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5 ABSTRACT: We present a computational protocol for the fast
6 and automated screening of excited-state hybrid quantum
7 mechanics/molecular mechanics (QM/MM) models of rhodopsins
8 to be used as fluorescent probes based on the automatic rhodopsin
9 modeling protocol (a-ARM). Such “a-ARM fluorescence screening

10 protocol” is implemented through a general Python-based driver,
11 PyARM, that is also proposed here. The implementation and
12 performance of the protocol are benchmarked using different sets
13 of rhodopsin variants whose absorption and, more relevantly,
14 emission spectra have been experimentally assessed. We show that,
15 despite important limitations that make unsafe to use it as a black-
16 box tool, the protocol reproduces the observed trends in
17 fluorescence and it is capable of selecting novel potentially
18 fluorescent rhodopsins. We also show that the protocol can be used in mechanistic investigations to discern fluorescence
19 enhancement effects associated with a near degeneracy of the S1/S2 states or, alternatively, with a barrier generated via coupling of
20 the S0/S1 wave functions.

1. INTRODUCTION

21 Microbial rhodopsins are trans-membrane proteins formed by
22 an opsin apoprotein hosting an all-trans protonated retinal

f1 23 Schiff base (rPSB) chromophore (see Figure 1A). They are
24 found in extremely diverse microorganisms (e.g., archaea,
25 bacteria, algae, and fungi) and even in giant viruses1−3 and
26 carry out different light-dependent biological functions
27 initiated by the photoisomerization of rPSB from the all-
28 trans to the 13-cis configuration.3−15

29 Specific microbial rhodopsins, exhibiting ion-transporting
30 functions (e.g., light-gated ion channels or light-driven ion
31 pumps), have been found to be instrumental to the
32 development of optogenetics tools.3,10,12,15−21 For this reason,
33 they have been engineered to function as light-driven
34 actuators, silencers, or fluorescent reporters of neuronal action
35 potentials.10 Regarding the latter, specific microbial rhodopsins
36 have been used to construct genetically encodable voltage
37 indicators (GEVIs).22−26 In such applications, a change in
38 membrane voltage induces a variation in rhodopsin fluo-
39 rescence intensity, which is directly used as a voltage
40 indicator.12,25,27

41 It is evident that rhodopsins used as GEVIs must be
42 fluorescent. A prototype fluorescent reporter is Archaerhodop-
43 sin-3 (Arch3), an archaeal rhodopsin from Halorubrum
44 sodomense, with light-driven outward proton pumping
45 activity.26−29 However, since the fluorescence of Arch3 is

46extremely dim with a fluorescence quantum yield (ϕf) of ca.
471.1 × 10−4, extensive efforts have been made to search variants
48with enhanced fluorescence (i.e., via directed evolutionary
49approaches and random mutagenesis).22−24,26,27 Among
50others, variants such as QuasArs,30 Archons,31,32 Archers,33,34

51Arch5, and Arch734 (see Table S1 in the Supporting
52Information) have been reported to feature a brighter
53fluorescence, enabling applications not only in the imaging of
54thin brain slices but also in living mammals and inverte-
55brates.35−37 Nevertheless, as shown in Table S2 in the
56Supporting Information, their ϕf value remains in the range
57of 10−3−10−2 and, therefore, not yet as bright as desirable.
58The enhanced fluorescence exhibited by the Arch3 variants
59is triggered by the direct one-photon irradiation of the dark
60adapted (DA) state, leading to the direct formation of a
61fluorescent excited state (FS) upon relaxation from the
62Franck−Condon (FC) point of Figure 1B,30,31 through a
63mechanism herein called “mechanism A”. This is very different
64and more effective than the fluorescence of Arch3 that
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65 originates from a photocycle intermediate and requires three
66 photons to generate the spontaneously emitting state.13,27,38,39

67 In mechanism A (see Figure 1B), the spontaneous emission of
68 FS competes with the rPSB isomerization, ultimately leading to
69 excited-state decay through a conical intersection (CI). Such a
70 competition is controlled by the processes capable of slowing
71 down the progression along the isomerization coordinate. For
72 example, it has been reported that in a blue-shifted mutant of
73 Anabaena sensory rhodopsin (ASR),40 mixing of the S1 and S2
74 states can be responsible for longer FS lifetime and, therefore,
75 enhanced emission.41−43 As we will see below, such mixing
76 may, however, not be the most common fluorescence
77 enhancement process.
78 Here, we report on the design, implementation, and
79 benchmarking of an automated protocol for selecting
80 rhodopsin variants that display enhanced fluorescence with
81 respect to a reference. The protocol, hereinafter referred to as
82 “a-ARM fluorescence screening”, leverages the framework of
83 the advanced-automatic rhodopsin modeling protocol (a-
84 ARM)42,44−46 that uses QM/MM models for predicting the
85 properties of the DA state of the protein. The a-ARM
86 fluorescence screening protocol is tailored to “search” for
87 fluorescent rhodopsin variants exploiting mechanism A (see
88 Figure 1B) and, thus, assumes that the ϕf value is determined
89 by the competition between the rate of spontaneous emission
90 (kfl) of FS and excited-state isomerization (kiso). This implies
91 that the isomerization dominates the FS lifetime (τESL), as
92 quantified in eq 1, where kother indicates other radiationless
93 deactivation processes
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95 Through different benchmarking studies, we show that the
96 generated models can be used to simulate and assist predicting

97trends in the DA spectroscopic and photochemical properties.
98We also show that the analysis of the selected fluorescent
99variant models supports the existence of two different
100processes for the generation of fluorescence that we call
101mechanism A1 and mechanism A2.
102Beyond the development of the protocol itself, we present a
103Python-based software package, called PyARM, comprising
104automated building, analyzing, and screening parts.46 The a-
105ARM S0 QM/MM model building protocol (incorporated in
106 f2PyARM as a_arm_protocol driver; Figure 2A)45 is used
107to build models characterized by the electrostatic embedding
108of the QM subsystem (the rPSB chromophore) and a
109hydrogen-link frontier between the QM subsystem and MM
110subsystem (the opsin apoprotein). In such basic models,
111rhodopsins are monomeric, gas-phase (i.e., without membrane
112and solvent environment), and globally uncharged molecules
113(Figure 2B). PyARM also incorporates the a-ARM fluores-
114cence screening protocol as a_arm_fluorescence_-
115searcher driver (Figure 2C), representing a one-click
116user-friendly command-line architecture capable of generating
117candidate fluorescent rhodopsins starting from a set of ground-
118state (i.e., S0) a-ARM models.

2. METHODS

1192.1. a-ARM Fluorescence Screening Protocol. The
120workflow of the a-ARM fluorescence screening protocol was
121partially inspired by a recent report41 on the fluorescence
122mechanism operating in the W76S/Y179FAT

ASR mutant of ASR
123(see also ref 42). The authors found that an energy barrier
124(ES1

f ) located along the S1 potential energy surface (PES)
125driving the rPSB isomerization (see Figure S1 in the
126Supporting Information) justifies the fluorescent enhancement
127observed when comparing the mutant with the wild type.
128While the workflow automates the steps taken to determine if

Figure 1. Fluorescence in microbial rhodopsins. (A) Structure of the microbial rPSB chromophore in its dark adapted (DA) state (left) and of its
photo product after photoisomerization (right). (B) Fluorescence, through spontaneous emission, after photoexcitation of the DA state to its
Franck−Condon (FC) and first-excited (S1) state relaxation. In mechanism A, the photoisomerization process proceeds somewhat slowly, giving
rise to a sufficiently stable fluorescent state (FS). In this case, fluorescence occurs from the reactive S1 state and requires the absorption of just one
photon. ? indicates a process capable of slowing down the isomerization.
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129 an isomerization barrier exists in potentially fluorescent
130 rhodopsins, the automation reduces human errors (i.e.,
131 model preparation, data manipulation, and data interpretation)
132 as well as makes possible the screening of entire arrays of
133 fluorescent candidates.
134 As anticipated above, and illustrated in Figure 2, the
135 workflow is based on two sequential protocols. The first one
136 (see Figure 2A) prepares the input for the second one, in the
137 form of one single S0 a-ARM model (see Figure 2B) for each

138investigated variant. The second one is the actual screening
139protocol (see Figure 2C), and it is based on three phases that
140will now be detailed (see Section S3 of the Supporting
141Information).
1422.1.1. Phase I: Location of the Fluorescent State. In phase
143I (see Figure 2C), the protocol answers the question of
144whether or not a rhodopsin variant has, close to the FC point,
145an S1 energy minimum corresponding to FS. Such information
146provides a first, relatively fast, filter to determine if a variant has

Figure 2. General workflow for the selection of rhodopsin fluorescent variants controlled by PyARM. (A) Flow-chart displaying the two-phase
structure of the a-ARM S0 QM/MM model building protocol, controlling the construction of ground-state a-ARM models and detailed in refs 42,
44−46. (B) Schematic illustration of the QM and MM subsystems and of the mobile part of a prototypical a-ARM model. These are the MM
frozen atoms (in gray), MM relaxed atoms (in red and blue), and QM atoms (in green). A frontier is defined along the Cδ and Cε carbons of the
chromophore linker-lysine. The QM valence is saturated by a dummy atom called hydrogen-link atom (HLA). (C) Flow-chart displaying the
selection steps used in the a-ARM fluorescence screening protocol, controlling the automatic search for enhanced fluorescent rhodopsin variants.
These are collected in three sequential phases, each imposing a distinct criterion for selecting/discarding possible fluorescent candidates.
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147 a fluorescent DA state or has to be immediately discarded. The
148 only required input is a list of rhodopsin variants along with
149 their FC geometries (i.e., the ones corresponding, for each
150 variant, to the replica featuring the maximum absorption
151 wavelength (λmax

a ) value closest to the average of the canonical
152 N = 10 replicas of a-ARM models (see Figure 2A)).
153 Consistently with the a-ARM model structure42,44−46

154 described in Figure 2B, the rPSB, water molecules, and side-
155 chain atoms of the residues forming the chromophore cavity
156 are allowed to relax from the FC point along the S1 PES.
157 Instead, the backbone atoms for all of the residues, as well as
158 the noncavity residues (e.g., side chain of amino acids, water
159 molecules, and external counterions), are fixed at the original
160 input coordinates.
161 The S1 geometry optimization is driven by the potential
162 energy gradient obtained at the state-averaged SAn-CASSCF/
163 6-31G(d)/AMBER level with n = 2 (i.e., two-roots) with the
164 full rPSB π-system as the active space. The energy values of the
165 optimized FS geometry are then recomputed with n = 3 (i.e.,
166 three-roots, S0, S1, and S2) using the CASPT2 rather than the
167 CASSCF level. This choice is based on refs 41, 47 as the best
168 compromise between computational time and quality of the
169 electronic structure description.
170 The output is a list of potentially fluorescent candidates
171 along with their FS geometries and estimated λmax

f computed in
172 terms of the vertical emission energy (δES1−S0

f ) values (see
173 Section S3.1 of the Supporting Information for an illustrative
174 example).
175 2.1.2. Phase II: Calculation of Franck−Condon Trajecto-
176 ries. In phase II, the S1 dynamics of the selected variants is
177 probed using a single quantum-classical trajectory using the
178 same S0 models (e.g., geometrical constraints and level of

179theory) used during phase I. We use the so-called FC
180trajectory, namely, a surface-hop trajectory released from the
181FC point with zero initial velocities (see the top right panel of
182Figure S1 in the Supporting Information), that allows us to see
183if a modest amount of kinetic energy would lead to relaxation
184of the identified FS. If a sizable energy barrier exists between
185the FS and a CI point, the trajectory is trapped in the FS region
186(long decay time), thus indicating a possible fluorescent
187candidate. However, if the barrier is shallow, the trajectory
188would overcome the barrier and rapidly reach the CI (short
189decay time), thus pointing to a weakly fluorescent species.
190Based on previous studies,41,48−50 we define a threshold of 500
191fs for the decay time to categorize rhodopsins as having dim or
192enhanced fluorescence. More specifically, the target of phase II
193is to qualitatively determine if the excited-state potential
194energy surface features a barrier high enough to block rapid
195progression to the ground state. In this phase and in phase III,
196we also look at the change in electronic structure along the
197trajectory (or path) by reporting the C14−C15�NH+ charge
198variation. At the FC point, such a charge is large in the ground
199state and S2 state (these have covalent/diradical characters)
200and it is small in the S1 states that carries a charge-transfer
201character.49 Coupled (i.e., mirror-image) variations along an
202FC trajectory or an RC of such a charge in different states are
203taken as evidence of electronic coupling between such states.41

204The output is an updated list of potentially fluorescent
205candidates, along with their λmax

f values, this time calculated as
206the average ΔES1−S0

f along the FC trajectory.41 An illustrative
207example is provided in Section S3.2 of the Supporting
208Information.
2092.1.3. Phase III: Calculation of Photoisomerization Paths.
210In phase III, the protocol computes the S1 isomerization path

Figure 3. Structure of PyARM, a Python-based package. PyARM contains independent modules whose connection is defined by a specific driver
such as a_arm_protocol or a_arm_fluorescence_searcher (names of modules and driver names are given in a typewriter font).
Modules make use of high- and low-level functions, as well as template files that are integral parts of the package. Adapted with permission from,46

open access under a CC BY license (Creative Commons Attribution 4.0 International License). Notice that colors marking the different modules
(see the bottom part) create a link to the flow charts of Figure 2C marked with the same colors.
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211 of rPSB to get more quantitative information on the ES1
f and,

212 consequently, on the fluorescence intensity of the variants
213 selected in phase II. This is achieved, in an approximate
214 fashion, via a relaxed scan (RS) along the C13�C14 (see
215 Figure 1A) twisting coordinate starting from the FS minimum.
216 The calculation locates the presence (or absence) of an energy
217 maximum along the S1 energy profile. The main output is a list
218 of potentially fluorescent variants along with their correspond-
219 ing calculated ES1

f in terms of the energy difference between the
220 maximum and FS. An illustrative example is provided in
221 Section S3.3 of the Supporting Information.
222 2.2. Software Design and Implementation: The
223 PyARM Package. PyARM has been mainly developed to
224 automate the two protocols described in Figure 2. The PyARM
225 functions, template files, modules, and drivers have been
226 recently introduced in ref 46 and are detailed in Section S4 of
227 the Supporting Information. A snapshot of the PyARM code
228 containing the drivers reported in this work is provided as a
229 supplementary file, while access to the developer’s repository
230 can be obtained by contacting the corresponding author.

f3 231 2.2.1. Structure and Flow. As illustrated in Figure 3,
232 PyARM implements low-level and high-level functions that
233 define specialized protocols for handling the building and
234 analysis of a-ARM models (see Section 2.2.2). PyARM uses
235 external software, such as GROMACS,51 for the MD engine,
236 and the [Open]Molcas52/Tinker53 interface,54 for describing
237 and linking the model QM and MM subsystems (see ref 46).
238 As depicted in Figure 3, all components of PyARM are
239 modular. A user can simply use a module to perform,
240 automatically, a given type of application (e.g., perform a
241 geometry optimization) or use a driver to launch a protocol
242 defined by connected modules and executing more complex
243 computations (e.g., generate an S0 or S1 QM/MM model,
244 locate a fluorescent rhodopsin, etc.). An experienced user can
245 create new drivers capable of executing new protocols.42,44,45,55

246 We now describe the two drivers used in the present work,
247 while others are reported in ref 46
248 2.2.2. a_arm_protocol Driver. As illustrated in Figures
249 2A and 3, this driver executes the a-ARM S0 QM/MM model
250 building protocol for the automated (i.e., default) or semi-
251 automated (i.e., customized) construction of the S0 a-ARM
252 models necessary for the subsequent fluorescent rhodopsin
253 search. For each rhodopsin variant, 10 different replicas are
254 generated and the corresponding λmax

a is computed as the
255 average value.42,45,54,56,57 The a_arm_protocol driver
256 executes two modules incorporated into PyARM in a stand-
257 alone fashion: the a_arm_input_generator and
258 a_arm_qmmm_generator, respectively. The modules
259 ultimately produce the necessary S0 a-ARM models in two
260 phases. Details on the a-ARM model description and building
261 are given in Figure 2A, and a tutorial for each module is
262 provided in Section S4.1 of the Supporting Information. The
263 properties/limitations of the a-ARM technology have been
264 reviewed in refs 42, 46.
265 2.2.3. a_arm_fluorescence_searcher Driver. As
266 illustrated in Figures 2B and 3, each of the three phases of the
267 a-ARM fluorescence screening protocol is implemented into
268 PyARM as an independent module: phase I is implemented by
269 the a_arm_emission module (see Section S4.2.4 in the
270 Supporting Information), phase II by the a_arm_fc module
271 (see Section S4.2.5 in the Supporting Information), and phase
272 III by the a_arm_relaxed_scan module (see Section
273 S4.2.6 in the Supporting Information). The a_arm_fluor-

274escence_searcher driver links the three modules and
275automates the pipeline connecting the list of target variants
276(and the corresponding a-ARM models) to the list of
277candidates predicted to feature an enhanced fluorescence,
278their S1 a-ARM models along with the trends in λmax

a , λmax
f , and

279ES1
f values. As discussed below, the output also provides insight

280into the mechanism of enhanced fluorescence. The methodo-
281logical details as well as some technical aspects of the
282implementation and usability are given in Sections S4.2 and
283S5 of the Supporting Information.

3. RESULTS AND DISCUSSION

284To benchmark the a-ARM S0 QM/MM model building and a-
285ARM fluorescence screening protocols, we employed three sets
286of rhodopsins. In Section 3.1, we discuss the first set, which
287from now on is called the benchmark set. As detailed in Table
288S1 of the Supporting Information, this is composed of 84
289rhodopsin proteins whose measured λmax

a ranges from 470 to
290628 nm. It includes vertebrate, invertebrate, and microbial
291rhodopsins that feature either all-trans, 11-cis, or 9-cis rPSBs
292and significantly expands the previously reported benchmark of
293a-ARM models.45,54,55 In addition, we present a few
294customized, rather than default, models that expose the
295present limitations of the input used to search for fluorescence
296variants.
297The second and third sets are subsets of the benchmark set.
298In Section 3.2, we discuss the application set (see Table S1 of
299the Supporting Information) defined by Arch3 and 9 of its
300variants. While the X-ray structure of Arch3 is available in the
301Protein Data Bank as the 6GUX entry,58 the variants’ three-
302dimensional structures were obtained via comparative
303(homology) modeling carried out in our lab. Table S2 shows
304measured quantities such as λmax

f , excited-state lifetime (ESL),
305and ϕf for each member of the set. Notice that, due to a
306general lack of fluorescence measurements, the application set
307is a relatively small set used for testing trends in fluorescence
308intensity. As shown below, this is done by correlating the
309computed S1 isomerization barriers ES1

f with the observed ϕf.
310We will also discuss the transition oscillator strength ( fOsc)
311computed at FS.
312Finally, in Section 3.3, we discuss the search set. As reported
313in Table S1 of the Supporting Information, this set includes 15
314entries whose fluorescent behavior has not yet been
315experimentally characterized and 3 entries that have been
316previously studied in ref 41, for a total of 18 variants. More
317specifically, the search set includes 17 mutants with known λmax

a

318of the all-trans form of wild-type ASR (ASRAT) and, thus,
319expands the set of just three mutants studied in ref 41. While
320the X-ray structure of ASR is available in the Protein Data
321Bank as the 1XIO entry,40 the three-dimensional structure of
322its variants was obtained through a side-chain replacement
323procedure recently implemented in the a-ARM S0 QM/MM
324model building protocol46,57 (step 3 in Figure 2A). This set is
325employed for assessing the ability of the protocol to predict the
326behavior of variants that have shown to be fluorescent in the
327lab as well as for ranking variants that have never been tested
328experimentally.
3293.1. Benchmark Set. To test the a_arm_protocol
330driver, we computed the DA state vertical excitation energy
331(δES1−S0

a ) for the full benchmark set. Consistently with earlier
332reports, we set a 4.0 kcal mol−1 computed-observed difference
333threshold (Δcalc

ExpΔES1−S0
a ) for acceptable models. The results are
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f4 334 shown in Figure 4, and the underlying data is given in the
335 Supporting Information.

336 When the models are generated with the automated default
337 approach (a-ARMdefault),

42,45,46 73 out of the 84 models (87%)
338 have a Δcalc

ExpΔES1−S0
a value below the threshold. The 11 outliers

339 were modeled using a customized approach (a-
340 ARMcustomized)

42,45,46 to investigate the origin of such
341 limitation. Briefly, when the default model fails to yield a
342 Δcalc

ExpΔES1−S0
a value below the threshold, it is modified by

343 following a systematic (i.e., nonarbitrary) procedure (see ref
344 46). Such a procedure probes the effects of varying the
345 protonation state of ionizable residues (usually those
346 surrounding the chromophore), which is a frequent cause of
347 inconsistency between computed and observed ΔES1−S0

a values.
348 Furthermore, the effect of the variation of selected side-chain
349 rotamers is explored as the second cause of inconsistency (see
350 refs 46, 57).
351 The a-ARMdefault and a-ARMcustomized approaches/models are
352 detailed in refs 42, 45, 46. When considering both model types,
353 the final parallelism between the computed and experimental
354 trends (see Figure 4) is quantified by the trend deviation with
355 respect to bovine rhodopsin (Rh11C), calculated as ∥Trend-
356 Dev.∥ = |Δmax,X

Rh‑Exp,X‑Exp − Δmax,X
Rh‑Calc,X‑Calc|, where Δmax,X

Rh‑Exp,X‑Exp is the
357 difference between the experimental λmax

a of each rhodopsin in
358 the set with respect to the experimental value of Rh11C, while
359 Δmax,X

Rh‑Calc,X‑Calc is the difference between the corresponding
360 computed a-ARM values. The obtained value is 0.6 ± 0.8 kcal
361 mol−1 (0.03 ± 0.03 eV), which agrees with the 0.7 ± 0.5 kcal
362 mol−1 (0.03 ± 0.02 eV) value reported in ref 45

363As described in Sections 3.2 and 3.3, the obtained S0 a-ARM
364models can be used for excited-state calculations. However, if a
365fully automated procedure were to be used for the input
366generation, only 87% of the models would match the selected
367threshold and represents a serious decrease in the model
368accuracy that has to be considered. Methods for improving the
369prediction of the residue protonation states during the
370construction of a-ARM models are being investigated in our
371laboratory (see for instance ref 59).
3723.2. Application Set. We now discuss the a-ARM
373fluorescence screening protocol, using the application set
374(see Figure 3).
3753.2.1. Phase I. The existence of FS categorizes a variant as
376potentially fluorescent. Accordingly, in phase I, the protocol
377tries to locate, for each entry, an S1 energy minimum starting
378from one S0 a-ARM model representing the FC point (from
379now on called the FC model). Such a model is defined as the
380replica whose λmax

a is closest to the average value of the 10 a-
381ARM replicas generated by the a_arm_protocol driver.
382The use of a single model is necessary given the large number
383of calculations: phase I requires seven QM/MM calculations
384per model (see Figure S7 in the Supporting Information).
385Thus, a total of 700 QM/MM calculations would be required
386to generate one FS model for each of the 10 replicas of the 10
387variants of the application set. The usage of a single a-ARM
388model reduces such a number to just 70 (i.e., a 90% reduction).
389The above strategy appears to be viable after looking at how
390a single model, rather than 10 replicas, affects the computed (i)
391λmax

a , (ii) λmax
f , and (iii) experimental-computed differences

392 f5relative to Arch3. Figure 5A presents a view of the trend in
393ΔES1−S0

a (turquoise triangles), and the corresponding
394Δcalc

ExpΔES1−S0
a values are given in Figure 5B. The individual

395ΔES1−S0
a computed for the single selected replica are also

396reported (dark-blue circles). It is shown (see error bars in
397Figure 5A and Table S3 in the Supporting Information) that
398the standard deviation in ΔES1−S0

a is relatively small, ranging
399between 0.0 and 0.8 kcal mol−1, in line with what was
400previously reported.44 Accordingly, one hypothesizes that, in
401general, the FC model of a specific variant would lead to an FS
402structure (or no FS) very close to those achieved by taking
403each of the corresponding 10 replicas as input for the S1
404relaxation.
405To corroborate the above hypothesis, S1 geometry
406optimizations were carried out for the 10 replicas of six
407variants (Arch3, Arch5, Arch7, Archon2, QuasAr1, and
408QuasAr2). The use of a subset allowed us to decrease the
409number of QM/MM calculations from ca. 700 to ca. 420. The
410produced trend in λmax

f and standard deviation are reported in
411Figure 5C (green triangles). With the exception of Arch3, all
412tested variants achieved a stable FS and show no apparent
413differences between the results of the 10 replicas and the single
414selected model. However, in Arch3, 8 out of the 10 initial S0
415replicas provided an FS structure. Furthermore, in Figure 5D,
416one observes a difference between the Δcalc

ExpΔES1−S0
f values from

417the 10 replicas and the single replica for the case of Archon2.
418This indicates that the results of phase I may not be conclusive.
419Despite the above uncertainty on Arch3, the comparison of
420the computed average ΔES1−S0

f value with the value of the
421single replica suggests that the latter is an acceptable estimate
422for the FS structure and ΔES1−S0

f , justifying its use in phase I.
423Therefore, the rest of the application set (D95E/T99CAT

Arch3,
424D95E/T99C/V59AAT

Arch3, D95E/T99C/P296SAT
Arch3, and D95E/

Figure 4. Vertical excitation energies. Extended benchmark of S0 a-
ARM model protocol in terms of trends of ΔES1−S0

a . The computed
models and excitation energy values were obtained using the
a_arm_protocol driver, where the average value from the 10
replicas is plotted for the benchmark set (empty circles), application
set (orange circles), and search set (green circles), along with the
corresponding standard deviation for the computed data (vertical
error bars). Linear regression corresponds to the whole benchmark
set. Experimental and computed data for KR2 WT and mutants are
taken from ref 57. The row data are reported in the Supporting
Information.
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425 T99C/P60LAT
Arch3) was treated using only the representative

426 replica.
427 Since the nine variant models were generated from the
428 Arch3 X-ray crystallographic structure via comparative
429 modeling, one expects that all computed λmax

a and λmax
f display

430 differences from the experimental value (e.g., Δcalc
ExpΔES1−S0

a )
431 consistent with those displayed by the WT template. However,
432 inspection of Figure 5B reveals that this is not the case as one
433 sees variations (irrespective of the number of replicas) up to 2
434 kcal mol−1 in absolute value (e.g., for the triple mutant D95E/
435 T99C/P196SAT

Arch3). Similar deviations are seen in the emission
436 values of Figure 5D. Considering that all variant S0 models
437 were generated using the same setup for the input file
438 generator of Figure 2A (i.e., chromophore cavity, protonation
439 states, counterion placement), the details of the comparative
440 modeling protocol (e.g., the possible rearrangement of the
441 chromophore cavity and water location) may be responsible
442 for the deviation. This reveals an additional limitation of the a-
443 ARM protocol discussed in refs 42, 57.
444 We now discuss the differences in computed and
445 experimental trends, for λmax

f , when using the FS model central
446 to our automated protocol. As seen in Figure 5C, the trend is

447only loosely reproduced, with an error bar of about 2.2−5.4
448kcal mol−1 red-shifted (Figure 5D). This indicates that the
449quality of the FS models appears to be decreased with respect
450to the corresponding FC models. We conclude that, presently,
451Phase I is only capable of categorizing rhodopsins with
452relatively large differences in λmax

f (e.g., discriminate between
453blue and red fluorescence).
454Finally, we looked at the fluorescence mechanism.
455Accordingly, we evaluated the total energies for the S1 and
456S2 wave functions, computed at the CASPT2 level. As reported
457in Table S4 in the Supporting Information, no degeneracy is
458detected between S1 and S2, suggesting that the mechanism
459does not involve the mixing of S1/S2 wave functions proposed
460by Mariń et al. Below, we will see that phase II and phase III
461corroborate such a hypothesis.
4623.2.2. Phase II. A 500 fs FC trajectory was computed for
463each candidate selected in phase I to deal with the following
464issue: even if a stable FS is located, a variant may still have a
465 f6too short ESL for emission. Figure 6 displays the relevant
466progression along the FC trajectories for the limiting cases of
467Arch3 and Arch7 (the progression of the other variants of the

Figure 5. Trends in vertical absorption (ΔES1−S0
a ) and emission (ΔES1−S0

f ) excitation energies for the application set. (A) Average ΔES1−S0
a values

computed for N = 10 replicas of an a-ARM S0 model (green up-triangles), along with their corresponding error bars. The values relative to the
replica used for the FS calculations are included as dark-blue circles. Experimental data is also provided (yellow triangles). (B) Difference between
computed and experimental absorption data (Δcalc

ExpΔES1−S0
a ). (C) Computed ΔES1−S0

f using the representative S0 replica (red squares), along with
experimental data (indigo circles). The average values for N = 10 replicas are provided for a subset of the application set (green triangles), with
their corresponding error bars. Values corrected with kinetics energy (phase II) are shown in orange squares. (D) Difference between calculated
and experimental data (Δcalc

ExpΔ ES1−S0
f ). Bars of panels B and D are colored according to the computed data reported in panels A and C, respectively.

Data on emission for Arch3 is not presented since its reported fluorescence comes from a photointermediate. Row data is reported in Table S3 in
the Supporting Information.
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468 application set is reported in Section S6 in the Supporting
469 Information).
470 Since phase I did not produce a conclusive outcome on
471 Arch3, we first analyze its FC trajectory. As shown in Figure
472 6A, the trajectory energy profile of Arch3 is consistent with the
473 presence of a decay channel located in the vicinity of a CI,
474 which is reached in ca. 200 fs. Consistently, the f Osc (Figure
475 6C) and geometrical progressions (Figure 6G) show that S1 is
476 the spectroscopic allowed state and that promotion to such
477 state leads to a ca. 90° twisted C13�C14 bond typical of the
478 CI region. These results confirm that Arch3 must be discarded
479 as its FS structure is unstable. The analogous procedure for the
480 nine rhodopsins selected in phase I (see the case of Arch7
481 shown in Figure 6B,D,H) shows that no candidate reaches the
482 CI in the same time scale and, actually, no significant double
483 bond twisting progression is seen in the 500 fs simulation (see
484 the Supporting Information).
485 We also looked at the kinetic energy effect on the quality of
486 the λmax

f calculation. To do so, λmax
f was recomputed in terms of

487the average ΔES1−S0
a along the 200 fs FC trajectory. The results

488shown in Figure 5C,D (orange squares and bars, respectively)
489are slightly less red-shifted with respect to the experimental
490data. This indicates that the effect of the kinetic energy is not a
491major contributor to the Δcalc

ExpΔES1−S0
a value. Thus, the

492discrepancy must be due to the limitations of the a-ARM
493model.
494To learn more about the mechanism of fluorescence
495enhancement, we analyzed the electronic character changes
496along the S1 trajectories of Arch3 and Arch7.
497Accordingly, we computed the S0, S1, and S2 charges (as
498derived from the CASSCF Mulliken population analysis) of a
499suitable moiety (C14−C15-NH+) of rPSB and tracked its
500variation along the trajectory, as an indication of electronic
501state coupling. Figure 6E shows mixing between S1 and S0
502states, revealed by mirror-image oscillations along the Arch3
503trajectory, while there is no mixing between S2 and S1. This is
504in contrast with what was previously reported for mutants ASR
505in ref 41. Figure 6G shows that these oscillations are related to

Figure 6. Franck−Condon (FC) trajectory computations on S1 for Arch3 (A, C, E, G) and Arch7 (B, D, F, H). (A, B) a-ARM QM/MM FC
trajectories computed at a two-root state-averaged SA2-CASSCF/AMBER/6-31G(d) level of theory and corrected at the 3-root CASPT2 level,
using the a_arm_fc module. Blue and green dashed lines represent the CASSCF S0 and S1 profiles, respectively. The corrected S0, S1, and S2
energies are represented as blue diamonds, green squares, and red triangles, respectively. (C, D) Transition oscillator strength. (E, F) Mulliken
charge variations of the �CH−CH�CH−CH�NH2 moiety of the chromophore. (G, H) Torsional angle (α) of the C13�C14 isomerization
coordinate and evolution of the total bond length alternation (BLA) computed along the FC trajectory. (I) Pictorial representation of the
computed BLA and α dihedral for panels G and H, and chromophore moiety for panels E and F. (J) Representation of the mirror-like behavior of
S0 and S1 charges in Arch3-based variants. Similar data, corresponding to the rest of mutants of the application set, is given in Section S6 in the
Supporting Information.
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506 a change in bond order along a bond length alternation (BLA)
507 stretching mode. Another observation is that along the
508 progression, involving a 90° twisting of the C13�C14 bond,
509 the charge distribution along the two coupled states not only
510 oscillates but ultimately inverts. This suggests that the S1 and
511 S0 (adiabatic) energy profiles are naturally described by the
512 mixing of two (diabatic) states represented by the resonance
513 formulas of Figure 6J. Specifically, S1 corresponds to a charge-
514 transfer state where the charge is spread along the rPSB
515 backbone, which is far from the −C14�NH− location it had
516 in the S0 state. The fact that the S1 state tends to change the
517 “electronic character” along the isomerization path indicates
518 that the S1 energy profile, including the possible existence of an
519 energy barrier, can be understood in terms of the electronic
520 coupling between these two electronic configurations.
521 Figure 6F displays the same charge analysis performed with
522 Arch7 and confirms that a similar S1−S0 coupling is also seen
523 in variants that do not readily react (i.e., that are prone to
524 fluoresce). Thus, the above information, along with the
525 conclusions of phase I about the nondegeneracy of S1 and S2
526 states in the FS structure, allows us to hypothesize a
527 fluorescence mechanism where an ES1

f barrier emerges along

528the isomerization coordinate due to S1−S0 coupling. This
529hypothesis is investigated in phase III.
530Thus, with phase II, we conclude that the nine candidates of
531the application set selected by phase I must be transferred to
532phase III. This result is in line with the experimental fact that
533most entries of the application set have been observed to emit
534light (see Table S2) and some have already been employed as
535GEVIs.
5363.2.3. Phase III. As anticipated above, phase III relies on the
537assumption that there is a relationship between the ES1

f barrier
538and ESL and that, in turn, there is a proportionality between ϕf

539and ESL.41 For Archaea rhodopsins, the barrier is located along
540the S1 C13�C14 isomerization coordinate that is mapped via
541an RS calculation (i.e., from FS to the CI featuring a 90°

542twisted C12−C13−C14−C15 rPSB dihedral angle; see Section
543S4.2.6 of the Supporting Information). The ES1

f value is then
544computed as the CASPT2 energy difference between the RS
545energy maximum (i.e., assumed to approximate the position of
546the transition structure) and the energy at FS. We take “as a
547conservative threshold” for classifying a member of the
548application set that has passed phases i and ii as non-
549fluorescent, a barrier value of <0.1 kcal mol−1. Thus, members

Figure 7. (A) Relaxed scan (RS) computation on S1 for Arch7 of the application set. (top) a-ARM QM/MM RS computed at 2-roots from FS
structure. Constrained geometry optimizations performed at the state-averaged (SA) 2-roots CASSCF/AMBER/6-31G(d) and energies corrected
at the 3-roots CASPT2/6-31G(d) level. Blue and green dashed lines represent the CASSCF S0 and S1 profiles, respectively. The corrected S0, S1,
and S2 energies are represented as blue diamonds, green squares, and red triangles, respectively. (Middle) Transition oscillator strength ( f Osc).
(Bottom) Mulliken charge variations of the �CH−CH � CH−CH�NH2 moiety of the chromophore. (B) Retinal protonated Schiff base
(rPSB) all-trans representation; the arrow illustrates the coordinate of photoisomerization plotted in panel A. (C) Correlation between the
computed energy isomerization barrier and experimental fluorescence quantum yield (ϕf) for the application set. The ES1

f values were obtained,
with the a_arm_relaxed_scan module, as the difference between the S1 energy value at the energy maximum located along the S1 path and
the S1 energy at FS, calculated at the 2-roots SA-CASSCF/AMBER/6-31G(d). The seven variants that present a second-order polynomial
correlation between the ES1

f and the ϕf (R2 = 0.7728) are presented as filled diamonds, whereas the other three variants without apparent
correlation are presented as empty diamonds. Similar data, corresponding to the rest of mutants of the application set, is given in Section S8 in the
Supporting Information.

Journal of Chemical Theory and Computation pubs.acs.org/JCTC Article

https://doi.org/10.1021/acs.jctc.2c00928
J. Chem. Theory Comput. XXXX, XXX, XXX−XXX

I

https://pubs.acs.org/doi/suppl/10.1021/acs.jctc.2c00928/suppl_file/ct2c00928_si_002.pdf
https://pubs.acs.org/doi/suppl/10.1021/acs.jctc.2c00928/suppl_file/ct2c00928_si_002.pdf
https://pubs.acs.org/doi/suppl/10.1021/acs.jctc.2c00928/suppl_file/ct2c00928_si_002.pdf
https://pubs.acs.org/page/pdf_proof?ref=pdf
https://pubs.acs.org/page/pdf_proof?ref=pdf
https://pubs.acs.org/page/pdf_proof?ref=pdf
https://pubs.acs.org/doi/suppl/10.1021/acs.jctc.2c00928/suppl_file/ct2c00928_si_002.pdf
https://pubs.acs.org/page/pdf_proof?ref=pdf
pubs.acs.org/JCTC?ref=pdf
https://doi.org/10.1021/acs.jctc.2c00928?urlappend=%3Fref%3DPDF&jav=AM&rel=cite-as


550 with ES1
f value equal to or larger than this threshold are

551 selected as potentially fluorescent.
f7 552 As an example, Figure 7A shows the computed isomerization

553 path for Arch7. The reaction barrier is found between a −140
554 and −130° value of the dihedral angle (see Figure 7B). Section
555 S9 in the Supporting Information reports the RS of the other
556 variants of the application set. In all cases, the energy profiles
557 have the structure expected for an only slightly fluorescent
558 system (see Section 2.1.3), that is, with a barrier separating an
559 FS and CI of just a few kcal mol−1. The predicted trend in the
560 ES1

f value is given in Table S5, while Figure 7C shows a
561 possible correlation with the experimental ϕf data.
562 Nevertheless, as seen for λmax

a and λmax
f , the observed trend is

563 better reproduced when considering only a subset of the
564 computed barriers. In fact, the data in Figure 7C, shows that it

565is possible to establish a reasonable polynomial fitting between
566ϕf and ES1

f only for Arch3, Arch5, Arch7, Archon2, QuasAr1,
567QuasAr2, and D95E/T99C/V59A (olive diamonds). A more
568appropriate way of verifying the quality of the predicted S1
569barriers would be to compare the computed data with ESL
570measurements, as reported by Mariń et al.41 However, ESL
571measurements have not been performed for several application
572set members.
573 t1Table 1 collates the final results. All variants of the
574application set analyzed with phase III show an ES1

f value
575above the defined threshold and thus can be considered
576potentially fluorescent. This is consistent with the observation
577of an enhanced DA fluorescence with respect to the WT. We
578therefore conclude that the proposed protocol has a certain
579degree of reliability.

Table 1. Summary of the Analysis Performed in Phases I−III for the Rhodopsins of the Application Set

phase Ia phase IIb phase IIIc

rhodopsin variant FS α ΔES1−S0
f ΔΔES1−S0

f,Exp CI ES1
f fluorescent candidate? mechanismd

Arch3 N.L. R. <200 no

Arch5 L. −153.3 34.1 −5.0 N.R. E.B. 0.7 yes A2

Arch7 L. −160.1 33.9 −5.4 N.R. E.B. 1.9 yes A2

Archon2 L. −162.4 32.4 −4.9 N.R. E.B. 2.6 yes A2

QuasAr1 L. −157.4 35.5 −4.5 N.R. E.B. 0.4 yes A2

QuasAr2 L. −156.1 35.5 −4.5 N.R. E.B. 0.4 yes A2

D95E/T99CAT
Arch3 L. −158.2 35.1 −4.0 N.R. E.B. 1.5 yes A2

D95E/T99C/P196SAT
Arch3 L. −156.9 36.3 −2.8 N.R. E.B. 2.3 yes A2

D95E/T99C/V59AAT
Arch3 L. −155.6 37.0 −2.2 N.R. E.B. 0.6 yes A2

D95E/T99C/P60LAT
Arch3 L. −157.2 35.0 −4.1 N.R. E.B. 1.3 yes A2

aFS structure located? N.L.: not located; L.: located, with an α dihedral angle for the C13�C14 bond and computed ΔES1−S0
f (kcal mol−1) SA2-

CASSCF(12,12)/AMBER//3-CASPT2(12,12)/6-31G(d). bCI reached within 200 fs? N.R.: not reactive; R.: reactive, with the estimated
photoisomerization time (fs); phase II not performed if no corresponding FS was located. cEnergy barrier along 2-roots SA-CASSCF S1 RS profile?
B.L.: barrier-less; E.B.: energy barrier, 2-roots SA-CASSCF ES1

f (kcal mol−1); phase III not performed if no corresponding FS was located. dSee
Section 4 for the definition of mechanisms A1 and A2.

Table 2. Maximum Emission Wavelength (λmax
f ) Computed with the a_arm_emission Module for the Rhodopsins in the

Search Seta

rhodopsinb ΔES1−S0
f λmax

f f Osc(S1−S0) ΔES2−S0
f λmax

f fOsc(S2−S0)

f Osc(S1−S0) < f Osc(S2−S0)

W76FAT
ASR (BS) 42.3 (1.56) 675 0.29 43.6 (1.60) 656 1.45

L83QAT
ASR (BS) 44.5 (1.92) 643 0.17 43.6 (1.89) 656 1.54

W76S/Y179FAT
ASR (BS) 42.2 (1.55) 677 0.27 43.0 (1.58) 665 1.50

P206HAT
ASR (BS) 41.9 (1.81) 681 0.30 43.6 (1.89) 655 1.48

P206QAT
ASR (BS) 44.7 (1.91) 640 0.14 42.9 (1.86) 665 1.58

P206YAT
ASR (BS) 38.7 (1.67) 739 0.55 44.2 (1.92) 647 1.26

f Osc(S1−S0) > f Osc(S2−S0)

WTAT
ASR 35.7 (1.31) 800 1.39 54.5 (2.00) 525 0.58

S214DAT
ASR 33.3 (1.22) 858 1.24 54.5 (2.00) 525 0.60

Y73QAT
ASR (RS) 34.0 (1.25) 841 1.30 54.8 (2.01) 522 0.60

D217EAT
ASR (RS) 34.3 (1.49) 834 1.33 54.9 (2.38) 521 0.59

D217NAT
ASR (RS) 34.4 (1.49) 831 1.37 54.9 (2.38) 520 0.58

E36QAT
ASR (RS) 35.4 (1.53) 808 1.36 54.5 (2.36) 524 0.58

S86DAT
ASR (BS) 34.7 (1.28) 824 1.34 54.6 (2.01) 523 0.60

P206CAT
ASR (BS) 37.0 (1.36) 774 1.53 55.2 (2.03) 518 0.53

P206KAT
ASR (BS) 32.7 (1.41) 874 1.19 54.5 (2.36) 524 0.61

V112NAT
ASR (BS) 34.6 (1.27) 826 1.24 53.2 (1.95) 538 0.61

D75EAT
ASR (BS) 36.6 (1.59) 782 1.39 53.8 (2.33) 531 0.59

S214D-D217EAT
ASR (BS) 33.0 (1.43) 865 1.20 54.6 (2.36) 523 0.59

aS1 geometry optimization using a two-state-averaged roots (n = 2) CASSCF wave function; FS CASPT2 energy re-evaluation based on a three-
roots wave function, i.e., SA2-CASSCF(12,12)/AMBER//3-CASPT2(12,12)/6-31G(d). f Osc calculated at the CASSCF level. ΔES1−S0

f and ΔES2−S0
f

in kcal mol−1 and eV (in parentheses); λmax
f in nm; f Osc unitless.

bBS and RS stand for blue- and red-shifted, respectively, with respect to λmax
a of

ASRAT.
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580 Finally, the RS was analyzed to gain insights into the
581 fluorescence enhancement mechanism by looking at the
582 change in charge distribution along the paths. As observed in
583 Figure 7A for Arch7, and for all of the other variants of the
584 application set in Section S9 of the Supporting Information,
585 there is no coupling between the S1 and S2 energy profiles
586 consistently with the fact that the two states are well separated
587 in energy. On the other hand, the charge displacement
588 occurring along the FC trajectory of Arch7 indicates that the S0
589 and S1 PESs are electronically coupled since they display a
590 mirror-image-like behavior (see, for instance, also Figure 6F).
591 This is consistent with the close S1 and S0 charge distributions
592 seen in the mid-panel of Figure 7A. These results validate the
593 hypothesis that the mechanism of enhanced fluorescence in the

594investigated red-shifted Arch3 variants is not the same as that
595reported for the ASR blue-shifted mutants but involves an S1−
596S0 coupling. As we will discuss below and in Section 4, it is
597such a coupling that is responsible for the generation of a
598barrier along the isomerization coordinate.
5993.3. Search Set. This set includes 18 ASR-based rhodopsin
600variants (i.e., 4 red-shifted and 13 blue-shifted), of which only
601two mutants (L83QAT

ASR and W76S/Y179FAT
ASR) have been

602experimentally investigated (see ref 41).
6033.3.1. Phase I. An FS was located in all variants of the search
604 t2set. As reported in Table 2, the computed S1−S0 λmax

f values
605span a 643−874 nm range and, thus, considerably expanded
606with respect to that of the application set. The table shows
607that, in a number of cases (i.e., 6 out of 18), the S1 and S2 states

Figure 8. Franck−Condon (FC) trajectory computation on S1 for four rhodopsins of the search set. S214D/D217E (A) and D217E (B) do not
exhibit S1−S2 mixing, while W76S/Y179F (C) and L83Q (D) exhibit S1−S2 mixing. Methods, level of theory, colors, and symbols as in Figure 6A−

F. Blue and red frames correspond to blue- and red-shifted variants, respectively. Similar data, corresponding to the rest of mutants of the search set,
is given in Section S7 in the Supporting Information.
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608 are close in energy and mixed (see Table S4 in the Supporting
609 Information), pointing to the fluorescence mechanism
610 reported in ref 41. All six mutants displaying S2 and S1 mixing
611 are blue-shifted and have f Osc values consistently with S2 → S0
612 allowed transitions. However, since their S1 and S2 states are
613 nearly degenerate, transitions to S1 or S2 are indistinguishable
614 and both feature a switching electronic character. The other 12
615 members (including WT) of the search set show a behavior
616 similar to that of the members of the application set. They do
617 not show S2−S1 mixing, while the S1 → S0 transition is allowed.
618 Notice also that four of these variants are red-shifted.
619 In conclusion, our results indicate that all 18 variants are
620 potentially fluorescent and have to be transferred to phase II.
621 However, it is suggested that 6 (blue-shifted) variants have a
622 fluorescence mechanism different from that of 12 (5 red-
623 shifted, 6 blue-shifted, and WT) variants. Such conclusions will
624 be further explored and corroborated in phase II and phase III.
625 3.3.2. Phase II. We start by inspecting the FC trajectories of
626 the 12 variants not showing S1−S2 mixing or degeneracy.

f8 627 Figure 8A,B compares the blue-shifted variant S214D/
628 D217EAT

ASR and the red-shifted variant D217EAT
ASR. The energy

629 profiles (top panels) show that both variants propagate
630 exclusively along the S1 PES and that the fOsc value shows
631 that S1 is the spectroscopic state. The mirror-image-like C14−

632 C15�NH+ charge variation of the S1 and S0 states (bottom
633 panels) indicates that these states are electronically coupled.
634 The results above are consistent with FC trajectories similar
635 to those belonging to the fluorescent candidates of the
636 application set and, therefore, characterized by a barrier origin
637 related to S0 and S1 mixing. It is also apparent that no CI or
638 twisted rPSB conformations are reached within 500 fs, with the
639 only exception of the V112NAT

ASR variant that reaches the CI in
640 about 320 fs (see Figure S16H in the Supporting Information)
641 and is thus discarded. Notice that, within the selected subset
642 showing f Osc(S1−S0) > fOsc(S2−S0) according to Table 2, there

643are no significant differences between the FC trajectories
644computed for either blue- or red-shifted mutants (see also
645Figure S16 in Section S7 in the Supporting Information).
646In contrast with the above variants, Figure 8C,D reports
647examples (W76S/Y179FAT

ASR and L83QAT
ASR) of FC trajectories

648characterized by mixing between S1 and S2 and f Osc(S1−S0) <
649f Osc(S2−S0). During the very initial trajectory propagation,
650both energies and charges display a behavior consistent with
651near degeneracy in the FS region. However, in three blue-
652shifted cases (P206QAT

ASR, W76FAT
ASR, and L83QAT

ASR), the
653degeneracy is abandoned and the variants reach the photo-
654 t3chemically relevant CI and decay to S0 within 500 fs (see Table
655 t33, Figure 8D, and Figure S17 in Section S7 of the Supporting
656Information). Such decays imply that the corresponding
657rhodopsins must be discarded.
658In conclusion, phase II reduces the number of fluorescent
659candidates from 18 to 14, as 4 rhodopsins, i.e., V112NAT

ASR,
660W76FAT

ASR, P206QAT
ASR, and L83QAT

ASR, are predicted to decay
661rapidly.
6623.3.3. Phase III. The trend in ES1

f values for the search set is
663computed using the same strategy employed for the
664application set. The RS for the blue-shifted S214D/D217EAT

ASR

665and red-shifted D217EAT
ASR candidates that do not show S1/S2

666 f9mixing are plotted in Figure 9A,B, respectively, whereas the
667W76S/Y179FAT

ASR variant displaying S1/S2 mixing is presented
668in Figure 9C.
669The energy profiles along RS may present discontinuities.
670These are attributed to the too fast relaxation of certain
671internal coordinates relative to the scanned coordinate and/or
672mixing with excited states not included in the state-averaging.
673One case is shown in Figure 9C (top panel) for a candidate
674exhibiting S1/S2 mixing. In the middle and bottom panels,
675there is an evident crossing of both the fOsc and charges
676immediately after the energy discontinuity. All variants with
677S1/S2 mixing (see Table 2) present a similar behavior (as

Table 3. Summary of the Analysis Performed in Phases I−III for the Rhodopsins of the Search Set

phase Ia phase IIb phase IIIc

rhodopsin variant FS α ΔES1−S0
f CI time (fs) ES1

f fluorescent candidate? mechanism

WTAT
ASR L. −158.0 35.7 N.R. E.B. 0.3 (0.0) yes A2

S214DAT
ASR L. −151.4 33.3 N.R. E.B. 0.3 (0.0) yes A2

Y73QAT
ASR L. −153.2 34.0 N.R. E.B. 0.2 (0.0) yes A2

P206CAT
ASR L. −161.5 37.0 N.R. E.B. 0.4 (0.1) yes A2

P206KAT
ASR L. −153.5 32.7 N.R. E.B. 0.2 (0.0) yes A2

D75EAT
ASR L. −168.8 36.6 N.R. E.B. 1.5 (0.4) yes A2

D217EAT
ASR L. −156.0 34.3 N.R. E.B. 0.5 (0.1) yes A2

D217NAT
ASR L. −156.0 34.4 N.R. E.B. 0.4 (0.0) yes A2

E36QAT
ASR L. −154.8 35.4 N.R. E.B. 0.2 (0.0) yes A2

S214D-D217EAT
ASR L. −150.2 33.0 N.R. E.B. 0.1 (0.0) yes A2

W76S/Y179FAT
ASR L. −171.0 42.2 N.R. E.B. N.A. yes A1

P206HAT
ASR L. −178.0 41.9 N.R. E.B. N.A. yes A1

P206YAT
ASR L. -175.8 38.7 N.R. E.B. N.A. yes A1

P206QAT
ASR L. −157.6 44.7 R. <200 nO

S86DAT
ASR L. −160.6 34.7 N.R. B.L. 0.0 (0.0) nO

W76FAT
ASR L. −155.5 42.3 R. >200 nO

L83QAT
ASR L. −153.8 44.5 R. <200 nO

V112NAT
ASR L. −157.0 34.6 R. ≈320 nO

aFS structure located? N.L.: not located; L.: located, with α dihedral angle for the C13 = C14 bond and computed ΔES1−S0
f (kcal mol−1) SA2-

CASSCF(12,12)/AMBER//3-CASPT2(12,12)/6-31G(d). bCI reached within 200 fs? N.R.: not reactive; R.: reactive, with the estimated
photoisomerization time (fs); phase II not performed if no corresponding FS was located. cEnergy barrier along the S1 RS profile? B.L.: barrier-less;
E.B.: energy barrier, ES1

f at the SA2-CASSCF(12,12)/AMBER level, values corrected at the 3-CASPT2(12,12)/6-31G(d) level are shown in
parentheses (kcal mol−1), N.A.: not applicable for RS with discontinuities; phase III not performed if no corresponding FS was located.
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678 shown in Figure S20 in Section S9 of the Supporting
679 Information).
680 Due to the discontinuities along the S1 energy profile, it is
681 not possible to compute ES1

f for the W76S/Y179FAT
ASR variant.

682 However, it is possible to qualitatively identify whether a
683 sizable barrier is present or not. For instance, it is evident from
684 inspection of the W76S/Y179FAT

ASR energy profile that, after the
685 FS region, the S1 energy changes monotonically in a slightly
686 downhill direction but remains almost degenerate with S2 that
687 instead changes in an uphill direction, suggesting that the S1/S2
688 mixing may generate a barrier (see also below). This result is
689 consistent with the outcome of phase II where FC trajectory
690 plotted in Figure 8C exhibits a nonreactive behavior. This
691 variant should thus be considered fluorescent in agreement
692 with experimental and theoretical data (see ref 41).
693 As illustrated in Figure 9A for S214D/D217E, no
694 discontinuity is detected when S1/S2 mixing does not occur
695 (see also Figure S19 in Section S9 of the Supporting
696 Information). When comparing the RS energy profiles for
697 the blue-shifted S214D/D217E and red-shifted D217E
698 variants, the S1 profile starting at FS is slightly uphill. The
699 fact that ES1

f of the red-shifted variant is almost 5 times higher
700 than that of the blue-shifted suggests a correlation between
701 computed ES1

f and red-shifted or blue-shifted character of the
702 variant. However, after looking at Table 3, which reports the
703 ES1

f for the whole set, we find that such correlation is not

704supported. For instance, the variant exhibiting the largest ES1
f

705value of the set is the blue-shifted D75E. Whereas the analysis
706of the charges for the variants without S1/S2 mixing shows an
707evident electronic coupling between S1 and S0, as previously
708identified for mechanism A2, the variants with S1/S2 mixing
709show a mirror-like behavior between S1 and S2 characteristic of
710mechanism A1. In conclusion, the analyses of the energy
711profiles, charges, and oscillator strength, performed for both
712phase II and phase III, suggest that six variants (L83QAT

ASR,
713P206HAT

ASR, P206QAT
ASR, P206YAT

ASR, W76FAT
ASR, and W76S/

714Y179FAT
ASR) feature a mechanism A1, whereas the other 12

715variants present mechanism A2.
716The above results suggest the following screening protocol
717based on the S1 energy change: (i) if the RS energy profile is
718changing monotonically in a downhill direction (even in the
719presence of an S1/S2 degeneracy), the candidate is discarded;
720(ii) if the RS energy profile is flat and does not show a barrier
721the candidate is considered weakly fluorescent and discarded;
722and (iii) if the RS energy profile is initially uphill, the
723rhodopsin variant is selected as potentially fluorescent (this
724would incorporate also all cases where a >0.1 kcal mol−1

725barrier has been located). We stress that these criteria are
726enforced by the need to automate the protocol (see Section
727S4.2) based on an RC computed at 2-root state CASSCF level
728and whose energy profile is then recomputed using three roots.

Figure 9. Relaxed scan (RS) for three members of the search set. (A) S214D/D217EAT
ASR and (B) D217EAT

ASR do not present S1/S2 mixing, while (C)
W76S/Y179FAT

ASR does. Methods, level of theory, colors, and symbols as in Figure 7A. Blue and red frames correspond to blue- and red-shifted
variants, respectively. Similar data, corresponding to the rest of mutants of the search set, is given in Section S9 in the Supporting Information.
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729 Further calculations with, for instance, an increased number of
730 roots have not been pursued.
731 After applying the above procedure to the rhodopsins
732 selected in phase II, only S86DAT

ASR is discarded (see Table 3),
733 while 13 out of 18 variants are classified as potentially
734 fluorescent. Of these, 11 have not been experimentally
735 investigated. Notice that, in contrast to the application set,
736 there are no available observed ϕf data for the search set.

4. LIMITATIONS, FLUORESCENCE MECHANISMS,
737 AND CONCLUSIONS

738 Above, we have presented an automated procedure that allows
739 us to build the entire sets of QM/MM models of potentially
740 fluorescent rhodopsins starting from X-ray crystallographic
741 structures or comparative models as the only input. The
742 procedure leverages the a-ARM protocol for the construction
743 of FC models (including models of mutants) that are then
744 screened via the a-ARM fluorescence screening protocol.
745 Technically, this is performed by the presented PyARM python
746 package, which automatically and sequentially executes the
747 a_arm_protocol and a_arm_fluorescence_-
748 searcher drivers.
749 The quality of the FC models has been assessed via λmax

a

750 computations using a set of 84 rhodopsins (i.e., the benchmark
751 set). We have shown that, if a fully automated procedure had
752 to be used, only 87% of the models would reproduce the
753 observed trend. This represents a first “uncertainty issue” of
754 the presented procedure. A second level of uncertainty has
755 been documented for the FS models using the application set.
756 In this case, the fact that a single replica is used for producing
757 the FC model, as well as the related possible inaccuracies in the

758computed FS model, may have led to non-negligible
759differences in computed and observed λmax

f . A consequence
760of this fact is probably reflected by the lack of perfect
761correlation between computed and observed values within the
762application set (see Figure 7C). Due to these limitations, the
763procedure must be used with care, for instance while testing or
764attempting predictions using models with (likely) different
765ionization states. Clearly, these issues prompt further research
766in the area of automated building of QM/MM models (e.g., in
767comparative modeling, mutant modeling, and ionization state
768prediction methods, in the context of construction of a-ARM
769models), part of which is being carried out in our lab (see for
770instance ref 59).
771Despite the above limitations, it was possible to reproduce
772the trend between computed and observed λmax

f and docu-
773ment/demonstrate a correlation between the computed ES1

f

774values and the measured ϕf. Indeed, for the GEVI system
775Arch3, we found that the computationally selected fluorescent
776rhodopsins match those experimentally observed to show
777fluorescence. For instance, the trend of ϕf is correctly predicted
778for 6 out of 10 members of the set. On the other hand, for
779ASR, we proposed 13 out of 17 possible fluorescent candidates,
780only 2 of which have been successfully expressed and observed
781to be fluorescent. These results justify further research efforts,
782with the final objective of providing a tool useful in
783optogenetics.
784The investigation of the pool of Arch3 (application set) and
785ASR (search set) variant models allowed us to detect two
786distinct fluorescence enhancement mechanisms: mechanism
787A1 and mechanism A2. These mechanisms are characterized
788 f10on the basis of the electronic characters of the first three singlet

Figure 10. Fluorescence mechanisms and S1 progression. (A) Resonance formulas representing the electronic character of the S0, S1, and S2 states.
(B) General structure of the S1 isomerization path of a fluorescent rhodopsin. (C) Rugged surface generated via S2/S1 mixing. (D) Barrier
generated via coupling between the S1 and S0. The dotted curves represent diabatic energies associated with the different electronic characters (see
the main text).
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f10 789 electronic states of rPSB. In Figure 10A, we show the
790 resonance formulas representing such characters, while the
791 scheme of Figure 10B describes the isomerization path and
792 energy profile used to interpret the computational results of
793 phase I−phase III. In the same figure, we also frame (in
794 yellow) the path region responsible for fluorescence modu-
795 lation. As we will now discuss, the resonance formula and
796 reaction path are used to propose a diabatic model for the
797 origin of the ES1

f located along the path.
798 Mechanism A1 (see Figure 10C), first reported by Mariń et
799 al.,41 is characterized by the mixing of the reactive S1 state with
800 the partially bound S2 state. This creates small S1 energy
801 barriers or, better, a “rugged” region of the PES whose origin is
802 attributed to the increase of the 2Ag diradical character
803 characterizing the S2 wave function. Since the diradical
804 character leads to a partially locked C13�C14 bond (see
805 Figure 10A, red panel), the motion toward the CI becomes
806 restrained when such character dominates. Accordingly, the
807 existence of a rugged S1 path can be explained via crossing and
808 recrossing of 2Ag and 1Bu diabatic state energies along a
809 nearly degenerate S1/S2 region. Such a behavior has also been
810 recently described for the canonical microbial proton−pump
811 bacteriorhodopsin.60 The A1 mechanism was assigned on the
812 basis of phase I−phase III calculations by detecting (i) a near-
813 S1/S2 energy degeneracy at the FS structure leading to an S1
814 state with a switching character along the FC trajectory, (ii) a
815 mirror-image variation of the rPSB positive charge distribution
816 of the S1 and S2 states along the same trajectory, and (iii) an
817 S1/S2 degeneracy along the computed RS isomerization
818 coordinate also showing mirror-image variations of the charge
819 distribution of the two states. In this context, the mirror-image
820 variation is associated with the coupled variation of the weights
821 of the two diabatic states along the computed adiabatic states.
822 Mechanism A2 (see Figure 10D), originally reported in this
823 work, is instead due to the coupling between the reactive S1
824 state with the bounded S0 state and on the destabilization of
825 the CI structure with respect to the FS region (see refs 61, 62
826 for a more detailed description of this mechanism). Notice
827 that, in contrast to mechanism A1, this mechanism involves a
828 double bond twisting motion/deformation. As a result, the
829 barrier is located along a highly distorted (nonplanar)
830 geometry of the chromophore. It must also be noticed that,
831 again due to the twisting, the S1 electronic character becomes
832 gradually that of a covalent diradical diabatic state that we
833 associate with the 1Ag resonance formula of Figure 10A in the
834 CI region. In this case, we hypothesize that the diabatic states
835 associated with the 1Ag and 1Bu cross one time in the region
836 corresponding to the S1 energy maxima. Therefore, the barrier
837 would originate from a large coupling between the two diabatic
838 states in the diabatic crossing region. Regarding phase I−phase
839 III calculations, the mechanism is characterized by (i) a large
840 gap between the S1 and S2 energies at FS with an S1 state
841 displaying a charge-transfer character, (ii) a large gap between
842 the S1 and S2 together with a mirror-image variation of the
843 rPSB positive charge distribution of the S0 and S1 states, and
844 (iii) an RS that does not exhibit any S1/S2 degeneracy but S0
845 and S1 charge distributions displaying mirror-image variations.
846 Notice, however, that, due to the complexity of the rhodopsin
847 systems, a precise assignment of the structural factors selecting
848 the exact (e.g., A1 vs A2) fluorescence mechanism would be
849 premature and more in-depth studies are required.
850 As already mentioned above, we hope that, in the near
851 future, the modular framework of PyARM will provide a

852platform “hosting” additional modules, therefore making
853complex workflows/protocols available to users with minimal
854programming knowledge. This may also include modules that
855use TD-DFT as a less costly QM methods in applications that
856allow the use of such a level of theory (i.e., when investigating
857absorption properties). Another possibility is to include a
858module for the screening of or screening specific emitted
859colors after that a mutant or variant has been shown to be
860emissive. More specifically, we envision that, using such a tool,
861new protocols (also based on new modules and drivers) can be
862easily achieved, with only a minimal modification of the code
863(see also ref 46). In conclusion, we believe that the work here
864presented represents an original contribution toward the
865automation of multiscale computational photochemistry and
866photobiology that, in our opinion, constitutes one of the most
867needed and awaited advancements by the scientific commun-
868ity. This research need is easily demonstrated by the recent
869activity of other computational photochemistry laboratories
870working in the automation area.63
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