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intracellular side extracellular side

Tyr-27 Lys-293 Asp-3
Arg-32 Lys-294 Tyr-57
Arg-33 Asp-296 Tyr-59
Lys-34 Glu-297 Asp-66
Glu-110 Asp-300 Tyr-76
Arg-111 His-305 Lys-83
Lys-113 Lys-361 Glu-85
His-157 Asp-364 Asp-86
Lys-173 Arg-370 Tyr-92
Arg-174 Glu-375 Tyr-129
Glu-178 Glu-376 His-134
Glu-179 Tyr-377 Lys-144
Tyr-180 Asp-381 Asp-149
Glu-183 His-385 Asp-214
His-185 Glu-386 Asp-268
Lys-241 Glu-387 Lys-270
Lys-243 Tyr-390 Glu-323
Cys-283 Am?2 Tyr-327
Tyr-284 Am3 Tyr-351
Asp-288 Am4 Amla
Arg-290 Amb Amlb
Lys-292 Am6

Table S1: Titratable sites connected to the intracellular and extracellular sides.

A Parameters

This section specifies the parameters used in our calculations.

Connectivities of the sites to the membrane sides

The connectivities of each site to either solvent phase are listed in Table S1.

Atomic partial charges

The permeant species are represented with tetrahedral models similar to 5-site water models commonly
used in molecular dynamics (see main text). Table S2 lists the atomic partial charges of the binding
forms of the permeant sites. The atomic partial charges of non-standard forms of amino acid side chains
not available from the CHARMMZ22 parameter set! are listed in the Supporting Information of reference
2.

Intrinsic model energies

Table S3 lists the model energies of the microscopic forms of the permeant sites in Amt-1. The microscopic
intrinsic energies are calculated as described in the main text using the standard chemical potentials of
the macroscopic protonation forms listed in Table S4. The model energies of all other residues are listed
in the Supporting Information of reference 2.

The intrinsic model energies of the permeant sites are derived as follows. The intrinsic model energy
of an instance k of a site ¢ is given by

L (S1)

where p7, is the standard chemical potential of the model compound for the site in the corresponding
form. The ligand-free form of the site is chosen as reference form so that p°*f = 0 keal/mol.

Our model considers multiple microscopic forms for each permeant species to model different orien-
tations of the permeant in the binding site. The intrinsic model energy of a microscopic binding form
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has to be corrected for the number of rotamers x included for the permeant species to retain the correct
statistical weight relative to other permeant species®*

. . 2
By =B+ 5 nfa] — 557 (82)

where we exploited the equivalence of the rotamers in the isotropic solvent environment. The additional
term of —% B~ accounts for the kinetic energy liberated upon the loss of two translational degrees of
freedom when the permeant is transferred from the solution to the transmembrane pore. In the solvent,
the permeant can diffuse freely in three dimensions whereas in the transmembrane pore the permeant is
essentially restricted to one dimensional diffusion normal to the membrane plane.

A possible loss of translational entropy accompanying the transfer from the solution to the transmem-
brane pore is difficult to quantify with certainty. The corresponding free energy contribution is likely
very small because the permeants are already tightly packed in the solvent environment®. Therefore, we
did not include such a contribution in the intrinsic model energies.

Confidence in our binding model can be gained through a small Gedankenexperiment. The removal of
a water molecule from the bulk solvent to create an apolar cavity has a free energy cost of 2.4 kcal/mol.
This value compares favorably to the experimental solvation free energy of 1.94 to 2.0 kcal/mol for the
apolar molecule methane which has a similar size as ammonia or water®7. Theoretical values for the
solvation free energy of methane compare even better to our result (2.2 kcal/mol®, 2.4 to 2.5 kcal /mol *-10).

The permeant species were modeled as regular tetrahedra with five interaction centers placed at
the center and the corners of the tetrahedra. This representation permits a very efficient treatment of
rotameric forms for the permeant sites and has already proven useful in our recent study of the proton
transfer through gramicidin!'. The central oxygen or nitrogen atom of the permeants are placed at the
center of the tetrahedron. Each corner of the tetrahedron is occupied by a hydrogen atom or a lone
electron pair. The distance between the center and the peripheral interaction centers of the water and
ammonia models is 0.9526 A and 1.0272 A, respectively. Rotamers are obtained from the different possible
permutations for the distribution of the hydrogen atoms and the lone electron pairs to the corners of
the tetrahedra. Additional rotamers were added for all permeant sites by randomly rotating the initially
generated coordinates in space resulting in an eightfold increase in the number of rotamers.

B Expressions for the description of binding equilibria in terms
of chemical potentials

This section lists some equations needed to describe the binding equilibria of model compounds in terms
of experimentally determined chemical potentials. These derivations resulted in the expressions for the
activities of the permeants used in the main paper. We show how to derive expressions for the equilibrium
population of macroscopic receptor species within a chemical potential based formulation of binding
equilibria. The partition function is obtained as central quantity of the binding thermodynamics. It is
shown that the appearance of the partition function in the formalism is a consequence of imposing the
equilibrium conditions.
The binding equilibrium of a monovalent receptor can be described by

Ka
R+L=RL (S3)

where K, is the association constant. The chemical potential of a chemical species ¢ in solution is defined
as
i =pi+ B na; (S4)

where g is the standard chemical potential of the species in solution corresponding to its standard
concentration c{. The activity a; of a species i can be defined on the basis of the actual and standard
concentrations as

Ci
@ ="igs (S5)

The activity coeflicient v; accounts for interactions between compounds within the system that are not
otherwise accounted for by the model and thus lead to deviations from an ideal behavior. Here, ideal
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Atom Charge in eo

NHs
N -0.195355
H1 0.124037
H2 0.124037
H3 0.124037
LP -0.176756
NH;
N -0.442588
H1 0.360647
H2 0.360647
H3 0.360647
H4 0.360647
OH~
o) -0.730332
H1 0.001088
LP1 -0.090252
LP2 -0.090252
LP3 -0.090252
Hy0
0 -0.221816
H1 0.223871
H2 0.223871
LP1 -0.107173
LP2 -0.107173
H30*
0 0.108985
H1 0.326498
H2 0.326498
H3 0.326498
LP1 -0.088479

Table S2: Atomic partial charges for the binding forms of the channel sites. Only one rotameric form
is given for each bound species. Charges of chemically equivalent atoms were averaged. The form label
empty denotes that the site is unoccupied. Atom names beginning with N, O, H or LP correspond to the
nitrogen atoms, oxygen atoms, hydrogen atoms and lone electron pairs, respectively.

Microscopic form p®Macro iy keal/mol number of microscopic forms Intrinsic energy in kcal/mol
empty 0.00 1 0.00
occupied by NH3 -6.35 4 -6.12
occupied by NHJ -18.97 1 -19.56
occupied by OH™ -37.59 4 37.36
occupied by HoO -56.69 6 -56.22
occupied by H3O1 -54.37 4 -54.14

Table S3: Intrinsic model energies for model compounds of the permeant binding sites in Amt-1. The permeant binding
sites can be unoccupied, occupied by a protonation form of water or occupied by a protonation form of ammonia. The
protonation forms of ammonia and water are represented by tetrahedral models (see text). All pK 2™ values measured
in water. All model energies referenced to water. Values for p® ™2 were taken from Table S4. The microscopic model
chemical potential is given by po:micro — yo.macro 1 3=11p[n] where n is the number of microscopic forms representing
the species. In bulk solution, the permeant possesses three translational degrees of freedom along all spatial dimensions.
Within the transmembrane pore, the movement of the permeant is essentially restricted to a one dimensional translation
along the membrane pore. Thus, the transfer of the permeant from the solution to the transmembrane pore leads to an
effective loss of two translational degrees of freedom. An additional term 7%ﬁ_1 is added to the intrinsic model energy of
non-empty forms to account for the corresponding amount of kinetic energy thus liberated.
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behavior would mean that the chemical potential of the compound is strictly linearly dependent on the
compound concentration, that is 7; = 1. In general, the activity coefficient is concentration dependent.
In dilute solution, the activity coefficient can be assumed to be concentration independent over a wide
range of concentrations. The interactions between the compounds of a mixture may be divided into
nonspecific interactions and specific interactions. Specific interactions can for example comprise the
binding of different compounds to form a new compound. Such bound compound species can also be
considered explicitly as will be shown below for ligands with multiple protonation forms. Nonspecific
interactions in aqueous solution are dominated by the nonspecific electrostatic interactions of a compound
with mobile ions. These interactions can for example be modeled with continuum electrostatics theory
in different mathematical realizations of varying complexity. A simple mathematical realization of the
continuum electrostatics model that can be used to model these interactions for ions that are reasonably
approximated by a spherical shape is the Debye-Hiickel equation? ™. The standard state can be chosen
such that all significant nonspecific interactions of the compound are included in the standard chemical
potential. If, in addition, all relevant bound species are modeled explicitly, the value of the activity
coefficients will approach 1. In this limit, which we might term the limit of a complete model, the activity
can be approximated by the ratio of the corresponding concentration and the standard concentration

a; ~ *(; (86)

In the presence of an electrostatic potential, an additional term is needed to account for the interaction
energy of the charge of the species with the electrostatic potential. The resulting electrochemical potential
[ is often written with a bar to distinguish it from the purely chemical potential u

fi = pi + ziF¢ (S7)

where z; is the formal charge of the species and ¢ is the electrostatic potential at the spatial position of
the species. The sum of the last term in Eq. (S7) for all species taking part in a reaction will not change
if the reaction takes place within a phase with a uniform electrostatic potential, because the total charge
(monopole of the charge distribution) is always conserved. The electrostatic contribution to reaction free
energies can be non-vanishing, if the electrostatic potential is not uniform throughout the whole phase,
that is if its gradient (the electric field) does not vanish everywhere. This is, because the dipole and the
higher moments of the charge distribution can change during a reaction, which can lead to a change of
their potential energy in the electric field. The electrostatic contribution to a reaction free energy can
also not be neglected if chemical species from different phases of differing electrostatic potential take part
in the reaction. An example for such a reaction would be the transport of a charged species across a
membrane with a transmembrane electrostatic potentials gradient as (see Sec. C).

The sum of the changes in the standard chemical potential and the activity coefficient dependent
chemical potential terms of the receptor species upon binding can be termed the intrinsic standard
binding free energy

6™ = sk, i+ 67 | 2 (53)
R
The difference in the standard chemical potentials of the products and reactants of the binding reaction
is equal to the standard binding free energy

Gbind,o — Gint _ IU’OL (89)

which is given by _
Gbmd,o — _6—1 In K;
S10
= —671 In |:CRI; fYRL:| with ¢r + ¢rL, = c® ( )
CRCL, TR
where ¢° is the standard concentration, usually defined as ¢® = 1 M. The activity coefficient dependent
terms and factors in Egs. (S8), (S9) and (S10) can be omitted under the conditions described above
where all activity coefficients approach unity. The binding free energy at arbitrary concentrations of

S5



ligand and receptor is given by the difference of the summed chemical potentials of the products and
reactants occurring in the binding reaction

Gbind _ Gint —— (Sl].)
If the ligand is the proton, the ligand chemical potential is given by
p1, = —B~ " In (10) pH (S12)

where ap+ = 107PH15 and (pfp+ = 0 by definition). If the receptor is a monoprotic acid, the intrinsic
energies and binding free energies can be expressed in terms of its pK, = —log;, K, and the chemical
potential of the proton. The intrinsic energy, defined by Eq. (S10), of a monoprotic acid is given by

G = -7 1In10 pK, (S13)
Consequently, the protonation free energy is given by
GPnd — _371In10 (pK, — pH) (S14)

In the following sections, we derive the expressions for the activities of the permeants used in the
main paper. For the derivations, we assume that the model is complete as described above. That is, we
assume that all nonspecific interactions are accounted for by the standard chemical potentials and that
all specific interactions are explicitly considered in the model by including all relevant binding forms of
the permeants. In this limit, all activity coefficients are equal to one, and we can express the activity of
a species 7 in terms of concentration and standard concentration only a; = %4. A general derivation that
accounts for arbitrary binding reactions and activity coefficients that deviate from a value of one will be
presented elsewhere. This derivation ultimately leads to the binding formalism utilized in our software
suite GMCT*. Some more detail about the calculation of intrinsic model energies from experimental
data can be found in reference 4.

B.1 The binding equilibrium for a monovalent receptor

In an experimental setup, one will usually know the total concentration of the bound and unbound
receptor molecules added to the solution and the concentration of the ligand. The reaction scheme for
the binding reaction is

Ka
R+L=RL (S15)

Under the above mentioned conditions, we can assume that all activity coefficients are equal to one and
the chemical potential of each compound species i is given by

=g+ B (S16)

K2

In equilibrium the sum of the chemical potentials of the products is equal to that of the reactants,
providing us with a basis for an expression relating the chemical potential of the bound and unbound
receptor species to the total receptor concentration and the ligand concentration

reactants products

Z Hi = Z H (517)

Using the reaction scheme Eq. (S15) and the expression for the chemical potential of a species Eq. (S16)
we obtain
MR + ML = URL

MR = URL — ML

(S18)
Inserting the expression for the chemical potentials of each species according to Eq. (S16) into Eq. (S18)
yields

p + B nag = pgp, + B8 ' Inagy, — pf, — B Inay, (S19)
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which can be rearranged to obtain an expression for ag
B nag = gy, — px — p5 + B nary, — B Inay, (S20)

Assuming that the activity coefficients of all receptor species are unity and that all standard concen-
trations are identical, we can write the total activity of all receptor species a sum over the individual
activities expressed in terms of the concentrations

GRX = GR t+ GRL

__ CR T CRL (821)
CO
From Eq. (S21), we can write
ARL = GrRX — AR (822)
This expression is inserted into Eq. (S20) to obtain
- aRr o o o -
Bl n ——— = 5y —px — p5 — B tnay, (S23)
ARX — R

The first two terms on the right-hand side can be recognized as the intrinsic energy Ei"* of the occupied
receptor with the empty receptor chosen as reference state (see Eq. (S8)), whereas the last two terms
constitute the ligand chemical potential ur,. We rewrite Eq. (S23) in terms of these quantities and solve
for agr

aR,

m = €eXp [ﬂ (Eilnt - NL)} (S24)
arx = ag (1+exp [ (BP™ - pu)]) (S25)
- ! (526)

aRx -

1+ exp [ (E{™ — )]
The latter expression for the activity of the unbound receptor species can be written as
AR — ARX (1 - <.’E>) (827)

where (z) = 1/exp [ (E™ — p1)] is the equilibrium binding probability. The corresponding equation
for the activity of the bound receptor species can be obtained using Eq. (S21) as

AR, = GRX <l‘> (828)

which gives combined with Eq. (S26)

exp [—f (E™ — )]
1+ exp [ (B — )]

(S29)

AR = a

The term in the denominator of the fraction in Egs. (S26) and (S29) can be recognized as the partition
function Z of the receptor-ligand system

Z=1+exp|[—B(EM™ —pL)] (S30)
The 1 on the right-hand side of Eq. (S30) is the Boltzmann weight of the empty receptor, exp [— ﬁE(i)nt] =

1, where Ei"* = 0. The intrinsic energy of the empty receptor is equal to zero according to Eq. (S8),
because we chose the empty receptor species as reference form.
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B.2 The binding equilibrium for a divalent receptor

The derivation of the equilibrium chemical potentials of the binding forms for a divalent receptor follows
the same route as that for the monovalent receptor. Again, the ligand concentration, and the total
concentration of the receptor species are known. Here, we adopt a macroscopic view, i.e., we distinguish
the receptor species based on the total number of ligands bound. The reaction scheme showing the two
binding steps is

Ka,l Ka,2
R+2L = RL+L = RLg (S31)

The sum of the chemical potentials of all species is equal for each stage of the reaction scheme which leads
to two equations relating the equilibrium chemical potentials of all the receptor species to each other.
Using the reaction scheme Eq. (S31) and the expression for the chemical potential of a species Eq. (S16)
we obtain

MR + ML = URL

(S32)
MR = HRL — ML
and
—|— =
HMRL T UL = HURL, (833)
HRL = HRL, — ML
Substitution of Eq. (S33) for ugy, in Eq. (S32) gives
iR = HRL, — 241, (S34)

Inserting the expression for the chemical potentials of each species according to Eq. (S16) into Eq. (S34)
yields
pg + B Inag = pRy, + B Inare, — 2uf, — 28 Inay, (S35)

which can be rearranged to obtain an expression for ag
B 'Inag = +B ' Inagrw, + pRr, — KR — 205 — 28" Inay, (S36)

Assuming that all activity coefficients are unity and all standard concentrations are identical, we can
write the total activity of all receptor species a sum over the individual activities expressed in terms of

the concentrations
ARX = QR + GRL + GRL,

__ CR + CRL + CRL, (S37)
D a—
from which we can write
GRL, = GRX — R — ORL (S38)

This expression is inserted into Eq. (S36) to obtain

aR
GRX — OR — ARL

B~ 'In = [Rr, — PR — 207 — 267 Inay, (S39)
The first two terms on the right-hand side can be recognized as the the intrinsic energy of the doubly
occupied receptor '

Ey™ = [y, — MR (S40)
according to Eq. (S8), whereas the last two terms constitute twice the ligand chemical potential py,. We
rewrite Eq. (S39) in terms of these quantities and solve for ag

ar _ int
GRX — R — GRL P [5 (E2 2’uL)] (541)
RS — exp [-8 (B - 2u0)] (542)
R
ARX — AR — GRI, = QR exp [—B (EiQ“t — 2/%)} (S43)
GrRxX — ORI, = AR (1 + exp [—,@ (Eignt — 2,U,L)]) (844)
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Here, we still need to eliminate ary,. For this purpose, we rearrange Eq. (S32) using Eq. (S16) for the
chemical potentials of the receptor species

MRL = MR+ UL (545)
par, + B tnary, = pg+ B tnag +uf + B nay (546)
— GRrrL o o

Bl —= = R — pRy + L (547)

aRr
where we recognize the intrinsic energy of the singly occupied receptor species E* = ;% — ug and solve

for agry,

ary, = agexp[—B (B — )] (548)

This expression is inserted into Eq. (S44) to obtain ar

1
AR — ARX - - (849)
1+exp [—B (B — )] +exp [-5 (B — 2u1)]
The activity of the species RL is obtained by inserting Eq. (S49) into Eq. (S44)
_ Eint _
it — exp [ (B{™ — )] ($50)

X exp [<B (BF — )] + exp [—8 (BF* — 2u1)]
Finally, the activity of the fully bound receptor is obtained from the latter two equations exploiting
Eq. (S38) ‘
. exp [—f (E5" — 2u)]

1+exp [-B (EM — )] +exp [—8 (B — 2u1) |

The term in the denominator of the fraction in Egs. (S49), (S50) and (S51) can be recognized as the
partition function Z of the receptor-ligand system

(S51)

ARL, = @

Z=1+exp[-f (Eiln‘D — )] +exp[-8 (Ei2nt —2u1,)] (S52)

B.3 The binding equilibrium for an N-valent receptor

Here we consider general expressions for the macroscopic binding equilibrium of an N-valent receptor-
ligand system including electrostatic potential contributions. The partition function Z of the receptor-
ligand system in solution can formally be written as

N

2= exp [ (R nin)]

n=0

(S53)
with EX* = IRy — AR,

where N is the maximum number of bound ligands and n is the number of bound ligands in a specific
macrostate. The activity of the individual receptor species is given by

exp [—5 (E;nt — nﬂL)]

ARL, = Otot 7
N (S54)
. CRL
N n
W1 Qtot o

n

where again the activity coefficients gy, of all receptor species are assumed to be unity and all standard
concentrations are chosen to be equal. Then, the electrochemical potential of the species is given by

(e} —_ a n
ARL, = MRp, + 0B 'In % + ZRL, €@ (S55)
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where e, is the elementary charge, z; is the formal charge and the standard activity is usually chosen
as a° = 1. The electrostatic potential ¢ can contain contributions from an externally applied potential,
an electrical transmembrane potential and from the electrostatic potential of other compounds in the
solution.

Up to now, our formalism adopts a macroscopic view on the binding equilibria. That is, the precise
microscopic configuration of the receptor is not considered. The chemical potentials stated for macroscopic
binding states (0, 1...,n ligands bound), contain thermodynamic averages over all possible microscopic
configurations of the receptor compatible with the macroscopic binding state. If we have, for example, a
rigid receptor with N sites which can either be empty or bind one ligand, then there are 2V microscopic
binding states in total, while there are N 41 macroscopic binding states. Already for a receptor with more
than one site, there are more microscopic than macroscopic binding states. In a more realistic model,
there will be often more than two forms of each site, which may differ by the number of bound ligands,
the binding topology (e.g, tautomeric forms), the conformation (e.g, amino acid sidechain tautomers) or
other properties. The electrochemical potential of the macroscopic binding state with n ligands bound
does then involve the partition function of all microscopic receptor configurations having bound this
number of ligands. If there are M microscopic receptor configurations with n ligands bound, then the
electrochemical potential of the macroscopic binding state is given by

M
firL, = —B"'In [Z exp [‘@Uﬁl}iﬁ?m]} =—3"'Inz, (S56)
m=1

If all sites are equivalent and interact in the same way with each of the other sites, for instance in a
symmetric receptor, then all microscopic configurations of the receptor corresponding to a macroscopic
binding state will be equivalent. In this case, the electrochemical potentials of the macroscopic binding
state and the microscopic binding states are related by

HRL, = 5%1%}30 —InM (n) (S57)

The total partition function is given by the sum over the Boltzmann factors of all microscopic forms
of the receptor. The total number of microscopic states is equal to the sum of the numbers of possible
microscopic states for each macroscopic state

N
N=> M(n) (S58)

n=1

The total partition function is given by

n
Z=> exp[-Buy] (S59)

n=1

The formalism developed for GMCT in the main article allows one to consider a more detailed receptor
model in with energetically non-equivalent microstates and different global conformations of the receptor.

C Thermodynamics of transmembrane transport at the exam-
ple of a monovalent receptor

The chemical potential, y; = u$ + 8~ Ina; of charged species in presence of an electrostatic transmem-
brane potential aquires an additional term to account for the interaction of its charge distribution with
the electrostatic membrane potential. The resulting electrochemical potential is

,L_Li = W; + ZieoNA@A’lp (860)

where p; is the chemical potential of species i, z; is the formal charge of the species, e, is the elementary
charge, N is the Avogadro constant, and At is the electrostatic transmembrane potential. According
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compound o (@) reference

[kcal /mol]
H* 0 by definition
OH™ —37.5932 16
H>O —56.6874 16
H;0F —54.3682 *
NHj3 —6.35 16
NHS —18.97 16

Table S4: Standard chemical potentials in water for compounds investigated as potential permeants of
the ammonia transporter Amt-1. * calculated from the value for HoO and the pKa; = 1.7 (from reference
17) according to Eqs. (S8) and (S13)

OIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIII

)

u[ kcal/mol ]

W™ NH, (pN=30)

-70:— (a0) + _
: — W " NH, (pN=3.0)
80f ™ oH
'90_ +
: H(aq)H3O ]
_100_III|III|III|III|III|III|III|III|III|III|III|III|III_

-6 -4 -2 0 2 4 6 8 10 12 14 16 18 20
pH

Figure S1: Chemical potential of all permeant species considered in this work as a function of the pH value.
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to the electrophysiological convention, A is is measured relative to the outside phase, i.e., it is equal to
zero in the bulk outer phase and aquires its full value

A = i — ot (S61)

in the bulk inner phase, where bulk means far from the membrane'®. Consequently, the Heaviside step
function © adopts a value of 0 in the bulk outside phase and a value of 1 in the bulk inside phase®.
The free energy change upon transport of the species from the outside to the inside phase is given by the
difference in the electrochemical potential of the species between the two phases, i.e., the electrochemical
transmembrane gradient of the species

AGtrans _ ,L_L,an o ,L_L?ut (862)

The transfer free energies for the two species of a monovalent receptor are obtained from Eq. (S62)
using Egs. (S60) and (S4). Substituting the chemical potentials of the receptor species by Egs. (S26)
and (S29), we obtain

s _ in _ 1+ exp [-3 (G — )]
AGtrdnb - 2 60A¢ + ﬁ 1 In |:aRX:| + ﬂ 1 In i 963
R R aOR%E 1+ exp [_ﬁ (G;nt _ ﬂfiut)] ( )
AGE™ = ppesAy+ 7 n | X (S64)
aRx

+ B7'In

e a(0r el sior i) |
(1 exp (3 (G )] exp [ (GI = )]

Generally, using Eq. (S55) we have for the transfer free energy of the species RL,, of a N valent
receptor across the membrane from the outside to the inside phase

AGREY™ = [iRy,, — ARY, (S65)

where the electrochemical potentials in the two phases are obtained from Egs. (S60), (S53), (S54)
and (S55) using a known membrane potential A, known chemical potentials of the ligand and known
total concentrations of the receptor in the two phases.

The electrochemical transmembrane gradient of the proton is traditionally termed proton-motive force
(pmf). The pmf provides the thermodynamic driving force for many transmembrane transport and other
biological processes. The pmf consists of a electrical component and a chemical component. The chemical
component is often expressed in terms of a transmembrane pH difference. Equivalently to the convention
adopted for the electric transmembrane potential, the transmembrane pH-difference is defined as!®

ApH = pH™ — pH°"® (S66)

The pmf in terms of ApH and A is given by

In10
— ApH + A
gF =P v (S67)

~ —59mV ApH + Ay

pmf =

S12



D Electrostatic potential plots

0.00 = -10.00 2>(
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Figure S2: Fraction of the electrostatic transmembrane potential in a cross-section through AfAmt-1 as function
of the transverse position z and the lateral position y in the projection plane. The orientation of the protein and
the slice plane are the same as in Fig. 4 of the main text.

S13



protein potential

- 0600 1000 g &
£ 1E oo f 5
F 0.200 8 0.10 S
_ §:§§§ % 0.01 %
£ 0.000 3 0.00 S
;—:8:85%(5) g -0.01 ;
;gégg % -0.10 g
£ -0.400 B © -1.00 2
- 5.200 -10.00 é
-50-40-30-20-10 0 10 20 30 40 50 -50-40-30-20-10 0 10 20 30 40 50
y [A] membrane potential y [A]
- 0.600 B0 rssbisstissisbisslidisslindistint 10,00 §
£ 0.200 1] S 0.10 S
3 0050 ] | & 0.01 =
= 3 0.000 ?’; 0.00 %
) ?:8:83)(5) é -0.01 é
£-0.400 4 © -1.00 Q
0o 250 drrrrrrrrrreprer et 10,00 é
0 -50-40-30-20-10 0 10 20 30 40 50
y [A] protein potential + membrane potential y [A]
0 2 B
o lls s E
£ 0200 1] S 0.10 =t
0,080 3 0.01 E
= 3 8:838 §' 0.00 %
) 505 g -0.01 10;
-0.400 4 © -1.00 Q@
0800 -10.00 é
-50-40-30-20-10 0 10 20 30 40 50 -50-40-30-20-10 0 10 20 30 40 50
y [A] y [A]

Figure S3: Electrostatic potential distribution, overall view. The electrostatic potential and the corresponding
mobile charge density in a cross-section through AfAmt-1 plotted as functions of the transverse position z and
the lateral position y in the projection plane. The orientation of the protein and the slice plane are the same as
in Fig. 4 of the main text. The electrostatic potentials are plotted in the same slice plane. b) The electrostatic
potential under typical conditions (pH = 7.0 and Ay = —0.12 V). The structure of AfAmt-1 was constructed by
setting all sites to their most highly populated instances under the specified conditions. The electrostatic potential
and the mobile charge density are color coded (see color bars). left column: electrostatic potential right column:
mobile charge density top row: electrostatic potential originating from the protein charge distribution and the
corresponding mobile charge density induced by the electrostatic potential of Amt-1 in the solvent. middle row:
electrostatic transmembrane potential and the corresponding mobile source charge distribution bottom row: sum
of top and middle rows
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Figure S4: Electrostatic potential distribution, magnified view of the transmembrane pore region
plots are equivalent to those of Fig. S3. See caption of Fig. 4 for explanation.
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E Titration curves

Figures. S5 to S8 show titration curves as function of intracellular pH value and the transmembrane
pH difference. The transmembrane pH difference is defined by Eq. (S66). The transmembrane pH
difference is expressed in terms of a proton-motive force (pmf) using Eq. (S67). This representation of
the pH gradient facilitates the comparison of the effects of electrical and chemical components of the
electrochemical transmembrane gradient of the proton. A pmf consisting purely of a pH difference can
be converted to ApH by a conversion factor of &~ —1/59 mV.

Most notable is the highly irregular titration behavior of H157 and H305 which form the twin-His
motif. Almost over the entire titration region, there is a significant probability for the deprotonated and
the protonated form of these sites This titration behavior shows that the protonated and deprotonated
forms are separated by a small free energy difference over wide ranges of pH and transmembrane pH
difference.

There are multiple residues with carboxylic acid side chains on the extracellular surface of Amt-1
whose protonation probability is increased by moderate negative transmembrane pH differences. Thus,
the negative charge on the extracellular side decreases if the extracellular pH value decreases. The decrease
in the extracellular pH value does also increase the driving force for the import of protons and ammonium
ions and the abundance of protons in the extracellular phase. The protonation of the extracellular
carboxylic acid sidechains would lead to a decreased attraction of the positively charged ammonium ions
or protons by AfAmt-1. Thus, the protonation of the carboxylic acid sidec chains on the extracellular
surface could be a mechanism to regulate the influx of the ammonium ion or even protons if the pH
gradient becomes too high. This regulation could prevent an excessive rise of the intracellular ammonium
concentrations that could be toxic for the cell. In addition, the regulation mechanism could prevent an
excessive influx of protons through the ammonium transporter and subsequent overacidification of the
intracellular phase if the extracellular phase is very acidic.

Figures. S9 to S12 show titration curves as function of the intracellular pH value and the electric
transmembrane potential. The transmembrane potential is defined by Eq. (S61). H157 and H305 exhibit
a similarly highly irregular titration behavior as in case of the pH-ApH titration, which shows that the
protonated and deprotonated forms are separated by a small free energy difference over almost the entire
titration region considered. A highly similar titration behavior is also observed in case of a compound
pmf with a typical ratio of the pmf contributions of the pH gradient and the transmembrane potential
as depicted in Figures. S13 to S16.

Figures. S17 to S24 show titration curves as function of pH value and the pN value in absence or
presence of a typical pmf. It can be seen that the binding probabilities of ammonium or ammonia at the
permeant sites are small for realistic pN values (pN > 0). This binding behavior is caused by the much
larger abundance of water which competes for the permeant sites. Because of the high water activity,
all permeant sites are almost fully occupied by water. A tight binding of ammonium or ammonia to the
permeant sites would require entirely unrealistic values of pN < pO, i.e., the replacement of the aquaeous
solvent phases by a concentrated solution of ammonium/ammonia.

The most interesting titration behavior of protonatable amino acid residues is again exhibited by
H157 and H305. The twin-His residues are the only residues which show a strong dependence of their
protonation behavior on the occupation of the permeant sites by ammonium or ammonia. In addition,
these residues retain significant probabilities of beeing protonated and of beeing deprotonated over most
of the titration region considered. Thus, the protonation states of the twin-His residues are also separated
by a low free energy difference if the permeant sites are occupied by ammonium or ammonia. Thus, H157
and H305 can easily change their protonation state over the entire region of physiologically relevant
conditions. Because of this ability, it seems atrractive to consider a possible active role of the twin-His
motif in the conduction mechanism of AfAmt-1.

For all titrations, there are two lysine residues at the interface of the membrane headgroup and core
regions that are predicted to be deprotonated already at unusually low pH values (K292 and K361). For
K292, this behavior is mainly caused by the close proximity of the sidechain of K293. The sidechains
of K292 and K293 can thus be considered to share a proton. The amino group of K361 is located
within the core region immediately at the interface to the headgroup region. The protonation behavior
of K361 may thus be an artifact of the simulation setup caused by the uncertainty in the thickness
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Figure S5: Titration curves pH - ApH I. Protonation probability as a function of the intracellular pH value and a
pmf consisting entirely of a transmembrane pH difference. The sites are indicated by the labels above the curves.
The protonation probability is color coded (see color bar) and indicated by isocontours. Protonation of histidine
residues refers to binding of a proton to one of the singly protonated charge-neutral tautomers to form the doubly
protonated positively charged imidazolium form.

and position of the membrane core regions. The sidechain conformation adopted by K361 in the lipid
depleted crystal environment may also differ from the conformation adopted in the native membrane
environment. However, the location of K361 is far from the transmembrane pore of AfAmt-1. Thus, a
possible artifactually favored deprotonation of K361 does not affect the behavior of the mechanistically
important sites in the vincinity of the transmembrane pore.
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Figure S6: Titration curves pH - ApH II.. Continued from Fig. S5. See caption of Fig. S5 for explanation.
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Figure S7: Titration curves pH - ApH III. Probability for binding states of the sites in the transmembrane pore.
as a function of the intracellular pH value and a pmf consisting entirely of a transmembrane pH difference. The
sites and the specific binding probabilities are indicated by the labels above the curves. Protonation N indicates
the conditional probability of binding an ammonium ion under the condition that either ammonium or ammonium
is bound to the site. Protonation N indicates the conditional probability of binding an hydronium ion under the
condition that either water or an hydronium ion is bound to the site. Binding NH,, indicates the probability of
binding ammonia or an ammonium ion to the site. Binding OH,, indicates the probability of binding any water
species (water, hydronium ion or hydroxide ion) to the site.
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Figure S11: Titration curves pH - A% I11. Probability for binding states of the sites in the transmembrane pore as
a function of the intracellular pH value and a pmf consisting entirely of an electric transmembrane potential. The
sites and the specific binding probabilities are indicated by the labels above the curves. Protonation N indicates
the conditional probability of binding an ammonium ion under the condition that either ammonium or ammonium
is bound to the site. Protonation N indicates the conditional probability of binding an hydronium ion under the
condition that either water or an hydronium ion is bound to the site. Binding NH,, indicates the probability of
binding ammonia or an ammonium ion to the site. Binding OH,, indicates the probability of binding any water
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Figure S12: Titration curves pH - At IV. Continued from Fig. S11. See caption of Fig. S11 for explanation.

524



Protonation Asp—66 Protonation Asp-86 Protonation Asp-149 Protonation Asp-214 Protonation Asp—-268

Protonation Asp-3

OSTMON—HOANMS LN

WOSTMONHOANM LN

[A] Jwd

024 6 8101214 0246 8101214 0246 8101214 024 6 8101214 0246 8101214

0246 8101214

3
n
N
¥ o
2 E
©3 )
2 ©
< <
S
= N
Q3
o (=)
O ONHOHANM LD
SOCCCoRSETD
<
2 l
b2 N
. S
2 =1
< <]
51 ©
m <
o o~
2 o
TTTT1
< 3
S N
! S
* =1
< F oo
S ©
bS] <
c
S o~
% o
9 3
=1 I
! S
> =1
< ©
s ©
© <
<
2 £
°
o
SOCCCoESETP
© 3
I o~
) S
F =1
< ©
5 ©
T <
c
S o~
< [S)
& smNHOHNmTY
<
Qo 3 ~
@ N
Q ]
o
* =1
< ©
S ©
k=1
© <
c
m o~
b o
O ONHOHANMYLD
COCCCOESSPD
(Al ywud

Protonation Glu-323

Protonation Glu-297

Glu-183

nation

Proto

Glu-179

ation

Proton

Protonation Glu-178

Protonation Glu-110

OSMNN—HOANMLO

[A]ywd

024 6 8101214

Protonation N-term.

024 6 8101214

8101214
Protonation Glu-387

6

024

6 8101214

4
Protonation

02

6 8101214

4

2
otonation Glu-376

0
Pri

0246 8101214

Protonation Glu-3

ion C-term.

Protonati

Glu-386

75

-

WOTONHO AN LN

WOSTON—HOANM SO

0246 8101214

8101214

246

0
Protonation His-385

0246 8101214

Protonation His—

8101214
on His-185

4
Protonat

WOTONHO AN LN

OSTMON—HOANM SO

[A] ywd

02

4 02 46 8101214
Protonation His—

1

02 4 6 81012
Protonation His-134

pH

Anngeqoud

:

1.0
ApH +Aq 1. Protonation probability as a function of the intracellular pH

0.8
0.6
0.4
0.2
0.0

305

157

WOSTMONHOANMSLN

[A] ywd

0246 8101214

02 4 6 8101214

2 4 6 8101214

0

02 4 6 8101214
pH

02 4 6 8101214

pH

H

p

pH

pH

Figure S13: Titration curves pH -

value and a pmf consisting of a transmembrane pH difference and an electric transmembrane potential. The ratio

of the pH difference to the electric transmembrane potential is given by AApﬂ’f{ = 2. The sites are indicated by the

labels above the curves. The protonation probability is color coded (see color bar) and indicated by isocontours.

neutral

Protonation of histidine residues refers to binding of a proton to one of the singly protonated charge

tautomers to form the doubly protonated positively charged imidazolium form.
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Figure S15: Titration curves pH - ApH +Ax III. Probability for binding states of the sites in the transmembrane
pore as a function of the intracellular pH value and a pmf consisting of a transmembrane pH difference and an
electric transmembrane potential. The ratio of the pH difference to the electric transmembrane potential is
given by AA—:I’H = 2. The sites and the specific binding probabilities are indicated by the labels above the curves.
Protonation N indicates the conditional probability of binding an ammonium ion under the condition that either
ammonium or ammonium is bound to the site. Protonation N indicates the conditional probability of binding
an hydronium ion under the condition that either water or an hydronium ion is bound to the site. Binding
NH,, indicates the probability of binding ammonia or an ammonium ion to the site. Binding OH,, indicates the

probability of binding any water species (water, hydronium ion or hydroxide ion) to the site.
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Figure S16: Titration curves pH - ApH +A IV. Continued from Fig. S15. See caption of Fig. S15 for explana-
tion.
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Figure S19: Titration curves pH - pN without pmf III. (pN equal on both membrane sides). Probability for
binding states of the sites in the transmembrane pore as a function of the intracellular pH value and a pmf
consisting of a transmembrane pH difference and an electric transmembrane potential. The ratio of the pH
difference to the electric transmembrane potential is given by % = 2. The sites and the specific binding
probabilities are indicated by the labels above the curves. Protonation N indicates the conditional probability
of binding an ammonium ion under the condition that either ammonium or ammonium is bound to the site.
Protonation N indicates the conditional probability of binding an hydronium ion under the condition that either
water or an hydronium ion is bound to the site. Binding NH,, indicates the probability of binding ammonia or an
ammonium ion to the site. Binding OH,, indicates the probability of binding any water species (water, hydronium

ion or hydroxide ion) to the site.
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Figure S20: Titration curves pH - pN without pmf IV. Continued from Fig. S19. See caption of Fig. S19 for
explanation.
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Figure S21: Titration curves intracellular pH - pN with pmf I. (pN equal on both membrane sides, ApH= 1.0,
At = —120 mV). Protonation probability as a function of the intracellular pH value and a pmf consisting of
a transmembrane pH difference and an electric transmembrane potential. The ratio of the pH difference to the
electric transmembrane potential is given by AA—SII’{ = 2. The sites are indicated by the labels above the curves.
The protonation probability is color coded (see color bar) and indicated by isocontours. Protonation of histidine
residues refers to binding of a proton to one of the singly protonated charge-neutral tautomers to form the doubly

protonated positively charged imidazolium form.
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Figure S22: Titration curves intracellular pH - pN with pmf II., (pN equal on both membrane sides, ApH= 1.0,
Atp = —120 mV). Continued from Fig. S21. See caption of Fig. S21 for explanation.
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Figure S23: Titration curves intracellular pH - pN with pmf III., (pN equal on both membrane sides, ApH= 1.0,
At = —120 mV). Probability for binding states of the sites in the transmembrane pore as a function of the
intracellular pH value and a pmf consisting of a transmembrane pH difference and an electric transmembrane
potential. The ratio of the pH difference to the electric transmembrane potential is given by AA—;% = 2. The sites
and the specific binding probabilities are indicated by the labels above the curves. Protonation N indicates the
conditional probability of binding an ammonium ion under the condition that either ammonium or ammonium
is bound to the site. Protonation N indicates the conditional probability of binding an hydronium ion under the
condition that either water or an hydronium ion is bound to the site. Binding NH,, indicates the probability of
binding ammonia or an ammonium ion to the site. Binding OH,, indicates the probability of binding any water
species (water, hydronium ion or hydroxide ion) to the site.
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Figure S24: Titration curves intracellular pH - pN with pmf IV., (pN equal on both membrane sides, ApH= 1.0,
Atp = —120 mV). Continued from Fig. S23. See caption of Fig. S23 for explanation.
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F Binding free energy plots

This section contains plots of the binding free energies for all permeant sites as a function of the elec-
trical and chemical components of the pmf. Figure S25 shows plots of the binding free energy for the
considered permeant species at all permeant sites as functions of an electric transmembrane potential or
a transmembrane pH gradient. The intracellular pH value is fixed to 7.0 and the pN is set to 3.0 on both
membrane sides. The binding free energy of the charged permeants is affected by A, while that of the
uncharged permeants is not directly affected. The small influence of At on the binding free energy of the
uncharged permeants are caused by interactions with other binding sites that are sensitive to Avy. The
electric transmembrane potential favors the uptake of cations from the membrane side with the positive
electrostatic potential and their release to the membrane side with the negative potential. Conversely,
At favors the uptake of anions from the membrane side with the positive electrostatic potential and
their release to the opposite membrane side. A physiological transmembrane potential (Ay < 0) favors
the uptake of positively charged permeants from the outside phase and their release to the inside phase.

The transmembrane pH gradient only affects the two permeant sites in the extracellular vestibule
(Amla and Amlb) directly, because the intracellular pH value is held constant. The binding free energies
at the extracellular vestibule are affected directly because a change in the extracellular pH value alters
the permeant activities in the extracellular phase as discussed above. If the pH adopts values significantly
above the pK, value of ammonium, ammonia will be the predominant protonation form. Thus, small pH
changes in this region will only have a major effect on the activity of ammonium but not on the activity of
ammonia. Consequently, the binding free energy of ammonia is insensitive to the pH value in the alkaline
pH region, while the corresponding binding free energy of ammonium is roughly linearly dependent on
the pH value. If the extracellular pH adopts values significantly below the pK, of ammonium, ammonium
will be the predominant protonation form. Thus, small pH changes in this region will only have a major
effect on the activity of ammonia but not on the activity of ammonium. In effect, the binding free energy
of ammonium is insensitive to the pH value in the pH region well below 9.25, while the corresponding
binding free energy of ammonia is roughly linearly dependent on the extracellular pH value. Similar
considerations apply to the dependence of the binding free energies of the protonation forms of water on
their activities. Figure S1 of the Supporting Information shows plots of the permeant chemical potentials
as functions of the pH value to illustrate the effect of the pH value.

Besides the effect on the permeant electrochemical potentials, the pmf components do also influence
the intrinsic energies of the binding sites. A change in the binding form of the protein sites does in
turn influence the magnitude of their interaction energy with the permeant sites. The magnitude of
these interactions is largest for the charged permeant species due to the dominant contribution of the
electrostatic interactions. The complex network of interactions of the binding sites sites causes the non-
linear dependence of some of the computed binding free energies on the pmf components. The site-site
interactions are also the reason for the weak dependence of some of the binding free energies at the
intracellular sites on the pH gradient that determines the extracellular pH value. These interactions are
not restricted to a small set of other binding sites but include small contributions from many binding sites.
The apolar membrane environment enhances this effect because it leads to a longer range of electrostatic
interactions than a purely aqueous environment.
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Figure S25: Binding free energy for different permeants at the transmembrane pore sites as functions of a proton-
motive force. upper block: pmf consists entirely of an electric transmembrane potential. The pH is set to 7.0 on
both membrane sides. lower block: pmf consists entirely of a transmembrane pH difference, The intracellular pH
is set to 7.0. The extracellular pH is given by 7.0 + pmf/59 mV. For both blocks, the pN is set to 3.0 on both

membrane sides.
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G Free energy schemes with all considered transmembrane pore
states

This section contains plots of the relative free energies of all states of the pore sites considered in deducing
the possible transport mechanisms in the main text. The pH value is set to 7.0 on both membrane sides.
The pN value is set to 3.0 on both membrane sides. Fig. S26 and Fig. S27 show the relative free energies
of the states at a transmembrane potential of —120 mV. Fig. S28 and Fig. S29 show the corresponding
plots at a transmembrane potential of 0 mV.
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Figure S26: Energy level scheme for states of the permeant sites and the twin-His motif (pH = 7.0 and pN = 3.0
=-120 mV). The free energy of each state is plotted relative to the free energy of the
fully water bound state with H157 adopting the Ne-protonated tautomer and H305 adopting the N§-protonated
tautomer. The energy levels are color coded according to the configuration adopted by the twin-His motif as
defined by the legend at the top of the scheme. The species present at the permeant sites (Amla to Am6) are
indicated at the horizontal axis: grey: NHs, blue: NHJ, white H2O, red OH™, green H30™".
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Figure S27: Continued from Fig. S26. Energy level scheme for states of the permeant sites and the twin-His
motif (pH = 7.0 and pN = 3.0 on both membrane sides, Ay = -120 mV). The free energy of each state is plotted
relative to the free energy of the fully water bound state with H157 adopting the Ne-protonated tautomer and
H305 adopting the No-protonated tautomer. The energy levels are color coded according to the configuration
adopted by the twin-His motif as defined by the legend at the top of the scheme. The species present at the
permeant sites (Amla to Am6) are indicated at the horizontal axis: grey: NHs, blue: NH}, white H>O, red OH ™,

green Hs ot.
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Figure S28: Energy level scheme for states of the permeant sites and the twin-His motif (pH = 7.0 and pN = 3.0
on both membrane sides, Ay = 0 mV). The free energy of each state is plotted relative to the free energy of the
fully water bound state with H157 adopting the Ne-protonated tautomer and H305 adopting the N&-protonated
tautomer. The energy levels are color coded according to the configuration adopted by the twin-His motif as
defined by the legend at the top of the scheme. The species present at the permeant sites (Amla to Am6) are

indicated at the horizontal axis: grey: NHs, blue: NHJ, white H2O, red OH™, green H30™".
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Figure S29: Continued from Fig. S28. Energy level scheme for states of the permeant sites and the twin-His
motif (pH = 7.0 and pN = 3.0 on both membrane sides, A = 0 mV). The free energy of each state is plotted
relative to the free energy of the fully water bound state with H157 adopting the Ne-protonated tautomer and
H305 adopting the No-protonated tautomer. The energy levels are color coded according to the configuration
adopted by the twin-His motif as defined by the legend at the top of the scheme. The species present at the
permeant sites (Amla to Am6) are indicated at the horizontal axis: grey: NHs, blue: NH}, white H2O, red OH ™,

green Hs ot.
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Figure S30: Free energy level scheme for states of the permeant sites and the twin-His motif occurring during
different proposals for the permeation mechanism. This figure is similar to Fig. 7 of the main paper, but here
we assume a a total concentration of 1 M for ammonia/ammonium and set all electrochemical transmembrane
gradients to zero. Comparison to Fig. 7 of the main paper shows the effect of accounting for physiologically
relevant values of the permeant concentrations and the electrochemical transmembrane gradients. The species
present at the permeant sites (Amla to Am6) are indicated at the horizontal axis (grey: NHs, blue: NHJ, white:
H20). The free energy of each state is plotted relative to the free energy of the state with all permeant sites
occupied by water, H157 adopting the Ne-protonated tautomer and H305 adopting the Né-protonated tautomer.
The energy levels are color coded according to the configuration adopted by the twin-His motif as defined by the
legend. Connecting lines between the free energy levels are just a guide to the eye and do not imply transition
state energies. The pH is set to 7.0 on both membrane sides. The pN is set to 0.0 on both membrane sides.
At is set to 0 V. a) electroneutral NH3 uniport. b) electrogenic NH] uniport not involving protonation state
changes of the twin-His motif. ¢) electrogenic NH3/H™ symport involving protonation state changes of the twin-
His motif. It is not clear how the restoration of the twin-His motif’s configuration between the last two stages
of this mechanistic scheme will occur microscopically. The restoration might involve a transient reprotonation of
the twin-His motif, proton transfer along the water molecules in the pore lumen and/or a transient reorientation
of the histidine side chains.
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