Automatic Rhodopsin Modeling with Multiple

Protonation Microstates

Gustavo Cardenas,’ Vincent Ledentu,’ Miquel Huix-Rotllant,” Massimo
Olivucci,*Y and Nicolas Ferré*f
T Aiz-Marseille University, CNRS, ICR, Marseille, France
I Department of Chemistry, Bowling Green State University, Bowling Green, Ohio 43403,
United States

Y Dipartimento di Biotecnologie, Chimica e Farmacia, Universita degli Studi di Siena, via

A. Moro 2, 53100 Siena, Italy

E-mail: nicolas.ferre@univ-amu.fr

https://doi.org/10.26434/chemrxiv-2023-q4rw8 ORCID: https://orcid.org/0000-0002-5583-8834 Content not peer-reviewed by ChemRxiv. License: CC BY-NC-ND 4.0


https://doi.org/10.26434/chemrxiv-2023-q4rw8
https://orcid.org/0000-0002-5583-8834
https://creativecommons.org/licenses/by-nc-nd/4.0/

Abstract

Automatic Rhodopsin Modeling (ARM) is a simulation protocol providing QM /MM
models of rhodopsins, capable of reproducing experimental electronic absorption and
emission trends. Currently, ARM is restricted to a single protonation microstate for
each rhodopsin model. Herein, we incorporate an extension of the minimal electro-
static model (MEM) into the ARM protocol to account for all relevant protonation
microstates at a given pH. The new ARM+MEM protocol determines the most impor-
tant microstates contributing to the description of the absorption spectrum. As a test
case, we have applied this methodology to simulate the pH-dependent absorption spec-
trum of a toy model, showing that the single microstate picture breaks down at certain
pH values. Subsequently, we applied ARM+MEM to Anabaena Sensory Rhodopsin,
confirming an improved description of its absorption spectrum when the titration of

several key residues are considered.

1 Introduction

Rhodopsins are a class of photoresponsive transmembrane proteins that are involved in dif-
ferent biological functions, such as vision, ion-gating, and ion-pumping, among others.'™
Despite their wide range of functions, rhodopsins share a common topology consisting of
seven « helices enclosing a retinal moiety which is covalently bound wvia a Schiff base link-
age with a lysine amino acid.®” For the most part, rhodopsin activity is triggered by the
absorption of visible light by the retinal protonated Schiff base (rPSB) and its subsequent
photoisomerization.*®° The functionalities of rhodopsins depend on different factors such
as the nature of their protein sequence, the arrangement of the side chains, the structure of
the interfacial regions, among others.# In particular, in regard to the nature of the protein
sequence, the variations in the absorption or emission properties of the protein due to vari-
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ations in the amino acid sequence is a constant object of study since, remarkably, the

absorption maximum wavelength (Apax), which is related to the energy required to photo-
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activate thodopsins, varies between 420 and 644 nm. 1% The study of the A\.« dependence
on the amino acid sequence is not limited to the field of photobiology itself,!"2%26 but is

27-29

also important for the design of artificial molecular devices and in the field of optogenet-

ics, 39736 whereby selected wild type or mutant microbial rhodopsins are expressed in neurons
to trigger, silence or monitor their activity using specific light wavelengths. Another vari-
able that impacts A\,.x is the pH. Microscopically, the change of protonation state of aspartic
(ASP)/glutamic (GLU) acid, histidine (HIS), lysine (LYS), arginine (ARG), ...which have
titratable side chains (in what follows they will be referred to as titratable amino acids, for
simplicity), modifies the electrostatic potential experienced by the retinal chromophore and
can, thus, tune its light absorption properties.3” 3

The study of the dependence of the rhodopsin function/property on its structure has prof-
ited enormously from the usage of computational methodologies. In fact, the construction
of suitable computational models of the protein would, in principle, assist the experimental
search for rhodopsin mutants with wanted properties. At the same, such models provide

14042 with unmatched

insights into the structure-property relationship at an atomistic leve
detail.

Building an accurate molecular model for any biomolecule is always based on a compro-
mise between its inherent complexity (i.e., the number of input parameters) and the typical
timescale of the property of interest. When one is interested in spectroscopic or reactive
processes occurring in photoactive proteins like rhodopsins, it is then possible to resort to
the so-called QM/MM*3 partitioning of the molecular system: the chromophore is treated
at the quantum mechanical (QM) level while its surroundings are modeled using molecular
mechanics (MM). On the one hand, the accuracy of QM /MM models depends on the choice
of the QM and MM methods, on their interactions, on the treatment of the frontier between
the two subsystems, on the choice of the initial structure, etc.***° On the other hand, the

reproducibility of such QM/MM models depends on the definition of a well-established

workflow.
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The Automatic Rhodopsin Modeling (ARM) simulation protocol®®?! aims at automatiz-
ing the construction of QM/MM for rhodopsin proteins. In practice, ARM only requires a
crystallographic structure and the pH value as input. Following a well-established workflow
(Figure 1) involving a minimal user input, ARM is able to produce absorption or emission
Amax values with an established accuracy of ca. 3.0 kcal/mol (in terms of the mean abso-

lute error - MAE).% However, in some occasions, the deviation from experimental data is
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Figure 1: Schematic representation of the ARM protocol. The entire protocol is subdi-
vided into two parts (each handled by a different driver): the automatic generation of the
(PDB and cavity) input files (green, left) and the QM /MM geometry optimization of the 10
replicas that will constitute the final model (orange, right). The Project.ARM.pdb and the
Project.ARM.cavity files produced by the input generator (left) are the files required by
the QM /MM model generator (right).

much larger (e.g., 20.7 kcal/mol for a particular mutant of channelrhodopsin-2, 15.5 kcal /mol
for Krokinobacter eikastus rhodopsin 2).°° In that case, the user has to make an educated

guess of the origin of this discrepancy and modify the model accordingly. Often, it appears
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that a wrong selection of the protein protonation microstate (defined as the ensemble of the
titratable amino acid protonation states) is responsible for the large deviation from the ex-
perimental data.? The automatic determination of this particular protonation microstate is
based on one parameter in input, the pH value, and on a predicted pK, value for each titrat-
able amino acid. In ARM, these pK, values are obtained using the PROPKA ®2:5 software,
a fast and empirical pK, prediction tool. Such prediction may occasionally fail, especially
when interactions (i.e., correlations) between titrated residues are strong, e.g., when they
are spatially close to part of the same hydrogen bond network.

Assuming that pK, predictions are qualitatively correct, we insist here that the selection
of a single protonation microstate may not suffice. Actually, when the system features a very
large number of protonation microstates (at least 2V where N is the number of ASP, GLU,
HIS, LYS, and ARG amino acids), it is virtually impossible to decide if one and only one
protonation microstate is sufficient for building an effective model capable of reproducing
the target property.

While very expensive yet accurate methods, such as Constant pH Molecular Dynamics
(CpHMD),5* can achieve an efficient sampling of both the motion of the particles and their
protonation microstates simultaneously, some of us proposed a cheap and straightforward
minimal electrostatic method (MEM)3? able to quickly screen the protonation microstate
space so as to determine which amino acid (de)protonations may significantly modify the
Amax Of photoactive proteins, and in what manner. MEM can be used to fit experimental
titration curves such as Apax = f(pH), ultimately determining the pK, values for the most
important amino acids. When experimental data are not available, MEM can be used with
predicted pK, values to identify the important amino acid whose titration would modify
Amax-

On the basis of the above-mentioned capabilities of the ARM and the MEM method-
ologies, in this article, we introduce an improved ARM protocol, quoted as ARM+MEM

in the following, in which the MEM methodology has been incorporated to account for the
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contributions to the overall \,., due to different protonation microstates at a given pH.
After having recalled the most important features of both the ARM protocol and the MEM
methodology — for which slight modifications with respect to the original presentation have
been incorporated, we hereafter present how MEM can be easily integrated into the ARM
workflow. Moreover, we propose a simple numerical approach for reconstructing the pH-
dependent absorption spectrum. Then, we will illustrate how the integrated ARM+MEM
scheme works in the case of a toy model made of the retinal chromophore and 3 titrated
amino acids. Finally, we apply ARM+MEM to the Anabaena Sensory Rhodopsin (ASR)

which is known to feature both Ay.x red-shifting and blue-shifting pH effects.38

2 Methods

2.1 Overview of the ARM protocol

The ARM protocol aims at automatizing the generation of QM/MM models for rhodopsin
proteins designed to qualitatively reproduce Ayax changes. The protocol has been thoroughly
described in the literature; %! In what follows, we will only provide a brief overview of the
methodology. Figure 1 shows a scheme summarizing the ARM protocol, which is subdivided
into two parts: the ARM input generator (Figure 1, green), which generates a formatted PDB
file containing the structure of the rhodopsin of interest with the appropriate protonation
states for all of its titratable residues and the necessary counterions, and the QM /MM model
generator, which partially relaxes the rhodopsin structure before calculating the desired A ax,
as well as more complex properties.

The input generator is handled by the a_arm_input_generator.py driver, which is exe-
cuted in the command line by the user. It consists of a sequence of four steps (five in the
case of mutants) which are executed sequentially to generate the PDB input file necessary
to execute the QM/MM geometry optimizations. The execution occurs in an interactive

fashion along this sequence of steps (Figure 1, left), in each of which the user intervention
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is required to either confirm the selection of a specific parameter by the protocol (e.g., the
protonation state) or to modify and/or customize such selection. Thus, a fully “automated”
execution of the protocol would correspond to confirming all the parameter values selected
by default by the protocol, but customization may (and in some cases should) be performed
at this stage.®

In Step 1, the program is fed with the crystallographic structure (in PDB format) of the
rhodopsin of interest. This step aims at cleaning the structure from potential lipids, detecting
the chromophore residue, and detecting the potential main and secondary counterions of the
rPSB on the basis of some geometric parameters,® and adding missing heavy atoms of chain
residues by means of the PDB2PQR®® software.

Step 2 consists of the determination of the chromophore cavity, that is, the selection of
the residues present in the protein pocket hosting the chromophore which will be allowed to
relax during the classical MD and the QM /MM computations. This selection is performed
automatically by using the FPOCKET?® software.

Step 3 focuses on the determination of the charges of the residues considered to be
titrated along the protein chain (ASP, GLU, HIS, ARG, LYS), and is of crucial importance
since it characterizes the single protonation microstate that will be employed to generate
the QM /MM model. In the current version, it is assumed that the protonation state (and
thus, the charge) of each titratable residue depends on its pK,, which in turn, depends on
the hydrogen bonds, desolvation effect, and Coulomb interactions that the residue of interest
undergoes, as empirically determined using the PROPKA package.>5 Afterward, the state
of the titratable residue is determined from the side-chain (de)protonation equilibrium by

means of the Henderson-Hasselbach®” equation:

H=pK{" +1 1

where pK&¢ is the pK, calculated by PROPKA, and [A~] and [HA] are the concentrations
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of deprotonated and protonated species, respectively, at a given pH. In particular, the pro-

tonation state of each titrated residue is deduced from the Equation (1) by means of a set

of approximated rules: %5

@7l = 1+ 10(_PépK§““) (2)
for ASP and GLU, and

@n = 1+ 102;}1%5““) (3)

for HIS, LYS, and ARG. [Q] and [Q*] are “rounded half to even” integers. Finally, the

following criterion is used to assign the protonation state of the residue of interest:

ASP, GLU, if [Q7] =-1
ASH, GLH, if [Q7] # —1
protonation state = (4)
ARG, LYS, HIS, if [QF] =+1
ARN, LYD, HID/HIE, if [Q+] # +1

In the above notations, ASH (ASP) stands for protonated aspartic acid (deprotonated as-
partate); GLH (GLU) stands for protonated glutamic acid (deprotonated glutamate); LY'S
(LYD) stands for protonated lysine (deprotonated lysine); ARG (ARN) stands for proto-
nated arginine (deprotonated arginine); HIS (HID, HIE) stands for protonated histidine
(deprotonated histidine with the remaining proton bonded to nitrogen, respectively Ny and
N,).

In step 4, the ARM protocol determines the total charges present at the intracellular
(IS) and the extracellular (OS) surfaces of the rhodopsin protein and proceeds to neutralize
them by positioning suitable counterions (Na™ or Cl7) on both surfaces. The IS and OS
are determined by first centering the XYZ coordinates at the protein center of mass, and
then rotating the protein so as to align it with the z-axis by using the ORIENT package

of VMD.® The Na* or Cl~ positions are then automatically determined by the PUTION
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module, described in a previous release.’®®! In the end, the driver generates a PDB file
containing the rhodopsin structure with the selected residue protonation states and necessary
counterions, a “cavity” file containing a list of residues (to be relaxed) present in the cavity
hosting the chromophore, and a python pickle file that keeps track of all the parameters set
in the previous steps for the current project (see Figure 1 left for reference). Notice that here
a project designates a specific rhodopsin for which to generate a model, hence the “Project”
prefix in the generated files in Figure 1. After step 4, the user has the necessary PDB and
cavity files for the subsequent MD and QM /MM computations. In case the user is interested
in studying not only wild-type rhodopsins but also some point mutations, the package has
an extra step in which it ultimately generates one project folder for each mutant of interest
(step 5 on Figure 1 left).°

The driver a_arm gqmmm generator_driver.py handles the generation of the QM/MM
rhodopsin models (Figure 1 right), a script executed in the command line, which exclusively
requires (in its default execution mode) as input files the PDB and the cavity files mentioned
above. This part of the protocol (termed ARM QM/MM) is described in detail elsewhere. **:¢1
In what follows, we summarize the most important steps of the protocol (see Figure 1, right
and section 3). At first, the PDB input structure needs to be protonated since, in most cases,
the initial PDB files stem from X-ray crystallography experiments. This is performed by the
DOWSER®? and the GROMACS® software. Subsequently, an MM minimization and 10
MD simulations of 1 ns are performed (on 10 samples stemming from using different initial
conditions). Subsequently, a sequence of QM /MM (SA-CASSCF %% /AMBER®") geometry
optimizations are performed on these 10 structures, followed by a single point (SP) complete

6870 calculation on each geometry

active space second-order perturbation theory (CASPT2)
to obtain the excitation energies and oscillator strengths.
In the ARM protocol, only the rPSB and the residues composing the cavity hosting the

chromophore are relaxed so that for the most part the structure of the protein backbone

corresponds to the crystallographic structure. This is an approximation that nonetheless
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has provided useful models for most of the rhodopsins modeled in the past?42>5961 at the

corresponding crystallographic pH.

2.2 Extension of the Minimal Electrostatic Model

Using a single rigid rhodopsin (or any other protein incorporating a chromophore) structure,
the simple MEM approach assumes that \,.x, or more precisely AE;_, ;, the energy difference
between electronic states I and J, is tuned by a pH-dependent weighted ensemble of N amino
acid (i.e., residue) (de)protonation probabilities (x; withi = 1,..., N), each of them affecting
the electrostatic interaction with the chromophore charge distribution in its initial and final

electronic states (AE}_, ;),
N

In the original MEM derivation, AEY ., ; was arbitrarily chosen as the vertical transition
energy of the fully protonated microstate (i.e. without any deprotonated amino acid). As a
consequence, x; could only be connected to a deprotonation event, and eventually, AEY . ;
was fitted to experimental data.

Hereafter, we present a modified version of the MEM approach in which AEY . ; can refer
to any reference microstate, for instance, the one coming out of the ARM protocol. Let’s
start by denoting U; the total energy of an isolated chromophore in its electronic state I.
When the chromophore (composed of N, atom centers, each carrying an atomic charge Q%
with coordinates R,) electrostatically interacts with N point charges ¢; with coordinates r;,

which are located sufficiently far from it, its energy can be expressed as:

N Ng ¢ Q[
=Ui+ ) ) kg 5 (6)

i=1 j=a

in which ks is an effective screening factor already presented in the original MEM article.?

10
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The superscript p refers to a given protonation microstate. Indeed, the chromophore en-
vironment is composed of titratable residues, each of them carrying a single point charge,
equal to -1 or 0 or +1 atomic unit, depending on the considered microstate p. U; being the
energy of the bare chromophore, chromophore-environment mutual polarization effects are
ignored in Equation (6).

The vertical transition energy between electronic states I and J, when the environment

is in its protonation microstate p, is expressed as:

AE),, = AUHJJquka Z|r (7)

where AU;_,; = U; — Uy is independent of the environment protonation microstate p.

We suppose that AEY . ; is already known for a particular protonation microstate (for
instance, the one selected by ARM), the reference one which we label with p = 0. Using the
obvious equality AE? , , = AEY ,, + (AEY ,, — AEY ), the transition energy can now be

rewritten:
ol Qs
AE?HJ :AE?—U—’_Z(Qf_qZ ffz | J_RI‘
i=1 @

N
= AE?HJ + Z aipAgb?%J (8>

i=1

o, indicates the variation of the charge for residue ¢ when the protonation microstate changes
from the reference one to the considered one p. Accordingly, oy, = ¢ — ¢ can be equal to
+1 (protonation case), -1 (deprotonation case), or 0 (no change). The quantity A¢}_, ; is the
difference of the electrostatic potential generated by the chromophore in electronic states I

and J, calculated at the position of the residue i as

1oy = klff Z Ir; J_ lgtj (9)

11
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This quantity can also be understood as the absolute change in the vertical transition energy
due to a +1 charge change at residue 7, that is, without any reference to the probability of
this change occurring. In other words, A¢} . ; is a pH-independent quantity. According to
Equation (8), the transition energy of the chromophore interacting with its environment in
a given protonation microstate p is obtained by adding a well-defined correction term to
the transition energy for a reference microstate. This term expresses how the electrostatic
interaction between the chromophore and a given residue changes upon its protonation or
deprotonation.

Taking into account the weights w, of the IV, possible protonation microstates at a given

pH, the transition energy writes:

N’m

AEr,,(pH) =Y w,(pH)AE} (10)

p=1

This expression includes a sum over all the possible microstates. One way to reduce the
number of terms in the sum is based on the weights: we can exclude all the microstates
whose weight is below a given threshold at the considered pH. However, a microstate with
a relatively small weight could significantly contribute to the transition energy because the

pH-independent AEY ., ; term is large. Alternatively, inserting equation (8) in equation (10)

leads to:
N Nom
AE;,,(pH) = AE},, + Z Ady,; Z wp(pH) vy (11)
i=1 p=1

since the sum of all weights is equal to 1. At this point, we need to distinguish between
protonation and deprotonation processes. When the residue ¢ is protonated in the ref-
erence microstate, then «;, is either 0 (no change) or -1 (deprotonation). In that case,
Z;V:ml w,(pH)a;, = —x;(pH), where z;(pH) is the deprotonation probability. Conversely,
when the residue i is deprotonated in the reference microstate, then a;, is either 0 (no
change) or +1 (protonation), resulting in ZIJ)V:ml wy(pH)ay, = 1 — 2;(pH). Hence, equation

can be recast by splitting the IV residues in N, protonated residues and N, deprotonate
11 b t by splitting the N residues in N, protonated resid d N, deprotonated

12
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residues in the reference microstate:

Np Ny
AEr.;(pH) = AE?—M - Z Agbi-ﬁ]:vi(pH) + Z A¢3—>J(1 — z;(pH)) (12)

i=1 i=1

The application of this final MEM expression requires a reference transition energy
AEY ., ;, a N-long list of pH-dependent deprotonation probabilities x;(pH) (deriving from
their corresponding pK, values) and a N-long list of differential electrostatic potentials
A@}_, ;. The latter information can typically be obtained from ARM, eventually justifying

our proposition to merge MEM into ARM.

2.3 The MEM-+ARM protocol

The scope of the present work is to extend the ARM protocol to include the MEM method-
ology so as to simulate the absorption spectrum of rhodopsin at a given pH. The spectrum is
resolved in terms of the most relevant protonation microstates that contribute to the overall
Amax Of absorption. Therefore, the role of the MEM methodology is to unravel these mi-
crostates on the basis of the ARM calculation on an initial protonation microstate. Thus,
the AE;_,; provided by the MEM methodology (and the corresponding contributions due to
different amino acids) are to be considered qualitative, whereas the actual spectrum is con-
structed by performing actual ARM calculations on top of all the protonation microstates
suggested by the MEM analysis. In what follows we describe the MEM outcome when
applied following a single initial ARM calculation, and subsequently the way it has been
incorporated into the protocol, so as to automatically obtain the excitation energies of all
the relevant microstates.

As mentioned in subsection 2.1, the ARM protocol provides all the information needed
for running MEM: (i) a structure in a given protonation microstate, (ii) a set of pK, values
for all titratable residues, (iii) a set of chromophore atomic charges for each considered

electronic state and (iv) the corresponding transition energies. While (i) and (iii) are used

13
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1) Setup initial PDB
2) Determine cavity
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Initial microstate
[GLUA4, HIS8, HIS21, LYS210, ASP217, HIS219]
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Figure 2: Schematic representation of the general ARM+MEM protocol. Each protonation
microstate (MS) is coded in terms of a vector containing the charges of all titratable residues.
In this example, the initial MS is a vector of 6 titratable residues of the ASR (in a real case,
the length of the vector is 44). The protocol starts with an MS suggested by the ARM input
generator (via PROPKA, green boxes) after which the standard ARM QMMM protocol is
executed (see Figure 1 for reference). A MEM analysis is then performed for each resulting
sample (blue). Subsequently, the protocol iterates over the MSs suggested by the MEM
analysis differing in the protonation of one residue (gray boxes), and if the new MS has not
already been accounted for, it is saved in a MS _list variable and the protocol generates a
new ARM project for the new MS and executes again the ARM+MEM analysis.
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to compute the differential electrostatic potentials A¢;_,;, (ii) is necessary for estimating
the deprotonation probabilities x at the considered pH, and (iv) is the reference transition
energy AEY .

The MEM analysis provides the most relevant titratable residues in terms of their con-
tributions to the overall AE;_,; (Equation (12), once a suitable threshold has been chosen.
This effectively reduces the number of potentially relevant protonation microstates by reduc-
ing the dimensionality of the titratable residue space. Besides the relevant MS, the MEM
analysis also provides their corresponding weights (see Equation 13 below). In this work,
each protonation microstate is characterized by a vector containing the total charges of all
the relevant amino acids (ordered by index) at a specific protonation state. For example,
suppose that the ARM protocol applied on the Anabaena Sensory Rhodopsin suggests as
the (initial) protonation microstate one in which GLU4, HIS8, HIS21, LYS210, ASP217 and
HIS219 have charges -1, 0, 1, 1, 0, 0, respectively (represented as the vector [-1 011 0 0] in
Figure 2). Then, once the standard ARM protocol has been applied and has generated 10
samples, a MEM analysis applied on each of these samples will provide the energy contri-
bution to AE;_,; due to each amino acid (and hence will provide the most relevant amino
acids), and a list of all of the possible protonation microstates (in this case, 25) with their
corresponding weights (or probabilities). The weight of each microstate is computed as the
product of the molar fractions of all of the relevant amino acids that define the microstate,
each molar fraction being z;(pH) (i.e. the deprotonation probability) if the i** residue ap-
pears deprotonated, or 1 — z;(pH), if it instead appears protonated. Thus, for example, the

weight of [0 0 1 1 0 0] will be given by

Wioo1100] = Terua®rrss(1 — Trys210) (1 — Tasp217) THis219 (13)

where the pH dependency of the molar fractions has been omitted for clarity.

Since MEM provides the energy shifts associated with the (de)protonation of one amino
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acid at a time, only microstates that differ by one protonation state of a specific amino acid
with respect to the reference (ARM) microstate - singly (de)protonated as shorthand - can
be reliably considered. As a result, to account for all of the relevant microstates at a specific
pH, an iterative procedure needs to be adopted, whereby after each ARM+MEM analy-
sis, each of the singly (de)protonated microstates suggested undergoes a new ARM+MEM
protocol, which provides access to “doubly” deprotonated microstates. The procedure is
repeated until 1) all of the possible microstates within the reduced space of amino acids have
been considered, or 2) all of the microstates above a previously defined threshold have been
accounted for, see Figure 2. Notice that when a subsequent ARM+MEM iteration is per-
formed on a microstate other than the initial reference, the input generator is executed, but
the default PROPKA execution is ignored, as the protonation MS it suggests is superseded
by the selection of the protonation MS of interest of the current iteration. This is exemplified
in Figure 2 by indicating that the input generation starts at step 4 — all of the parameters
of the input of the initial reference are kept, apart from the protonation microstate.

The number of iterations of the loop shown in Figure 2 is not infinite, since only a finite
amount of singly (de)protonated microstates is suggested after the MEM analysis. Each
new MS is stored in a MS_list variable, so that microstates that appear in subsequent
ARM+MEM iterations but have already been stored in MS _list are ignored. In this way,
an ARM+MEM calculation on the same microstate is only performed once. A chosen test
case (subsection 4.1) exemplifies such a behavior.

Finally, note that each of these extra ARM calculations results in a new transition energy,
provided by the average of 10 replicas per microstate. Since the weights of the corresponding
protonation microstates are already known — Equation (13), the construction of the total
spectrum is straightforward, assuming a Gaussian shape for each electronic transition. At a

given pH, the absorbance A at a given energy w = AFE;_,; is computed as a weighted sum
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of contributions due to n,, protonation microstates (n,, < N,):

Alwip) = Y F(pH)esp (—“”;—‘”) (1)

in which average oscillator strengths fp and transition energies w, are introduced for each

protonation microstate p:

N

_ 1
fo(pH) = wy(PH) 55 > 7 (15)
s s=1
and
1 X
wp = N7 ;wg’ (16)

NP denotes the number of ARM structures (usually 10) obtained in each microstate, each of
them being characterized by a CASPT?2 transition energy w? and its SA-CASSCF oscillator
strength f. Note that w,(pH) represents the normalized weight of the microstate p (i.e.

Zp w, = 1), as only a reduced set of protonation microstates is considered.

3 Computational Details

All of the computations involving the ARM protocol were performed using a development ver-
sion of the ARM® package. For the simulation of the pH-dependent spectrum of Anabaena
Sensory Rhodopsin, both the 1XIO™ and the 2M3G ™ were used as the initial structures for
the ARM protocol. As described in subsection 2.1, each ARM calculation involves a single
MM energy minimization, followed by 10 classical MD relaxations - in both cases using the
GROMACS® software - and QM /MM geometry optimizations, in which the cavity residues
and the rPSB moiety are relaxed. The system is described by the AMBER94 force field, ex-

cept for the rPSB, whose force field parameters correspond to those developed and employed
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in previous works.%737™ The MD relaxation consists of a 50 ps heating following a 150 ps
equilibration and an 800 ps production simulations, in all cases in the NVT ensemble using
a Berendsen thermostat.”™ The final structures of the MD simulations are used as the initial
guesses for the subsequent QM /MM geometry optimizations, in which rPSB (53 atoms) is
described quantum mechanically and the rest of the system is described by the AMBER94
force field. The QM/MM boundary is treated by means of a link atom approach,”" in
which a hydrogen atom is placed between the Cs and C. atoms of the lysine moiety, where
C, is a QM atom. The interaction between the QM and the MM subsystems was accounted
for by employing the electrostatic potential fitting (ESPF) metholodogy. ™

The QM/MM protocol itself consists of a sequence of geometry optimizations at the
HF/3-21G /MM, then at the complete active space self-consistent field (CASSCF) level of the-
ory - CASSCF(12,12)/3-21G/MM first, then CASSCF (12,12)/6-31G*/MM. The CASSCF
active space includes the retinal full 7-system. The final step in the standard ARM pro-
tocol®%6! consists of a three-root State Average (SA) CASSCF(12,12)/6-31G*/MM and a
subsequent CASPT2 single point (SP) calculation; for the latter, an imaginary shift of 0.2
Ha was employed to avoid the presence of intruder states, and the IPEA was set to 0.0 Ha,
as recommended in the literature. ™

As the MEM methodology assumes that the point charges of the rPSB are computed in
a vacuum, an extra SP three-root SA-CASSCF(12,12)/6-31G* /MM calculation is performed
on top of the optimized geometry so as to retrieve such charges. Thus, the input for the MEM
step in the ARM+MEM protocol (blue boxes in Figure 2, right) consists of the CASPT2
vertical excitation energies, the rPSB point charges in a vacuum, and the charges of the
titratable residues that define a given protonation microstate. In the MEM analysis, we
have applied an Energy threshold of 0.01 kcal /mol. For all the geometry optimizations and
the SP calculations involved in the ARM protocol, the OpenMolcas® software was used in
81

conjunction with its interface with the Tinker molecular dynamics program.

The rPSB geometry was extracted from one of the ARM CASSCF-optimized geome-
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tries for the toy model, and the OpenMolcas inputs were generated using the MoBioTools

toolkit. 32

4 Results and Discussion

4.1 Toy Model

This first application is meant to illustrate how the ARM+MEM protocol works. In order to
reduce as much as possible the number of parameters, a toy model consisting of the retinal
chromophore in the QM subsystem and three titratable residues in the MM subsystems
(denoted as Ry, Ry, and Rg3) was chosen. In this model, the three titratable amino acids are
represented as three single-point charges whose values are either 0 (protonated case) or -1
(deprotonated case), in atomic units, so that the protonation space contains 8 microstates.
In what follows, we will use the notation [n; ns ns] (n; = 0 or -1), indicating the protonation
states of R, Ry and Rjs, respectively, to refer to each microstate. Thus, for example, the
microstate [0 0 0] refers to the fully protonated situation, whereas [-1 0 0] corresponds to
the situation whereby only R, is deprotonated. We have also chosen to bypass the geometry
relaxation/optimization steps in ARM, i.e., we are keeping frozen the geometry of the toy
model, as shown in Figure 3. The results obtained in this section do not aim at simulating
the pH-dependent spectrum of a real system, but instead exemplify the simplest case scenario
in which only the variation of the protonation microstates is accounted for.

R; is located on the protonated Schiff base side of the rPSB chromophore: its depro-
tonation is expected to cause a Amax blue-shift.?38 Ry is located on the S-ionone side of
the retinal chromophore. Its deprotonation is expected to cause a Ayayx red-shift. 838486 Ry is
located close to the middle of the retinal chromophore: the effect of its deprotonation cannot
be foreseen easily. To assess the efficiency of the MEM analysis in unraveling the protonation
microstates that contribute to the absorption spectrum of the rPSB moiety in the presence

of the aforementioned titratable residues, we have arbitrarily fixed their pK, values to 4.5,
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R1 (pKa = 4.5)
R2 (pKa = 5)
R3 (pKa = 6)

Figure 3: (a) Top and (b) side views of the toy model, featuring an all-trans rPSB chro-
mophore and three titrated residues: the Ay blue-shifting Ry, the A\, red-shifting Ry and
R;. The distances from the center of mass of the retinal are 8.06 A, 6.01 A, and 6.07 A

respectively

5.0, and 6.0, and considered a range of pH values between 3 and 7. Within this pH range,
we ensure that all the possible microstates occurring in our 8-sized protonation space are
accounted for while considering the population of each microstate at each pH value in that
range, as can be evidenced from Table 1.

The original ARM protocol considers a single protonation microstate to generate the
model of a rhodopsin protein at a given pH. Thus, for each pH value between 3 and 7, we
will refer to that protonation state as the “reference” or “initial” microstate, in the context of
subsequential applications of ARM and MEM. In regard to the study of our toy model, what
should be an ARM+MEM iteration, it will be in practice a CASPT2 + MEM calculation
since, as stated above, we are avoiding any geometry relaxation effects. By default, the
reference microstate at a given pH value will correspond to the most populated one, so that
according to Table 1, at pH=3 and pH=4 it will be [0 0 0], at pH=5 either [-1 0 0] or [-1
-1 0] — in this case, the selection is entirely arbitrary — at pH=6 either [-1 -1 0] or [-1 -1
-1], and at pH=7 it will be [-1 -1- 1]. We will start by considering the outcome of the first

ARM+MEM iteration.
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Table 1: Protonation microstate populations at pH values between 3 and 7. In
the first 3 columns, the label 0 indicates the corresponding residue is protonated
(¢.e. electrically neutral), and the label -1 means it is deprotonated (i.e. electri-
cally negatively charged). The deprotonation probability of a single residue R;
is given by z; = (1 + 10PX«i=PH)~1 and its protonation probability is simply 1 — z;.

Rl RQ Rg pH:3 pH:4 pH:5 pH:6 pH:7
0 0 0| 09 068 011  0.00 0.00
6 0 -1| 000 000 001 000 0.00
0 -1 0} 000 007 011 0.01 0.00
0 -1 -1| 0.00 000 0.01 0.01 0.00

-1 0 0] 003 022 035 004 0.00

-1 0 -1} 000 0.00 003 004 0.00

-1 -1 0] 000 002 035 044  0.09

-1 -1 -1} 000 000 003 044 090

Figure 4 (left) shows this situation for the range of pH values under consideration: for each
reference microstate, the MEM analysis provides a shift of the reference Sy — S; transition
energy due to single (de)protonation — in other words, each of the weighted A¢y, _, ¢ factors
present in either sum (depending on whether it is a protonation or deprotonation event)
in Equation (12). With this information, one can determine which protonation microstates
need to be accounted for to simulate the absorption spectrum of the chromophore at a given
pH. Given the energy threshold of 0.01 kcal/mol, it can be evidenced that at pH=4 (ref. [0 0
0]), both [-1 0 0] and [0 -1 0] induce some relevant energy shifts. Therefore, both microstates
need to be considered for a subsequent ARM+MEM iteration.

From the results in Figure 4 (left), it can be observed that the MEM analysis qualita-
tively predicts the CASPT?2 transition energy shifts following the (de)protonation of specific
residues in our toy model; for example, the deprotonation of Ry in [0 0 0] induces a blue-
shift (and its protonation in [-1 0 0] a redshift, see pH=5), whereas the deprotonation of Ry
induces a redshift. However, these energy shifts are not quantitative. In order to obtain ac-
curate excitation energies due to each of these microstates, a further ARM+MEM iteration
needs to be performed using each of them as a reference. These subsequent iterations are

shown in Figure 4 (center, right). For example, the results obtained using the microstates
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Figure 4: Schematic representation of the outcome of an ARM+MEM calculation applied
to the toy model. Each table represents an iteration of the ARM+MEM protocol, using, in
each case, as the reference the microstate marked with an X. The 8 possible microstates are
represented on the z axis of each table. Given a reference microstate, the dashed squares
represent microstates that are not accessible by the MEM protocol at a given iteration. For
each plot, the y axis gives the reference microstate probabilities (weights) at a given pH. The
heatmap colors represent the Sy — S; transition energy shift (with respect to the reference
microstate, in kcal/mol) obtained by the MEM analysis.

suggested by MEM as “secondary” references during the first iteration appear in Figure 4
(center). Noticeably, in the case of pH values 4, 5, and 6, it can be evidenced that new
relevant microstates emerge following the second ARM+MEM iteration; for example, with
[-1 0 0] as the reference microstate at pH=4, the deprotonation of R2 induces a redshift, so
that [-1 -1 0] would need to be accounted for in a subsequent ARM+MEM iteration. Similar
situations can be evinced at pH=5 and pH=6 — Figure 4 (center). At the third iteration —
Figure 4 (right) — at pH values 4, 5, and 6, only microstates that have already been consid-
ered in the previous iterations induce relevant energy shifts. Thus, no further iterations are
required, 7.e., the ARM+MEM protocol has attained convergence.

In the case in which a microstate that stems from a multiple (de)protonation of a given
reference induces a relevant energy shift, a single ARM+MEM iteration would not suffice
to determine all the relevant microstates at a given pH. That was the case, for example,

at pH=Db, whereby the initial reference microstate was [-1 0 0], but the energy shift of [0
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-1 0] was unraveled only after the second iteration (Figure 4, left and center, respectively).
The reason can be evinced from the fact that all of the weighted energy terms present in
both sums of Equation 12 are ascribed to single (de)protonation events (e.g., [0 0 0] to [-1
0 0]), whereas the energy shifts due to multiple simultaneous (de)protonation events (e.g.,
[-1 0 0] to [0 -1 0], as in the case of pH=>5) are not directly accessible (unless one assumes
that the energy shifts due to individual protonation changes are additive, which need not be
the case). This feature, indeed, is the main advantage of the ARM+MEM approach. The
microstate subspace is progressively expanded by adding only the most important titratable
amino acids, i.e., only the ones that will contribute significantly to the transition energy
at a given pH value. This is particularly important when one remembers that the total
protonation space is as large as 2" (N is the total number of titratable residues).

The final step to describe the absorption spectrum of the retinal chromophore in the
presence of different titrated residues at a given pH is to consider the excitation energies and
oscillator strengths due to all relevant protonation microstates. In order to account for the
populations of the different microstates at each pH value, we weigh each oscillator strength
by the corresponding population probability. Since we have considered a range of pH values,
it is possible to obtain a pH-dependent absorption spectrum for the toy model, as can be
evidenced from Figure 5.

It can be seen that at pH=3, the only relevant microstate is [0 0 0], so the spectrum
consists of a single absorption band (or stick, in the case the band is not computed via
a broadening or sampling technique). As the pH increases, the contributions of different
microstates become relevant. For example, at pH=4 one can evidence the contribution of [-1
0 0], whose excitation energy is blue-shifted with respect to that of [0 0 0], as expected. This
result had also been qualitatively anticipated by the first MEM analysis at pH=4 (Figure 4
left). At pH=b5, it can be observed the contributions due to all four microstates suggested
by the MEM analysis. In particular, one can evidence the contribution of [0 -1 0], which is

strongly red-shifted with respect to [0 0 0]. At pH=6 the contributions due to [-1 0 0] and [0
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Figure 5: pH-dependent S, — S; absorption spectrum of the toy model at the
CASPT2(12,12)/6-31G* level of theory, between pH=3 and pH=7. The spectrum is resolved
to the contributions of all the relevant microstates (black solid bars) at each pH value. The
spectra have been broadened using Gaussian functions of full width at half maximum of
0.1 eV. The spectra have been rescaled by the oscillator strength at pH=7 (1.11). All the
relevant microstates are shown at the top of the picture, and their excitation energies are
evidenced by vertical dashed lines for comparison purposes.
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-1 0] are no longer present, whereas a band due to [-1 -1 -1] can now be observed. At pH=7

the only contribution to the spectrum is due to the fully deprotonated microstate [-1 -1 -1].

4.2 Anabaena Sensory Rhodopsin

ASR is a photoactive transmembrane protein in which the retinal chromophore is found
in two configurations, all-trans (AT) and 13-cis (13C) along the protein photocycle. ASR
absorption maximum energy features a tiny but sizable 2 nm red-shift between pH=3 and
pH=5, then a larger 6 (AT) to 10 nm (13C) blue-shift between pH=5 and basic pH.** Some
of us succeeded in reproducing such a trend using the computationally expensive CpHMD-
then-QMMM protocol.®” Moreover, we were able to highlight which titratable amino acids
are responsible for these pH-induced variations.

In Ref. 87, the A\.x value was exclusively determined in terms of contributions to the
excitation energy due to (de)protonation events, without attempting to simulate the line-
shape of the absorption spectrum. In the present work, we simulate the transition spectrum
by considering the contribution of all the relevant microstates not only in terms of their
excitation energies but also of their oscillator strengths (section 2.3) In particular, notice
that the latter depend on the pK, values via Equations 15 and 13. Although not as high
in quality as those obtained using CpHMD, in the present work we use the values obtained
by PROPKA, which is executed on the fly when running the ARM+MEM protocol. Thus,
in what follows we test whether this protocol is capable of reproducing the pH-dependent
behavior of ASR for both the AT and the 13C retinal chromophore configurations.

The ASR structures used as the initial input for the ARM-+MEM protocol consist of
1XI0,™ obtained by means of X-ray crystallography experiments at pH=5.6 (Figure 6(A))
and 2M3G, ™ obtained by means of NMR experiments at pH=9 (Figure 6(B)). The cavity,
which consists of 20 residues surrounding the rPSB moiety, is the portion of the system
(along with the rPSB itself) that will be optimized during the initial ARM protocol and

subsequent ARM+MEM iterations. Therefore, most of the protein residues will keep their
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Figure 6: Schematic representation of the structure of the ASR model, obtained from a)
the 1XIO™ crystallographic structure and b) the 2M3G™ NMR structure. The displayed
ribbon representation of the backbone suggests a substantial structural difference. In both
cases, the rPSB moiety is represented in orange, the ASP75 counterion is represented in
yellow and the cavity is represented in green. The cavity consists of the following residues:
73, 75, 76, 80, 83, 109, 112, 113, 116, 132, 135, 136, 139, 176, 179, 180, 183, 198, 209 and
210. The most relevant residues that induce significant excitation energy shifts according to
the present work are represented in blue (blue-shifting) and red (red-shifting).

initial crystallographic structures.

Figure 7 shows a comparison between experimental and the 1XIO-based ARM+MEM
calculated absorption spectra of ASR with the retinal chromophore in its AT and 13C con-
figurations, at different pH values.

Both the AT and the 13C calculated spectra are in good agreement with the experimental
lineshapes at pH=5 (orange), presenting Ayax differences of 5.8 and 14.3 nm, respectively,
from the experimental Ap.c. At pH=7 (blue) and pH=9 (purple), the agreement with the
experimental A,.x worsens. The fact that the discrepancies with the experimental spectra
increase as one moves further away from the crystallographic pH (of 5.6 for 1XIO) suggests
two possible explanations: (i) structural changes are important when moving towards higher

pH values, (ii) PROPKA pK, predictions at pH=7 and pH=9 are not of the same quality
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Figure 7: Experimental®® and simulated spectra (via ARM+MEM) of a) AT and b) 13C
ASR at pH=5 (orange), 7 (blue) and pH=9 (purple), starting from the 1XIO™ structure.
The vertical bars represent each of the average excitation energy and oscillator strength
(Equations 15 and 16) of a given protonation MS. The gray vertical full and dashed lines
correspond to the ARM+MEM and experimental A... A full width at half maximum of 0.3
eV (before converting to nm) was used to construct the Gaussian broadening. The weighted
oscillator strengths have been normalized for comparison purposes.

as they are at pH=5. In spite of this, the ARM+MEM protocol correctly predicts a blue-
shift for AT between pH=5 and pH=7, followed by a negligible variation of Ay.. between
pH=7 and pH=9 - Figure 7(a), and a consistent blue-shift between pH=>5 and pH=9 in the
case of 13C - Figure 7(b). Noteworthy, in the case of the stand-alone ARM protocol,*® the
calculated A, was associated with a single protonation MS, which is the same that in the
ARM+MEM protocol is denoted as the initial reference MS - see the thicker vertical bars
in Figure 7, labeled as ARM A,... The application of the ARM+MEM protocol however
clearly evidences that a single protonation MS does not suffice to properly describe the
lineshape of the absorption spectrum of a given rhodopsin. This is particularly evident by

the simulated spectra of ASR (1XIO) at pH=5, whereby up to 6 (8) protonation MS have
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been shown to be relevant to describe the overall spectrum of the AT (13C) configuration of
the rPSB (Figure 7, orange and Table 2). It can also be evidenced from Figure 7 and Table 2
that the initial reference MS suggested by ARM (by applying PROPKA on top of the initial
PDB structure) need not be the most populated one. This is due to the fact that the pK,
values used to determine the population of each MS are obtained by applying PROPKA
during the MEM analysis on top of the CASSCF optimized geometries, and thus need not
coincide with the pK, values computed at the beginning of the protocol (Figure 2). That
further emphasizes the importance of accounting for different protonation microstates and
their relative populations.

Another source of information provided by the ARM+MEM protocol is obtained, as in
the case of the toy model (subsection 4.1), by analyzing the character of the protonation MS
whose excitation energies are blue or red-shifted with respect to the initial reference MS.
This is particularly important when considering singly (de)protonated microstates, as in
those cases one can directly associate the (de)protonation event of a specific amino acid with
a blue- or red-shifting character. Table 2 contains the average energy, the weighted oscillator
strength, and the population of all the relevant MS for AT (top) and 13C (bottom), at pH
values 5, 7, and 9. In that table, each MS is described as a vector of the amino acids HISS,
HIS21, GLU36, HIS69, ASP198, ASP217, and HIS219 ([H8 H21 E36 H69 D198 D217 H219|
for shorthand), whereby at each position it is reported the charge of each amino acid (-1, 0
or 1). Thus, for example, at pH=5 the initial reference MS corresponds to [0 10 00 0 1], and
it can be evinced from Table 2 that the deprotonation of H21, H219, and the protonation of
H69 (0000001],[0100000]and [010 10 0 1], respectively) induce a blue-shift with
respect to the reference. Likewise, at pH=7 it can be evidenced that the deprotonation of
E36 induces a blue-shift, whereas the protonation of D217 induces a redshift. These blue and
red-shifting amino acids are evidenced in the schematic representation of the 1XIO structure
of ASR in Figure 6(a).

The discrepancy between the 1XIO-based computed spectra and the experimental ones
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Table 2: Average excitation energies (in nm), oscillation strengths, and weights
of the microstates that contribute to the overall absorption spectra of AT (top)
and 13C (bottom) ASR at pH values 5, 7, and 9, using the 1XIO structure. The
microstates are represented following the vector notation introduced in section
2.3, whereby the residues considered are either neutral or have relevant contribu-
tions to the overall )\, following a (de)protonation event. For each considered
pH the initial (ARM) reference MS is indicated by an asterisk.

1XIO (exp. ASR structure at pH=5.6)

pH Microstate wp nm]  fo(pH)  w,
[H8 H21 E36 H69 D198 D217 H219]
AT
5 0000O0O0OC 526.3 0.15 0.12
0000O00O01 542.9 0.10 0.08
0100000OC 543.9 0.44 0.34
0101000 546.3 0.16 0.12
0101001 555.3 0.14 0.10
010000 1]* 558.8 0.32 0.23
7 00-10-100 491.1 0.05 0.04
00-10-1-10 494.0 0.09 0.09
000O0-1-10]* 509.2 0.64 0.57
0000-100 514.5 0.34  0.30
9 [00-10-1-1 O 5125 115  1.00
13C
5 0001000O0 511.5 0.04 0.04
000000O0O 516.1 0.10 0.09
0000O0O01 519.1 0.07 0.07
0001001 523.2 0.03 0.03
0100001 523.5 0.30 0.29
0101000 527.4 0.14 0.13
010000 1]* 534.7 0.26 0.23
0101000 542.3 0.13 0.11
7 00-10-1-10 478.2 0.08 0.09
000O0-1-10]* 488.6 0.51 0.56
00-10-100 501.5 0.05 0.05
0000-100 508.0 0.30 0.30
9 [00-10-1-1 0)* 476.9 0.86 1.00
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Figure 8: Experimental®® and simulated spectra (via ARM+MEM) of AT ASR at pH=5
(orange), pH=7 (blue) and pH=9 (purple), starting from the 2M3G ™ structure. The vertical
bars represent each of the average excitation energy and oscillator strength (Equations 15
and 16) of a given protonation MS. The gray vertical full and dashed lines correspond to the
ARM+MEM and experimental \,... The green bar represents an ARM calculation using an
MS in accordance with the NMR structure. A full width at half maximum of 0.3 eV (before
converting to nm) was used to construct the Gaussian broadening. The weighted oscillator
strengths have been normalized for comparison purposes.
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at pH=7 and pH=9 could be either attributed to the lack of pH adaptation of the ASR
structure and/or the bad quality of some predicted pK, based on the structures at high
pH values. In order to disentangle these two effects, we consider another experimental
structure, 2M3G, as an alternative input for ARM+MEM. The latter structure has been
obtained at pH=9 and provides positions of hydrogen atoms. Accordingly, it should result
in a more accurate absorption spectrum at this pH value. Figure 8 shows the experimental®®
and the ARM+MEM calculated absorption spectra of the AT configuration of the retinal
protonated Schiff base in ASR using 2M3G (model 6a, the latter showing the smallest protein
backbone root mean square deviation with respect to 1XIO, 3.2 A). The same cavity was
used as in the case of the 1XIO-based results so as to have the initial structure as the sole
difference between the two sets of results. While the experimentally reported pH-induced
blue-shift is reproduced, the A.x position is clearly off by more than 40 nm. In the default
ARM protocol,® the initial structure is considered without hydrogen atoms (even if they
are present in the PDB file), and these are added only at a subsequent step, once the
pK, values - and thus, the protonation state of all the titratable amino acids - have been
determined. This is important because in the 2M3G structure, hydrogen atoms are present,
and in particular it shows histidines H8, H21, H69, and H219 protonated; the corresponding
MS would be [1 1-11-1-1-1 1], see Table 3 for reference. However, according to the MS
populations derived from PROPKA during the ARM+MEM protocol, no MS having these
four histidines protonated is relevant and thus, does not appear among the microstates that
contribute to the overall spectrum at pH=9. Considering all the alternative conformations
also present in 2M3G, PROPKA pK, values for these histidines are always lower than 8, i.e.
they are deprotonated at pH=9 according to PROPKA. Nonetheless, an application of the
ARM protocol using this MS provides a Apa, of 551.1 nm, much closer to the experimental
value (Figure 8). Further confirmation is provided by the computation of the ASR spectrum
at pH=9 based on the 1XIO structure and on the 2M3G protonation microstate: Ap., =551

nm. Accordingly, changing the input ASR structure results in a 0.1 nm Ay, difference
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only. These results evidence an important point at which the ARM+MEM protocol could
be subject to improvement, as in some cases - and for some initial structures - more accurate
and/or reliable pK, values than those obtained with PROPKA would need to be accounted
for.

Table 3: Average excitation energies (in nm), oscillation strengths, and weights
of the microstates that contribute to the overall absorption spectra of AT ASR
at pH values 5, 7, and 9, using the 2M3G structure. The microstates are rep-
resented following the vector notation introduced in section 2.3, whereby the
residues considered are either neutral or have relevant contributions to the over-
all \,.. following a (de)protonation event. For each considered pH the initial
(ARM) reference MS is indicated by an asterisk.

2M3G (exp. ASR structure at pH=9)

pH Microstate wp nm]  fr(pH)  w,
[H8 H21 E36 H69 D120 D198 D217 H219]
AT
5 0100000 1)* 541.5 1.18 0.81
010060-101 545.6 0.27  0.19
7 00-1060-1-10 500.8 0.22 0.17
00-10-1-1-1 O* 505.4 044  0.35
0000-1-1-10 517.3 0.08 0.06
00-100-100 525.1 0.22 0.16
00-10-1-100 536.4 0.34 0.25
9 [00-10-1-1-1 O 505.4 123 1.00

The interdependence between computed pK, values and the ASR structure is further
evidenced at pH=5, whereby the initial reference MS in the case of 2M3G has the residue
ASP120 deprotonated (Table 3) at pH=9, whereas in the case of 1XIO, this amino acid
is protonated at all pH values. This difference impacts the number of protonation MS
ARM+MEM has to consider. Using 2M3G at pH=b5, there are two relevant MS to account
for the absorption spectrum, whereas, in the case of 1XIO (Table 2), there were 6 for the AT
and 8 for the 13C configurations of the rPSB. In particular, one of the 2M3G microstates
at pH=b involves the deprotonation of D198, a situation not met in the case of 1XIO. This
may be associated with the fact that on 2M3G, D198 is present in the cavity (Figure 6), so
that its structure is being modified during the CASSCF geometry optimizations, unlike in
the case of 1XIO.
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Finally, and regardless of the above-mentioned limitations, it is noteworthy that at pH=>5
and especially at pH=7, the current ARM+MEM protocol provides a slight improvement to

the A\nLax to those obtained solely with the default ARM protocol, as evidenced in Figure 8.

5 Conclusions and Perspectives

In this work, we have incorporated the minimal electrostatic model (MEM) analysis within
the ARM®° protocol to determine in a cost-efficient way the most relevant protonation mi-
crostates describing the absorption spectrum of rhodopsins at a given pH. This has been

t39 — to any reference MS

done by generalizing MEM — developed by some of us in the pas
besides the one associated with a fully protonated situation. The new ARM+MEM protocol
allows for modeling the absorption spectrum of rhodopsins in those situations beyond the
frequently adopted single microstate picture to properly describe the spectral lineshape.

The ARM+MEM protocol starts with an initial ARM execution for a reference mi-
crostate, followed by a MEM analysis to determine the microstates that induce an excitation
energy shift above a predetermined threshold and have a non-negligible population. These
microstates are singly (de)protonated with respect to the reference, so new ARM+MEM
calculations are performed self-consistently until all relevant microstates are found. The
final spectrum is reconstructed using the excitation energies and the (weighted) oscillator
strengths of these microstates.

We applied the ARM+MEM protocol on a toy model with three fixed pKa titratable
sites that can tune the excitation energy of the chromophore, showing that at certain pH
values, the single protonation microstate approximation breaks down. Subsequently, we have
simulated the pH absorption spectrum of ASR protein at pH values 5, 7, and 9, using the
1XIO (pH=5.6, retinal AT and 13C configurations) and the 2M3G (pH=9, retinal AT only)
as the initial structures. A good agreement between the experiment and the ARM+MEM

simulations was observed at pH=b, although the agreement worsened at higher pH values.
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Nonetheless, the expected blueshift between pH=5 and pH=7, and (in the case of 13C)
between pH=7 and pH=9 was correctly reproduced, without relying on computationally
expensive pK, determinations. Noteworthy, in some situations such as at pH=7 the A,
obtained with the standard ARM protocol was improved by the ARM+MEM methodology.
In the case of 2M3G, there was not a good agreement with the experiment at high pH values,
in particular at pH=9. An ARM calculation using the MS with all the histidines protonated
— as observed from the NMR experiments”® — provides a closer agreement with the exper-
imental value. This suggests that there is still room for improvement in the ARM+MEM
protocol, in particular concerning the determination of the reference pK, values.

The above-documented results suggest interesting perspectives. The first (i) point would
be the study of the pH-dependent photoisomerization dynamics with initial conditions re-
flecting the population of the microstates. In other words, these initial conditions would
be consistent with the best-computed absorption band. (ii) Given the observed structural
deformation possibly induced by the change in pH (see figure 6), the ARM protocol could
be further developed to produce a model containing a fully flexible protein and its environ-
ment (membrane), especially when the pH of interest is not close to the one at which the
crystallographic structure has been experimentally obtained.

Nonetheless, for the most part, the ARM+MEM protocol in its current stage is capa-
ble of providing further insights into the underlying structure of the absorption spectra of
rhodopsins in particular the influence of the (de)protonation of one or more titratable sites
on the transition energy at a specific pH. This knowledge can provide useful information to
be accounted for once certain properties that result in the (de)protonation of these groups
— e.g., the pH, the application of an external electric field, etc. — are tuned, or whether

mutations on these groups are to be performed.
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