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ABSTRACT: A recent study by Xu et al. (Nature, 2021, 594, 535−540) provided strong
evidence that cryptochrome 4 (Cry4) is a key protein to endow migratory birds with the magnetic
compass sense. The investigation compared the magnetic field response of Cry4 from migratory
and nonmigratory bird species and suggested that a difference in magnetic sensitivity could exist.
This finding prompted an in-depth investigation into Cry4 protein differences on the structural
and dynamic levels. In the present study, the pigeon Cry4 (ClCry4) crystal structure was used to
reconstruct the missing avian Cry4 protein structures via homology modeling for carefully
selected bird species. The reconstructed Cry4 structure from European robin, Eurasian blackcap,
zebra finch, chicken, and pigeon were subsequently simulated dynamically and analyzed. The
studied avian Cry4 structures show flexibility in analogous regions pointing to similar activation
mechanisms and/or signaling interaction partners. It can be concluded that the experimentally
recorded difference in the magnetic field sensitivity of Cry4 from different birds is unlikely to be
due to solely intrinsic dynamics of the proteins but requires additional factors that have not yet been identified.

■ INTRODUCTION

It has been known for decades that migratory birds use a
magnetic compass to orient during their seasonal long-distance
journeys.1,2 Although much progress has been made
recently,1,3,4 it is still unclear how birds sense the geomagnetic
field. Observations provide some hints that several bird species
seem to have difficulties orienting under red or yellow light5,6

or when exposed to radiofrequency fields in the MHz range
(above 100 kHz).7−11

One exciting hypothesis proposed back in 1978 by Schulten
et al.12 on how the magnetic compass sense could work relies
on quantum mechanics and suggests that a pair of entangled
electrons may enable birds to detect the Earth’s magnetic field.
This hypothesis suggests that specific nonequilibrium states of
molecules, called radicals, that have an uneven number of
electrons can create a radical-pair. The unpaired electron spins
in the radical-pair may be aligned either parallel or antiparallel,
and these states are known as triplet and singlet states,
respectively. If the radical-pair is brought far outside of thermal
equilibrium by light-absorption and exposed to a static
magnetic field (e.g., such as the Earth’s magnetic field), then
the magnetic field can influence the rate of singlet−triplet
interconversion, which can subsequently influence the radical-
pair reaction outcome.3,13,14 Therefore, different chemical
outcomes could correlate with a change in a geomagnetic field
direction that could be neuronally integrated. One essential
prerequisite for this hypothesis is that the animal must possess
a specific molecular receptor that fulfills the necessary physical

and chemical properties to be able to create and host a
biologically relevant radical-pair.3,14−20

Recently, it has been demonstrated that the cryptochrome 4
(Cry4) protein, a photoreceptor molecule ubiquitously ex-
pressed in the bird’s body including the eyes, i.e., the assumed
sensory organ for light-dependent magnetoreception,18,19 may
be exceptionally well-suited and equipped with the necessary
physical and chemical properties to act as a magnetic compass
sensor.4 Figure 1 illustrates the structure of the Cry4 protein
from European robin (Erithacus rubecula, ErCry4), a migratory
bird, and marks a region inside the protein where a light-
absorptive cofactor, called flavin adenine dinucleotide (FAD),
crucial for Cry4 functioning, is located.14,16−23

A pivotal event in Cry4 occurs upon its exposure to blue
light, where an electron in the FAD is excited, creating the
FAD* state and thus allowing for the creation of spin-
correlated radical-pairs through the process of photoexcitation
of the electron acceptor molecule.12 Inside Cry4, the excitation
process is followed by a rapid electron-transfer from the
neighboring tryptophan residue Trp395 (WA) to the FAD. A
photoinduced electron-transfer involving flavin and tryptophan
was studied in a Arabidopsis thaliana cryptochrome 1 and in
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Escherichia coli CPD photolyase. These studies have demon-
strated that a singlet radical-pair is formed upon the 1FAD
excitation.24 The process of a singlet radical-pair formation was
shown to have a higher quantum yield compared to other
processes, i.e., the intersystem crossing.
The first electron-transfer in Cry4 is followed by subsequent

sequential electron-transfers: from WB (Trp372) to WA
•+, from

WC (Trp318) to WB
•+, and last from WD (Trp369) to WC

•+ as
illustrated in Figure 1. As a result, the [FAD•−TrpDH

•+]
radical-pair in Cry4 is created, which has been shown to be
sensitive to the magnetic field.4

Magnetic compass orientation is particularly important for
migratory birds, but even some birds that show a sedentary
lifestyle seem to be able to sense the magnetic field.2 Although
both migratory and at least some nonmigratory birds seem to
be able to sense the magnetic field, they likely differ in their

efficiency to do so. This hypothesis was recently supported in
vitro.4

In a recent study by Xu et al.,4 the authors measured changes
in the optical absorbance of photoinduced radicals in Cry4
proteins in vitro from migratory and nonmigratory bird species
exposed to a 30 mT magnetic field. The results suggest that the
magnetic sensitivity in Cry4 from a night migratory songbird is
enhanced compared to Cry4 from nonmigratory bird species.4

However, the molecular basis for this apparent difference in
magnetic sensitivity between migratory and nonmigratory bird
Cry4 is unknown. This calls for a detailed investigation and in-
depth comparison of protein structures between migratory and
nonmigratory birds’ cryptochromes.
Presuming that Cry4 is indeed the key receptor that detects

the input from the magnetic field in the eye, the question then
is how would that signal be converted to a biological signal
inside the cell.25,26 Such signal transduction is usually

Figure 1. Secondary structure representation of ErCry4 protein highlighting the specific parts of the protein important for functioning as the
magnetoreceptive molecule. Upper panel to the right: flavin adenine dinucleotide (FAD), phosphate-binding loop (residues 231−248), and a
partial C-terminus (residues 486−496). The circle indicates the approximate position of the FAD binding pocket inside the cryptochrome. The
lower part highlights the electron-transfer process occurring between four tryptophans (WA, WB,WC, and WD) and FAD (only the flavin part of the
FAD molecule is shown). The electron-transfer process is initiated upon a blue light excitation of the flavin moiety (shown with a blue arrow).
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connected to the protein’s dynamics, which can be investigated
using molecular dynamics simulation.
Here the aim is to elucidate possible differences in Cry4

structures between Cry4s from migratory and resident species
using computational methods of protein structural reconstruc-
tion and molecular dynamics simulation. Both methods could
be important for understanding the seemingly different
magnetic field sensitivities between Cry4 proteins.
Specifically, the structure and dynamics of Cry4 proteins

from five different bird species was investigated: migratory
Eurasian blackcap (Sylvia atricapilla, SaCry4) and migratory
European robin, ErCry4; nonmigratory zebra finch (Taeniopy-
gia guttata, TgCry4), nonmigratory chicken (Gallus gallus,
GgCry4), and nonmigratory pigeon (Columba livia, ClCry4).

■ METHODS

Protein Sequences of Cry4. To obtain the coding
sequences of Cry4 from the five different species, the reference
genomes published in the context of the Bird 10,000 Genomes
(B10K) project have been used.27 The Cry4 sequence of
Erithacus rubecula was used as a query and blasted against the
reference genomes of focally selected bird species with default
parameters.28 These reference sequences were compared to
individual Sanger sequenced Cry4 isolates29 to identify
sequencing errors and evaluate the reliability of variable sites.
For SaCry4 and TgCry4, variable sites were checked with
individual publicly available whole-genome resequencing
data.30 The most common gene version (allele) in the
population was chosen for the final consensus sequence for
the identified variable sites. In those cases where no
resequencing data of several individuals was available, the
conflicting sites (different between the reference genome and
Sanger sequenced isolate) were compared to reference
genomes of closely related species available through the
B10K project.27 In the case of conflicting sequences at a certain
site, the sequence agreeing best with the Cry4 sequences of the
closest relatives at that site in the final Cry4 sequence was
used; the final sequences as well as their accession numbers are
listed in the Supporting Information, see Figures S6 and S7.
Homology Modeling. Currently, the only available crystal

structure of an avian Cry4 is ClCry422 (PDB ID: 6PU0), which
was successfully used earlier to construct a homology model of
ErCry4.4 In the present study, ClCry4 was also used as a
template to reconstruct the homology models of the other
avian cryptochromes, specifically TgCry4, GgCry4, and
SaCry4.
Amino acid sequences from the species-specific Cry4s were

compared with the reference amino acid sequence of ClCry4 to
establish sequence similarity and sequence identity by utilizing
the global alignment method;31 the results are summarized in
Table 1.32

The corresponding atomistic structures of the three avian
Cry4s (SaCry4, TgCry4, and GgCry4) were created based on
the amino acid sequences using the Swiss-model server for
homology modeling.33,34 The original reports from the Swiss-
model server and the quality metrics of the resulting Cry4
structures, as well as the accession codes of the protein
sequences are provided in the Supporting Information (see
Figures S9−S11). As the crystallized template structure of
ClCry422 lacks the C-terminal, all of the structures generated
from this template are also lacking this C-terminal end (further
details are provided in the Supporting Information).
The algorithmic details of the computational procedure used

to generate homology models of Cry4 structures are outlined
and described in the workflow diagram in Figure 2. After the
protein structures were constructed, they were prepared for
atomistic molecular dynamics (MD) simulations. This
preparation included determining the protonation states of

Table 1. Summary of Cryptochrome Sequence Alignment
with the ClCry4 Sequencea

ClCry4 ErCry4 GgCry4 SaCry4 TgCry4

sequence similarity 100% 93.5% 91.7% 92.6% 92.8%
sequence identity 100% 89.7% 85.1% 86.9% 87.3%
gaps 0% 0.4% 0.8% 0.4% 0.4%

aThe structure of ClCry4 is resolved through crystallography.22 A
Needelman−Wunsch algorithm31 was used to compare the protein
sequences.

Figure 2. Work-flow diagram summarizing the key steps for studying
structure and dynamics of different avian Cry4s. Cry4 sequences27

were used to reconstruct the corresponding three-dimensional
structures with the ClCry4 structure being used as a molecular
template. Next, the Swiss-model homology modeling tool33,34 was
used to obtain the three-dimensional structures of avian crypto-
chromes. The reconstructed structures were then examined, and the
protonation states of different amino acids were determined. This
process yielded unequilibrated structures, which were then extensively
simulated with VIKING.35 A quantitative measure called root-mean-
square deviation (RMSD) was applied to estimate protein stability. A
common method includes comparing the protein conformations
throughout the simulation relative to the initial conformation of the
MD simulation. RMSD is a quantitative measure that can display the
difference between a certain structure and a reference one.
Simulations were carried out until the RMSD values of the protein
backbone atoms reached some stable equilibrium value. The obtained
stable structures were then extensively simulated in several production
simulations, which were analyzed.
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the histidine residues, which depends on the surrounding
amino acid residues in the protein. With the protonation states
determined, the structures were simulated dynamically using
the VIKING platform.35

Comparing Homology Modeled and Crystal Struc-
ture ClCry4. To allow for direct comparison of the crystallized
and homology modeled structure predictions, a diagnostic
validation step was added: a homology modeled ErCry4
structure was used as a template for a ClCry4 amino acid
sequence to investigate how well the reversely reconstructed
homolology modeled ClCry4 structure agrees with the crystal
structure of ClCry4.
Molecular Dynamics Simulations. MD simulation is a

well-known computational approach to validate protein
structure stability and investigate the underlying dynam-
ics.16,36,37 MD simulations for all avian Cry4 protein structures
were performed using the NAMD38−40 software utilizing the
VIKING platform.35 Three independent replica simulations
were carried out for each of the studied protein structures in
order to check the reproducibility of the results (see Table 2).
The CHARMM36 force field was used for all simulations,41−47

including CMAP corrections for proteins.48 All simulations
were performed in the dark state of Cry4, and FAD was

simulated as fully oxidized using the previously reported
parametrization.4,17,49,50 The technical details regarding the
details of MD simulation protocol are given in the Supporting
Information.

Clustering Analysis. Clustering analysis was performed
with scikit-learn library v1.0.2 in Python 3.8.10.52 The so-called
agglomerative clustering algorithm was employed, which is a
type of hierarchical clustering where a hierarchy of clusters is
built using the bottom-up approach.53 For protein structure
clustering, the algorithm assumes that each protein structure in
a studied data set belongs to an individual cluster, which are
then eventually merged into pairs of clusters as the cutoff
parameter changes. For each studied Cry4 structure, every
10th MD frame of the concatenated replica simulations was
taken into account for clustering. A distance matrix of the root-
mean-square deviation (RMSD) between frames of the
simulation was calculated employing the rmsd 1.4 mod-
ule.54−56 The resulting 1490 × 1490 matrix was used as an
input for the clustering method, so that RMSD was used as a
distance measure for clustering. The complete linkage option
was used for the clustering analysis, meaning that in every
clustering step the two clusters with the smallest maximum
distance (i.e., ΔRMSD) between structures of the clusters were

Table 2. Investigated Species for Which the Cry4 Structures Were Studied, Listing the Corresponding Common Name,
Protein Name Abbreviation, Duration of MD Trajectories Used for Analysis, Number of Simulation Replicas, and the Source
of the Structuresa

Latin name common name protein name production simulation (ns) replica ref number of atoms

Taeniopygia guttata Zebra finch TgCry4 250 3 this work 91 039
Gallus gallus Chicken GgCry4 250 3 this work 87 927
Columbus livia Pigeon ClCry4 250 3 51 121 097
Sylvia atricapilla Eurasian blackcap SaCry4 250 3 this work 90 263
Erithacus rubecula European robin ErCry4 250 3 4 100 518

aSimulations of ClCry4 and ErCry4 were adopted from earlier studies.4,51

Figure 3. Root-mean-square-deviation (RMSD) of Cry4 backbone atoms, plotted against simulation times in reference to the postequilibration
structures. RMSD values shown here indicate that all of the simulated Cry4 models are stable and can be used for analysis. Different color shades
indicate results for different MD replica simulations.
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merged. The number of clusters was calculated for different
ΔRMSD threshold values with an increasing ΔRMSD step size
of 0.005 Å, until all considered Cry4 structures happen to
belong to a single cluster. The resulting dendrograms were
plotted with the Matplotlib library.57

■ RESULTS AND DISCUSSION
This study delivers a unified computational approach for
constructing and characterizing cryptochromes from migratory
and nonmigratory avian species. Herein, the reconstructed
atomistic structures of five avian Cry4 models are presented,
and tools to justify the robustness of their structures are
provided. By determining possible intraprotein rearrangements
and carrying out an extended analysis of inter-residue distances
important for protein function, in this work, the differences
and similarities in protein structure and dynamics between
migratory and nonmigratory birds’ Cry4 models are studied.
Protein Stability. The stability of a protein can be probed

through analysis of the temporal structure evolution. A
common method includes comparing the protein’s conforma-
tion throughout the simulation to some reference structure,
e.g., the initial conformation of the protein prior to the MD
production simulation. This comparison can be achieved by
analyzing the secondary structure’s RMSD. More details about
the RMSD calculations are provided in the Supporting
Information.
The analyses in Figure 3 show that all of the modeled Cry4

protein structures are well-equilibrated and can be considered
stable. The indication of stability can be seen from the time
evolution dependency of the RMSD plots that flatten out after
a certain simulation time. Somewhat expected are the lower
RMSD values noticed in the case of ClCry4 (Figure 3B, shown
in purple), which is the only crystal structure that was
simulated. Some deviations are noticeable in the replica
simulations of GgCry4 (Figure 3D, shown in red). However,
because the second half of the GgCry4 simulation does not
feature such deviations, the structures in the three replica
simulations are still considered to be sufficiently stable.
Additionally, Figure S1 shows an RMSD analysis for the
different Cry4 simulations, performed without the inclusion of
the flexible phosphate-binding loop (residues 231−248). The

plots in Figure S1 indicate overall lower values of the RMSD
once the flexible motif is excluded. It is important to note that
all of the modeled Cry4 structures are largely missing the C-
terminal part as it is absent in the ClCry4 template and
therefore cannot be reconstructed reliably (Figure S7 shows
what parts of the proteins were reconstructed and which were
omitted). It is, therefore, possible that some perturbation of
the RMSD values could arise because of the truncated protein
structures.
Even though tracking the time evolution of the RMSD can

indicate the stability of the protein structures, a comparison of
the RMSD value between two protein structures close to the
end of the simulation could indicate how varied are the
different Cry4 structures that have been simulated dynamically.
Table 3 shows an averaged RMSD over the last 10 ns of the
simulation. The table suggests that the similarity of the
averaged structures is higher when it comes to replica
simulations and lower when it comes to different Cry4 species.
Furthermore, in the case of GgCry4, three independent replica
simulations yield structures that are reasonably similar to each
other, even though Figure 3 may suggest that the final
structures differ.

Clustering Analysis. To complement the RMSD analysis
of the constructed Cry4 structures and additionally compare
their similarity, an agglomerative clustering algorithm was
employed. Figure 4 indicates the rapidity of Cry4 structure
clustering. The analysis was performed depending on the
ΔRMSD threshold parameter. Figure 4 reveals that all of the
studied Cry4 structures cluster into a single cluster when
ΔRMSD exceeds 4.25 Å. Furthermore, Figure 4 shows that the
set of ClCry4 structures merge into a single cluster at a
somewhat lower value of ΔRMSD. This likely happens because
ClCry4 is the only studied crystal structure, while other Cry4s
are homology modeled. Nevertheless an RMSD difference of
around 1 Å is considered to be small for a protein the size of
Cry4.58 The rate of clustering is the lowest for ErCry4 clusters,
meaning that within the ErCry4 ensemble there is a slightly
lower degree of similarity between the individual structures
taken as MD snapshots; the latter observation goes along with
the results shown in Table 3. In contrast, ClCry4 structures
cluster faster, meaning there is a higher degree of similarity

Table 3. Comparison of the RMSD Values Calculated for Different Cryptochromes Averaged over Last 10 ns of Production
Simulationa

aThe numbers 1, 2, and 3 in the column and row headings indicate replica simulations. 3* simulation for the ClCry4 structure represents the
homology model simulation of the pigeon cryptochrome. The green color indicates high structural similarity of the compared structures, and going
to red indicates higher RMSD and therefore lower structural similarity between two structures.
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between the structures within that particular data set. It is,
however, important to stress that because all the studied Cry4
structures clearly become grouped in a single cluster within
ΔRMSD of 4.25 Å one can conclude that the three
independent replica simulations yield similar structures that
differ in minor details that are likely not critical for the overall
structural motifs. The observed clustering trend is also
supported by Figure S2, which shows dendrograms of avian
Cry4 structures. Figure S2 indicates that clustering for different
Cry4 structures happens similarly and the resulting cluster sizes
appear to be comparable, revealing that the distribution of
different Cry4 structures is uniformly converging.
Protein Rearrangement. Characterization of protein

dynamics often provides an important way of defining a
protein’s function, including its putative signaling role inside a
cell. Protein dynamics analysis could reveal certain protein
regions which can be essential for protein function and reveal
differences between migratory and nonmigratory Cry4
structures, as was also indicated in a recent study by Wang
et al.,59 where it was shown that the DmCry activation
mechanism includes an allosteric switch. In order to assess how
specific amino acid residues contribute to the overall flexibility
of the protein, a root-mean-square fluctuations (RMSF)
analysis was performed. RMSF represents the measure for a
residue’s movement in the protein’s structure around its
reference position (see the Supporting Information for more
details).
Figure 5C shows the result of the RMSF analyses performed

for the three 250 ns replica simulations for all studied Cry4s
structures. In general, the following regions of interest show a
moderate increase in Cry4 flexibility: residues 150−250,
residues 400−497, and more specifically, the phosphate-
binding loop (231−248) and the C-terminal region (485−
495). Increased flexibility of the residues beyond residue 400
could be related to the hyper-flexible C-terminal region.
Interestingly, although the C-terminal region is moderately
flexible in all of the probed avian cryptochromes, not all
demonstrate a hyper-flexible C-terminal behavior when

compared between species. Furthermore, the C-terminal in
avian cryptochrome could not be accurately modeled in full
length because in the ClCry4 crystal structure,22 this region
was too flexible to be successfully reconstructed and is
therefore unavailable for homology modeled structures; Figure
S7 in the Supporting Information indicates the missing parts of
the C-terminal in the modeled Cry4 structures.
A region of lower flexibility, as seen both from Figure 5B and

Table 4, is the so-called tryptophan tetrad region (TTR) which
contains all four tryptophans W395 (WA), W372 (WB), W318
(WC), and W369 (WD), which are essential for the electron-
transfer process in Cry4. This region is one of the lowest in
flexibility in all of the studied Cry4 models, coinciding well
with the proposed mechanism of radical-pair creation, which is
highly dependent on the inter-residue distance of the
mentioned tryptophan residues.3 The results in Figure 5C
show that apparently, migratory and nonmigratory Cry4s do
not exhibit significant differences in their internal dynamics.
Even though Figure 5B and Table 4 show that the averaged
RMSF values per region can vary between species, the results
still indicate that all of the studied Cry4s may share a similar
activation mechanism.
A further investigation, in which different radical-pair states

of Cry4 from different species would be simulated and
analyzed, could show additional differences. However, such a
study should be performed separately. Furthermore, it cannot
be excluded that the observed similar results might be slightly
biased, because all homology modeled structures were
established from a single crystal structure of ClCry.22 Finally,
it is important to note that the most flexible region (the C-
terminal (residues 485−495)), in Figure 5C is, in fact, the least
preserved region not only among the avian cryptochromes
discussed in this paper but also among cryptochromes across
the animal kingdom.61

Figure 5C indicates that Cry4 from different bird species
experiences similar motions. This observation is reflected in
both the magnitude of fluctuations and the specific mobile
residues. These findings support conserved interaction patterns
of Crys from different species as previously reported62 where it
is discussed how interactions with signaling molecules in
different regions of cryptochrome could affect its interactions
with other proteins. It was concluded that the interaction
patterns of cryptochrome from different species could be
conserved.
To connect the flexible region in the structures with the

uncertainties in the atomistic coordinates, a comparison of
RMSF values with the B-values of the ClCry4 was performed.
The results indicate that simulations correlate well with the
uncertainties in atomistic coordinates, characterized through
the B-values provided for ClCry4 crystal structure. The details
of this comparison are provided in the Supporting Information
and Figure S3 in particular.

Specific Distances Related to Function. To elucidate if
the creation of radical-pairs could occur efficiently in the
modeled cryptochromes, edge-to-edge distances between the
FAD cofactor and the WA, WB, WC, and WD residues as well as
the pairwise distances WA−WB, WB−WC, WC−WD, and WD−
Y319 were computed. Edge-to-edge distances are important for
electron-transfer processes, as shown in Figure 1, that lead to
Cry4 activation. With the increase of the inter-residue distance,
the electron-transfer could become less efficient and slow
down;3 it is, therefore, important to estimate whether the
distances involving FAD and the tryptophan tetrad are

Figure 4. Agglomerative clustering analysis dependence on ΔRMSD
performed for the avian Cry4 simulations. NC indicates the total
number of obtained clusters where the considered Cry4 structures are
grouped. The three replica simulations for each Cry4 structure were
used jointly to provide a unified set of structures analyzed here.
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significantly different between migratory and nonmigratory
bird species. The three replica simulations for each of the
studied Cry4 models were used for the performed analysis,
which includes the distribution of inter-residue distances in the
form of a box-plot, shown in Figure 6. Figure 6 indicates that
edge-to-edge distances in the five studied Cry4 models are
highly similar in all of the studied avian species, which indicates
that radical-pair formation could occur similarly in all of them.
The definition of the studied distances is given in Figure 1,
while their full corresponding name is summarized in Table 5.
Even though the observed functional electron-transfer
distances are not significantly different across species, it is
important to note that the distances could change more

profoundly upon Cry4 activation, where the electron-transfer
through the protein could affect protein dynamics and
influence reorganization of residues involved in radical-pair
formation. Such an effect has been observed earlier for ErCry4
and ClCry4 structures.37,51 The distance to Tyr319 was also
calculated, because of its proposed role as an electron donor to
WD due to its adjacent spatial position to WD.

4,63

The distances Fd3 and Fd4 between the FAD and WC and
WD, respectively, introduced in Figure 6, on the other hand,
show a larger degree of variation in different Cry4 models.
These distances can affect radical-pair recombination in Cry4
after its photoactivation. Therefore, the distances Fd3 and Fd4
are specifically important for the spin recombination reaction,

Figure 5. (A) Structure of the TgCry4 protein with specific regions color-coded (according to the nomenclature inherited from Drosophila
melanogaster37,60): C-terminal shown in red (residues 485−495), C-terminal lid shown in blue (residues 400−421), protrusion motif shown in
green (residues 273−282), phosphate-binding loop shown in yellow (residues 231−248), and C-terminal tail (CTT) base loop shown in brown
(residues 147−151). (B) Averaged root-mean-square fluctuations (RMSF) values computed for different regions of the five standard Cry4 models
for the phosphate-binding loop (top) region and tryptophan tetrad region (bottom). The values are averaged over the results from the three replica
MD simulations of ClCry4. The error bars indicate the standard deviation corresponding to the values shown in Table 4. (C) RMSF values of
amino acid residues in the modeled cryptochromes. The fluctuations represent movement of the Cα backbone atoms, around their averaged
position. Different color shades indicate different replicas of the MD simulations.

Table 4. Average RMSF Values for Phosphate-Binding Loop (PBL) and Tryptophan Tetrad Region (TTR) Regions of the
Proteinsa

⟨RMSF⟩ (Å)

Zebra finch Eurasian blackcap European robin Chicken Pigeon

PBL (231−248) 3.03 ± 1.06 4.11 ± 1.34 1.92 ± 0.52 3.96 ± 0.98 1.54 ± 0.28
TTR (315−400) 0.61 ± 0.05 0.64 ± 0.05 0.66 ± 0.05 0.65 ± 0.05 0.56 ± 0.03

aThe uncertainties correspond standard deviation because the values have been averaged over three simulation replicas.

The Journal of Physical Chemistry B pubs.acs.org/JPCB Article

https://doi.org/10.1021/acs.jpcb.2c00878
J. Phys. Chem. B 2022, 126, 4623−4635

4629

https://pubs.acs.org/doi/10.1021/acs.jpcb.2c00878?fig=fig5&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.jpcb.2c00878?fig=fig5&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.jpcb.2c00878?fig=fig5&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.jpcb.2c00878?fig=fig5&ref=pdf
pubs.acs.org/JPCB?ref=pdf
https://doi.org/10.1021/acs.jpcb.2c00878?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as


which is crucial for a sensitive magnetic sensor.13,63−65 It
would appear that migratory birds (SaCry4 and ErCry4) have
the Fd3 and Fd4 distances in general higher when compared to
the values from Cry4 from nonmigratory birds, except for
TgCry4. Here one needs to note that it has been reported that
zebra finches can also use a magnetic compass.66

Another important characteristic that may affect the
magnetic sensitivity of Cry4 is the center-to-center distance
between the FAD cofactor and the other residues involved in
Cry4 activation, in particular the four tryptophans (WA, WB,
WC, and WD). A pair of radicals needs to be within a certain
distance from each other, at approximately 1.5−2.0 nm apart,3

to have similar energies of singlet and triplet states. If the

radical-pairs are too far apart, their formation may not be fast
enough, or radical recombination may be too slow to compete
with spin relaxation. Figure S8 shows the center-of-mass
distances between FAD and each of the four tryptophans (WA,
WB, WC, and WD) and also Tyr 319. Interestingly, the results
highlight that there is a clear trend suggesting that Cry4 from
migratory birds has similar center-to-center distances when
compared to nonmigratory birds.
Overall, the results of Cry4 distance analysis suggest that not

only the tryptophans, essential for electron-transfer and radical-
pair creation, have been preserved in cryptochromes amino-
acid sequences (as seen in Figure S6), but their inter-residue
distances, as well as center-to-center distances, are also highly
similar. This conclusion strongly suggests that there should
likely be other factors like protein reorganization energy or
electron-transfer driving force that could affect the response of
Cry4 to the external magnetic fields more efficiently than
internal structural differences.20,49

Inter-residue Distance Analysis. Conformational differ-
ences in the dynamics of the protein can further be probed
employing the difference distance matrix as seen, for example,
in an earlier study.51 By computing the any-to-any distance for
all residues in a protein as measured from the respective
backbone Cα atom and averaging these distances over an MD
trajectory, a distance matrix was computed for each simulated
trajectory. The resulting matrices for two protein structures
can then be subtracted element-wise to reach a difference-
distance matrix, highlighting rearrangement motifs between the

Figure 6. Edge-to-edge distances sampled from MD simulations of the five avian cryptochromes. Hydrogen atoms were not taken into account, and
only the flavin part of FAD was considered in the distance calculations. Edge-to-edge distances are important for sequential electron-transfer
between FAD and tryptophans (W) in the modeled Cry4 structures. Dark points represent the outlier values, and the full line represents the
median line. The gray box shows the middle 50% of the results, and the range given with the straight vertical line shows the interquartile range
(IQR) of 1.5 (the range between the 25th and 75th percentile).

Table 5. Nomenclature of the Edge-to-Edge Distances
between Different Residues Important for Electron-Transfer
Inside Cry4 and the Underlying Magnetic Field Effects

distances in protein short name

FAD−Trp 395 d1
Trp 395−Trp 372 d2
Trp 372−Trp 318 d3
Trp 318−Trp 369 d4
Trp 369−Tyr 319 d5
FAD−Trp 395 Fd1
FAD−Trp 372 Fd2
FAD−Trp 318 Fd3
FAD−Trp 369 Fd4
FAD−Trp 319 Fd5
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two simulation trajectories, representing different avian Cry4s.
The difference distance matrix A with entrees aij is hence given
by

= ⟨ ⎯→⎯ − ⎯→⎯ ⟩ − ⟨ → − → ⟩a R R r rij i j i j (1)

where R⃗ and r ⃗ denote the position of the Cα atoms for the
investigated structures, respectively. ⟨·⟩ denotes averaging over
time.
Figure 7 shows the difference in the distance matrices where

the any-to-any distance for all residues in the Cry4 homology
models has been compared to those from a simulation of a
ClCry4 crystal structure. At first glance, the four panels in
Figure 7 do not differ significantly. However, upon a closer
look, it can be noticed that the pattern for ErCry4 is somewhat
more delicate compared to the other avian Cry4s. The finer
pattern indicates bigger rearrangements that occurred during
the simulation.
The difference in the distance maps shown in Figure 7 can

be used to obtain an average-distance-per-residue by summing
distance deviations for each column in the distance matrix and
dividing the obtained value by the total number of residues.
The average distance-per-residue plot shows distinctively the
residues for which the biggest differences in the structural
rearrangements are expected. Figure 8 demonstrates that two
similar regions in all Cry4s stand out: the phosphate-binding
loop (residues 231−248) and the C-terminal (residues 485−
495). Interestingly, in all of the panels, one notices a structural

motif prior to the phosphate-binding loop, when two peaks in
|ΔS| indicate increased fluctuation in the proteins. Here the
first peak appears to be larger, indicating more notable
fluctuation of residues (around residue 200), except the
ErCry4 structure in Figure 8C, which compares an average
distance change between ClCry4 and ErCry4.
Looking at inter-residue distances compared to the ClCry4

structure enables us to temporally compare the similarity of the
structures. Such an analysis permits quantification and
identification of the difference in Cry4 structures with respect
to the ClCry4 crystal structure. Results indicate that similar
motions are present in the modeled structures, indicating
similar protein dynamics.

Comparing Crystal and Homology Modeled Struc-
ture of ClCry4. Protein structure determination is a complex
problem, and it is often difficult to judge the reliability of the
structure predicted through exclusive computational ap-
proaches. Even though crystallography-derived protein struc-
tures are considered the most accurate representation of the
actual protein structure, there are certain caveats with this
approach. First, the solved crystal structures are still predicted
because there is no way to confirm the atom’s exact position
because of resolution constraints. Second, the crystal structure
presents a solid structure of a protein, as opposed to a dynamic
structure that exists in the cell and can be explored with MD
simulations.
The uncertainties in atomic positions due to thermal motion

can also be accounted for through the B-values given with the

Figure 7. Relative change of the inter-residue distances in different Cry4 models. The contour plots are computed as the absolute inter-residue
distance differences relative to those of ClCry4 (pigeon). All distances were computed as an average value throughout the production simulations of
the second replica.
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crystal structure.22 Higher B-values represent atomic coor-
dinates that have higher uncertainties regarding the position, as
shown in Figure S3. Moreover, certain parts of a crystal

structure cannot be successfully reconstructed even with the
experimental approaches in cases where even atomic
coordinates are not accurate enough.22

Figure 8. Average deviations of residue displacement in Cry4 structures relative to the corresponding residues in the ClCry4 structure. The
averaging has been performed over the distance deviations shown in Figure 7 and normalizing by the total number of residues in the given protein.
Some highly flexible regions in the Cry4 models are indicated by colored bars.

Figure 9. Comparison of RMSD values computed for a homology modeled ClCry4 structure (A) and simulations of the crystal structure (B). All
RMSD values have been calculated for the backbone atoms of the proteins, relative to the structures obtained after the initial equilibration. (C)
Comparison of RMSF values of the homology modeled ClCry4 structure (black) and the crystal ClCry4 structure (purple).
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To reconcile the possible artifacts of differences between
structures derived in different ways, a comparison of their
stability and flexibility is needed. A direct comparison of the
crystal protein structure of ClCry4 and an artificially
reconstructed ClCry4 protein could be used to judge on the
issue.
Figure 9A,B shows that the ClCry4 structure based on the

ErCry4 homology modeled structure and crystal structure of
ClCry4 do not differ too much in their stability. Flexibility
probing which is seen in Figure 9C reveals that a significant
part of the structure overlaps in RMSF values with the
simulated crystal structure (regions 0−300 and 400−490), and
only some relatively minor differences are noted, which could
be attributed to the choice of the template structure, which is,
in this case, the homology modeled ErCry4 structure.4 To
explain the differences in RMSF for residues 345−450 and
450−470, a comparison of RMSF values computed for the
ErCry4 structure with the RMSF values obtained for the
homology modeled ClCry4 has been performed (see Figure
S4). The results in Figure S4 indicate that the RMSF values
overlap more, which indicates that the choice of the template
for homology modeling can influence the RMSF values. Such
an influence is, however, expected to be rather minor if the
simulation time is long enough and the provided homology
model has the possibility to relax. The obtained results thus
clearly indicate that homology models can provide reliable
protein structures, especially in the cases where amino acid
sequence similarity is high (see Table 1 and Figure S6). The
approach discussed here is therefore a reasonable strategy to
obtain protein structures that are otherwise elusive to the
experimental approaches.
To reflect on the recent development in the field of protein

reconstruction, a comparison of homology modeled ErCry4
structures and structures made with AlpaFold was per-
formed.67 Details of this comparison are available in the
Supporting Information, where the overall results indicate that
the confidence score is low for the equivalent regions of the
ErCry4 protein in both methods (see Figure S5). The regions
poorly predicted by AlphaFold turn out to be the phosphate-
binding loop and the C-terminal tail which have also been
identified as highly flexible using RMSF values (see Figure
5C).

■ CONCLUSION
The comparative approach aimed to characterize and quantify
the differences and similarities in the underlying structure and
dynamics of various Cry4 structures that could give rise to
different magnetic-field responsiveness of the protein in vitro.4

For the investigations represented here, protein structures
created by using the homology modeling tools with a follow-up
of extensive MD simulations were utilized. The five studied
Cry4 models (ClCry4, ErCry4, TgCry4, SaCry4, and GgCry4)
were shown to be stable and to show only small differences
between the resulting structures. The five studied protein
structures share flexible and stable regions. A comparison of
ClCry4 models derived from a crystal structure and one
obtained through homology modeling from ErCry4 also
revealed similar flexibility in all regions of the proteins, except
the C-terminal.
The results suggest similar activation and signaling

mechanisms in the studied avian Cry4 models. The analyses
of Cry4 structural elements which could affect the activation of
the proteins demonstrated that the electron-transfer distances

between the key residues which are important for radical-pair
creation are mostly conserved across the studied species, with
one important difference in the distance between the FAD
cofactor and the WC (WD) residues; the variation of these
distances could lead to a change in the radical pair
recombination reactions in Cry4, which is important for
magnetic sensitivity.3
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Further details regarding MD simulation protocols;
specific details on RMSD and RMSF calculations; a
section which discusses similarity of RMSF values with
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comparison of RMSF values of ErCry4 and homology
modeled ClCry4; amino acid sequence alignments as
well as the whole sequences and amino acid sequence
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structures presented in the paper (PDF)

■ AUTHOR INFORMATION

Corresponding Authors
Maja Hanic ́ − Department of Physics, Carl von Ossietzky
University of Oldenburg, Oldenburg 26129, Germany;
Email: maja.hanic@uni-oldenburg.de

Ilia A. Solov’yov − Department of Physics, Carl von Ossietzky
University of Oldenburg, Oldenburg 26129, Germany;
Research Center for Neurosensory Sciences, Carl von
Ossietzky University of Oldenburg, Oldenburg 26129,
Germany; Center for Nanoscale Dynamics (CENAD), Carl
von Ossietzky Universität Oldenburg, Institut für Physik,
26129 Oldenburg, Germany; orcid.org/0000-0002-8626-
145X; Email: ilia.solovyov@uni-oldenburg.de

Authors
Fabian Schuhmann − Department of Physics, Carl von
Ossietzky University of Oldenburg, Oldenburg 26129,
Germany

Anders Frederiksen − Department of Physics, Carl von
Ossietzky University of Oldenburg, Oldenburg 26129,
Germany

Corinna Langebrake − Institute of Avian Research,
Wilhelmshaven 26386, Germany

Georg Manthey − Institute of Avian Research, Wilhelmshaven
26386, Germany; Department of Physics, Carl von Ossietzky
University of Oldenburg, Oldenburg 26129, Germany

Miriam Liedvogel − Institute of Avian Research,
Wilhelmshaven 26386, Germany; Department of Biology and
Environmental Sciences, Carl von Ossietzky University of
Oldenburg, Oldenburg 26129, Germany; MPRG Behavioural
Genomics, Max Planck Institute for Evolutionary Biology,
Plön 24306, Germany

Jingjing Xu − Department of Biology and Environmental
Sciences, Carl von Ossietzky University of Oldenburg,
Oldenburg 26129, Germany

The Journal of Physical Chemistry B pubs.acs.org/JPCB Article

https://doi.org/10.1021/acs.jpcb.2c00878
J. Phys. Chem. B 2022, 126, 4623−4635

4633

https://pubs.acs.org/doi/suppl/10.1021/acs.jpcb.2c00878/suppl_file/jp2c00878_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acs.jpcb.2c00878/suppl_file/jp2c00878_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acs.jpcb.2c00878/suppl_file/jp2c00878_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acs.jpcb.2c00878/suppl_file/jp2c00878_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acs.jpcb.2c00878/suppl_file/jp2c00878_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acs.jpcb.2c00878/suppl_file/jp2c00878_si_001.pdf
https://pubs.acs.org/doi/10.1021/acs.jpcb.2c00878?goto=supporting-info
https://pubs.acs.org/doi/suppl/10.1021/acs.jpcb.2c00878/suppl_file/jp2c00878_si_001.pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Maja+Hanic%CC%81"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
mailto:maja.hanic@uni-oldenburg.de
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Ilia+A.+Solov%E2%80%99yov"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://orcid.org/0000-0002-8626-145X
https://orcid.org/0000-0002-8626-145X
mailto:ilia.solovyov@uni-oldenburg.de
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Fabian+Schuhmann"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Anders+Frederiksen"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Corinna+Langebrake"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Georg+Manthey"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Miriam+Liedvogel"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Jingjing+Xu"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Henrik+Mouritsen"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
pubs.acs.org/JPCB?ref=pdf
https://doi.org/10.1021/acs.jpcb.2c00878?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as


Henrik Mouritsen − Department of Biology and
Environmental Sciences and Research Center for
Neurosensory Sciences, Carl von Ossietzky University of
Oldenburg, Oldenburg 26129, Germany

Complete contact information is available at:
https://pubs.acs.org/10.1021/acs.jpcb.2c00878

Notes
The authors declare no competing financial interest.

■ ACKNOWLEDGMENTS

The authors thank the Volkswagen Foundation (Lichtenberg
professorship awarded to IAS), the Deutsche Forschungsge-
meinschaft (GRK1885 − Molecular Basis of Sensory Biology
and SFB 1372 − Magnetoreception and Navigation in
Vertebrates, No. 395940726), the Ministry for Science and
Culture of Lower Saxony (Simulations meet experiments on
the nanoscale: opening up the quantum world to artificial
intelligence (SMART)), and the European Research Council
(under the European Union’s Horizon 2020 research and
innovation programme, Grant Agreement No. 810002,
Synergy Grant: “QuantumBirds”, awarded to H.M.). Computa-
tional resources for the simulations were provided by the
CARL Cluster at the Carl-von-Ossietzky University, Old-
enburg, supported by the DFG and the Ministry for Science
and Culture of Lower Saxony. This work was also supported by
the North-German Supercomputing Alliance (HLRN). The
authors thank Siu Ying Wong for a fruitful discussion.

■ REFERENCES
(1) Mouritsen, H. Long-distance navigation and magnetoreception
in migratory animals. Nature 2018, 558, 50−59.
(2) Wiltschko, R.; Wiltschko, W. Magnetic Orientation in Animals;
Springer-Verlag: Berlin, 1995.
(3) Hore, P. J.; Mouritsen, H. The Radical-Pair Mechanism of
Magnetoreception. Annu. Rev. Biophys. 2016, 45, 299−344.
(4) Xu, J.; Jarocha, L. E.; Zollitsch, T.; Konowalczyk, M.; Henbest,
K. B.; Richert, S.; Golesworthy, M. J.; Schmidt, J.; Déjean, V.;
Sowood, D. J. C.; et al. Magnetic sensitivity of cryptochrome 4 from a
migratory songbird. Nature 2021, 594, 535−540.
(5) Wiltschko, W.; Munro, U.; Ford, H.; Wiltschko, R. Red light
disrupts magnetic orientation of migratory birds. Nature 1993, 364,
525−527.
(6) Wiltschko, R.; Stapput, K.; Thalau, P.; Wiltschko, W. Directional
orientation of birds by the magnetic field under different light
conditions. J. R. Soc. Interface 2010, 7, 163−177.
(7) Wiltschko, R.; Thalau, P.; Gehring, D.; Niessner, C.; Ritz, T.;
Wiltschko, W. Magnetoreception in birds: the effect of radio-
frequency fields. J. R. Soc. Interface 2015, 12, 20141103.
(8) Hiscock, H. G.; Mouritsen, H.; Manolopoulos, D. E.; Hore, P.
Disruption of Magnetic Compass Orientation in Migratory Birds by
Radiofrequency Electromagnetic Fields. Biophys. J. 2017, 113, 1475−
1484.
(9) Engels, S.; Schneider, N.-L.; Lefeldt, N.; Hein, C. M.; Zapka, M.;
Michalik, A.; Elbers, D.; Kittel, A.; Hore, P. J.; Mouritsen, H.
Anthropogenic electromagnetic noise disrupts magnetic compass
orientation in a migratory bird. Nature 2014, 509, 353−356.
(10) Schwarze, S.; Schneider, N.-L.; Reichl, T.; Dreyer, D.; Lefeldt,
N.; Engels, S.; Baker, N.; Hore, P. J.; Mouritsen, H. Weak Broadband
Electromagnetic Fields are More Disruptive to Magnetic Compass
Orientation in a Night-Migratory Songbird (Erithacus rubecula) than
Strong Narrow-Band Fields. Front. Behav. Neurosci. 2016, 10, 55.
(11) Kobylkov, D.; Wynn, J.; Winklhofer, M.; Chetverikova, R.; Xu,
J.; Hiscock, H.; Hore, P. J.; Mouritsen, H. Electromagnetic 0.1−100
kHz noise does not disrupt orientation in a night-migrating songbird

implying a spin coherence lifetime of less than 10 μs. J. R. Soc.
Interface 2019, 16, 20190716.
(12) Schulten, K.; Swenberg, C.; Weller, A. A Biomagnetic Sensory
Mechanism Based on Magnetic Field Modulated Coherent Electron
Spin Motion. Zeitschrift fur Physikalische Chemie 1978, 111, 1−5.
(13) Wong, S. Y.; Frederiksen, A.; Hanic,́ M.; Schuhmann, F.;
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