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ABSTRACT: In  photosynthetic complexes, tuning of chlorophyll light-absorption spectra by the protein
environment is crucial to their efficiency and robustness. Water Soluble Chlorophyll-binding Proteins from
Brassicaceae (WSCPs)  are  useful  for  studying  spectral  tuning  mechanisms  due  to  their  symmetric
homotetramer structure, the ability to rigorously modify the chlorophyll’s protein surroundings, and the
availability  of  crystal  structures.  Here,  we  present  a  rigorous  analysis  based  on  hybrid  Quantum
Mechanics and Molecular Mechanics simulations with conformational sampling to quantify the relative
contributions of steric and electrostatic factors to the absorption spectra of WSCP-chlorophyll complexes.
We show that  when considering conformational  dynamics,  chlorophyll  ring deformation accounts for
about one-third of the spectral  shift,  whereas protein electrostatics accounts for the remaining two-
thirds.  From  a  practical  perspective,  protein  electrostatics  is  easier  to  manipulate  than  chlorophyll
conformations,  thus,  it  may  be  more  readily  implemented  in  designing  artificial  protein-chlorophyll
complexes with desired spectral shift.

Photosynthetic  organisms  utilize  elaborate
transmembrane multi-subunit protein complexes,
known as photosystems, to carry out the primary
processes  of  solar  energy  conversion.  The
photosystems assemble and organize hundreds of
pigments,  all  interacting  with  the  protein
environment  and  with  one  another.1,2 These
interactions serve to tune the spectral properties
of  individual  pigments,  particularly  their  ground
and  excited  states  energy  levels,  for  highly
efficient  light  capture,  energy  transfer,  and
charge separation3,4. 

Understanding  the  molecular  mechanisms  of
this  spectral  tuning  is  very  challenging  even
though  the  molecular  structures  of  the
photosystems  are  known  with  unprecedented
detail,  and  to  near  atomic  resolution1.  This  is
mainly because the asymmetric arrangement of
the  pigments,  and  the  small  variations  in  their
site  energies  result  in  highly  congested  optical
spectra.  Determining  individual  excitation
energies  from  such  convoluted  spectra  and
assigning them to specific pigments can only be
accomplished  computationally.  Yet,  calculating
the  optical  spectra  of  such  asymmetric  multi-
pigment  arrays  is  computationally  very

demanding,  and  cannot  be  achieved  using
quantum chemical  methods  without  introducing
additional  approximations5–12.  Simpler,  smaller
and more symmetric protein-pigment complexes
may  be  useful  experimental  models  for
identifying and understanding how colour tuning
mechanisms work. In addition, they may provide
benchmarks  for  evaluating  the  validity  of
computational methods.

Such a promising model and benchmark is the
class of type II Water Soluble Chlorophyll-binding
Proteins  (WSCPs)  from  Brassicaceae.13–18 These
bind chlorophylls (Chls) with very high-affinity at
1:1 protein:pigment stoichiometry, and assemble
them  in  homotetrameric  complexes.  Three-
dimensional structures of two complexes, namely,
WSCPs  from  cauliflower  (CaWSCP,  PDB  ID:
5HPZ)19 and Virginia pepperweed (LvWSCP, PDB
ID:  2DRE)20,  are  available  at  high-resolution,
which  is  particularly  suitable  for  computational
modelling.  The  structures  are  representative  of
the type IIa,  and type IIb,  subclasses of  type II
WSCPs,  respectively,  that  are  distinguished  by
the  energies  of  their  Chls’  Qy absorption  band.
The Chl a complex of the type IIa absorbs at λmax

=  673  nm  (1.842  eV),  whereas  the  type  IIb



complex absorbs at λmax = 664 nm (1.867 eV).
Both structures reveal the Chls organized in a
similar  D2  symmetric  configuration  indicating
that  the  spectral  shifts  are  due  to  protein-
pigment interactions.

An  important  advantage  of  using  type  II
WSCPs for studying spectral tuning is the ability
to rigorously modify the protein environment of
the  Chls  by  assembling  them  in  vitro with
recombinantly  expressed  proteins21–24.  By
implementing this strategy, Bednarczyk et al.19

demonstrated  a  spectral  tuning  mechanism
based on a single-point mutation accounting for
two-thirds  of  the  spectral  shifts  between
CaWSCP,  and  LvWSCP.  Comparison  of  the
crystal  structures  revealed  a  change  in  the
position  of  a  tryptophan  residue  (W151,  or
W154 in CaWSCP, or LvWSCP, respectively) in
the near vicinity of the bound Chl (Fig. 1 a-b). 

This displacement is caused by a change in the
tryptophan hydrogen bonding to an amino acid
located two residues downstream of the Chl’s
central magnesium coordination site - a proline
backbone oxygen. In CaWSCP, a hydrogen bond
between  the  ε1 nitrogen  of  W151  and  the
backbone  oxygen  of  an  alanine  (A34)  brings
W151 close to the Chl ring A (Fig. 1a), whereas
in LvWSCP, the bond is shifted to the δ1 oxygen
of  an  asparagine  (N38)  that  replaces  the
alanine at the equivalent position and pushes
W154 away from the Chl (Fig. 1b). Indeed, the
A34N mutation  in  CaWSCP resulted in  a  blue
shift of the Chl a Qy band from 673 to 667 nm,
while the N38A mutation in LvWSCP resulted in

a red shift from 664 to 669 nm. Based on these
results Bednarczyk et al.19 assigned the primary
cause of the spectral tuning to be the Chl ring
deformation induced by the nearby tryptophan
in CaWSCP which is relaxed in LvWSCP. 

Ring deformation has long been considered a
significant factor for inducing red shifts in the
absorption  spectra  of  porphyrin  and  chlorin
derivatives25,26, and it becomes apparent when
comparing  the  Chl  conformations  in  the
CaWSCP  and  LvWSCP  structures  (Fig.  1c,  d).
Recently,  De  Vico  et  al.  proposed,  based  on
quantum  chemical  calculations,  that  ring
deformations  of  bacteriochlorophylls  are  the
main  reason  for  a  30  nm  shift  in  the  Qy
absorption  band  of  LH2  and  LH3,  two
homologues of the light harvesting system from
the purple bacteria Rhodoblastus acidophilus.27 

To  further  quantify  the  role  of  ring
deformation in tuning Chl spectra, we set out to
explore  the  variations  of  protein  and  Chl
molecular  and electronic structure among the
two WSCP complexes. To this end, we used the
hybrid  Quantum  Mechanics/Molecular
Mechanics (QM/MM) approach to determine the
relative contributions to the observed shifts of
CaWSCP-  vs.  LvWSCP-bound  Chl  spectra.  The
symmetry of the quaternary structure, and the
similar  relative  orientations  of  the  Chl
macrocycles in both WSCPs allow us to perform
the quantum calculations only on a single Chl
under the reasonable assumption that all four
binding  sites  are  identical,  and  the  Chls’
excitonic coupling28,29 effects are similar. 

Figure 1. Chl binding sites and macrocycle conformations in CaWSCP and LvWSCP. Protein structures are
shown in semi-transparent ribbon representation. Chls are in stick representation whereby atoms treated
at the QM level are opaque, and the phytyl chain atoms treated at the MM level are semi-transparent.
Dashed lines mark coordinative bonds to the Chl’s central Mg atom (green sphere), and hydrogen bond to
tryptophan ε1 nitrogen. a) CaWSCP (PDB ID: 5HPZ). Residues P32, A33 and the Chl without phytyl chain
(orange) were treated at the DFT level during the QM/MM relaxation. Residues A34, W151 and W87 (pink)
were  also  included  in  the  QM region  for  excitation  energy  calculations.  b)  LvWSCP (PDB ID:  2DRE),
Residues P36, A37 and the Chl (purple) without phytyl chain were treated at the DFT level during the
QM/MM relaxation. Residues N38, W154 and W90 (blue) were also included in the QM region for excitation



energy calculation. c) 3D structure of LvWSCP (purple) and CaWSCP (orange), averaged over 100, QM/MM
relaxed, snapshots. d) Out of Plane (OOP) displacement of the averaged Chl geometry in LvWSCP (top,
purple) and CaWSCP (bottom, orange). Bars represent the root mean square deviation of each atom.

Our  aim  was  to  separate  and  quantify
different  contributions  such  as  the  effect  of
protein-induced  electrostatics  on  excitation
energies on one hand, and steric factors on the
other  hand.  To  this  end,  we  established  a
computational  setup  that  could  reliably
describe  the  variations  of  Chl  absorption
spectra in the different WSCP complexes. Then,
we were able to quantify the effect of steric and
electrostatic  factors  on  the  calculated  Chl
spectra by virtually turning these factors “on”
or “off” in the model. 

To  calculate  reliable  absorption  spectra,  it
was necessary to obtain information about the
dynamics of the molecular system beyond the
single  geometry  provided  by  the  crystal
structures  of  the  WSCP  complexes.30 This  is
because  the  size  and  complexity  of  these
protein-pigment systems prohibit the use of a
single  vertical  excitation  energy  at  an
equilibrium geometry (VEQ) that is  commonly
used for small organic molecules. A prerequisite
for  VEQ is  the optimization of a minimum on
the  potential  energy  surface  that  can  be
identified  and  subsequently  used  for  the
calculation  of  vertical  excitation  energy.
However, determining the absolute minimum of
the  potential  energy  surface  in  a  protein  is
virtually impossible due to the high number of
degrees  of  freedom  and  the  associated
presence  of  multiple  minima.  Here,  we
addressed  the  issue  by  sampling  molecular
conformations  from molecular  dynamics  (MD)
simulations  and  then  performing  a  QM/MM
relaxation  on  each  sampled  geometry
(snapshot)  at  the  density  functional  theory
(DFT) level.  The ensemble of these molecular
conformations  was  used  for  calculating
excitation energies at the time-dependent DFT
(TD-DFT)  level  of  theory.  Recently,  such  an
approach was demonstrated to provide a good
description of absorption bands at reasonable
computational costs.31,32

The average Chl geometries from the QM/MM
relaxed  geometries  of  CaWSCP  and  LvWSCP
show high similarity in the overall conformation
and the Out Of Plane (OOP) displacement (Fig.
1c,  d).  The  latter  indicates  that  Chl
conformation in CaWSCP is more bent than in
LvWSCP,  but  the  differences  are  minor  when
considering  the  root-mean  squared  standard
deviation  (RMSD).  This  is  in  contrast  to  the
apparently  flat  Chl  ring  conformation  in  the
crystal  structure  of  LvWSCP  that  led
Bednarczyk et al.19 to the conclusion that ring
deformation  is  the  major  contribution  to  the
spectral  shift  between  CaWSCP  and  LvWSCP.
Prompted by this  discrepancy we found a re-
refined model from the PDB-REDO database33 in
which the electron densities assigned to Chl are

better  fitted  with  a  bent  macrocycle
conformation. This implies that the original flat
Chl conformation is poorly fitted to the electron
density  map  (see  supporting  information  for
detailed  analysis),  while  the  simulated
conformations are a better fit. 

Beyond  providing  confidence  in  our
simulation protocol, our findings underline the
need  to  consider  an  ensemble  of  Chl
conformations  rather  than  a  single  snapshot.
Calculations  considering  only  a  single
conformation  should  be  taken  with  caution
since it might not be representative. This may
be  because  it  is  a  rare  and  extreme
conformation out of a whole ensemble, or in the
case  of  geometries  extracted  from  a  crystal
structure,  due  to  errors  in  a  structure’s
refinement process resulting in a poor local fit
to actual electron density maps. 

The  computed  λmax values  for  CaWSCP and
LvWSCP  were  2.037  eV  and  2.063  eV,
respectively. The 0.026 eV difference between
these  values  is  almost  identical  to  the
measured spectral shift between CaWSCP and
LvWSCP  (Fig.  2).  The  high  accuracy  in
reproducing the spectral shift between CaWSCP
and LvWSCP is due to error cancelation when
considering  the  energy  differences  between
two  similar  molecular  systems.  However,  the
actual  positions  of  absorption  maxima  are
0.195 eV higher than the respective measured
values.  A  similar  difference  was  reported
between  calculated  and  experimental  gas
phase absorption maxima of Chl.34–36 Since we
are interested in the relative shift between the
two  WSCP  types,  this  level  of  theory  is
sufficiently  accurate for  our  purposes and we
use  it  in  order  to  elucidate  the  molecular
mechanisms  for  tuning  the  Chl  spectra  in
WSCPs.  More  specifically,  the  relative
contribution  of  protein-induced  Chl
conformational changes on one hand, and Chl-
protein  electrostatic  interactions  on the other
hand. 

To  estimate  the  contribution  of  Chl’s
conformational  changes  to  the  spectral  shift,
we  calculated  the  excitation  energies  after
zeroing the charges of the protein environment
and keeping the Chl geometry from the QM/MM
simulations (Fig. 2). The result reflects the net
contribution of the Chl distortion to the spectral
shift.  For  the  Qy absorption  band,  this  was
found to be 0.010 eV, which is ca. a third (38%)
of  the  total  spectral  shift  between  the  two
WSCPs.  This  minor  contribution  is  consistent
with the minor conformational changes found in
the MM simulations. 



Figure 2. Effects of the Chl geometry and protein
environment  on  the  excitation  energies.
Calculated spectra of CaWSCP (red) and LvWSCP
(blue) in protein with protein charges set to zero
(top,  dotted lines).  Spectral  bands calculated by
considering the protein charges (top, solid lines)
were shifted by 0.195 eV in order to best match
the experimental spectra (bottom, dashed lines).

Since geometry  changes  appear  to  account
for about a third of the spectral shift between
the  two  WSCP types,  the  rest  of  the  shift  is
most  likely  due  to  a  direct  protein-induced
electrostatic effect. The calculated contribution
of  Chl  geometry  and protein  electrostatics  to
the  excited  state  energy  difference  between
LvWSCP and CaWSCP are summarized in Fig. 3.

To rationalize how the different electrostatic
interactions  of  the  Chl  with  its  protein
environment  induce  the  spectral  shift  we
inspected  the  changes  in  electron  density
between the ground and excited states of Chl in
the gas  phase.  The difference between these
electron densities (Fig. 4) reveals that electron
density is shifted from rings B and D towards
rings  A  and  C  upon  excitation.  Thus,
interactions  between  the  increased  electron
density  and a negative charge on ring  A will
raise the energy of the excited state more than
the  ground  state,  resulting  in  a  blue  shift.
Conversely, interactions with a positive charge
on ring  A will  lower  the excited state  energy
more than the ground state, resulting in a red
shift. The opposite effect is expected on ring B,
namely, a negative charge will  result in a red
shift,  and a positive charge in  a blue shift.  A
simulation  of  the  combined  effect  of  point
charges near rings A and B demonstrating this
concept is shown in the supporting information
section  S3.  The  use  of  such  a  point  charge
model  to  rationalize  spectral  tuning  was
reported for retinal and other chromophores37.

Figure  3. Relative  contributions  of  pigment
geometry  and  proein  electrostatics  to  the
excitation  energy  difference  between  CaWSCP-
and LvWSCP-Chl  a complexes.  Excitation  energy
shift due to Chl geometry changes was found to
be 0.010 eV by calculating the excitation energy
of Chls within CaWSCP and LvWSCP (represented
in orange, and blue, respectively) with the protein
charges set to zero. The rest of the shift is due to
electrostatic effects induced by the CaWSCP and
LvWSCP  protein  environments  (represented  by
red, and light blue rectangles, respectively).

Mapping  the  electrostatic  potential  induced
by the protein environment onto the van-der-
Waals surface of the Chl reveals a more positive
potential on ring A in CaWSCP than in LvWSCP,
and a more negative one on ring B (Fig. 5). This
electrostatic  picture  is  consistent  with  the
observed  red,  and  blue  spectral  shifts.  To
identify which residues are responsible for the
electrostatic potential differences we looked at
contributions  to  the  electrostatic  potential  of
specific residues in the vicinity of Chl rings A
and  B  (Fig.  5).  The  A34/W151  pair  clearly
induces  a  positive  potential  on  Chl  ring  A  in
CaWSCP,  whereas  the  equivalent  N38/W154
pair  has little contribution to the electrostatic
potential  in  this  region  of  LvWSCP.  In  the
vicinity  of  Chl  ring  B,  the  nearby  backbone
oxygen  of  valine  V89  in  CaWSCP  induces  a
negative  electrostatic  potential,  whereas  the
backbone oxygen of the equivalent leucine L91
in  LvWSCP is  facing  away  from the  ring  and
does  not  induce  a  negative  potential.  The
different orientation of the backbone oxygens is
caused by the different length and sequence of
the PVCNEL, and LCPS loops spanning residues
88-93, and 91-94 of CaWSCP, and LvWSCP. This
implies  that  point  mutations  that  can change
the electrostatic potential on Chl rings A and B
may induce significant spectral shifts. 



Figure 4. Electron density difference between the
ground  and  excited  state  (ρground -  ρexcited)  of  the
gas-phase optimized Chl. Blue and red represent
positive and negative electron density difference,
respectively.

Palm et al. 13,24,38 have recently targeted the
same loops in exploring their effect on complex
stability, and Chl a/b binding preferences. Their
work revealed that mutating L91 to P, V, A, or G
in LvWSCP has no effect on the Chl spectra, but
partially  or  completely  replacing  it  with  the
PVCNEL loop red shifts the Qy peak up to 670
nm. While this is consistent with variations of
the  backbone  oxygen  conformation  affecting
the Chl spectra, when the PVCNEL of CaWSCP
was replaced by LCPS the blue shift was minor.
Thus,  predicting  spectral  variations  from
changes in flexible regions such as the WSCP
loops  is  not  straightforward,  and  requires
detailed structural information.

Figure 5. Electrostatic potential on the molecular surface of the Chl induced by the protein environment.

Potential is presented in units of [ kTe ] . a) Total electrostatic potential in CaWSCP. b) Potential induced

only by the nearby residues shown in a stick representation.  c)  Potential  induced by the rest  of  the
CaWSCP protein. d) Total potential in LvWSCP. e) Potential induced by the nearby residues shown in a stick
representation. f) Potential induced by the rest of the LvWSCP protein. The backbone oxygens of CaWSCP
V89 and LvWSCP L91 are marked by a red triangle. The former is facing ring B resulting in a negative
potential on the ring, whereas the latter is facing away from the ring resulting in low positive potential in
the same area.

In conclusion, we have rationalized the origin
of  Chl  absorption  spectral  shifts  in  WSCP  by
applying  a  computational  protocol  that
combines  sampling  from  MD  simulations,
QM/MM relaxation  and TD-DFT calculations  of

excitation energies.  As demonstrated here for
CaWSCP-  and  LvWSCP-bound  Chls,  while
variations  in  Chl  geometry  such  as  ring
deformation may significantly contribute to the
spectral  band  shift  in  specific  conformations,



when  the  whole  ensemble  is  considered,
electrostatic  potential  induced  by  the  protein
environment is the dominant effect. This is in
contrast to the case of BChls in LH2 and LH3
described  by  De  Vico  et  al.,27 which  did  not
consider  conformational  ensembles.  In  our
case,  Chl  conformational  changes  have  a
smaller  contribution  because  the
conformational  variations  in  Chls  bound  to
CaWSCP  or  LvWSCP  become  smaller  when
averaged over the ensemble of conformations
in each species. 

The  predominance  of  electrostatic
interactions over conformational changes may
have practical implications for designing novel
Chl-protein complexes with prescribed spectral
properties  since  controlling  and  manipulating
Chl  conformational  variations  by  their  protein
surrounding is very difficult unless a very rigid
scaffold is provided. By contrast,  variations in
electrostatic  potential  can  be  introduced  by
mutations of specific amino acid residues. Such
variations  can  be  readily  implemented  in
protein design algorithms to provide effective
tools  for  controlling  Chl  light-absorption
properties  by  variations  of  their  protein
environment.  These  may  be  used  for
constructing  novel  light-harvesting  complexes
with  prescribed  spectral  properties  either  by
modifying natural Chl-protein complexes, or by
de novo design of new Chl-binding proteins.

Computational Methods

The  computational  protocol  is  described  in
detail in the Supporting Information. Briefly, MD
simulations were carried out using the AMBER
force  field39,40starting  from  the  crystal
structures  as  initial  geometries.  Extracted
geometries were subject to a QM/MM relaxation
protocol,  whereby the QM region consisted of
Chl  without  its  phytyl  chain,  the  proline
providing  its  backbone  oxygen  as  an  axial
ligand to the Chl’s central magnesium, and the
alanine that follows it (P32 and A33 in CaWSCP,
P36 and A37 in LvWSCP, respectively) (Fig. 1).
The geometry optimization was carried out at
the  B3LYP41/Def2-SVP42QM  level  of  theory
including  Grimme’s  dispersion  correction  with
Becke-Johnson  damping43.  The  QM/MM
excitation  energies  were  then  calculated  for
each  relaxed  geometry  using  CAM-
B3LYP44/Def2-SVP level  of  theory.  In  this  step,
three additional residues were treated quantum
mechanically,  namely,  A34  in  CaWSCP,  and
N38  in  LvWSCP,  the  respective  hydrogen
bonded  tryptophans,  W151  and  W154,  and
another tryptophan sidechain located near Chl
ring B (W87 and W90 in CaWSCP and LvWSCP,
respectively).  In  all  calculations,  both  ground
and excited states, the RIJCOSX45 approximation
was  applied.  Eventually  the  computed
spectrum  was  composed  of  a  sum  of  100
individual  excitation  energies  homogeneously

broadened with a Gaussian line shape with full
width at half maximum of 0.025 eV. 
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