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As an adaptation to infrequent access to water, terrestrial mam-
mals produce urine that is hyperosmotic to plasma. To prevent
osmotic diuresis by the large quantity of urea generated by protein
catabolism, the kidney epithelia contain facilitative urea transpor-
ters (UTs) that allow rapid equilibration between the urinary space
and the hyperosmotic interstitium. Here we report the first X-ray
crystal structure of a mammalian UT, UT-B, at a resolution of 2.36 A.
UT-B is a homotrimer and each protomer contains a urea con-
duction pore with a narrow selectivity filter. Structural analyses
and molecular dynamics simulations showed that the selectivity
filter has two urea binding sites separated by an approximately
5.0 kcal/mol energy barrier. Functional studies showed that the
rate of urea conduction in UT-B is increased by hypoosmotic stress,
and that the site of osmoregulation coincides with the location of
the energy barrier.
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Urea transporters (UTs) are a family of integral membrane
proteins that mediate the rapid and passive diffusion of urea
down its concentration gradient. In mammals, UTs are expressed
in a wide variety of tissues, but their function is best understood in
the kidney where they contribute to maintaining the high inter-
stitial urea concentration necessary to limit the rate of water loss
(1-3). During periods of water deprivation, the kidney develops
a steep urea gradient from the cortex at 5-8 mM (roughly the
concentration present in plasma), to as much as 100-fold higher
in the inner medulla (4). While active transport of ions out of the
renal tubules is currently thought to provide the main energetic
driving force for creating this gradient, passive transport through
UTs also contributes through a countercurrent exchange mechan-
ism that slows the diffusion of urea away from the inner medulla
(5). Additionally, UTs expressed in the inner medullary collecting
ducts allow the rapid equilibration of urea between the lumen and
the interstitium, preventing water loss driven by the high concen-
tration of urea present in the urine (6). The importance of UTs in
the urinary concentrating mechanism has been verified by exten-
sive knockout studies in mice (7-11), and mutations in UT genes
in humans have been linked to variations in blood pressure (12)
and the incidence of bladder cancer (13, 14).

Two genes encode for UTs in mammals: slc/4al and slci4a2.
The sic14al gene contains a single UT domain encoding the pro-
tein UT-B, which is expressed in the vasa recta, the nephron’s
primary blood vessel, as well as in a number of other tissues in-
cluding erythrocytes, heart, colon, and the brain (15). In contrast,
the slc14a2 gene, which encodes UT-A, contains two UT domains
in tandem, produces a variety of isoforms via alternative splicing,
and is regulated by phosphorylation induced by the antidiuretic
hormone vasopressin (16-18). Both UTs facilitate permeation of
urea down its concentration gradient, and although the UTs were
originally predicted to be transporters, measurements of single-
channel flux rates ranging from 104-10% urea molecules/s (19,
20) were more consistent with a channel-like mechanism. This
was confirmed with the solution of the structure of a bacterial

11194-11199 | PNAS | July 10, 2012 | vol. 109 | no. 28

homolog (21), dvUT, which forms a trimer with a continuous
membrane-spanning pore at the center of each protomer. How-
ever, it remained unclear how similar this structure was to that
of the mammalian UTs, and the details of the permeation me-
chanism were unknown. To answer these questions, we solved
the structure of a mammalian UT-B and investigated the permea-
tion mechanism with molecular dynamics simulations and func-
tional studies of UT-B mutants.

Results

The Crystal Structure of Bovine UT-B. After screening several mam-
malian UT-A and UT-B homologs, we found that UT-B from both
Bos taurus and Homo sapiens could be overexpressed in insect
cells and purified in detergent-solubilized form. The bovine
UT-B homolog produced small crystals, whose size and quality
could be improved by subjecting the protein to partial proteolysis
with trypsin. The structure was solved to a resolution of 2.36 A
by molecular replacement using the structure of dvUT (21)
(PDB id 3K3F) as a search model. The final model contains three
UT-B protomers with residues 31 to 376 resolved and 23 com-
plete and partially ordered detergent and lipid molecules in the
asymmetric unit (Table S1).

Bovine UT-B forms a trimer (Fig, 14) with a total buried
surface area of approximately 3500 AZ. Purified human UT-B
ran at a similar position as the bovine homolog on a size-exclusion
column, suggesting that it is also a trimer (Fig. S1). Furthermore,
the trimer interface is formed by equivalent helices in both the
dvUT and UT-B structures (Fig. S24), indicating that this qua-
ternary structure may be conserved across the UT family. At
the center of the trimer interface is a large cavity sealed off from
the solvent, which is packed with partially ordered lipid or deter-
gent molecules whose electron density is not of sufficient quality
for identification. The individual protomers have the same over-
all fold as dvUT, and the root mean square deviation for main
chain atoms in the transmembrane region is 0.7 A (Fig. S2B).
The UT fold contains two homologous halves with opposite or-
ientations in the membrane, likely the product of duplication of
an ancestral gene (22, 23), which give the structure an internal
pseudo-twofold symmetry axis. Each half contains five transmem-
brane helices (T1a-5a and T1b-5b) and one tilted reentrant helix
spanning roughly half of the membrane (Pa and Pb, Fig. 1B,
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Fig. 1. 2.36A crystal structure of bovine UT-B. (A) The UT-B trimer viewed from the extracellular side of the membrane, with the threefold symmetry axis (black
triangle) labeled. (B) The structure of a UT-B protomer as viewed from within the plane of the membrane (Left) and from the extracellular side of the
membrane (Right). The transmembrane helices are colored in pseudo-symmetry-related pairs. (C) The urea permeation pathway is shown viewed from
two perpendicular orientations, with cross-sections of the wide (Left) and narrow (Right) dimensions of the pore marked in beige. Insets show residues lining

the pore within the regions marked by black rectangles.

Fig. S2C). The largest difference between UT-B and dvUT lies in
the orientation of a short amphipathic helix on the N-terminus;
however, this helix forms key crystal contacts in the structure of
dvUT (Fig. S3), and thus may be perturbed from its native con-
formation in the bacterial structure.

An amphipathic membrane-spanning pore is formed at the in-
terface of the two halves in each protomer and is lined by residues
from conserved urea signature sequences (22) (Fig. S4 A and B).
The selectivity filter can be divided into three regions: the S, and
S; sites, which are rectangular in cross-section with evenly-spaced
arrays of carbonyl and side-chain oxygen atoms lining one side of
the pathway (the oxygen ladders); and S,,, a constricted region at
the center of the filter which is hydrophobic save for a pair of
pseudo-symmetry related threonine residues (Figs. 1C, and 2 4
and B). The largest difference between the pore-lining residues in
the bacterial and mammalian UTs is a phenylalanine-to-glycine
mutation in the S, site (position 230 in the mammalian struc-
ture), although this mutation appears to be compensated by a leu-
cine residue on helix TM3a, whose side chain takes the place of
the aromatic ring (Fig. S4C).

Ligand Binding Sites in the Selectivity Filter. We then attempted to
solve a substrate-bound structure to visualize interactions be-
tween the substrate and the protein. Since efforts to obtain high-
resolution crystals of the protein bound to urea were unsuccess-
ful, we cocrystallized UT-B with 20 mM selenourea, which is
chemically similar to urea and has the additional advantage of
producing a strong anomalous signal. The structure of UT-B
in complex with selenourea was solved by molecular replacement
to a resolution of 2.5 A with a dataset collected at a wavelength
corresponding to the K-absorption edge of selenium (Table S1).
The protein’s conformation is unchanged, but two wedge-shaped
densities consistent with selenourea appear in the S, and S; sites
(Fig. 24), coincident with two >13.0c anomalous difference
peaks that render the identity and orientation of the selenourea
molecules unambiguous (Fig. 2B). Both substrates are oriented
to form hydrogen bonds between their amide hydrogens and the

Levin et al.

oxygen ladders. However, the two sites are not pseudo symmetri-
cally equivalent: The S, site selenourea is positioned to straddle
the outermost “rung” of the oxygen ladder, while the §; site
ligand is level with the middle carbonyl. This suggests that as urea
moves through the S, and S; regions, it may have more than one
stable position. The substitution of one of the phenylalanines in
the S, site, F190 in the bacterial structure, with a leucine residue
at position 127 in the mammalian structure does not appear to
have affected the suitability of this region as binding site, implying
that aromatic residues are not specifically necessary for stabiliz-
ing the bound substrate. Intriguingly, the §,, site, which appears
to have a suitable configuration of hydrogen bond donors and
acceptors for urea binding, was unoccupied in the selenourea-
bound UT-B structure as well as in a previous dvUT structure
bound to the urea analog 1,3-dimethylurea (21).

In order to provide a more dynamic description of the mechan-
ism and pathway of permeation with the natural substrate, urea,
and to characterize the energetics associated with the process,
we then employed molecular dynamics simulations. Umbrella
sampling (24) was used to reconstruct the potential of mean force
(PMF) associated with urea permeation through UT-B using the
projection of the carbon atom of urea along the pore axis as the
reaction coordinate. Urea permeates the channel with minimal
rotation around the channel axis (Movie S1), a configuration
imposed by the hydrogen bonding pattern with the oxygen ladder
in an otherwise hydrophobic pore. The projection of the dipole
moment of urea on the pore axis exhibits a clear pattern of alter-
nation reflecting its stepwise transition between adjacent, hydro-
gen-bonding sites (Fig. S5A4). This “rocking” motion allows urea
to permeate through the channel without causing significant per-
turbation, confirming that UTs indeed operate by a channel-like
mechanism (Movie S1).

The PMF shows two almost symmetric pairs of energy minima
in the S, and S; regions (Fig. 2C, Fig. S5B). Two of these minima,
one in each of the S, and §; sites, agree well with the observed
ligand positions in the selenourea-bound structure (Fig. 2C,
yellow circles). In contrast, the S, site is characterized by a
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Fig. 2. Energetics and binding sites in the UT-B pore. (A-B) F,-F. density calculated without ligands in the model (A), and anomalous difference density (B) are
shown in the pore of the selenourea/UT-B structure along with key selectivity filter residues. The maps are contoured at 3 and 5c, respectively. (C) MD simula-
tions were used to reconstruct the potential of mean force of urea permeation through the UT-B pore. The yellow circles indicate the z-coordinates of the
central carbons of bound selenourea in the three subunits of the crystal structure, black arrows indicate the z-coordinates of the S, site threonine CG atoms
averaged over the three subunits. (D) The number of hydrogen bonds between urea and the protein (red), water molecules (blue), or both (black) averaged
over the MD simulations as a function of the reaction coordinate.

large energy barrier with a maximum AG of approximately obstructs the S, site to the degree that even water molecules
5.0 kcal/mol with respect to the S; or S, sites. We attribute the  are not able to readily cross this region (Fig. S6).

energy barrier at the Sm site primari]y to the desolvation cost in These results indicate that the UT selectivity filter does not
this region; while in the S, and S; sites, urea is only partially ~form a contiguous series of binding sites, but instead contains a
dehydrated and maintains on the average approximately 1.5-2.0 ~ substantial energy barrier at the highly conserved S, site. We

hydrogen bonds with water molecules (Fig. 2D), whereas upon speculated that relatively small changes in the conformation of
entering the S, site it becomes completely dehydrated the pore at the S, site could have substantial effects on the rate
m .

of transport, and that S,, could potentially serve as a site to reg-
Role of the S, Site in Permeation and Modulation. To verify this  ulate the rate of urea permeation. Given that the physiological
observation experimentally, we mutated an S,, site threonine Tole of UTs is closely linked to osmoregulation, we tested the
to valine to further diminish the ability of the protein to compen- ~ channel for sensitivity to osmotic stress by measuring radio-
sate for the dehydration penalty of urea in that region. The func- labeled urea uptake into oocytes expressing UT-B in isotonic,
tion of the mutant channels was measured by reconstituting them hypotonic, and hypertonic buffer (Fig. 3C). Oocytes expressing
into liposomes preloaded with urea and using a fluorescence- wild type UT-B experienced an approximately twofold increase

based assay to measure the rate of urea efflux (25). The wild-type i urea uptak.e. n th.e hypqtomc bl.lf.fe.r relative to uptake under
. . s isotonic conditions, indicating sensitivity of the channel to osmo-
channel was functional and increased the initial rate over that of

. . . tic stress. In contrast, the hypertonic buffer did not alter the rate
c'ontrol'llposomes by over 20-fold (Fig. 34). As predicted by the of urea uptake. This suggests that the effect cannot be attributed
simulations, the rate of urea efflux for the T334V mutant was

. solely to cotransport of urea with water, since in that case rever-
close to that of control liposomes. In contrast, the T1728 and o the direction of water permeation would be expected to have
T334S mutations, which conserve hydrogen bonding, had little jnpibitory effect. To test whether the S, site was involved in

effect on the rate of urea flux even when combined (Fig. 3B).  the response of the channel to hypoosmotic stress, we also mea-
Equilibrium MD simulations of both the T172V/T334V and the  gyred uptake for oocytes expressing the T172S/T334S double
T172S/T334S double mutants show that in addition to increasing  mutant under identical conditions. Consistent with the results
the hydrophobicity of the S, site, loss of the hydrogen bond  of the liposome assay, the T172S/T334S mutant had a similar
between T172 and T334 in the valine mutants causes a rotation  basal rate of urea permeation to the wild type channel under iso-
of V334 towards the pore, so that the hydrophobic side chain  tonic conditions. However, unlike the wild type channel, the
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Fig. 3. Role of S, site residues in urea flux and osmosensing. (A) Averaged, background-corrected traces showing the change in fluorescence over time from
quenching of entrapped dye in WT (red), T334V (violet), and T334S (blue) UT-B-containing proteoliposomes and control liposomes (black), driven by urea efflux,
scaled to the theoretical change in volume. (B) Initial rates of urea efflux calculated from these curves and for additional mutants. Errors bars are standard
deviations from three or four experiments. (C) '*C-labelled urea uptake in WT or T1725/T334S UT-B mRNA-injected oocytes or in control oocytes after 5 min
placed in ND-96 buffer at 0.5, 1.0, and 2.0-fold concentration.
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T172S/T334S mutant did not exhibit an increase in the rate of
transport in a hypotonic buffer (Fig. 3C, Fig. S7). These results
demonstrate a potential mechanism for modulation of UT-B
function and support the hypothesis that the rate of urea conduc-
tion is regulated at the constricted region, the S, site, in the
selectivity filter.

Discussion

UT-B is a trimeric urea channel whose rate of permeation ap-
pears to be modulated by osmotic pressure. The energy barrier
at S,, in UT-B is reminiscent of that observed in the ar/R motifs
of aquaporins (26-28) or the conserved pore histidines in ammo-
nia channels (29, 30). The aquaporin ar/R motifs are known to
be crucial for selectivity; the height of this barrier largely deter-
mines the difference between the canonical aquaporins that
permeate only water and the comparatively promiscuous aquagly-
ceroporins (31-33). The §,, site may likely play an analogous role
in UTs, and confer the ability to block the flux of charged species
like protons, ammonium and guanidinium that has been measured
previously for other UT homologs (19, 34, 35). While the S,, site
does not contain charged residues to exclude ions through electro-
static repulsion, as the ar/R motifs do (36), it is relatively hydro-
phobic and too narrow to permit a hydration sphere; the helix
dipoles may also help repel anions. The hydrophobicity of the S,
site likely accounts for urea transporters’ lower rate of water con-
duction relative to the canonical aquaporins (37), despite the
strong structural similarities of the pores between the two families.

One notable difference between the UT-B and UT-A orthologs
is that the latter is upregulated by the antidiuretic hormone
vasopressin via phosphorylation of multiple sites on its long cy-
toplasmic N-terminus (16). Some of this increase in activity can
be accounted for by increased localization of UT-A in the plasma
membrane (38), but there is also evidence for an increase in urea
transport activity that occurs on a more rapid time scale than the
rate of accumulation of UT-A in the plasma membrane, possibly
due to modulation of UT activity through phosphorylation of
proteins already present at the cell surface (39). Given the high
conservation of pore-lining residues between UT-B and UT-A, it
is tempting to consider the possibility that the S, site barrier is
also present in UT-A, but with phosphorylation rather than osmo-
tic stress as the trigger for modulation.

In the kidney, UT-B is expressed in the descending vasa recta,
the blood vessel that supplies the nephron. In addition to provid-
ing the nephron with blood, the vasa recta is thought to play a
role in the counter-current exchange mechanism that prevents
washout of the urea gradient in the inner medullary interstitium
(40-42). Mice deficient in UT-B experience a 40% urine concen-
trating deficiency, and a substantially lowered ability to retain
urea in the inner medulla (7). In contrast to UT-As in the inner
medullary collecting ducts, which transport urea from the renal
tubules into the hyperosmotic interstitium, UT-B mediates net
efflux of urea out of the interstitium into the lumen of the vasa
recta. Since the descending vasa recta also expresses aquaporins
and is therefore highly water permeable (43), it is conceivable
that a mismatch in osmolarity between the vasa recta and the in-
terstitium could trigger membrane stretch and thereby upregulate
UT-B. The modulation of UT-B by osmotic stress observed in this
study therefore appears consistent with the known physiological
role of UT-B in the kidney. Further studies would be necessary,
however, to know how significant such an effect would be, or to
determine the structural changes underlying this modulation.

Methods

Cloning, Expression and Purification of WT and Mutant UT-B. The full-length
bovine and human urea transporter genes (AAI05334.1 and BC05039) were
subcloned into a modified pFastBac Dual vector (Invitrogen) for baculovirus
expression in Sf9 insect cells with a C-terminal TEV protease recognition site
followed by an octohistidine tag. Site-directed mutations were introduced
by the Quickchange method (Stratagene) or by overlap-extension PCR.
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The Bac-to-Bac protocol (Invitrogen) was used to produce recombinant ba-
culovirus, and infected Sf9 insect cells were harvested 48-60 h after infection
and collected by a low-speed centrifugation step (2,000 g, 10 min). The
cells were lysed by sonication and their membranes solubilized with 40 mM
n-decyl-B-D-maltoside (DM, Anatrace). UT-B was then purified by affinity
chromatography using TALON Metal Affinity Resin (Clontech Inc.). After elu-
tion from the resin with 300 mM imidazole, bovine UT-B intended for crystal-
lization was concentrated to 5 mg/ml and partially digested with trypsin
protease for 10 min at room temperature in a ratio of 250: 1 by weight. The
protease digestion reaction was terminated by adding 1 mM PMSF, and the
protease-resistant core was subjected to size exclusion chromatography on a
Superdex 200 10/300 GL column (GE Health Sciences) preequalized in a buffer
of 150 mM Nacl, 20 mM HEPES, pH 7.5, 5 mM p-mercaptoethanol and 36 mM
n-octyl-p-D-glucopyranoside. The protein was concentrated to 8 mg/ml as
approximated by ultraviolet absorbance. For protein intended for functional
assays in liposomes, the trypsin proteolysis step was replaced with a 1 h
digestion with 1:10 TEV protease to remove the C-terminal His tag, and the
size exclusion step was carried out with 4 mM DM.

Crystallization and Structure Determination of UT-B. Crystals of the wild-type
UT-B trypsin-resistant core were grown at 4 °C by the sitting-drop vapor dif-
fusion method, where 1.5 pl of protein solution was mixed with an equal
volume of crystallization solution containing 25% PEG 400, 50 mM sodium
sulfate, 50 mM lithium sulfate, 0.2 mM decyldimethylamine N-oxide (DDAO)
and 100 mM Tris, pH 8.0-8.5. Selenourea-bound crystals were obtained by
the same method except that selenourea was added to the protein solution
to a final concentration of 20 mM before mixing with crystallization solution.
Before flash-freezing in liquid nitrogen, the crystals were cryoprotected by
gradually increasing the concentration of PEG 400 in the well solution to
35% over 8 h.

X-ray diffraction data were collected at beamlines X25 and X29 of the
National Synchrotron Light Source at Brookhaven National Lab, and beam-
line ID-24 of the Advanced Photon Source at Argonne National Lab. The mo-
lecular replacement solution was found for the unliganded structure using a
polyalanine search model prepared from the dvUT structure (3K3F) and the
program PHASER(44). A partial model was built with phenix.autobuild, and
then completed by iterative rounds of manual model building in Coot (45)
and refinement with phenix.refine (46) and Refmac (47). In the final stages
of refinement, TLSMD was used to compute optimal TLS groups (48), and
Molprobity (49) was used to validate geometry. The selenourea-bound struc-
ture was solved by molecular replacement using the unliganded structure as
a search model, and refinement was carried out by the same methods as for
the unliganded structure. Figures of the structures were prepared using
PyMol (Schrédinger) and VMD (50).

Reconstitution into Liposomes and Solute Flux Assays. E. coli polar lipids in
chloroform (Avanti) were dried under argon, and then further dried under
vacuum for one hour. Liposomes were formed by rehydrating the lipids at a
final concentration of 10 mg/mL in dialysis buffer (100 mM NacCl, 20 mM
HEPES pH 7.5) at room temperature for 30 min, and then sonicated to
clarity in a bath sonicator. To incorporate protein, the liposomes were incu-
bated first with 10 mM DM for 2 h, followed by addition of protein at a ratio
of 1:4000 (w:w). After incubation at room temperature for 30 min, the
liposomes were transferred to dialysis cassettes and dialyzed against
>500 volumes dialysis buffer for 72 h, with the buffer replaced every 12-24 h.
After recovery from the dialysis cassettes, liposomes were frozen in liquid
nitrogen and stored at —80 °C until use.

Prior to use in the urea flux assay, liposomes were incubated in 15 mM
carboxyfluorescein (CF) overnight at 4°C. To generate unilamellar vesicles
of uniform size, liposomes were subjected to 3 freeze-thaw cycles and then
extruded 20 times through a 400 nm filter. External CF dye was removed by
passing the liposomes through a PD-10 desalting column (GE Healthcare)
equilibrated with internal buffer (200 mM urea, 100 mM NacCl, 20 mM HEPES
pH 7.5) and then incubated at room temperature for 30 min. Liposomes were
then diluted 1:1 in a stopped flow device at 20 °C with either internal buffer
(no urea gradient) or assay buffer (approximately 200 mM NacCl, 20 mM
HEPES pH 7.5) with a salt concentration adjusted to identical osmolarity as
the internal buffer as measured by a freezing-point depression osmometer
(Fiske). The self-quenching of CF fluorescence resulting from shrinkage of the
liposomes was monitored by a Fluoromax-3 fluorimeter (Horiba Jobin Yvon)
with an excitation wavelength of 492 nm and an emission wavelength of
517 nm. Five traces were collected and averaged for both buffers, and the
change in fluorescence for the no-gradient control was subtracted from
the assay buffer trace as a background correction. The resulting curves were
fitted with double exponentials and solved for the initial rates of flux. Each
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experiment was repeated three or four times, using proteoliposomes recon-
stituted with protein from at least two separate purifications.

Oocyte Uptake Assays. The cRNA of Bos taurus UT-B was in vitro transcribed
from a pBluescript derivative, purified, and 1 ng (Fig. S7) or 50 ng (Fig. 3C)
were injected into stage V-VI Xenopus laevis oocytes. Oocytes were kept in
ND96 (5 mM HEPES, pH 7.6, 96 mM NacCl, 2 mM KCl, 1.8 mM CaCl,, 1 mM
MgCl,) for 48 h (Fig. S7) to 72 h (Fig. 3C) at 18 °C. For transport measurements,
oocytes were transferred into 0.5-1 mL of assay buffer composed of 0.5 X-, 1
X-, or 2 X-strength ND96 supplemented with 168 uM 'C-urea (59.5 Ci/mol;
American Radiolabeled Chemicals, Inc.) and incubated for the indicated time
at 20 °C. To terminate the uptake reaction, oocytes were washed 4 times
with ice-cold assay buffer without radiolabeled urea, individually placed
in scintillation vials, solubilized with 10% SDS, and assayed for their *C-urea
content with scintillation counting. Known amounts of '*C-urea were used as
standards to transform cpm into pmol.

System Setup and Equilibrium Simulations. The selenourea/UT-B trimer was
used as the initial structure. The two bound selenourea molecules were
replaced by urea, and the three lipid molecules in the central cavity of
the trimer were modeled as three POPC molecules that were subsequently
minimized to remove steric clashes. After removing all other detergent mo-
lecules, the trimer was embedded into a POPC lipid bilayer (120 x 120 A?),
with the membrane normal aligned along the z axis. After removing the
lipids overlapping with the protein trimer, the system was solvated and
ionized with 100 mM NaCl by randomly replacing water molecules with
Na*t or Cl~ ions, resulting in system dimensions of 120 x 120 x 90 A3 and
approximately 109,000 atoms.

The lipid tails were then “melted” using 5000 steps of energy minimiza-
tion and 1 ns of constant volume and temperature (NVT) MD simulation at
310 K while all other atoms of the system were fixed, in order to allow the
initially ordered lipid tails to maximize their disorder and partially pack
against the protein. In the next step, the whole system was simulated for
2 ns under constant pressure and temperature (NPT) conditions while all hea-
vy atoms of the protein and the urea molecules were harmonically restrained
(k = 2 kcal/mol/A?) to allow further relaxation and packing of the lipids
against the protein. During this phase, water molecules were prevented from
entering the hydrophobic core of the membrane by employing additional
constraints. The resulting relaxed configuration of the urea/UT-B system
was used as the starting structure for the production simulations described
below.

The apo-UT-B system was generated by removing the urea molecules from
the system. T1725/T334S and T172V/T334V double mutant systems were
constructed from the apo-UT-B system by mutating the respective residues
and minimized for additional 10,000 steps before subjected to MD simula-
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tions. The four simulation systems, namely, urea/UT-B, apo-UT-B, T172S/
T334S, and T172V/T334V, were then each simulated for approximately 60 ns,
100 ns, 45 ns, and 25 ns, respectively, under NPT conditions.

Umbrella Sampling Simulations. In order to reconstruct the potential of mean
force (PMF), umbrella sampling (US) simulations were initiated using the
50-ns equilibrated structure from the apo-UT-B simulation. 71 umbrella win-
dows of 0.5 A each were defined along the channel axis, covering a range
from z = —20-+ 15 A with the origin (z = 0) at the center of mass (COM)
of the C, atoms of channel-lining residues (S;, S,,, and S,,) of each monomer.
The starting configuration for each US simulation was generated by adding
a urea molecule to each monomer with the position of its carbon atom har-
monically (k=10 kcaI/moI/Az) restrained to the center of the respective
window only along the z axis. Each starting configuration was separately
minimized for 5000 steps and simulated for 5 ns. The restraining potential
and the position of the substrate for each monomer were recorded at
0.1-ps intervals. Including only the last 4.5 ns of the US simulations (45,000
data points for each monomer and each window), the weighted histogram
analysis method (WHAM) (51, 52) was used to reconstruct the PMF with
0.25 A resolution for each monomer along with a combined PMF. The quality
of the PMF was tested by examining the resulting profile from shorter simu-
lation times (checked for 0.5 ns increments) for each window, clearly indicat-
ing convergence (Fig. S8).

Simulation Protocols. All the simulations were performed using NAMD 2.8
with CHARMM?27 force field (53) with @ /y cross term map (CMAP) correc-
tions and CHARMMS36 all-atom additive parameters for lipids (54). Force field
parameters for urea were adopted from Caflisch et al. (55), and water was
modeled as TIP3P (56). All production simulations were maintained at 1.0 atm
pressure using the Nosé-Hoover Langevin piston method (57, 58) and at 310 K
temperature using Langevin dynamics with a damping coefficient of 0.5 ps~!
applied to all non-hydrogen atoms. Short-range interactions were cut off at
12 A with a smoothing function applied after 10 A, and long-range electro-
static forces were calculated using the particle mesh Ewald (PME) method
(59) at a grid density of >1 A~3. Bonded, non-bonded, and PME calculations
were performed at 2-, 2-, and 4-fs intervals, respectively.
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