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Abstract

Migratory birds use the Earth’s magnetic field as a source of navigational information. This light-

dependent magnetic compass is thought to be mediated by cryptochrome proteins in the retina. 

Upon light activation, electron transfer between the flavin adenine dinucleotide cofactor and 

tryptophan residues leads to the formation of a spin-correlated radical pair, whose subsequent fate 

is sensitive to external magnetic fields. To learn more about the functional requirements of this 

complex chemical compass, we have created a family of simplified, adaptable proteins—

maquettes—that contain a single tryptophan residue at different distances from a covalently bound 

flavin. Despite the complete absence of structural resemblance to the native cryptochrome fold or 

sequence, the maquettes exhibit a strong magnetic field effect that rivals those observed in the 

natural proteins in vitro. These novel maquette designs offer unprecedented flexibility to explore 

the basic requirements for magnetic sensing in a protein environment.

Migratory birds detect the direction of the Earth’s magnetic field (25–65 µT) for the 

purposes of orientation and navigation on a global scale.1 Recent evidence suggests that this 

light-dependent magnetic sense is mediated by cryptochromes (Cry), a class of blue-light 

photoreceptor proteins.2 Mostly α-helical in structure, Crys contain a noncovalently bound 
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flavin adenine dinucleotide (FAD) cofactor and a conserved tryptophan (Trp) triad that acts 

as an electron transfer chain (Figure 1A).3 Excitation of the FAD with blue light (<500 nm) 

leads to formation of a radical pair (RP) by electron transfer from the distal Trp to the FAD 

along the Trp-triad.4

Magnetic sensitivity arises because an applied field can influence the timing and extent of 

interconversion of the singlet (S) and triplet (T) states of the RP.5 Charge recombination of 

the RP from the T state is spin-forbidden and can only occur from the S state; therefore by 

altering the instantaneous probability of being S or T, an external field can change the 

lifetime of the RP and the yields of long-lived reaction products that could act as signaling 

states. Such magnetic field effects (MFEs) have been observed in Cry and a related protein 

(DNA photolyase), albeit in fields (1–30 mT) stronger than the geomagnetic field.6

Understanding the fundamental requirements for a magnetic compass protein5,7 has been 

hindered by the difficulty of obtaining sufficient quantities of the structurally complex 

natural material for spectroscopic analysis.8 Therefore, much of what is known about the 

design features of RP compass sensors has come from experiments on simple model systems 

that, while easier to work with, are far from biologically relevant.9

To determine the biophysical properties required of a protein-based magnetoreceptor, we 

have designed a series of model proteins, known as maquettes. These are simple, robust, 

non-natural proteins that can be designed and adapted for specific functions in order to cut 

through the bewildering complexity of natural systems.10 Maquettes have served as excellent 

models for understanding the functions of other proteins, including photosystem I and 

hemoglobin.11 Here we demonstrate the photophysical behavior and magnetic sensitivity of 

a new class of flavomaquettes designed to reveal the biophysical requirements underlying 

the formation of a light-activated magnetically sensitive RP similar to that in Cry (Figure 

S1). These are the first de novo proteins capable of sensing magnetic fields.

The basic flavomaquette fold is a single chain, four-α-helical bundle connected by three 

hydrophilic loops (Figure 1B).13 Each helix contains 26 amino acids and is binary patterned, 

with an exposed hydrophilic face and a hydrophobic face buried in the core of the α-helical 

bundle. For structural simplicity, the scaffold was not designed with a binding pocket for the 

flavin. Instead, 8-bromo-riboflavin was covalently attached to the maquette using a core 

cysteine at position 9 on helix 2. A core residue was replaced with Trp on helix 2 at varying 

distances, either one (0.56 nm, W13), two (1.12 nm, W16), or three (1.68 nm, W20) helical 

turns away from the site of flavin attachment (Figure S1; distances between β-carbons of the 

amino acid residues of an α-helix). To avoid unwanted photochemistry, amino acids that 

could react with flavins were excluded (other than the unique Trp). After attachment of the 

flavin, the protein molecular weight was ca. 15 kDa, the exterior charge was −12 at pH 7.5, 

and the pI was 4.22. A flavomaquette with no Trp was developed as a control. The 

maquettes were expressed with high yield in E. coli; for details see the Supporting 

Information.

Circular dichroism showed that all four flavinated maquettes are highly helical in structure 

and thermally stable (Table 1, Figure S4). Covalent attachment of the flavin red-shifts its 
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absorption band from 450 to 475 nm (ε = 24 600 cm−1 mol−1). Two-electron reduction of 

the flavin results in loss of the feature at 475 nm and formation of a weak absorption band 

centered at 367 nm (Figure 2). The fluorescence of the covalently bound flavin showed no 

solvato-chromic shift in different maquette designs, suggesting that the cofactor experiences 

similar environments (Figure S6). Additionally, the Trp fluorescence maxima are blue-

shifted relative to the free amino acid, implying that the Trp residues are located well within 

the hydrophobic core of the maquette (Table 1). The redox potentials of the flavin and Trp 

indicate a favorable driving force for light-activated electron transfer in the maquette (Table 

1, Figure S8).12 The fluorescence quantum yield is greatest for the Trp-free control and W20 

and decreases with decreasing distance between the chromophore and the Trp. This is 

consistent with time-correlated single photon counting measurements (TCSPC, Figure S7): 

the initial fluorescence intensity was comparable in all designs, but the fluorescence 

lifetimes decreased with decreasing flavin-Trp separation. This indicates distance-dependent 

quenching of the flavin fluorescence in the presence of Trp, consistent with electron transfer 

involving the excited singlet state of the flavin.

The photochemistry of the maquettes was investigated further by nanosecond transient 

absorption (TA) spectroscopy. Figure 3A shows the TA spectrum of W16; that of W13 is 

similar (Figure S14). There is a broad ground state bleach in the range 400–500 nm and a 

strong excited state absorption at 500–650 nm consistent with the rapid formation (≪1 µs), 

by photoinduced electron transfer, of a [F•− TrpH•+] RP,6a in which the F•− radical is 

covalently bound to a protein at the 8-position of the flavin ring system.14 In the control 

maquette and in W20, only a weak absorption band was observed at 500–800 nm with a 

lifetime of 17 µs (Figure S14), assigned to the triplet excited state of the flavin.15 Formation 

of the RP should be possible in W20; however, intraprotein electron tunneling rates usually 

drop by a factor of ca. 2300 for every 0.56 nm added by the turn of the α-helix.12 Electron 

transfer in W20 (estimated in Table 1 for a donor–acceptor separation of 3 α-helical turns) is 

unlikely to compete with other excited state deactivation pathways, and was not observed.

The flavin radical dominates the transient spectra of W13 and W16 because the extinction 

coefficients of Cys-bound flavins are substantially higher than those for free flavins. From a 

comparison with electronically similar flavins (Figure S11), the spectrum in Figure 3A 

appears to be the result of partial protonation of the flavin radical to form the neutral FH• 

species around pH 7 (Figure S12). The absorption of the Trp radicals occurs at very similar 

wavelengths and cannot be resolved independently. However, based on the pKa for 

TrpH•+ (4.3),16 deprotonation is expected to form the neutral Trp• radical. Both W13 and 

W16 have similar lifetimes for the RP (Table S3), on the order of several microseconds. This 

is shorter than observed in Cry proteins,6b but sufficiently long that MFEs can be generated 

and observed.

To measure the MFE, TA spectra were taken in the presence and absence of a 20 mT 

magnetic field at 298 K. The action spectra [ΔΔA = ΔA(20 mT) − ΔA(0)] of W16 (Figure 

3C) and W13 match the spectral shape of the excited state absorption between 500 and 650 

nm. The negative field effect observed in the ground state bleach and positive effect in the 

excited state absorption are expected if the RP forms via the triplet excited state of the 

flavin. No MFE was observed for W20, consistent with the absence of RP signals in the TA 
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spectrum. Likewise, the control maquette showed no measurable MFE, further supporting 

the view that there is no magnetically sensitive intra- or intermolecular chemistry in the 

absence of a Trp residue.

The spectra and MFEs observed for these flavomaquettes are consistent with Scheme 1. 

After excitation, a fraction of the excited flavin (1F*) undergoes intersystem crossing (ISC) 

to form the excited triplet state (3F*). The primary spin-correlated RP, denoted RP1, is 

formed as a triplet by electron transfer from the Trp to the excited triplet flavin. RP1 can 

undergo S–T interconversion induced by electron–nuclear hyperfine interactions. In the 

presence of a strong field, the Zeeman interaction removes the degeneracy of the triplet RP 

energy levels, reduces the efficiency of spin-mixing, and leads to a MFE. Protonation of the 

flavin radical or deprotonation of the Trp radical creates the secondary radical pair, RP2, 

observed in our TA measurements, which eventually returns to the ground state.

The fractional MFEs [(ΔA(20 mT) − ΔA(0))/ΔA(0)] for W13 and W16 are comparable, but 

the absolute magnitude [ΔA(20 mT) − ΔA(0)] is smaller for W13 (Figure S14). This 

probably results from competition between singlet- and triplet-born RP formation in W13, 

where the smaller flavin-Trp distance leads to a faster forward electron transfer that 

competes with ISC. Rapid formation of a singlet-born RP is consistent with the increased 

quenching and shorter fluorescence lifetimes observed by TCSPC. However, the positive 

MFE indicates that formation of the RP must also occur via the triplet route. Singlet 

photochemistry is not observed on the microsecond time scale because charge 

recombination rapidly returns the singlet RPs to the ground state. Charge recombination is 

initially spin-forbidden for triplet-born RPs which, therefore, have a longer lifetime and 

contribute more strongly to the MFE.

Triplet-dominated photochemistry in the maquettes is in direct contrast to Cry, which forms 

an RP from the singlet excited state. This is not surprising: ISC is certainly faster in 

flavomaquettes than in Cry because of increased spin–orbit coupling due to the Cys sulfur 

atom attached directly to the flavin ring system. Additionally, for W16 and W20, electron 

transfer rates are probably slower than those observed in Cry. However, the difference in the 

spin state of the excited flavin leading to the RP does not affect the ability of the maquettes 

to serve as a model for elucidating the principles of efficient protein-based sensing of 

magnetic fields. In fact, triplet-born photochemistry is arguably advantageous for such a 

simple model system. Given the short distances and large driving force in W13 and W16, the 

singlet RP is expected to undergo rapid charge recombination. The triplet spin state 

stabilizes the RP in the maquettes, while natural proteins must rely on physical separation of 

the charges using an electron transfer chain or conformational changes to achieve the same 

end. The extension of the RP lifetime in the maquettes due to its triplet spin state allows the 

observation of a room temperature (298 K) MFE of ~16% at 20 mT on a microsecond time 

scale, comparable in magnitude to that of Arabidopsis thaliana Cry-1 or E. coli photolyase 

(12–17% at 28 mT).6b Such large MFEs in natural systems are only observed at reduced 

temperatures (278 K and below) and in the presence of large amounts of glycerol.

This work represents the first report of an artificial protein-based magnetic sensor. The ease 

of production and modification of maquettes make them an ideal model system for 
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investigating the basic requirements of protein-based magnetoreception. Developing a 

thorough understanding of these principles would be an important step toward the 

elucidation of the biophysical mechanism of the avian magnetic compass. Future work will 

focus on applying cavity-enhanced and transient absorption spectroscopies17 to these novel 

proteins to fully resolve the kinetic and spectra properties of the RP. These early findings are 

being used to design maquettes that contain two and three Trp residues, with the intention of 

creating a light-activated electron transport chain akin to that found in photolyases and 

cryptochromes.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1. 
(A) Drosophila melanogaster Cry. (B) Representation of the W16 flavomaquette 

demonstrating the secondary structure and the location of the Trp residue (blue) relative to 

the flavin (orange). Red arrows show the photoinduced electron transfers that produce 

magnetically sensitive RPs.
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Figure 2. 
Absorption spectra of the apo-maquette (gray), oxidized 8-bromo-riboflavin precursor 

(black), and oxidized (blue) and fully reduced (orange) control flavomaquette. Normalized 

emission spectra of the same maquette (green, fluorescence; red, phosphorescence) are also 

shown.
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Figure 3. 
(A) Transient absorption spectra of ca. 30 µM flavomaquette W16 at 298 K in a pH 7.4 

phosphate buffer. (B) Kinetic traces obtained from TA experiments at 520 nm demonstrating 

the difference (blue) between measurements with the field on (red) and field off (black). 

Data for other wavelengths may be found in Figure S13. (C) Comparison of the action 

spectra [ΔΔA = ΔA(20 mT) − ΔA(0)] showing the MFE for W16 and the control at a pump–

probe delay of 1 µs.
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Scheme 1. 
Proposed Photochemistry of the Flavomaquettes Leading to the Observed Triplet-Born MFE
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