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Multiscale simulations have been established as a powerful tool to calculate and predict excitation energies in 
complex systems such as photoreceptor proteins. In these simulations the chromophore is typically treated using 
quantum mechanical (QM) methods while the protein and surrounding environment are described by a classical 
molecular mechanics (MM) force field. The electrostatic interactions between these regions are often treated using 
electrostatic embedding where the point charges in the MM region polarize the QM region. A more sophisticated 
treatment accounts also for the polarization of the MM region. In this work, the effect of such a polarizable 
embedding on excitation energies was benchmarked and compared to electrostatic embedding. This was done for 
two different proteins, the lipid membrane-embedded jumping spider rhodopsin and the soluble 
cyanobacteriochrome Slr1393g3. It was found that the polarizable embedding scheme produces absorption 
maxima closer to experimental values. The polarizable embedding scheme was also benchmarked against 
expanded QM regions and found to be in qualitative agreement. Treating individual residues as polarizable 
recovered between 50% and 71% of the QM improvement in the excitation energies, depending on the system. A 
detailed analysis of each amino acid residue in the chromophore binding pocket revealed that aromatic residues 
result in the largest change in excitation energy compared to the electrostatic embedding. Furthermore, the 
computational efficiency of polarizable embedding allowed it to go beyond the binding pocket and describe a larger 
portion of the environment, further improving the results.  
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Introduction 
 

Photoreceptor proteins are light-sensitive proteins that play a role in light sensing for a variety of organisms [1]. These 
systems gain their light sensitivity through highly conjugated chromophores embedded within the protein which can 

Multiscale QM/MM simulations are a power tool for studying systems which cannot be modelled using a full QM 
treatment. Often interactions between the QM and MM regions are treated using electrostatic embedding. In this 
embedding scheme the environment is modelled as electrostatic point charges surrounding the QM region. A 
weakness of this scheme is that it cannot account for mutual polarization between the QM and MM regions as well 
as interactions within the environment itself. In this work we show how employing an embedding scheme which 
accounts for induction effects can yield a more complete physical picture. 

◀ Significance ▶ 
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absorb light at a variety of wavelengths. Following light absorption, these proteins produce a biological response in the 
host organism and have been found to play roles in several biological functions, including regulation of circadian rhythms, 
phototaxis, and light-oriented growth in plants. Photoreceptor proteins are used in biomedical applications, such as 
optogenetics, where they can be used as light switches in living organisms [2]. Further utilization of these proteins for 
various applications can be achieved by tailoring the optical properties for specific applications. The optical properties 
are determined by the chromophore-protein interactions; however, an atomistic understanding of the precise spectral 
tuning mechanism is not fully understood. Multiscale simulations can contribute to the understanding of these 
mechanisms [3]. In such simulations, the photoreceptor protein is divided into two different regions which are treated at 
different levels of theory. A quantum mechanical (QM) description is applied to the chromophore and important 
surrounding amino acids. The remaining part is treated using molecular mechanics (MM) which can describe hundreds 
of thousands of atoms by parametrized force fields. This particular multiscale method is called hybrid quantum 
mechanics/molecular mechanics (QM/MM) [4]. This hybrid method allows one to accurately model the chromophore 
and its surrounding environment while remaining computationally feasible [5–7]. 

Setting up a QM/MM simulation requires several technical considerations. These include how to appropriately partition 
the QM and MM regions and what type of treatment should be used when describing the interactions between them. The 
effect of the MM environment on the electron density in the QM region is included through an embedding potential. For 
these potentials there are two important aspects: (1) the type of embedding, i.e., how is the interaction between the QM 
and MM region treated, and (2) the quality of the embedding parameters that describe the MM region. The simplest form 
of embedding is mechanical embedding where the QM/MM interactions are treated purely classically using either force-
field or QM-derived charges for the QM region. Thus, in this scheme, the electron density of the QM region is not directly 
affected by the MM region making it unsuitable for calculating optical properties. Electrostatic embedding (EE) is a 
popular embedding scheme that uses static atom-centered point charges, typically from one of the popular force fields 
[3,8,9]. Here the charges in the MM region polarize the electron density in the QM region. However, a weakness of this 
scheme is that it cannot account for induction effects within the environment or between the QM and MM regions, i.e., 
the MM region is static. These induction effects are included in the more advanced polarized embedding (PE) schemes 
[3,8–11]. Mennucci et al. have suggested that inclusion of induction effects through polarizable schemes may be the 
future gold standard when modelling complex biochemical systems [12]. One approach is the fragment-based polarizable 
embedding (FBPE) method which was developed with a focus on accurate calculations of transition and response 
properties [13–16]. The FBPE method uses fragment-based atom-centered multipole expansions to model electrostatic 
interactions and through fragment-based atom-centered polarizabilities it allows mutual polarization between the QM and 
MM regions as well as within the MM region itself. Including these interactions were found to produce substantially 
better quality embedding potentials when compared to an MP2 reference than the classical AMBER and GAFF force 
fields for insulin [17]. For larger systems, one drawback of the FBPE method is that it requires additional QM calculations 
on the residues being considered in the environment. However, cost-effective standard potentials have recently been 
developed to help reduce the cost of these calculations [18]. 

In this work we will assess the effect of the FBPE scheme on two photoreceptor proteins (Figure 1). These include 
jumping spider rhodopsin-1 (JSR1, PDB ID: 6I9K) as well as the red-light absorbing reactant (Pr, PDB ID: 5DFX) and 
green-light absorbing photoproduct (Pg, PDB ID: 5M82) of Slr1393g3 cyanobacteriochrome (CBCR) [19–21]. For the 
rest of the paper, we refer to these two states of Slr1393g3 as Pg-Slr and Pr-Slr.  

The chromophores of rhodopsins and CBCRs undergo an intramolecular charge transfer upon excitation, which makes 
them ideal candidates to study the effect of using a PE scheme. Rhodopsins contain a positively charged retinal 
chromophore linked to the opsin through a lysine side chain, which together form a retinal protonated Schiff base (RPSB). 
These proteins have been found to absorb over a wide range of wavelengths, ranging from 400 nm to 690 nm [22–26]. 
There is a redistribution of the positive charge in the chromophore upon excitation to the first excited state. This charge 
redistribution enables the protein environment to greatly influence the absorption maximum of RPSB because the ground 
and the excited state have different charge distributions [27–30]. The extent of this spectral tuning is controlled by the 
protein environment, which includes the protonation states of titratable residues and the interactions with nearby residues 
within the binding pocket of the protein. JSR1 has been experimentally measured to absorb at 505 nm while a hybrid 
QM/MM simulation on JSR1 using the EE scheme with TD-CAM-B3LYP/cc-pVDZ resulted in excitation energy of 484 
nm [21,31–33]. 

CBCRs also have the ability to absorb light over a wide range of wavelengths, from near-infrared all the way to near-
ultraviolet [34–38]. Here the spectral tuning is thought to be due to structural changes in the phycocyanobilin (PCB) 
chromophore as well as from interactions with its local environment [19,39,40]. The red-light absorbing Pr-Slr has been 
experimentally measured to absorb at 649 nm [41]. Upon illumination the chromophore undergoes an isomerization 
around the C-D rings leading to Pg-Slr, which absorbs at 537 nm [41]. The calculated absorption maxima were determined 
to be 607 nm and 546 nm respectively using EE with RI-ADC(2)/cc-pVDZ [40]. The experimental shift of 0.40 eV 
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Figure 1  Photoreceptor proteins that were studied. (A) JSR1, (B) Pr-Slr, and (C) Pg-Slr. The inset shows the retinal 
protonated Schiff base (RPSB) for JSR1, while the phycocyanobilin (PCB) chromophore is presented for Pg-Slr and Pr-
Slr.  
 
 
between the Pg-Slr and Pr-Slr absorption maxima was partially reproduced using simulations with a value of 0.23 eV 
[40]. 

The results from using FBPE applied to these proteins are presented below. How this scheme improves the calculated 
absorption maxima is examined and compared to previous EE results. In particular, the amino acids that benefit the most 
from this improved description are identified.  
 
Materials and Methods 
 
Spectra Generation 

The structures for the FBPE calculations were adapted from previous studies, JSR1, Pg-Slr, and Pr-Slr [31,39,40]. The 
full details can be found in the respective references. Briefly, 100 structures were generated for each protein by running 
a QM/MM trajectory for 1 ns and taking snapshots every 10 ps. The excitation energies of these snapshots were then 
calculated at the TD-CAM-B3LYP/cc-pVDZ level of theory using either the EE scheme with the AMBER ff14SB 
forcefield or the FBPE scheme with potentials generated using PyFraME and the Dalton program [42–45]. The QM-MM 
partitioning of JSR1 was done by cutting the retinal binding lysine residue between the C⍺-Cβ bond. For Pg-Slr and Pr-
Slr, the boundary was placed at the C⍺-Cβ bond of the cysteine that binds the PCB chromophore. The polarizable 
embedding potentials were generated using PyFraME by explicitly deriving the atom-centered multipoles (up to and 
including quadrupoles) and dipole-dipole polarizabilities from individual fragment calculations [42]. The multipoles and 
polarizabilities were derived for each snapshot by using a fragmentation scheme as outlined in ref [16]. The individual 
fragment calculations were performed using CAM-B3LYP together with an ANO-type recontracted 6-31+G* basis set 
(named loprop-6-31+G* in Dalton). For each system, water molecules within 10 Å of the chromophore were calculated 
explicitly. Convergence analysis of the excitation energy with respect to the size of the included environment were 
performed on the first snapshot of JSR1, Pr-Slr, and Pg-Slr due to the large external environments of solvent surrounding 
the proteins. Here the additional solvent, including lipids, ions and water were treated with the appropriate standard 
potentials found within the PyFraME package [18,46,47]. The radius of the solvent treated as polarizable was gradually 
increased while the remaining solvent up to 50 Å was treated with point charges only (Supplementary Figure S1). It was 
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found that the excitation energy of Pg-Slr and Pr-Slr converged within 20 Å, while JSR1 did not converge until close to 
50 Å. The difference in convergence is likely due to the heterogenous and more polarizable environment of JSR1 
compared to Slr1393g3. Because rhodopsins are transmembrane proteins, JSR1 was modelled inside a lipid bilayer with 
water and ions on either side of the membrane. Slr1393g3 on the other hand is solvated in water. The heterogeneity and 
polarizability of the environment in the JSR1 model made the calculation more sensitive to the amount of environment 
included in the FBPE potential. For each photoreceptor, the excitation energies of the 100 snapshots were then determined 
by treating the environment using electrostatic embedding and then again using the polarizable embedding potentials with 
the cutoffs determined above. The absorption maximum of each system was determined by broadening the stick spectra 
of each snapshot assuming a Gaussian lineshape with a σ value of 0.15 eV and then averaging over the 100 configurations 
at each wavelength.   
 
Subset Analysis 

A subset of 10 evenly spaced snapshots were then selected by sampling every 100 ps. The side chains of residues within 
3.5 Å of the chromophore were then treated individually as polarizable while the remaining environment was treated as 
static with point charges. The excitation energies of each subset when treating these residues as polarizable were then 
determined and compared to the values obtained using pure EE (Supplementary Tables S1-S3). Finally, these same 
residues were then placed inside the QM region for comparison to the FBPE results (Supplementary Tables S4-S6). For 
a graphical representation of the various embedding treatments of the environment please see Supplementary Figure S2. 

Side chains that were found to change the excitation energies by more than ± 0.01 eV for more than one of the 10 
snapshots were then grouped and treated together with the PE scheme (denoted expanded FBPE) and the excitation 
energies were calculated. These same residues were again treated together in an expanded QM calculation for comparison. 
The character of the excited states was found to change in some cases when using the standard CAM-B3LYP functional 
due to the expanded size of the QM region. For range-separated hybrid functionals, such as CAM-B3LYP, the amount of 
Hartree-Fock exchange included depends on the distance (r12) in the exchange operator. The artifacts in the description 
of the excited states were alleviated by setting the fraction of Hartree-Fock (HF) exchange at long-range (LR) to 1.0 
(corresponding to β=0.81) instead of the default of 0.65 (corresponding to β=0.46). This modified functional is sometimes 
referred to as fully LR corrected CAM-B3LYP. 

 
Results and Discussion 
 
Absorption Maxima  
  The results of the computed absorption maxima from using the EE and FBPE schemes, as defined in the methodology, 
are summarized in Table 1 and Figure 2. Two trends emerged from the analysis. First, the absorption maximum of each 
photoreceptor protein calculated with the EE scheme was higher in energy compared to those obtained with the FBPE 
scheme (Table 1 and Figure 2). Second, the fully long-range corrected CAM-B3LYP functional (β=0.81) produced 
absorption maxima that are higher in energy than those calculated with the standard amount of HF exchange at long-
range (β=0.46). The absorption maxima obtained with the FBPE scheme were found to be in closer agreement with their 
corresponding experimental value. The shift between the absorption maxima of Pg-Slr and Pr-Slr from using FBPE was 
determined to be 0.25 eV and 0.27 eV with β=0.46 and β=0.81, respectively. When using EE with standard CAM-B3LYP, 
the deviation in the calculated absorption maxima to the experimental values ranged from 0.11 eV to 0.36 eV, while the 
differences from FBPE were lower and spanned from 0.04 eV to 0.22 eV. 
 

 

 
 
Figure 2  Computed absorption spectra for (A) JSR1, (B) Pr-Slr, and (C) Pg-Slr calculated using 100 snapshots with 
either the FBPE (green) or EE (red) schemes at the TD-CAM-B3LYP/cc-pVDZ level of theory. For each embedding 
method, results from two LR HF exchange fractions are included, β=0.46 (solid) and β=0.81 (dashed). The experimental 
absorption maximum as a black dashed line. 
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Table 1  Absorption maxima of the two photoreceptor proteins studied in this work 

Method 
JSR1 Pr-Slr Pg-Slr (Pg-Pr)-Slr 

nm eV nm eV nm eV nm eV 
EE 

(β = 0.46) 
484 ± 4 
 (-21)   

2.56 ± 0.02 
(0.11) 

545 ± 4 
(-104) 

2.28 ± 0.02 
(0.36) 

498 ± 5 
(-39) 

2.49 ± 0.02 
(0.18) 

-47 ± 7 
(65) 

0.21 ± 0.03 
(-0.19) 

EE 
(β = 0.81) 

462 ± 5 
(-43) 

2.68 ± 0.03 
 (0.23) 

534 ± 4 
(-115) 

2.32 ± 0.02 
 (0.41) 

483 ± 5  
(-54) 

2.57 ± 0.02 
(0.26) 

-51 ± 7 
(61) 

0.25 ± 0.03 
(-0.15) 

FBPE 
(β = 0.46) 

513 ± 5  
(8) 

2.42 ± 0.02 
 (-0.04) 

582 ± 6 
 (-67) 

2.13 ± 0.02 
 (0.22) 

521 ± 6 
(-16) 

2.38 ± 0.03 
(0.07)  

-61± 9 
(51) 

0.25± 0.04 
(-0.15) 

FBPE 
(β = 0.81) 

491 ± 6 
(-13.6) 

2.52 ± 0.03 
 (0.07) 

569 ± 5 
 (-82) 

2.18 ± 0.02 
(0.28) 

506 ± 5 
 (-31) 

2.45 ± 0.02 
(0.14) 

-63± 7 
(49) 

0.27 ± 0.03 
(-0.13) 

Experimental 505[20] 2.46 649[41] 1.91 537[41] 2.31 -112 0.40 

Results for the EE and FBPE schemes are reported in nm and eV. Results from the fully LR corrected CAM-B3LYP 
(β=0.81) and standard version (β=0.46) are tabulated. The confidence intervals at 95% are shown next to each absorption 
maximum value. Values in parenthesis show the absolute error to the experimental absorption maximum. Bolded terms 
show the method with the lowest error in comparison to the experimental value for each photoreceptor protein. 
 
 

Although the FBPE scheme was found to produce absorption maxima in closer agreement to experiment, the origin 
behind the change in the excitation energies was not immediately clear. To analyze this, the average energy (Eavg) of the 
ground (S0) and first singlet excited state (S1) were computed (see Table 2). Because the FBPE scheme accounts for 
additional interactions which are neglected in EE, Eavg was determined only from the polarized QM density to make the 
results from the two embedding schemes comparable. Taking the difference between Eavg obtained from both embedding 
schemes (ΔE (FBPE-EE)) shows that both electronic states are destabilized upon switching to the FBPE scheme. However, 
the destabilization of S1 was found to be less than that of S0, leading to the lower energy absorption maxima in Figure 2. 
The destabilization of both electronic states originates from missing interactions not described in EE. These interactions 
can have a greater influence on the ground or excited state depending on their respective charge distribution. For example, 
upon excitation RPSB undergoes a rapid charge redistribution. Here the positive charge moves from the Schiff base 
towards the β-ionone ring [28–30,48,49]. Using the EE scheme, Fujimoto and coworkers found that the electronic states 
of RPSB are stabilized to different degrees due to this charge redistribution and electrostatic interactions with the 
environment [48,49]. Likewise, here it was found that the additional induction effects of FBPE change the stability of the 
electronic states to different degrees for each chromophore studied. 

 
Table 2  Average energies (Eavg) in Hartree when neglecting the embedding energy, for the S0 and S1 singlet states from 
the 100 structures sampled for each photoreceptor 

 JSR1 Pr-Slr Pg-Slr 
β = 0.46 S0 S1 S0 S1 S0 S1 

Eavg-EE (a.u.) -991.260 
± 0.002 

-991.166 
± 0.002 

-2388.309 
± 0.003 

-2388.225 
± 0.003 

-2388.313 
± 0.004 

-2388.221 
± 0.004 

Eavg-FBPE (a.u.) -991.229 
± 0.002 

-991.140 
± 0.002 

-2388.236 
± 0.007 

-2388.159 
± 0.008 

-2388.242 
± 0.005 

-2388.154 
± 0.005 

ΔE (FBPE-EE) (eV) 0.85 
± 0.09 

0.71 
± 0.08 

1.99 
± 0.21 

1.81 
± 0.23 

1.93 
± 0.17 

1.82 
± 0.16 

β = 0.81 S0 S1 S0 S1 S0 S1 

Eavg-EE (a.u.) -990.443 
± 0.002 

-990.344 
± 0.002 

-2386.770 
± 0.004 

-2386.685 
± 0.004 

-2386.778 
± 0.005 

-2386.683 
± 0.005 

Eavg-FBPE (a.u.) -990.412 
± 0.002 

-990.319 
± 0.002 

-2386.693 
± 0.005 

-2386.613 
± 0.005 

-2386.707 
± 0.004 

-2386.617 
± 0.004 

ΔE (FBPE-EE) (eV) 0.84 
± 0.09 

0.68 
± 0.08 

2.10 
± 0.16 

1.95 
± 0.16 

1.91 
± 0.16 

1.79 
± 0.16 

The difference between Eavg obtained using both embedding schemes is also presented in Hartree to show how switching 
between the embedding scheme impacts the chromophore. Also shown are the confidence intervals at 95%. 
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Single Side Chain Effects 
The FBPE scheme provides a more physically complete description of chromophore-protein interactions in comparison 

to EE. However, to understand this improvement on the atomistic level, the effect of individual amino acid side chains 
was probed. For a subset of 10 equally spaced snapshots, the individual side chains of the chromophore binding pocket 
were treated as polarizable while the remaining protein was modeled by static point charges only. The residues for this 
in-depth analysis were selected if at least one atom was within 3.5 Å of any atom of the chromophore. These residues are 
considered to be part of the chromophore binding pocket. The change in the excitation energy relative to a full EE 
treatment was then determined for each residue (Supplementary Tables S1-S3). Since the binding pockets are comprised 
of 9-21 amino acids, the contributions were grouped into four categories: aromatic, charged, polar, and non-polar residues 
(Figure 3). The same procedure was then repeated treating the same residues as part of the QM region. The results are 
tabulated in Table 3.   

 

 
 

Figure 3  Schematic showing how side chains were grouped as either aromatic, charged, or polar to analyze the impact 
of each group on the excitation energy when using the polarizable embedding scheme.  

 
Table 3  Effect of the aromatic, charged, polar, and non-polar amino acid side chains on the excitation energy in eV 

FBPE JSR1 Pr-Slr Pg-Slr 

Aromatic -0.074 ± 0.006 -0.061 ± 0.006 -0.037 ± 0.006 

Charged 0.009 ± 0.002 -0.013 ± 0.009 -0.004 ± 0.004 

Polar -0.020 ± 0.005 -0.013 ± 0.002 -0.007 ± 0.002 

Non-polar -0.005 ± 0.006 -0.016 ± 0.002 -0.010 ± 0.002 

QM  JSR1 Pr-Slr Pg-Slr 

Aromatic -0.072 ± 0.006 -0.092 ± 0.012 -0.063 ± 0.010 

Charged 0.002 ± 0.001 -0.016 ± 0.004 -0.014 ± 0.004 

Polar -0.026 ± 0.007 -0.014 ± 0.002 -0.007 ± 0.001 

Non-polar -0.025 ± 0.006 -0.014 ± 0.001 -0.012 ± 0.002 

Confidence intervals at 95% are also reported. 
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When treating individual residues either as polarizable or quantum mechanically, the largest change in the excitation 
energies relative to the EE scheme originated from aromatic residues. These amino acids have larger polarizabilities that 
upon being polarized can induce larger polarization effects in the chromophore as well as the surrounding protein 
environment. The side chains accounting for the largest changes in the excitation energy for each photoreceptor were: 
Y293 and W290 in JSR1, H529 and W496 in Pr-Slr, as well as H529 and F474 in Pg-Slr. These residues are in proximity 
to the conjugated π system of the chromophores (see Figure 4) enabling stronger polarizing interactions. This highlights 
an important effect neglected in the EE scheme. Treating the polarizable side chains of the binding pocket with FBPE 
and including them in the QM region produced similar changes in the excitation energies from those obtained with the 
EE scheme. 
 
Expanded FBPE and QM Regions 

A simultaneous treatment of all the residues comprising the chromophore binding pocket using the FBPE scheme is 
desirable to capture as many of the chromophore/protein interactions as possible. However, the reference value from an 
expanded QM region would then be computationally intractable. Therefore, a subset of side chains was selected which 
comprised residues that were found to alter the excitation energy by more than ± 0.01 eV. This subset of residues was 
included in the expanded FBPE and QM calculations (Figure 4). Selecting the important side chains of the binding pockets 
amounted to 21 residues (322 atoms including the RPSB) for JSR1 as well as 9 residues and 11 residues (205 atoms and 
236 atoms including PCB) for Pr-Slr and Pg-Slr, respectively.  

The resulting changes in the excitation energies for the expanded QM region and expanded FBPE region are presented 
in Figure 5. Collective treatment of the binding pocket residues with FBPE and QM produced the same trend, namely the 
lowering of the excitation energies for each snapshot (Supplementary Tables S7-S9). The lowering of the excitation 
energy was consistently larger for the expanded QM region than for the expanded FBPE. The FBPE treatment recovered 
71%, 70% and 50% of the change for JSR1, Pr-Slr and Pg-Slr, respectively. The only exception was found for a single 
snapshot of Pg-Slr. However, in this snapshot the QM correction was the smallest among each photoreceptor protein and 
the correction from FBPE was close to zero. Therefore, induction effects in this snapshot can be considered small. 

 
 

 

 
 

Figure 4  The side chains that were determined to cause a change in the excitation energy for at least one snapshot (A) 
JSR1, (B) Pr-Slr, and (C) Pg-Slr. Here the RPSB and PCB chromophores are shown in cyan and side chains in yellow.  
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Unfortunately, it is not currently feasible to study long-range effects from treating the entire protein using QM methods. 
Instead, the expanded FBPE results were compared to treating the full system with FBPE. The cutoff radius for the full 
treatment was converged at a distance of 50 Å for JSR1 and 20 Å for the two forms of Slr1393g3 (Supplementary Figure 
S1). The full FBPE scheme (Figure 5) produced larger changes in the excitation energies than both expanded FBPE and 
expanded QM. The average change in the expanded FBPE excitation energies were found to reproduce 49%, 45%, and 
28% of the change from the full FBPE treatment for JSR1, Pr-Slr and Pg-Slr, respectively. These results highlight two 
important features. First, the inclusion of induction effects is an important feature missed when treating the environment 
with a static point charge model. These results are in agreement with other studies in the literature [15,50]. Second, long-
range effects are important as they further decrease the excitation energies in our three examples.  
 

 
 

Figure 5  Changes in the excitation energies of the ten snapshots from (A) JSR1, (B) Pr-Slr, and (C) Pg-Slr relative to 
full EE when treating the entire system with FBPE (green), an expanded QM region (red), and an expanded FBPE region 
(blue). 
 
 
Conclusion 
 

In this work we assessed the effect of FBPE by calculating the excitation energy of two different photoreceptor proteins. 
The FBPE scheme provides results in better agreement with experimental values compared to the EE scheme. In the 
FBPE scheme, residues are treated as polarizable which yields a more realistic environment surrounding the chromophore 
compared to the static point charges in EE. Analysis of individual side chains revealed that aromatic residues have the 
largest effect on the excitation energy. These findings were corroborated by treating these aromatic residues in an 
expanded QM region. Overall, the FBPE scheme was able to produce absorption maxima that were more consistent with 
treating the environment near the chromophore with higher level QM methods. Moreover, the computational efficiency 
of the FBPE scheme allows treating the amino acids beyond the binding pocket which is not feasible at the QM level. 
The results with full FBPE show that an improved description of residues outside the binding pocket brings the calculated 
absorption maxima in closer agreement to experimental values. The systematic comparison of the FBPE results to a QM 
treatment show that the improvement is not a coincidence.  
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