claim to
original U.S. Government
Works. Distributed
under a Creative
Commons Attribution
NonCommercial
License 4.0 (CC BY-NC).

Our hexameric structures of this small membrane protein (~21 kDa/protomer) resolve its periplasmic loops and
carboxyl terminus that close and open the channel, and define a gating mechanism that is pH dependent and
requires cooperativity between protomers in the hexamer. Gating is further associated with well-resolved changes
in the channel-lining residues that modify the shape and length of the urea pore. Site-specific mutations in the peri-
plasmic domain and urea pore identified key residues important for channel function. Drugs blocking the urea pore
based on our structures should lead to a new strategy for H. pylori eradication.

INTRODUCTION

The gastric pathogen Helicobacter pylori afflicts most of the global
population (1) and increases the risk of gastric carcinoma, the
third-leading cause of cancer deaths worldwide (2-9). In 2014, the
World Health Organization recommended H. pylori eradication
as a strategy for preventing gastric cancer (10). However, current
H. pylori eradication methods require the use of multiple antibiotics
that has resulted in decreasing efficacy as antibiotic resistance rises.
An alternative strategy for eradication would be the use of a single
drug to inhibit urea entry and eliminate bacterial survival in the
gastric environment. Urea transit through H. pylori’s urea channel,
HpUrel, is controlled by pH-dependent gating, i.e., channel closure
at neutral pH and opening in response to external acid to allow urea
entry into the cytoplasm. Urea hydrolysis by cytoplasmic urease then
generates ammonia and carbonic acid that ultimately buffer the
periplasmic space to pH 6.1, enabling the survival of H. pyloriin the
gastric acid (11-14). Previously reported x-ray crystallography of a
6his-tagged HpUrel (6hisHpUrel) yielded a low-pH structure at a
resolution of 3.3 A (15) but did not define residues in the periplasmic
loops (PLs) critical to pH-dependent gating and failed to reveal the
closed conformation. The crystal structure at pH 4.8 is a hexamer in
which each of the six protomers of ~21 kDa forms a channel com-
posed of three structurally homologous pairs of transmembrane
helices (15). The N and C termini are on the periplasmic side of the
membrane, thus giving three cytoplasmic loops (CL1, CL2, and CL3)
and two periplasmic loops [PL1 (containing the inserted 6-histag)
and PL2]. Sequence alignments with HpUrel identified conserved
aromatic and aliphatic residues that define a family of putative amide
channel proteins, the AmiS channels (12, 16, 17). One example of
this family, SsUrel, is expressed in the oral bacterium Streptococcus
salivarius and is 64% homologous to HpUrel but contains 14 fewer
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residues in PL1 and 9 fewer residues in PL2. SsUrel facilitates urea
transit equally at both neutral and acidic pH, suggesting that the
expanded loops in HpUrel control pH-dependent gating (18). In
the 6hisHpUrel crystal structure (15), however, PL1 was not visible
and PL2 was poorly resolved. These deficiencies, and the absence
of the closed conformation, have prevented the definition of the
pH-dependent gating mechanism.

Here, we present the structures of the closed and open confor-
mations both at a resolution of 2.7 A, determined by cryo-electron
microscopy (cryo-EM). Together with the results of ["C]urea influx
activities determined for a variety of mutants in xenopus oocytes,
these structures establish a detailed gating mechanism for HpUrel
that explains pH sensitivity and shows cooperativity between
protomers. These results support a new approach for drug develop-
ment to eradicate H. pylori.

RESULTS AND DISCUSSION

Cryo-EM structures of closed and open conformations

A soluble form of 6hisHpUrel had to be generated and optimized
to achieve high-resolution cryo-EM. The final purification step
used gel filtration at pH 7.0 and 4.8 to yield the closed and open
conformations, respectively (see Materials and Methods). In both
conformations, our cryo-EM data yielded oligomers of six chan-
nel protomers arranged in a hexamer with a lipid core at the
centers. Imposition of sixfold symmetry then gave the final three-
dimensional (3D) reconstructions and extended the resolution of
the closed and open channels to 2.7 A (Fig. 1, figs. S1 and S2,
and table S1). To our knowledge, with a monomer size of 21 kDa
and a total mass of ~130 kDa, this is the smallest membrane pro-
tein resolved to near-atomic resolution by cryo-EM (19, 20). This
is notable considering that the channel lacks extramembrane
domains, in contrast to other high-resolution cryo-EM structures
of membrane proteins that all resorted to extramembrane domains/
subunits to help drive image alignment [e.g., (21-25)]. The den-
sity maps reveal well-defined side chains (fig. S3) of the hexamer
fully embedded in the amphipol belt (Fig. 1, A to F, and movies S1
and S3) and show clear differences for the two conformations
(Fig. 1,Cand F).
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Fig. 1. Cryo-EM density maps and atomic models of 6hisHpUrel. (A to F) Shaded surface views of the cryo-EM density maps of 6hisHpUrel in the closed (A to C) and
open (D to F) conformations viewed from the cytoplasm (A and D), plane of the membrane (B and E), and periplasm (C and F). Protomers are colored separately, and
amphipol is in gray. (G to L) Ribbon diagrams of the atomic models of 6hisHpUrel in the closed (G to |) and open (J to L) conformations viewed as in (A) to (F). Transmembrane
helices (TM1 to TM6) are numbered 1 to 6; N and C termini are indicated by N and C; cytoplasmic loops (CL) and periplasmic loops (PL) are labeled CL1 to CL3 and PL1 and

PL2, respectively. Lipids are shown as sticks.

Unambiguous atomic models for the closed (Fig. 1, G to I, and
movie S2) and open (Fig. 1, ] to L, and movie S4) conformations of
6hisHpUrel were built and refined on the basis of the high-resolution
cryo-EM density maps. Each channel is roughly divided into three
sections: a periplasmic domain and vestibule formed by the N and
C termini, PL1 and PL2, and the transmembrane helices on the
periplasmic side of the urea filter (Fig. 1, I and L); the urea filter near
the center of the membrane composed of a ring of side chains from
several hydrophobic residues; and a cytoplasmic domain and vesti-
bule composed of the transmembrane helices and loops on the
cytoplasmic side of the filter (Fig. 1, G and J).

Comparison of our cryo-EM structures for hexameric 6hisHpUrel
in the closed and open conformations reveals large-scale differences
in the periplasmic domain of the individual protomers, where urea
enters the channel and gating is controlled (Fig. 1, Cand F). In contrast,
only subtle changes occur in the cytoplasmic domain (Fig. 1, G and F).
Expanded surface views from the periplasm show increased channel
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access for the open conformation (Fig. 1, C and F), which are detailed
below. Our cryo-EM structures each contain an important segment of
PL1 that was totally missing in the crystal structure, and the gating
mechanism is revealed by conformational changes in PL1 as well as in
PL2 and C terminus, both of which also differ from the crystal.

His'®' is the pH sensor
The urea transit activity through 6hisHpUTrel is highest at pH 4.0 and
totally lost at pH 7.5, with the midpoint at about pH 6.0 (fig. S8A),
which indicates that a histidine residue or residues (with an acid
dissociation constant pKa of ~6) act as the pH sensor. To sense
external acid, these would be expected to be on the periplasmic side
and to undergo substantial positional change between the closed or
open conformations.

Superimposing the closed and open cryo-EM structures for a
single protomer reveals the moving segments of the protein back-
bone in PL1, PL2, and the C terminus (Fig. 2A and fig. S4). Among
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the six histidines exposed on the periplasmic surface, His** and
His'?* show little change between two conformations (Fig. 2, B to E),
indicating that neither of these two histidines likely act as a trigger.
However, an essential structural role for His'??, rather than His**, is
suggested by close interaction of His'** with the aromatic ring of
Tyr!'?4, perhaps stabilizing the proper termination of transmembrane
helix 4 (TM4) (Fig. 2, D and E). In contrast, His* lacks side-chain
contacts in both closed and open conformations (Fig. 2, B and C).
The structural importance of His'>* is supported by the loss of activ-
ity in all of its mutants, whereas both glycine and arginine mu-
tants of His** retain full activity (26).

The four histidines located in the moving parts of the struc-
tures are His’’ and His”' in PL1, His"" in PL2, and His'** near the
C terminus (Fig. 2, B and C). At the PL1 loop, the double mutant
His”°GIn-His”'GIn showed 60% inhibition at pH 5.0 (fig. S8B) but
normal pH-dependent gating. Therefore, His’® and His’' should
have little role in triggering, and the double glutamine substitution
only partially compensates for their function in support of urea in-
flux activity. Consistent with this, little interaction involving His”’
and His”' was observed in the structures except for a hydrogen bond
between His’!-Gln'”? (Fig. 2, D and E). At the C terminus, His'*
shows extensive protein interactions in both open and closed
conformations (Fig. 2, B to E), suggesting a potential role in confor-
mational transition or structural integrity. This observation is also
supported by the loss of function in individual mutants of His'** to
Asn, Gln, Cys, Gly, or Arg (26). However, in a previous study, when
the C-terminal four residues of HpUrel (Gln-His-Trp-Val) were re-
placed by the last three residues (Gly-Lys-Trp) of its homolog SsUrel,
the mutant gave full activity and showed normal gating (26). This
chimera showed that His!** cannot be a sensor for opening with a
pK, of ~6. Last, at the PL2 loop, the position of His'*! in the closed
and open conformations is markedly different, suggesting a possible
role as the initiator of transition to the open conformation. The side
chain of His"*! faces outward in closed conformation and then
switches to inward and forms a strong hydrogen bond with the side-
chain oxygen of Glu'*® in the open conformation (Fig. 2, D and E).
Furthermore, Glu'*® is also hydrogen-bonded to the backbone amide
hydrogen of Val'*>, which makes Glu'*® an important intermediary
that connects His"' and the C terminus together (Fig. 2E). It was
also reported that any mutation of His'*' or Glu'® causes loss of
activity (26). These findings indicate that protonation of His'*! in
PL2 initiates conversion to the open conformation, where its inter-
action with Glu"® helps stabilize the orientation of the C terminus.
Hence, His"! is the pH sensor for gating.

Closed-open conformational transition involves
interprotomer cooperation

As noted above, PL1, PL2, and C terminus in the periplasmic do-
main show marked conformational changes in the two cryo-EM
structures at pH 7.0 and 4.8, in contrast to the cytoplasmic half of
the channel that shows little change. Superimposition of the closed
and open cryo-EM structures for a single protomer identifies
the moving segments of the protein backbone in PL1, PL2, and the
C terminus (Fig. 2A, red arrows).

In the closed conformation, a segment of PL1, comprising the
sequence (His’-His”'-Leu’?-Thr”?) near the start of TM3, crosses
over the periplasmic end of the channel and then moves to the out-
er edge of the channel in the open conformation (Fig. 2, B and C).
Because of steric conflict (black triangle in Fig. 3, A and B), this
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reorientation of PL1 is not possible until the C terminus of the
adjacent protomer moves away from the position it occupies in
the closed channel. This is accomplished with a 180° flip of the last
four residues at the C terminus, which, in turn, requires previous
rearrangement of PL2 on the same protomer (movie S5). Therefore,
the PL2 segment has to move before other segments, which is
consistent with the transition trigger His'*' located at PL2. In both
closed and open conformations, there are extensive protein inter-
actions stabilizing the PL1, PL2, and C termini conformations. In
detail, in the closed conformation, Ser'?® of PL2 forms a hydrogen
bond with the backbone carbonyl oxygen of Val'*> from the adja-
cent protomer and then switches to the side-chain oxygen of Ser®
in the open conformation. GIn'** also plays a key role by changing
from interacting with Asp"*® of its own PL2 in the closed confor-
mation to stabilizing the open conformation of PL1 on the adjacent
protomer via hydrogen bonding the backbone carbonyl oxygen
of His’' (H71’ in Fig. 2E).

Therefore, the following hypothesis is proposed. Conversion to
the open conformation requires a sequence of coordinated transi-
tions (Fig. 3), beginning with the movement of PL2 to the periphery
of the hexamer in one protomer (Fig. 3B, protomer A, step “I”), fol-
lowed by a ~180° flip in the orientation of the C terminus (Fig. 3B,
protomer A, step “II”) and then the movement of PL1 of the adja-
cent channel (PL1’ of protomer F in Fig. 3B, step “III”). These step-
wise, pH-driven movements involve cooperation between adjacent
protomers. These cooperative movements are in closely balanced
equilibrium, as shown by only a ~20-fold change in the rate of urea
passage between pH 5.0 and 7.0, amounting to less than 3.0 kcal free
energy difference between open and closed conformations (fig.
S8A). This balance is predicted to be shifted in favor of the open
conformation by protonation of His'' based on our structural
results and on the pH midpoint for channel gating of ~6.0 for wild-
type HpUrel.

To further identify the specific residues involved in the confor-
mational transition, we examined a series of mutants in PL1, PL2,
and the C terminus (Fig. 2F and fig. S8C). Alanine mutants of
certain hydroxyl-containing residues in either PL1 or PL2 showed
increased open probabilities at pH 7.5, confirming their direct
involvement in stabilizing the closed channel. Mutants Thr’Ala
and Ser’*Ala near the end of PL1 showed defective gating with 1.6-
and 1.4-fold increases in activity at pH 5.0 and 9- and 6-fold
increases at pH 7.5, respectively (Fig. 2, D to F), compared to un-
mutated 6hisHpUrel. Thr”> and Ser’* therefore help stabilize the
closed conformation, and loss of their side-chain interactions in the
mutants favors the open channel. The increased activity in these
mutants implies that the observed orientation of PL1 in the closed
conformation is inhibitory and that a significant fraction of the
protomers remain closed in the unmutated channel at pH 5.0.
Similarly, mutants Ser'**Ala and Ser'*Ala showed 10- and 11-fold
activation of urea passage, respectively, at pH 7.5, indicating greater
stabilization of the closed conformation versus the open conforma-
tion of PL2 by these serines (Fig. 2, D to F). The increased activity at
pH 7.5 shows that the probability of channel opening is not entirely
determined by protonation of His" in these mutants and that
mutations in PL1 or PL2 can favor the open channel, emphasizing
that the conformational states of PL1, PL2, and the C terminus are
in equilibrium and interdependent.

Evolution of the expanded PLs unique to Urel is in keeping with
the development of the gating mechanism. However, many of the
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Fig. 2. Comparison of PLs and C terminus in the closed and open conformations.

(A) Overlaid protomers (ribbons) in closed (orange) and open (cyan) conformations,

as viewed from the periplasm. Conformational changes are marked by red arrows. (B and C) Cryo-EM density of PL1, PL2, and C terminus in either the closed (B) or open
(C) conformation, overlaid with the atomic model of a protomer of each conformation. (D and E) Key residues and interactions involved in conformation transition in
closed (orange) and open (cyan) conformations. The neighboring protomers are in gray. (F) ['“ClUrea influx (omol/oocyte per 10 min) for oocytes expressing point mutants

of 6hisHpUrel as compared to the control.

residues at the interprotomer interfaces are highly conserved in the
AmiS family, and we sought to determine whether this interface is
also important for function. Trp'*® and Trp'¥ form a large part of
the surface between Erotomers at the periplasmic end of TM6. There-
fore, mutants Trp'®’Ala and Trp'® Ala were expressed and found to
be inactive (fig. S8C), suggesting that a stable interprotomer inter-
face is important for conformational transition or stability.

Cuietal., Sci. Adv. 2019; 5 : eaav8423 20 March 2019

Shape and length of the channel pore determine the rate of
urea passage

The conformational changes in the PLs and the C terminus occur
concurrently with shifts in the membrane helices (TMs) as part of
channel opening. These changes in the periplasmic part of the TMs
are illustrated by overlaying single protomers in their closed and
open conformations (Fig. 4A). Shifts in the TMs, in turn, affect the
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Fig. 3. Comparison of closed and open conformations of 6hisHpUrel elucidates coordinated transitions involving interprotomer cooperation. (A) Periplasmic
view of superposed hexamers in closed and open conformations, with their PL1, PL2, and C terminus highlighted in orange (closed) and cyan (open). (B) lllustration of
sequential cooperative changes in one protomer (A) that would convert a neighboring protomer (F) from closed to open conformation (black dashed boxes). Our structures
show that steric hindrance (black triangle) would prevent the simultaneous occurrence of the C terminus (C-ter) of protomer A in its closed conformation and PL1’ of
protomer F in its open conformation. We posit that, as indicated by arrows, the movement of PL2 on protomer A (step ) allows its C terminus to flip 180° (step II), which
makes space for PL1’ of the neighboring protomer F to reorient to the open conformation (step Ill). The final open state of protomer F (i.e., the open channel structure
presented here) would then be formed with conversion of its own PL2 (PL2’) and C terminus (C-ter’) to the open conformation.

orientations of side chains lining the channel pore that define the urea
pathway (dots in Fig. 4, B and C). These evidently increase the rate
of urea transit to the cytoplasm by increasing urea access to the filter
near the middle of the membrane and by slightly changing the shape
of the filter itself (Fig. 4, B to E).

Especially clear changes are found for the aromatic side chains,
where the movement of PL2 is associated with a shift in TM4 and
TMS5 by more than 1.0 A, which alters the orientation of Trp'**,
Trp'*, Trp'*’, and Trp'> (Fig. 4, A, D, and E). Mutation of these
residues caused severe loss of activity (Fig. 4G). PL1 movement to
the periphery correlates with an outward shift of TM3, significantly
expanding the pore near Trp'** in the open conformation (compare
green and purple dots in Fig. 4, B and C, respectively). In contrast,
PL1 crosses the middle of the channel at its periplasmic end in the
closed conformation, constricting the pore and increasing its length
(red dots at the top of Fig. 4B). The path through the pore near the
urea filter is somewhat longer and narrower in the closed confor-
mation (red dots next to Trp'*® in Fig. 4B) than in the open channel
(Fig. 4C). The filter region is nevertheless too narrow and short for
urea passage even in the open conformation, suggesting that side-
chain reorientations of Trp'®3, Leu', and Tyr® (and possibly Trp'*®)
would be necessary for urea to transit the filter, as suggested by molec-
ular dynamics simulations using the 6hisHpUrel crystal structure
(27). Small changes in the side-chain orientations for these residues,
identified by using the program HADDOCK?2.2 (28), allowed urea
to fit in the filter (fig. S9). The largest change was seen for Trp'*’
with a flip in the plane of the side chain by ~60° (fig. S9B). In con-
trast to the other tryptophans in the channel, mutation of Trp'*® did
not inhibit the rate of urea transit but eliminated selectivity for urea
as compared to thiourea (15). These observations are consistent with

Cuietal., Sci. Adv. 2019; 5 : eaav8423 20 March 2019

the proposed tight fit of urea in the filter next to Trp'*® and suggest
that even the small changes in the geometry of the filter observed in
the closed conformation may slow urea passage. In the closed con-
formation, the overall pore is lengthened by the movement of PL1,
PL2, and the C terminus (Fig. 4B), and urea entry into the pore at
the periplasmic end appears restricted by its small diameter. These
observed changes are proposed to be sufficient to decrease urea
passage to the cytoplasm by the relatively small factor found in the
oocyte expression assay (~20-fold; Fig. 4F) and suggest that im-
paired diffusion of urea from the periplasmic end of the pore
through the filter is the primary cause of decreased urea throughput
in the closed conformation.

To identify the key residues inside the urea channel, we designed
a series of mutants and analyzed their ["*C]urea transit activities
in oocytes. Residues defining the overall urea pathway can be cate-
gorized as contributing either to the entry path approaching the
urea filter, the filter itself next to Trp'>, or the exit path to the cyto-
plasm. Our mutational analyses in these sections of the channel
revealed the functional importance of aliphatic residues Leu?, Val’,
and Leu® in TM1, as part of the urea entry path (Fig. 4, B, C, and F).
Mutating aromatic residues that line the approach to the filter
including Trp'*, Trp'*, Trp'*, Trp'®, Phe®* (15), and Tyr®® also
resulted in significant loss of activity (Fig. 4, D, E, and G, and
tig. S8C), indicating that their side chains play important roles
in urea passage. Furthermore, mutants of residues in or near the
urea filter, such as Leu'*Ala, Tyr**Ser, Leu'*?Ala, and Thr" Ala, lost
activity (Fig. 4F and fig. S8C). These results support the strict struc-
tural requirements for urea passage through the filter. Mutation
of Glu'”’ to leucine next to the urea filter was strongly deactivat-
ing, suggesting a possible role for this residue in orienting urea in
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Fig. 4. Change in the solvent accessibility of the channel between closed and open conformations and significances of the residues lining the channel. (A) Super-
position of the channel in the closed (orange) and open (cyan) conformations. (B and C) The solvent accessibilities of the channel as determined by HOLE program in the
closed (B) and open (C) conformations (dots). Red for pore radii < 1.2 A, green for 12A< pore radii < 2.3 A, and purple for 23A< pore radii < 4.0 A. (D and E) Aromatic
residues, particularly tryptophans, lining the channel. The side chains of these residues are well defined in the cryo-EM map (mesh). (F) ['*C]Urea influx (pmol/oocyte per
10 min) for oocytes expressing mutants of 6hisHpUrel. (G) ['“C]Urea influx (pmol/oocyte per 10 min) for oocytes expressing tryptophan mutants of 6hisHpUrel. Comparison
to the control shows significant loss of activity for point mutation replacing channel-lining Trp™, Trp™2, Trp™®, or Trp'.

the filter (Fig. 4F). On the cytoplasmic side of the urea channel,
mutation of two highly conserved asparagines (Asn'® and Asn)
to alanine was inactivating, and they are suggested to play a key
role in urea exit to the cytoplasm (Fig. 4F). In summary, muta-

Cuietal., Sci. Adv. 2019; 5 : eaav8423 20 March 2019

tion of residues that line the channel results in loss of activity,
suggesting that a complex network of side chains controls the
shape of the pore and urea diffusion through the channel and speci-
ficity filter.
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SUMMARY AND CONCLUSIONS

In summary, we have determined the structures of the closed and
open conformations of H. pylori Urel channel both at a resolution
of 2.7 A. Comparison of these conformations and systematic activity
analyses of mutants point to a gating mechanism of HpUrel involving
pH sensing, interprotomer cooperation and modification of the urea
pathway. In this mechanism, driven by pH change, His"*' on PL2
triggers the sequential and cooperative movements of PL1, PL2, and
the C terminus in the periplasmic domain. These changes in the
periplasmic domain are further associated with displacement of the
transmembrane helices accompanied by reorientation of side chains
lining the channel interior. All of these conformational transitions
exist in closely balanced equilibrium to shift both the shape and
length of the channel in favor of urea passage at low pH in support
of H. pylori survival in a hostile acidic environment. Targeting resi-
dues that define the shape of the channel, especially in the approach
to the urea filter in the open conformation, represents a starting
point for the rational design of novel HpUrel inhibitors.

MATERIALS AND METHODS

Purification of 6hisHpUrel and sample optimization

for cryo-EM

The 6his-tagged protein was engineered as previously described (15).
Escherichia coli C43 transformed with the pET101Urel6HIsPL1
plasmid and expressing 6hisHpUrel was grown in a BioFlo 110
(New Brunswick) bioreactor, the cells were collected and passed
through a French press at 20,000 psi in the presence of deoxy-
ribonuclease, and membranes were prepared by differential cen-
trifugation as described in detail previously (15). Membranes at a
protein concentration of 10 mg/ml were suspended in degassed
resuspension buffer [RB; 10 mM imidazole, 150 mM NaCl, and
50 mM Na,HPOy (pH 7.4)], treated with decylmaltoside (DM;
Anatrace Inc.) at a final concentration of 2% for 45 min at 4°C, and
centrifuged (33,000 rpm for 30 min at 4°C). TALON cobalt resin
(5 ml; Clontech) was added to the supernatant, and the solution
was rotated for 4 hours at 4°C. The resin was rinsed in a small
column with 50 ml of RB containing 10 mM imidazole and 0.2% DM
and then with 150 ml of RB containing 20 mM imidazole and
0.2% DM. 6HisHpUrel was eluted from the resin with RB contain-
ing 200 mM imidazole and 0.2% DM and concentrated to 1.5 ml
using a centrifugal filter (Amicon Ultra, 50-kDa cutoff) to a protein
concentration of 2 mg/ml.

Sample evaluation and optimization were carried out with
negative-stain transmission electron microscopy (TEM) in a TF20
(FEI) electron microscope. Briefly, an aliquot of 2.5 ul of the sample
at 50 pg/ml 6hisHpUrel and 0.2% DM was applied to carbon-coated
TEM grids (Ted Pella) and stained with 2% uranyl acetate. Particles
in the negative-stain TEM micrographs appear uniform (fig. S10A),
and the same sample at 1 mg/ml 6hisHpUrel gave optimized particle
distribution on QUANTIFOIL 2/1 cryo-EM grids. Cryo-EM micro-
graphs recorded in a Titan Krios high-resolution electron micro-
scope from these grids showed excellent contrast of particles but
produced 2D class averages without high-resolution features (fig.
S10, B and C). Given that crystal structure was determined from
6hisHpUrel purified in the presence of 0.2% DM, we presume
that the high contrast from DM might have overwhelmed that of
6hisHpUrel protein, preventing the computational alignment of
the integral membrane proteins in different micrographs.
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To overcome this problem, amphipol PMAL-C8 (Anatrace Inc.)
was used to replace DM in the sample. A 0.3-ml RB solution
containing 12 mg of PMAL-C8 (Anatrace Inc.) and 200 mM
imidazole was added to the 1.5-ml protein solution at a concen-
tration of 2 mg/ml. After overnight incubation at 4°C, 60 mg of
Bio-Beads SM-2 (Bio-Rad) was added to remove unbound DM and
PMAL-CS8, and the solution was rotated for 3.5 hours. The Bio-Beads
were removed by filtration (0.45-um Ciro filter, Chrom Tech Inc.),
the solution was concentrated with a centrifugal filter (Amicon Ultra,
50 kDa cutoff) to 0.35 ml, and the sample was passed over a column
of Superose 6 using a buffer of 150 mM NaCl and 10 mM bis-tris
(pH 7.0). A sample of 0.2 ml at the peak of Abs280 was collected and
used directly for cryo-EM (see below) of the closed state without
further treatment. The same procedure was used for the open-channel
conformation, except that the gel filtration buffer was 150 mM
NaCl, 10 mM bis-tris, and 1 mM Na acetate (pH 4.8). The pH of
both closed and open channel samples was verified before freezing
for cryo-EM.

Expression of 6hisHpUrel in oocytes and [**CJurea influx
Site-specific mutants were encoded in the gene for 6hisHpUrel
by using pET101Urel6HIsPL1 and the QuikChange method
(Stratagene) with the appropriate primers. Capped and polyA-tailed
RNAs [complementary RNA (cRNA)] were prepared with the
mMESSAGE mMACHINE T7 Ultra Kit (Ambion). Oocytes
(EcoCyte Bioscience US LLC) were injected with cRNA (50 nl of
1 ug/ul) and incubated for 2 days at 18°C in Barth’s solution [88 mM
NaCl, 2.4 mM NaHCO3, 1 mM KCI, 0.4 mM CaCl,, 0.3 mM
Ca(NOs3);, 0.8 mM MgSOy, and 10 mM Hepes-tris (pH 7.5)].
Oocytes were then washed twice (1.0 ml) with Ringer’s solution
(100 mM NaCl, 2 mM KCl, 1 mM CaCl, and MgCl,, and 20 mM
MES at pH 5.0), transferred into 0.5 ml of the same buffer, and
incubated at 22°C for 10 min in the presence of 100 uM [“Clurea
to measure urea influx into the oocytes for the open channel. The
buffer pH was adjusted to the values indicated on the graphs for
measuring urea influx as a function of pH. MES was changed to
Hepes when pH 7.5 was required. Oocytes (6 to 10 per data point)
were washed twice with 10 volumes of ice-cold Barth’s solution to
terminate 100 uM [**C]urea influx and then dissolved in 10% SDS
and counted after addition of 5.0 ml of Hionic-Fluor scintillant.
Error bars show SEM for each set of oocytes. Several (three to six)
injected oocytes were saved for each mutant and dissolved in 0.1 M
NaCl, 0.02 M tris-HCI (pH 7.6), and 1% Triton (50 ul per oocyte).
After centrifugation at 14,000 rpm for 5 min, 20 pl of the supernatant
was separated by SDS-polyacrylamide gel electrophoresis, and the
gels were transferred onto nitrocellulose, treated with an HpUrel anti-
body generated against PL1 (CEGAEDIAQVSHHLTSFYGPATG),
and developed by using an alkaline phosphatase (Promega)-tagged
secondary antibody. All mutants were expressed at or above the
level of 6hisHpUrel within an estimated error of £20% based on
densitometry scans.

Cryo-electron microscopy

An aliquot of 2.5 pl of purified 6hisHpUrel sample at a concentra-
tion of approximately 2 mg/ml was applied to a QUANTIFOIL holey
carbon grid (2/1, 300 mesh), which was glow-discharged for 20 s with
a PELCO easiGlow system. The grid was blotted and plunge-frozen
in liquid ethane with Vitrobot IV at 4°C under 100% humidity. The
frozen grids were stored in liquid nitrogen before use.
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Frozen-hydrated cryo-EM grids were loaded into an FEI Titan
Krios electron microscope operated at 300 kV, equipped with Gatan
Quantum imaging filter (GIF) and a post-GIF K2 Summit direct
electron detector. Movies were recorded as dose-fractionated frames
in super-resolution mode with Legion3.1 (29) at a nominal magni-
fication of x130,000, corresponding to a calibrated pixel size of
0.535 A on the specimen. The slit width in the GIF system was set to
20 eV to remove inelastically scattered electrons. For the dataset of
the closed conformation, the dose rate on the camera was set to
1.4 electrons/pixel per second, corresponding to 4.8 electrons/A*
per second. An exposure time of 15 s was used at a rate of 0.15 s/
frame, giving rise to 100 frames and a total dosage of 72 electrons/A*
for each movie. For the dataset of the open conformation, the
dosage and frame rates were the same as those used for the closed
conformation, but the exposure time was set to 9 s, giving rise to
60 frames and a total dosage of 43 electrons/A” for each movie.
A total of 5505 and 3140 movies were recorded for the closed
and open conformations, respectively. Details of the experimental
conditions are summarized in table S1.

Data processing

All but the first and last frames in each movie were motion-corrected
with a subframe 5 x 5 to generate two motion-corrected micro-
graphs (with and without dose weighting), which were both binned
2 x 2 to yield a pixel size of 1.07 A with MotionCor2 (30). The
micrographs without dose weighting were used for contrast transfer
function (CTF) determination with ctffind4.1.18 (31) and for particle
picking with Gautomatch (32). To reduce aliasing because of the
CTF oscillation at high frequency, the micrographs with dose
weighting were corrected for CTF by phase flipping using Bsoft (33)
before particle extraction.

Data processing workflows for the closed and open states are
essentially the same, as detailed in figs. S6 and S7, respectively. For
the dataset of the closed conformation, 4026 micrographs were
selected by manual screening to discard those either with underfocus
values greater than 3.0 um, or with very few particles, or containing
crystalline ice. A total of 1,221,897 particles were extracted from
these selected micrographs using RELION (34, 35). These particles
were subjected to 3D classification in RELION with C6 symmetry.
The initial reference used for this step was a simple binary (0s and 1s)
cylinder of radius 45 A and height 45 A generated by EMAN2
(36) and low pass—filtered to a resolution of 60 A. This 3D classifi-
cation was used to sort particles into three classes with 5 pixels and
3.8° as the translation and rotation search parameters, respectively.
Thirty-eight percent of the particles went to a class (the “good” class)
with clear visible features of a helices (fig. S6). The particles in this
good class were then subjected to reference-free 2D classification by
requesting 200 classes, and then 393,930 particles from 61 featured
class averages were selected (fig. S1B). Subsequently, these particles
were subjected to another round of 3D classification by requesting
three classes, which were further autorefined separately, yielding
three 3D maps at resolutions of 3.2, 3.4, and 3.3 A. Because these
maps appeared identical, all these particles were combined in a
3D autorefinement, yielding a map at a resolution of 3.1 A. The
resolution of the final map was improved to 2.7 A, by using focus
alignment with a tighter mask created by removing the amphipol
density (fig. S6).

For the open dataset, 1,017,209 particles were extracted from
2901 good micrographs. After first-round 3D and 2D classifications,
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343,366 particles were selected from good classes. Subsequently,
these particles were subjected to another round of 3D classification
by requesting three classes, from which two good classes were
further autorefined separately, yielding two 3D maps at resolutions
of 3.2 and 3.4 A. Particles (279,840) from these two classes were
combined in a 3D autorefinement, yielding a map at a resolution
of 3.0 A. The resolution of the final map was improved to 2.7 A, by
using focus alignment with a tighter mask created by removing the
amphipol density (fig. S7).

All resolutions reported above are based on the “gold standard”
refinement procedures and the 0.143 Fourier shell correlation
criterion. Local resolution was estimated using MonoRes (37).

Model building

Atomic model building was accomplished with Coot (38). Briefly,
while the cryo-EM density would allow atomic model building
de novo in this case, the crystal structure of HpUrel containing a
6his tag in PL1 [Protein Data Bank (PDB), 3UX4] was fitted into the
cryo-EM maps (with mask) of the closed and open channels, respec-
tively, as initial models by using the “fit-in map” routine in Chimera
(39). The crystal structure, however, was poorly fit to the cryo-EM
maps in many places, and the models required extensive manual
building. In the periplasmic domain, PL1 required addition of resi-
dues missing in the crystal structure, and PL2 and the four residues
at the C terminus were fit poorly. Although 13 residues in PL1,
Thr®*-Val®, could not be seen in the cryo-EM density maps or the
crystal structure, a critical segment of PL1 from Ser®-Thr’* not in
the crystal structure was present in both closed and open maps.
These five residues were added and refined for each conformation.
PL2 and the C terminus of the crystal structure did not match
the cryo-EM density maps and had to be completely rebuilt. The
structures were then refined in real space using “real-space refine-
ment” in Phenix (40) until the peptide backbone dihedrals and side-
chain conformations were optimized. Ramachandran, secondary
structure, and noncrystallographic symmetry restraints were used
for setting up the Phenix refinement. MolProbity (41) was used to
validate the stereochemistry of the final models. The final refine-
ment statistics for both closed and open conformational models are
summarized in table S1.

The cryo-EM maps and atomic models were visualized using
UCSEF Chimera (39) or PyMOL (42). HOLE (43) was used to cal-
culate the pore profile shown in Fig. 4 (B and C). HADDOCK?2.2
(28) was used to fit urea in the filter.

SUPPLEMENTARY MATERIALS

Supplementary material for this article is available at http://advances.sciencemag.org/cgi/
content/full/5/3/eaav8423/DC1

Fig. S1. Cryo-EM analysis of 6hisHpUrel in closed conformation.

Fig. S2. Cryo-EM analysis of 6hisHpUrel in open conformation.

Fig. S3. Cryo-EM densities (mesh) of the six TM helices in 6hisHpUrel in the closed and open
conformations superposed with their atomic models.

Fig. S4. Details of the cryo-EM densities overlaid with their atomic models (sticks) of the PLs
and C terminus in the closed (orange) and open (cyan) conformations.

Fig. S5. Ordered lipids resolved in the cryoEM density maps.

Fig. S6. Data processing workflow used for the dataset recorded for the sample in the closed
conformation.

Fig. S7. Data processing workflow used for the dataset recorded for the sample in the open
conformation.

Fig. S8. Urea passage activity for wild-type HpUrel and mutants of 6hisHpUrel.

Fig. S9. Proposed filter model for urea fitted in the open conformation of 6hisHpUrel by using
HADDOCK2.2.
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Fig. $10. Sample quality evaluation for 6hisHpUrel in DDM other than amphipol.
Table S1. Statistics of the cryo-EM structures.

Movie S1. Cryo-EM density views of 6hisHpUrel in closed conformation.

Movie S2. Atomic model and density fit views of 6hisHpUrel in closed conformation.
Movie S3. Cryo-EM density views of 6hisHpUrel in open conformation.

Movie S4. Atomic model and density fit views of 6hisHpUrel in open conformation.
Movie S5. 6hisHpUrel closed and open conformations morph.
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