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Abstract 

Photosynthetic reaction centers (RCs) from Rhodobacter sphaeroides were engineered to vary the 

electronic properties of a key tyrosine close to an essential electron transfer component (M210) via its 

replacement with site-specific genetically encoded noncanonical amino acid tyrosine analogs. High 

fidelity of noncanonical amino acid incorporation was verified with mass spectrometry and x-ray 

crystallography and demonstrated that RC variants exhibit no significant structural alterations relative to 

wild-type. Ultrafast transient absorption spectroscopy indicates the excited primary electron donor, P*, 

decays via a ~4 ps and a ~20 ps population to produce the charge-separated state P+HA
− in all variants. 

Global analysis indicates that in the ~4 ps population P+HA
− forms through a 2-step process P* → P+BA

– 

→ P+HA
−, while in the ~20 ps population it forms via a 1-step P*→ P+HA

– superexchange mechanism. The 

percentage of P* population that decays via the superexchange route varies from ~25% to ~45% among 

variants while in wild-type this percentage is ~15%. Increases in the P* population which decays via 

superexchange correlates with increases in free energy of the P+BA
– intermediate caused by a given 

M210 tyrosine analog. This was experimentally estimated through resonance Stark spectroscopy, redox 

titrations, and near-infrared absorption measurements. As the most energetically perturbative variant, 

3-nitrotyrosine at M210 creates an ~110 meV increase in the free energy of P+BA
– along with a dramatic 

diminution of the 1030 nm transient absorption band indicative of P+BA
– formation. Collectively this 

work indicates the tyrosine at M210 tunes the mechanism of primary electron transfer in the RC. 

reaction center | noncanonical amino acid | ultrafast transient absorption spectroscopy | Stark 

spectroscopy | superexchange | x-ray crystallography  
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Significance 

Reaction centers (RCs) are critical to photosynthetic energy conversion. RCs in all characterized 

photosynthetic organisms contain two symmetrically arranged branches of chromophores and enable 

light-induced electron transfer with high yield. We fine-tune the properties of a key bacterial RC 

symmetry-breaking tyrosine via its replacement with noncanonical tyrosine analogs and determine 

kinetic outcomes. Results are interpreted through energetic characterization made possible by 

resonance Stark spectroscopy. Analysis indicates this tyrosine modulates the mechanism of the initial 

light-induced electron transfer, affording an alternative functional pathway that maintains the RC’s 

robust electron transfer. Modern molecular biology, ultrafast spectroscopy, crystallography, and 

energetic characterization enable the mechanistic model we describe. Our results deepen 

understanding of RC function and may have implications for other photocatalysts and enzymes. 

Author contributions: J.B.W., C.-Y.L., D.H., C.K., and S.G.B. designed research; J.B.W., C.-Y.L., K.M.F., S.R., 

I.M., and C.K. performed experiments; J.B.W., C.-Y.L., K.M.F., I.M., D.H., and C.K. analyzed data; J.B.W, 

C.-Y.L., C.K., and S.G.B. wrote the paper.  

Introduction 

Photosynthetic reaction centers (RCs) are the integral membrane protein assemblies responsible for 

nearly all the solar energy capture maintaining our biosphere. In this study we focus on the initial 

electron transfer (ET) steps in bacterial RCs from Rhodobacter (R.) sphaeroides, a three-subunit (H, L, 

and M) ~100 kDa integral membrane protein complex. RCs in R. sphaeroides possess two branches of 

chromophores, the A and B (or L and M) branches (Fig. 1A), and each possesses nearly identical 

chromophore composition, orientation, and distances. The protein secondary structure is pseudo-C2 

symmetric, and the symmetry-related amino acids which differ are often structurally similar (Fig. 1A) (1). 

Despite this high structural symmetry, ET proceeds rapidly down only the A-branch of chromophores 

with near unity quantum yield (2, 3). Additionally, RC ET is remarkably robust, as few structurally verified 

single mutations that maintain RC chromophore composition and positioning significantly impact ET 

kinetics or yield (1, 4–11). 

To understand RC ET asymmetry or unidirectionality and factors underlying its robust nature, a 

thorough understanding of the mechanism of ET is required. In the model largely accepted in the 

current literature (1, 12–14), A-branch ET is initiated by excitation of the excitonically coupled 

bacteriochlorophyll pair P. The lowest singlet excited state P* transfers an electron to the 

bacteriochlorophyll BA with a time constant of ~3 ps to form P+BA
–.  BA

– subsequently transfers an 



4 
 

electron to the bacteriopheophytin HA with a time constant of 1 ps, thus forming P+HA
– in a 2-step 

primary ET process, P* → P+BA
– → P+HA

– (1, 12, 13).  An alternative model for ET has been proposed in 

which P* transfers an electron to HA directly through a superexchange mechanism, in which the BA 

chromophore mediates the electronic coupling between P* and HA.  For wild-type (WT) RCs evidence 

favors 2-step ET at room temperature (1, 12, 13, 15, 16). It has been previously proposed that minor 

degrees of superexchange occur in WT RCs, likely arising from or enhanced by the inherent distribution 

in the energies of P*, P+BA
–, and P+HA

– caused by protein populations with slight variations in amino acid 

nuclear coordinates around chromophores (5, 17–19), but this has been difficult to study experimentally 

(1, 12). 

The ET mechanisms in RCs likely have their origins in the different energies of the various 

charge-separated states for the two branches relative to P* and each other (Fig. 1B) (20–22) but it is 

difficult to determine these energetics either experimentally or theoretically (1, 23). Contributions of 

individual symmetry-breaking amino acid have been thoroughly studied (1, 15, 24–28) and while the 

importance of certain amino acids has been ascertained, the roles of local protein-chromophore 

interactions are not always fully understood (8, 24, 25). One highly examined residue has been the 

tyrosine at site M210 (RC residue numbers are preceded by the protein subunit designation: H, L, or M) 

because it is a clear deviation in symmetry between A- and B-branches (Fig. 1A), it is close to BA, and it is 

the only one of 27 tyrosines which lacks a hydrogen bond acceptor. Theoretical studies indicates that 

the magnitude and orientation of the hydroxyl dipole of tyrosine M210 may play an important role in 

energetically stabilizing P+BA
– (29, 30). Indeed, previous efforts to change the orientation of this 

tyrosine’s hydroxyl dipole significantly slowed ET (31). It is difficult, however, to subtly vary the 

electrostatic nature of this tyrosine using canonical mutagenesis without entirely removing the phenolic 

hydroxyl. 

To perturb the effects of the tyrosine at M210 in WT protein, we used amber stop codon 

suppression (32–34) to site-specifically replace it with five noncanonical amino acids (ncAAs), each a 

tyrosine with a single electron donating or withdrawing meta-substituent (at the 3-position). We will 

refer to RC protein variants by acronyms for the amino acid incorporated at M210: 3-methyltyrosine 

(MeY), 3-nitrotyrosine (NO2Y), 3-chlorotyrosine (ClY), 3-bromotyrosine (BrY), and 3-iodotyrosine (IY) (Fig. 

2, Fig. S1, Table S1). In this way, we engineered a series of RC variants with more systematic electrostatic 

ET perturbation at this important tyrosine, while minimally affecting other RC features.  
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Fig. 1.  RC chromophore arrangement and energetics. (A) Chromophore arrangement in WT RCs (Protein 

Data Bank (PDB) ID: 2J8C; accessory carotenoid, chromophore phytyl tails, and quinone isoprenoid tails 

are removed here for clarity). Tyr at M210, the target in this work, and its symmetry-related residue Phe 

at L181 are shown in purple. The blue arrow indicates unidirectionality of ET down the A-branch. (B) 

Schematic free energy diagram of different charge-separated states in WT RCs, where P* is 1.40 eV 

above ground state and P+HA
– is 0.25 eV below P*. The dashed magenta line and double headed arrow 

next to P+BA
– indicates the expected major effect of ncAA incorporation at M210 on the free energy of 

this state.  

Results 

Verification of ncAA Incorporation and Minimal Structural Perturbation. In previous work, we took an 

amber suppression system developed for halotyrosine (3-chlorotyrosine, 3-bromotyrosine, 3-

iodotyrosine) incorporation in E. coli (35) and transferred this system from E. coli to R. sphaeroides gene 

control, optimizing it for RC expression (36). Here, incorporation of 3-methyltyrosine (37) is also 

performed using this previously created system (SI Secs. S1.1 and S1.3–S1.4). We apply the same 

strategy used earlier (36) to a recently created amber suppression system (38) and genetically encode 3-

nitrotyrosine incorporation for the first time in R. sphaeroides (SI Secs. S1.1–S1.4). Liquid 

chromatography–mass spectrometry (LC–MS) was used to verify ncAA incorporation for NO2Y and MeY 
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RCs (Figs. S2-S3). The mass shifts of the M-subunit peak correspond to the respective mass of the 

incorporated ncAAs (within a mass accuracy of ±1 Da for a 30 kDa subunit) (Fig. S2), while the H- and L-

subunits remained identical to their WT mass as shown in previous work (36). This shows the general 

adaptability of our previous methods for genetic code expansion in R. sphaeroides.  

X-ray crystal structures of all variants were obtained at room temperature with resolutions 

comparable to those from previous room-temperature structures (39). These X-ray crystal structures 

(Fig. 2, Table S2, Fig. S4-S6) also verify ncAA incorporation at only site M210. All crystal structures 

possess additional electron density in the M210 tyrosine meta position (Fig. 2), which corresponds to 

the relevant ncAA incorporated with a phenolic position for the tyrosine side chain similar to WT (Fig. 

S5). MeY and NO2Y RCs have respective methyl- and nitro- substituents solely oriented towards PA while 

halotyrosine RCs display electron density (i.e., occupancy) that required modeling of two different 

halogen conformations, one oriented towards PA and the other towards the Mg2+ of BA (Fig. 2). While 

the halogen-substituted tyrosines likely have comparable electrostatic properties given their similar 

Hammett-parameters (40), pKa’s (41), and because they have been noted to affect processes involving 

charge transfer similarly (42), differences in their size may have led to the change in population oriented 

towards PA as opposed to BA since larger substituents are poorly accommodated by the smaller cavity 

next to BA (Fig. 2). For the BA-oriented substituent, this leads to halogen–Mg2+ distances of 3.4 Å (ClY), 

3.4 Å (BrY), and 2.9 Å (IY). Dual halogen conformations for halotyrosine-containing proteins have been 

noted previously in other proteins (37, 42, 43). Importantly, incorporation of all ncAAs at M210 in this 

study also proved to be minimally perturbative with respect to the remaining protein structure and 

chromophore positions and orientations; we found nearly identical interchromophoric distances and 

relative orientations to those present in the WT structure (PDB IDs: 2J8C and 1K6L; Figs. S4–S6, Table 

S3). Root-mean-square deviation (RMSD) is 0.229–0.261 for alignments to a room-temperature WT 

structure (1K6L) and is 0.333–0.367 for alignment to a 77 K WT structure (2J8C). 
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Fig. 2.  RC variants made in this study, where truncated PA and BA chromophores are depicted for each 

variant (in teal and magenta, respectively) and electron density maps from solved X-ray structures are 

shown (2Fo-Fc contoured at 1 σ) for tyrosine analogs at M210. Halogen variants required two different 

tyrosine ring-conformers to model halogen substituent orientations with the contribution of each 

indicated, one with the halogen oriented towards P (only PA depicted above) and the other with halogen 

towards BA. The resolution for each crystal structure is denoted in black next to the PA of each RC variant 

(see SI Table S2). 

Electron Transfer Kinetics. ET dynamics of the M210 variants were determined by transient absorption 

(TA) through a combination of (1) the assessment of raw spectra and single-wavelength kinetic fits (Fig. 

3–5, Figs. S7-S38), (2) model-independent global analysis (Figs. S39-S55), and (3) model-dependent 

global analysis (Fig. 4, Figs. S56-S73). Results are summarized in Tables S4 and S5. TA kinetics at 924 nm 

and at 542 nm demonstrate that there is biexponential P* decay and P+HA
– formation for all variants 

(Figs. S19 and S20).  The biexponential P* stimulated emission decay at 924 nm for WT and all variants 

reflects one P* population that decays with a lifetime of ~3 ps and a second P* population that decays 
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with a lifetime of ~20 ps (Fig. S19 and Table S4). P+HA
– formation detected at 542 nm has similar kinetics 

(Fig. S20 and Table S4). This biexponential P* decay and P+HA
– formation has been noted previously in 

the literature for WT RCs (6, 10, 15, 18, 19, 44, 45).  

 Global analysis of the TA data also supports biexponential P* decay and P+HA
– formation (Fig. 3, 

Table S4). A model-independent global fit returns decay-associated difference spectra (DADS), which are 

spectra composed of the pre-exponential coefficients at every wavelength for a given lifetime 

component in the fit. A DADS reflects the change in absorbance associated with a given lifetime (46, 47). 

While no DADS corresponds directly to one ET intermediate, it contains features indicative of the 

associated ET species. DADS spectral features and lifetimes guide a target model for global analysis that 

returns species-associated decay spectra (SADS) (see SI Section S3.2 for further discussion of SADS and 

DADS). DADS for all variants are remarkably similar; the same number of lifetimes are required to fit 

every variant except for NO2Y (Fig. 3), which did not require an ~1 ps component for a global fit. 

Spectral features for each time component were also very similar among variants. The ~4 ps and ~1 ps 

DADS (for all variants but NO2Y) show features consistent with a 2-step ET model for P* → P+BA
– → P+HA

–. 

These features include those for P+ (1250 nm), BA
– (1030 nm), BA and P bleaching (600 nm), and HA 

bleaching (542 nm), all appropriately signed. In comparison, the 12-20 ps DADS showed features 

consistent with a superexchange ET model (P* → P+HA
–), where P+ and HA

– features are present but the 

1030 nm feature (associated with the BA
– anion absorption) is absent or significantly diminished, as 

noted previously (15). A greater proportion of the P* population that decays with the ~20 ps lifetime is 

present in all the variants than in WT (Fig. 3, Table S4). The ~4 ps DADS for the NO2Y variant does not 

possess a 1030 nm feature that would indicate BA
– production. Further DADS comparisons are given in 

Figs. S39–S55. 
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Fig. 3.  Comparison of visible (A–E) and near-IR (F–J) DADS for WT, ClY, MeY, and NO2Y. DADS for BrY and 

IY are very similar to that of ClY and are given in Figs. S39–S43. Here “inf” refers to a component with an 

effectively infinite lifetime (~108 ps) to model charge transfer states that do not decay over the duration 

of the experiment (104 ps). 
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Based on the DADS features and single-wavelength kinetics discussed above, two P* populations are 

present which give rise to P+HA
– via different mechanisms as opposed to simply reflecting the same 

process with differing rates (See SI Section S3.2 for details). For all the variants except NO2Y, data were 

fit globally using a minimal target analysis model with one P* population decaying via a 2-step ET 

process and the other via 1-step superexchange ET (Fig. 4A and S56A). Using this target model, we can 

reproduce differences in kinetics for each variant primarily by varying the relative amounts of the two P* 

populations. As was seen from the DADS, the SADS also show a larger portion of the ~20 ps P* 

population in the variants relative to WT (Fig. 4B, Table S4). Additional effects include relatively small 

increases in P+HA
– lifetimes, similar to the effects of other mutations which are closer to BA than HA and 

also assumed nonperturbative on HA (Fig. 4B, Table S4) (48). Not needed in our target analysis (Fig. S56) 

is a 100-200 ps component for P* internal conversion to the ground state (27, 49), consistent with all 

variants having a high quantum yield of P+HA
– formation similar to WT. Raw TA spectra also support this 

high quantum yield. At probe times where P+HA
– is the dominant species present (~25 ps) (Figs. S63, 

S65, S67, S69, S71, and S73) and in the P+HA
– SADS (Fig. S60), the bleaching magnitudes at 542 nm (HA

–) 

and 600 nm (P*/P+) are roughly equal, consistent with the similar extinction coefficients of these two HA 

and P features in the chromophore basis spectra (50, 51). The 600 nm bleach at ~25 ps is also similar in 

magnitude to the 600 nm bleach for P* at 0.5 ps (Panel A of Figs. S13–S18), again indicating high 

(essentially unity) conversion of P* → P+HA
– in both populations. 

Except for the NO2Y variant, the TA data clearly support a model in which 2-step and 1-step 

superexchange ET both occur.  This is less certain in the NO2Y variant, for which the 1030 nm BA anion 

feature in the raw TA spectra and the DADS/SADS is absent or substantially diminished (Fig. 3, S18, S36-

38). This is most directly noted in the time evolution of the raw TA spectra in the 930–1100 nm window 

(Fig. 5, Figs. S21–S38). WT and ClY/BrY/IY/MeY variants display BA anion band formation centered at 

1030 nm, but NO2Y RCs show little to no integrated area for the 1030 nm transient feature above the 

baseline, which changes due to the background of P* decay and growth of the HA
– band at ~960 nm (Fig. 

5). The simplest explanation for the absent or significantly diminished 1030 nm band in the NO2Y variant 

is that P* decays directly to P+HA
– via 1-step superexchange, without formation of P+BA

– as a discrete 

intermediate, in both P* populations. Though the presence of a P* population that undergoes fast ~5 ps 

superexchange ET, alongside the previously identified ~12-20 ps superexchange population (15, 19, 52), 

has not been reported, we know of no reliable estimates that limit the rate of  P* → P+HA
– 

superexchange ET in RCs. Alternatively, it is possible that P+BA
– builds up to a much lesser extent in NO2Y 

RCs (compared to WT and the other variants) because the P+BA
– lifetime is much shorter. To account for 
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the two possibilities, we modeled both scenarios for the NO2Y variant (Figs. S54–S56, Figs. S72–S73). 

Whichever model of ET is used, it is clear that primary ET in the NO2Y variant is affected more than 

primary ET in any other variant. Further mechanistic insight into ET in NO2Y and other RCs’ ET requires 

information on how these RC variants change the free energy of P+BA
–, as described in the following 

section (Energetic Characterization). 

To be rigorous, it is important to note that superexchange ET involves a small degree of mixing of 

the P+BA
– virtual intermediate with the P* reactant and P+HA

– product states when treated with first-

order perturbation theory (53). This mixing would imply that some minor degree of BA
– character could 

be manifest in spectral features, though significantly less than if P+BA
– were an actual intermediate. 

Computational insights into spectral contributions (e.g., at 1030 nm) of a P+BA
– virtual intermediate in 

superexchange ET would be desirable. 

As suggested by Niedringhaus et al. and others (14, 54) it is possible that the 2-step vs 

superexchange mechanism dichotomy is too simplistic (55, 56). The difference in rates in the two P* 

populations in NO2Y, which may both involve some form of superexchange ET, also suggests that the 

usual formulation of the superexchange mechanism itself may be too simplistic.  Electronic interactions 

exist not just between the pair of bacteriochlorophylls in P but also involve the other RC chromophores. 

Thus, the true mechanism may be an admixture of 2-step (i.e. sequential) ET and superexchange ET 

mechanisms, with the initial charge delocalized to varying extents over the BA and HA chromophores in 

the first ET intermediate depending on their relative energetics as discussed by Sumi et al. (55, 56). 

While we use limiting 2-step vs. superexchange models for tractability, further computational 

characterization of these more complex scenarios (55), and the limiting rates of superexchange ET in RCs 

are required to refine our analysis.  
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Fig. 4.  Target analysis model and fits. (A) Kinetic model implemented for target analysis for WT and all 

variants except NO2Y (see Fig. S56). (B) Species decay lifetimes and RC population (Pop.) decaying 

through a 2-step (P1*) or superexchange (P2*) ET pathway. While slight differences exist among RC 

variants for P1* and P2* decay time constants, data fit with a target analysis model with the same P* 

decay lifetimes for all RC variants result in similar satisfactory SADS.

 

Fig. 5.  Spectral evolution of the 930-1130 nm TA spectrum at early times for (A) WT, (B) ClY, and (C) 

NO2Y RCs (BrY/IY/MeY variants shown in Figs. S29, S32, and S35). The spectra are vertically offset from 

one another to best display the integrated area highlighted in gray (1010-1050 nm) of the 1030 nm band 

of P+BA− (see SI Sec. S3.6 for further detail). The gray integrated area for the 1030 nm feature was 

separated from P+HA– background via an applied linear baseline.   
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Energetic Characterization. To characterize the energetic perturbation of the tyrosine variants, we 

estimated the shift in P*/P+ potential using P NIR absorption and P/P+ redox titrations and estimated the 

energetics of charge-separated intermediates using resonance Stark spectroscopy (Fig. 6). The room-

temperature NIR Qy absorbance maxima of P shifted at most 15 nm (IY, 179 cm-1 or 22 meV) compared 

to WT (Fig. S74, Fig. S76). Redox titrations show P redox potentials shift by at most 26 mV (IY, Figs. S75–

S76). When changes in both P absorption and P redox potential are combined as performed previously 

(10) (Fig. S76), RC variants at most disfavor P* oxidation by 18±5 meV (MeY) relative to WT (Figs. 7 and 

S76B). These P* oxidation energetic changes are minimal when compared to the ~100–300 meV free 

energy changes seen in certain mutants which target P directly (10) and, given the proximity of residue 

M210 to P, are a surprising result, especially in the case of the NO2Y RC (Fig. 2). 

There is no direct way to obtain information on the BA/BA
– reduction potential in situ. It is, 

however, possible to obtain information on the relative oxidation potentials of BA in these variants using 

resonance Stark effect (RSE) spectroscopy. BA* is coupled to BA
+HA

– whose energy is very sensitive to an 

applied electric field.  We have described the RSE in detail in a series of papers (57–60) (see also SI 

Sections S5.1–5.3, Figs. S77-79), discovered over the course of measurements of higher order Stark 

effects for the RC and related pigments (61). Electronic Stark spectra (ΔA; field-on minus field-off 

absorbance) are typically obtained using lock-in detection at the second harmonic of the applied electric 

field modulation frequency, ω, giving ΔA(2ω). For an isotropic immobilized sample, ΔA(2ω) is typically 

the second derivative of the absorption spectrum when the change in dipole moment between the 

ground and electronically excited states dominates the electrooptic parameters, as is the case for all the 

photosynthetic pigments in isolation (61). Data can also be extracted at higher even harmonics of the 

field modulation frequency, i.e. 4ω ω etc.; ΔA(4ω) is typically the fourth derivative of the absorption 

(or second derivative of ΔA(2ω)), ΔA(6ω) is the sixth derivative, and so on. Surprisingly, when this 

experiment is performed for BA* in the RC (but not for an isolated bacteriochlorophyll), a very different 

lineshape dominates the higher-order spectra (57, 62), as the conventional derivatives become very 

small. Through a series of experiments, this effect has been linked to the driving force for the BA*HA →

BA
+HA

– reaction (ΔG1) and a comprehensive theory describing the unusual but expected lineshapes of 

these RSEs has been developed (57–60). Since the Y(M210)F mutation dramatically affects the observed 

lineshape and amplitude (60), we expected other changes in the vicinity of BA could affect the RSE 

spectra and provide information on the energetics of this process. We then use information on changes 

in the BA/BA
+ potential to estimate effects on BA/BA

–, as described in detail below. 
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As shown in Fig. 6A, it is immediately evident from the Stark spectra detected at the fourth 

harmonic of the modulation frequency, ΔA(4ω), that MeY is quite similar to WT, that the halotyrosines 

show significantly reduced intensities compared to WT but are similar to each other, and that NO2Y has 

a very different lineshape (see Figs. S82–S88 for the sixth harmonic counterparts, ΔA(6ω)). We seek to 

extract the change in driving force of an RC variant relative to WT, ΔΔG1, encoded in the change in δ (see 

Equation S22 in Section S5.3 for definition), from these lineshapes (Fig. 6B). As performed previously 

(60), this energetic determination assumes that WT and all RC variants have the same homogeneous 

and inhomogeneous line widths for BA (and for BB) and identical reorganization energies for the 

pertinent charge transfer process (SI Sec. S5.3). Only one set of physically reasonable electron-transfer 

parameters (i.e., single fractional component fits) is required to reproduce the lineshapes and 

magnitudes of the Stark spectra for WT, MeY, and NO2Y. As expected, the introduction of the weakly 

electron-donating methyl group barely perturbs ΔG1, while the strongly electron-withdrawing nitro 

group lowers the energetics of BA*HA → BA
+HA

– by ~100 meV (Fig. 6B). The halotyrosine variants fail to 

conform to the one-fraction fit strategy; they give rise to unsatisfactory fits and/or require unphysically 

small charge-transfer distances† inferred from the diminished magnitude in Stark spectra (Figs. 6A and 

S85-S88) and inconsistent with the invariant interchromophoric distances between BA and HA observed 

in the x-ray structures across all variants (Table S3). Instead, a second fraction with a second set of 

electron transfer parameters is required. One reasonable origin for these two fractions in halotyrosine 

RCs is the two halogen orientations modeled in the crystal structures (Fig. 2); only one orientation is 

observed for WT, MeY, and NO2Y, and a single-fraction fit to Stark spectra is sufficient for these samples. 

To deconvolve the underlying two fractions from the Stark spectra of halogenated RCs, we assume that 

the fraction that corresponds to the crystallographic population with the halogen atom pointing away 

from BA possesses WT-like energetics (α fraction). This is justified by the fact that halogens typically do 

not substantially perturb the electronic properties of aromatic rings even when directly attached to the 

π-system being spectroscopically probed (37, 42), and because MeY, which is similarly weakly 

perturbative, leaves ΔG1 intact (Fig. 6B). By initializing fits with relative fractions from halogen 

occupancies in crystal structures, we reveal another fraction (β fraction; Fβ in Fig. 6B) that showed 

energetics more similar to those in the NO2Y counterpart (ΔΔG1 ~ -100 meV; Fig. 6A, Figs. S81–S86).  The 

Stark features of the underlying populations (see WT and NO2Y as the limiting cases) tend to cancel, 

leading to diminished magnitudes in ΔA(4ω) for halogenated species. In ClY, a larger β fraction 

contribution leads to near complete Stark feature cancellation (Fig. 6A, green) while BrY and IY have a 

smaller contribution from the β fraction and consequently less cancellation between Stark features from 
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these two underlying fractions (Fig. 6A, orange and red). This degree of cancellation is largely consistent 

with the relative contributions of the two tyrosine rotamers as determined from crystal structures (Fig. 

2). See SI Section S5.4 for a detailed analysis of the modeling of these spectra. 

 

Fig. 6.  Resonance Stark spectra for BA and extracted energetics. (A) Resonance Stark spectra ΔA 

determined for RC variants at the fourth harmonic (4ω) of the external electric field modulation 

frequency ω (see SI Sections S5.1–5.4 for description and the corresponding 6ω spectra). Stark spectra 

are normalized to a field of 1 MV/cm (see Section S5.3 for further detail). (B) The values for the 

parameter, δ, are extracted from the ΔA(4ω) and ΔA(6ω) Stark spectra in (A) and SI Section S5.4 resp. 

and the change in ΔG1 relative to WT (ΔΔG1) is determined from δ for the various RCs. Error in ΔΔG1 is 

~2 meV and is due to fitting error. The energetic process associated with ΔΔG1 is depicted and labeled 

above the extracted Stark parameters. aHalotyrosine Stark spectral fits require two fractions, which sum 

to 1, and only the energetics for the β fraction (Fβ) are shown above for halotyrosine RCs. The α fraction 

(Fα) for halotyrosine RCs is comparable to WT in energetics. 

The resonance Stark data indicate tyrosine perturbation has a significant impact on ΔΔG1. Since 

tyrosine modification is significantly farther from the HA chromophore than it is to BA or P (Fig. 1A, Fig. 

S6A) and no structural changes are observed around HA (Fig. S6), we approximate the magnitude of 

ΔΔG1 to be due primarily to an impact on the energetics of BA oxidation. To better understand the origin 

of the observed transient absorption kinetics, we require information on BA reduction. We argue that 

ΔΔG1 should be roughly equal to the −ΔΔG for BA → BA
– (ΔΔG3) under the two following 

approximations. (1) The BA* energy, HA reduction potential, and interchromophore coulombic 

interactions are not affected by tyrosine variant incorporation, as evidenced by the absence of structural 

changes and the insignificant energetic shifts in BA absorbance maxima (Figs. S74 and S76). (2) A general 
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environmental effect of the mutations on the electronic structure of BA would impact the propensities 

for BA
+ and BA

– formation in an equal and opposite fashion, i.e., any electronic polarization effect can be 

neglected. In this regard, since the Qy band of bacteriochlorins is dominated by the LUMO-HOMO gap 

(63), the HOMO and LUMO of BA appear to be shifted similarly by the tyrosine variants because the Qy 

band of BA (and BB) at 800 nm is shifted at most ~3 nm (~4 meV) among the RC variants (Fig. S74). 

While these approximations may not be appropriate to characterize absolute energetics, they are 

reasonable to estimate changes in energetics relative to WT (see SI section S4.4 for further discussion of 

these approximations).   

When we combine the changes in energetics of P* oxidation and BA reduction, it is clear that the 

energetics of P* → P+BA
– are significantly impacted in NO2Y and in one fraction (Fβ) of the halotyrosine 

variants, increasing the energetics of P+BA
– formation by over 100 meV relative to WT (ΔΔG4 in Fig. 7). 

This is a significant change when considering P+BA
– is estimated to be ~70 meV below P* in energy in WT 

(Fig. 1B) (14, 38, 55). In fact, in a recently published study performed at a high level of theory, Tamura et 

al. (22) indicate that P+BA
– is above P* in energy in WT RCs, which, if correct, would mean (1) that the P* 

→ P+BA
– → P+HA

– 2-step process would not occur, and (2) that an ~100 meV energetic increase would be 

even more significant. Comparing WT → MeY → halotyrosine RCs, as the energetics of P+BA
– formation 

(ΔΔG4) increases (Fig. 7), so too does the amount of ~20 ps superexchange population observed in TA 

global analysis (Fig. 4B, Table S4). This would match the smaller energetic dependence of the rate 

constant for P+BA
– formation in the superexchange mechanism compared to the rate constant in the 

two-step pathway (53), as the former mechanism is less disfavored than the latter by the increased P+BA
– 

energy. For both models used for NO2Y ET (Fig. S56), there is also an increase in the ~20 ps P2* 

population relative to WT (Tables S4 and Table S5, Fig. S72), similar to the other RC variants (Table S4). 
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Fig. 7.  (A) Relative change in energetics from WT for P* oxidation (ΔΔG2) and BA reduction (ΔΔG3) from 

WT (see Fig. S76 for ΔΔG2 determination from NIR absorption and redox titration). We take ΔΔG2 + ΔΔG3 

= ΔΔG4 (where positive ΔΔG4 values are destabilizing). Energetic processes are depicted and labeled 

above each column. aEnergetics for halotyrosine variants are shown only for the resonance Stark 

population (β fraction) with non-WT BA redox energetics. (B) Diagram depicting the impact of ΔΔG4, 

where the free energy of P+BA
– is raised by ΔΔG4. 

Since NO2Y RCs are like WT and other variants with regards to interchromophoric distances and 

other environmental features (Table S3), there is no obvious reason to explain why raising the free 

energy of the P+BA
– state would cause its decay rate to increase dramatically. In fact, past studies 

indicate P+BA
– decay is already energetically barrierless in WT (5, 66). The relative energetics of HA 

reduction are also unlikely to change significantly given the nitro group is significantly farther from HA 

than BA and P (Fig. 1A, Fig. 2, Fig. S6A). Given the large increase in the free energy of P+BA
– in NO2Y RCs in 

the context of barrierless ET, it does not seem likely that 2-step ET is occurring in NO2Y RCs and instead 

the population normally undergoing 2-step ET likely transitions to a superexchange pathway.  The P* 

population with a ~5 ps superexchange ET alongside the ~20 ps population more commonly identified 

as a superexchange population may reflect the relative energy denominators for electronic mixing in 

superexchange that depend on the relative energies for P+BA
–, P+HA

– and P*. The absence of this change 

in mechanism (the predominant loss of a 2-step process) in halotyrosine RCs may be due to either or 
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both of the following two effects: (1) only one fraction of halotyrosine RCs experience this large increase 

in energetics as evidenced by the two fractions observed from Stark spectroscopy and (2) 

crystallographic coordinates indicate that the fraction of RCs which appears correlated with changed 

energetics in Figs. 6 and 7 (Fβ) may have altered the electronic coupling(s) between P* and BA given the 

proximity of the halogens to the central Mg2+ of BA (Fig. 2). 

Discussion 

In this study we make a series of membrane protein complexes with site-specifically incorporated 

ncAAs. Within this series of pseudo-C2 symmetric proteins, we systematically vary one structural feature 

of an important symmetry-breaking amino acid, Tyr M210. In each tyrosine analogue, the tyrosine’s 

electrostatic nature is altered with different electron-donating and -withdrawing substituents at the 

meta position, which modulates the tyrosine hydroxyl’s interaction (29, 30, 67) with the BA 

chromophore via induction. We then utilize three distinct techniques, x-ray crystallography, TA 

spectroscopy, and resonance Stark spectroscopy, to determine structural information, ET kinetics, and 

the energetics relevant to primary ET. The collective information from these three distinct techniques 

helps to rationalize the consequences of our tyrosine analogue incorporation. 

Structural analysis indicates none of these tyrosine variants caused measurable structural 

perturbation (i.e. nuclear displacement) of other protein residues, cofactors, or electron donors and 

acceptors (Figs. S4–S6, Table S3). Consequently, chromophore molecular orbital overlap(s) should be 

relatively unaffected by tyrosine perturbation and electronic coupling(s) and thus remain unchanged for 

the 2-step ET process. Halotyrosine variants may be the only exception to this given the proximity of the 

halogen to the central Mg2+ of BA in the crystallographic population in which the halogen is oriented 

towards BA. 

Stark spectroscopy indicates the energetics of ET involving BA are impacted significantly in 

halotyrosine (β-fraction) and NO2Y RCs (~100 meV, Figs. 6–7), while redox titrations and absorbance 

spectra indicate the effects on P* oxidation are relatively minor (≤18 meV, Fig. 7). Only halotyrosine RCs 

require two conformers in crystallography and two energetic fractions for resonance Stark spectroscopy, 

but all RCs require two P* populations to fit kinetic data; because of this observation, we only directly 

relate the resonance Stark fractions and the crystallographic conformations of halotyrosine RCs. Unlike 

in past studies (4, 10, 19, 48, 68), our energetic approach is the first purely experimental estimate for the 

environmentally tuned energetics of P+BA
– formation. These estimations are at least qualitative and are 

treated in this study as semi-quantitative values. 
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As these RC variants exhibit increasingly disfavored P+BA
– formation energetically (Figure 7), an increased 

proportion of the P* population appear to decay by ET directly to HA via an ~20 ps superexchange 

mechanism (e.g. no P+BA
– intermediate) (Fig. 4) based on DADS/SADS and an ET competition model 

proposed previously (19).  With our introduction of amber suppression into R. sphaeroides, we hope to 

site-specifically introduce ncAAs containing nitrile vibrational probes (36, 69–71) which can act as true 

ET spectators whose response will not be obfuscated by interchromophoric electronic coupling or 

electronic absorption shifts from the formation and decay of charged intermediates. 

Despite the significant energetic impact of some ncAAs, no tyrosine modification made an order 

of magnitude impact on the overall rate (5, 10, 31, 72) or yield (27) of ET, highlighting the robust nature 

of the RC’s protein design (1, 4–11). This small overall effect may be a consequence of this dual-

mechanism model, where the superexchange mechanism is acting as an alternative functional pathway 

for ET as previously proposed in the literature (19) through a lowered sensitivity to energetic changes of 

the P+BA
– intermediate. Without this additional pathway for ET, ET yield would likely decrease 

significantly following 3-nitrotyrosine introduction at M210 due to the increased amount of RC 

population possessing a P+BA
– state higher in free energy than P*. Clearly the tyrosine at M210 is not the 

only stabilizing factor for A-branch ET, as multiple protein features disfavor B-branch ET (15, 26, 27, 73), 

but it is important for tuning the mechanism to be one of 2-step ET in WT. This is highlighted by the 

NO2Y RC, where the increase in a slow P* population relative to WT is accompanied by the (near) 

absence of a 1030 nm feature associated with BA anion formation (Fig. 5, Figs. S21–S38) indicating a 

change in ET mechanism. Given the specificity and efficiency of 2-step ET in bacterial RCs, a tyrosine or 

phenol which interacts with an electron donor and acceptor, as does the tyrosine at M210, may be 

helpful to encourage charge transfer and develop or improve other synthetic catalysts (74–76) and 

enzymes (77, 78). Further research on this model for photoinduced charge transfer with tools such as 

amber stop codon suppression, will likely continue to enhance our understanding of how certain protein 

interactions are relevant to obtaining specific ET products, a key tenet of any catalysis and crucial to 

understanding ultrafast ET in the RC. 

 

Materials and Methods 

For a full description of methods for sample preparation, structural characterization via X-ray 

crystallography, transient absorption, spectroscopy, and redox titrations please see the Supporting 

Information. 
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Footnotes 

†Short distances ranged from 7.0 Å/f to 8.2 Å/f as opposed to the 9.5 Å/f to 13.1 Å/f distances 

determined for RCs previously. Here f is a local field factor which arises because the applied electric field 

is different from the field experienced by the chromophore and distances which are determined via 

resonance Stark spectroscopy contain this factor. The factor f is greater than 1 and considered constant 

for different RCs (see SI Sections S5.2-S5.4 for further discussion). 
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