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Abstract

Membrane proteins are prone to misfolding and degradation within the cell, yet the nature of the 

conformational defects involved in this process remain poorly understood. The earliest stages of 

membrane protein folding are mediated by the Sec61 translocon, a molecular machine that 

facilitates the lateral partitioning of the polypeptide into the membrane. Proper membrane 

integration is an essential prerequisite for folding of the nascent chain. However, the marginal 

energetic drivers of this reaction suggest the translocon may operate with modest fidelity. In this 

work, we employed biophysical modeling in conjunction with quantitative biochemical 

measurements in order to evaluate the extent to which cotranslational folding defects influence 

membrane protein homeostasis. Protein engineering was employed to selectively perturb the 

topological energetics of human rhodopsin, and the expression and cellular trafficking of 

engineered variants were quantitatively compared. Our results reveal clear relationships between 

topological energetics and the efficiency of rhodopsin biogenesis, which appears to be limited by 

the propensity of a polar transmembrane domain to achieve its correct topological orientation. 

Though the polarity of this segment is functionally constrained, we find that its topology can be 

stabilized in a manner that enhances biogenesis without compromising the functional properties of 

rhodopsin. Furthermore, sequence alignments reveal this topological instability has been 

conserved throughout the course of evolution. These results suggest that topological defects 

significantly contribute to the inefficiency of membrane protein folding in the cell. Additionally, 

our findings suggest that the marginal stability of rhodopsin may represent an evolved trait.
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INTRODUCTION

Most eukaryotic membrane proteins must traverse the secretory pathway in order to reach 

the plasma membrane and carry out their biochemical function. The efficiency of this 

process depends on the conformational stability of the protein and the corresponding manner 

in which it interacts with the molecular chaperones of the cellular proteostasis network.1 

Nascent membrane proteins tend to interact avidly with molecular chaperones,2–4 and as a 

result, their passage through the secretory pathway is typically inefficient.5,6 The nature of 

these interactions suggests membrane proteins are predisposed to conformational defects, 

yet the structural lesions responsible for these interactions remain poorly understood. 

Investigations of pathogenic mutations associated with diseases of membrane proteostasis 

have provided opportunities to explore the spectrum of conformational defects involved in 

membrane protein misfolding.5,7 In many cases, the proteostatic effects of these mutations 

arise from their effects on post-translational folding and/or oligomerization reactions.6,8–10 

However, a survey of pathogenic mutations within integral membrane proteins also 

identified a subset that are instead likely to compromise cotranslational folding.11 These 

cotranslational folding reactions are known to play a critical role in membrane protein 

folding in the cell.12–14 Nevertheless, to our knowledge, the fidelity of cotranslational 

folding has not been rigorously assessed in relation to the cellular proteostasis of integral 

membrane proteins.

Integral membrane protein folding begins during the cotranslational insertion of the nascent 

polypeptide into the ER membrane in a manner that is mediated by the Sec61 translocon. 

This process (topogenesis) establishes the topology of the nascent protein with respect to the 

membrane, which in turn dictates the portions of the molecule that are exposed to 

chaperones in the cytosol, the ER lumen, and within the ER membrane itself.15 Topogenesis 

is primarily driven by the energetics associated with the partitioning of the nascent chain 

from the translocon into the membrane;16–19 a process that occurs with considerable 
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efficiency for hydro-phobic transmembrane (TM) domains.17 Nevertheless, it has been 

estimated that ∼25% of TM domains within polytopic membrane proteins are too polar to 

spontaneously partition into the membrane in the absence of other stabilizing interactions.16 

TM segments that are ill-adapted to the membrane generate topological frustration within 

the nascent chain,20 which may compromise the fidelity of topogenesis. In some instances, 

these polar segments are initially shunted into the aqueous phase then subsequently pulled 

into the membrane during posttranslational folding.21–24 In other cases, the membrane 

integration of polar segments occurs with marginal efficiency, which leads to the formation 

of a heterogeneous topological ensemble.25,26 Regardless of whether the native topology is 

established during or after translation, aberrant topomers appear to be rapidly degraded in 

the cell.13,14 However, the extent to which the formation, recognition, and degradation of 

aberrant topomers contributes to the misfolding and cellular mistrafficking of polytopic 

membrane proteins is unclear.

In this work, we quantitatively assess the linkage between the fidelity of topogenesis and the 

outcomes of membrane protein biogenesis. To interrogate this connection, we investigated 

the topological energetics and cellular trafficking of human rhodopsin, a G-protein coupled 

receptor (GPCR) that plays an essential role in vision (Figure 1A). The apoform of the 

protein (opsin) must bind to its 11-cis-retinal cofactor in order to mediate coupling between 

the photoisomerization of retinal and the initiation of G-protein signaling. Retinal is 

conjugated to the protein through a Schiff base with a lysine side chain (K296) that is 

positioned near the center of rhodopsin’s seventh TM domain (TM7). Though this residue is 

essential for function, K296 enhances the polarity of TM7 in a manner that potentially poses 

a challenge to the fidelity of topogenesis. This physicochemical conflict makes rhodopsin an 

ideal model system for the investigation of the connection between the topological energy 

landscape and membrane proteostasis. In the following, we show that activity of the 

proteostasis network is exquisitely sensitive to the topological energetics of TM7. These 

findings provide insights into the mechanism by which certain loss-of-function mutations in 

the rhodopsin gene induce misfolding, which is involved in the molecular basis of autosomal 

dominant retinitis pigmentosa (adRP).27 Furthermore, an evolutionary analysis suggests the 

topological instability of rhodopsin has been conserved throughout the course of evolution. 

Together our findings implicate topological defects in the cellular misfolding of integral 

membrane proteins, and suggest additional roles for topo-logical energetics in membrane 

protein evolution and the molecular basis of disease.

RESULTS

Topological Frustration in Human Rhodopsin.

Rhodopsin adopts a canonical GPCR fold (Figure 1A) featuring seven TM helices that 

exhibit considerable variations in hydrophobicity. To survey the extent to which these 

variations impact the topological energetics of rhodopsin, we scanned its sequence using a 

knowledge-based algorithm that predicts the energetics associated with the transfer of TM 

helices from the translocon to the ER membrane (∆G predictor).16 Sequence scans faithfully 

identify the first six TM domains of rhodopsin, but suggest that TM7 is not sufficiently 

hydrophobic to spontaneously partition from the translocon into the membrane (∆G = +3.5 
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kcal/mol, Figure 1B). Though the selection of TM7 by the translocon is predicted to be 

inefficient, it should be noted that the transfer of this segment from the aqueous phase to the 

membrane core is predicted to be quite favorable according to the Wimley−White water− 

octanol scale (∆G = −8.0 kcal/mol).28 Together these predictions suggest that, though TM7 

may be thermodynamically stable within a bilayer, its translocon-mediated membrane 

integration is likely inefficient. To test the latter prediction, we evaluated the translocon 

mediated membrane integration of TM7 using a leader peptidase (Lep)-based translocation 

assay.29 Briefly, the sequence of TM7 (residues 286−309) was introduced into a chimeric 

Lep protein, which was then produced by in vitro translation in the presence of canine rough 

microsomes. Using this approach, an apparent equilibrium constant for membrane 

integration can be inferred from the relative abundance of singly (TM7 in the membrane) 

and doubly (TM7 in the lumen) glycosylated translation products.29 The glycosylation state 

of this chimeric Lep protein confirms the membrane integration of TM7 occurs with 

marginal efficiency (29 ± 7%, ∆Gapp = 0.6 ± 0.2 kcal/mol, Figure 1C). The membrane 

integration of TM7 appears more efficient than would be expected on the basis of 

predictions. However, it seems likely that this constitutes an overestimation of the true 

efficiency given that this measurement is near the limit of the dynamic range of this assay.
23,29 Despite this limitation, this result clearly confirms that TM7 is not efficiently 

recognized as a TM helix by the translocon during topogenesis.

The inefficient recognition of TM7 by the translocon is likely to result in the formation of 

non-native topomers. To identify the non-native topological states that are most likely to 

form, we analyzed the sequence of rhodopsin using a graphical algorithm that predicts the 

most energetically favorable topologies based on sequence (TopGraph).30 Consistent with 

the ∆G predictor, TopGraph suggests the first six TM domains are embedded within the 

membrane in the context of the two most favorable topologies (Figure 1D). However, TM7 

is shunted into the ER lumen in one of the two topologies, which we have termed the 

misfolded state (M, Figure 1D). TopGraph also suggests the protein is likely to sample a 

topology in which TM7 traverses the membrane in a manner that places K296 among the 

anionic lipid head groups of the inner membrane leaflet. Because K296 is out of position 

and the TM domain is shorter than TM7 appears in a homology model of human rhodopsin 

(Figure 1A), we have termed this the near-native state (N*, Figure 1D). To facilitate proper 

folding, we reason that TM7 must lengthen and shift with respect to the membrane to form 

an additional topological state (N) in which K296 is natively positioned within the protein 

core (Figure 1D). These predictions suggest TM7 can adopt at least two distinct orientations 

within the membrane that differ with respect to length and position. To evaluate whether 

frustration in this segment gives rise to alternative energetic minima, we scanned the TM7 

region to identify nascent TM segments of variable length using the ∆G predictor. Two 

distinct yet isoenergetic minima can be observed in the 19-residue and 24-residue window 

scans, which also suggest the translocon is equally likely to recognize TM7 in the N (24-

residue helix centered at residue 297) or N* orientation (19-residue helix centered at residue 

291) (predicted ∆∆GN−N* = 0.0 kcal/mol, Figure 2A). To test this prediction, the 19-residue 

segment (residues 283−301) corresponding to this alternative energetic minimum was 

introduced into a chimeric Lep protein, which was then characterized by in vitro translation. 

Consistent with predictions, the apparent efficiency associated with the membrane 
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integration of this segment (22 ± 4%) is indistinguishable from that of native TM7 (Figure 

1C). Together, these results suggest topological frustration within TM7 may drive the 

formation of multiple topologies during rhodopsin biogenesis.

To probe the extent to which topological frustration impacts the nascent ensemble, we 

utilized in vitro translation in conjunction with limited proteolysis in order to probe the 

topological properties of full-length rhodopsin in a manner described previously.31 Briefly, a 

tobacco etch virus (TEV) protease-cleavable reporter domain was genetically fused to the C-

terminus of rhodopsin, and the fusion protein was translated within canine rough 

microsomes. The nascent protein was then digested with TEV protease to determine whether 

TM7 exhibits a pattern of proteolytic protection that is consistent with the formation of 

multiple topologies (Figure S1). The glycosylated opsin band, which is properly processed 

and targeted to the membrane, exhibits partial protection from proteolysis (Figure S1). 

Furthermore, this protected fraction is digested in the presence of a membrane-

permeabilizing detergent (Figure S1), which confirms the proteolytic protection arises from 

the aberrant localization of the C-terminus within the microsomal lumen. The incomplete 

digestion of the nascent opsin band suggests at least two topomers are produced during 

translation; one in which TM7 is within the microsomal lumen (i.e., the M state) and one in 

which TM7 traverses the membrane (i.e., the N* and/or N state). It should be noted that the 

fraction of cleavable protein (∼70%) exceeds the membrane integration efficiency of TM7 in 

the context of the Lep protein (Figure 1C). This observation suggests the transfer free energy 

of TM7 may be partially offset in the context of the full-length protein through formation of 

interhelical contacts at the translocon.32,33 Nevertheless, these data confirm TM7 adopts 

multiple topologies within the nascent conformational ensemble of opsin.

Engineering the Topological Energy Landscape of Rhodopsin.

Our results suggest the propensity of opsin to sample non-native topologies arises from the 

sequence of TM7 and its corresponding topological frustration. To explore the relevance of 

this frustration to rhodopsin misfolding, we first utilized structural modeling and energetics 

algorithms to design a series of rhodopsin TM7 variants with selectively modified 

topological energetics. To identify a position within TM7 that is amenable to protein 

engineering, we constructed a structural homology model of human rhodopsin based on the 

structure of bovine rhodopsin (93.4% sequence identity, Figure 1A). In both the bovine 

structure and the human model, we find that residue 297 (a serine in human rhodopsin) 

forms no apparent tertiary contacts and projects into the membrane core (Figure 1A). Thus, 

substitutions at this position should alter the transfer free energy of TM7 without 

appreciably disrupting the native structure. To confirm that mutations are likely to be 

tolerated at this position, we constructed and analyzed a series of structural models for 

variants containing mutations at residue 297. A comparison of the lowest energy models of 

mutant proteins all exhibit root-mean-square deviation (RMSD) values of less than 0.4 Å 

relative to the model of WT, which confirms the native, functional fold can accommodate a 

range of amino acids at this position (Figure S2). Moreover, the calculated effects of these 

mutations on Rosetta energies are dominated by membrane solvation parameters (Table 

S1A), which again suggests these mutations primarily impact the energetics of solvation 

within the membrane. With the exception of S297W, which is predicted to be stabilizing, 
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Rosetta energies suggest these substitutions should have minimal effect of the 

conformational stability of rhodopsin (Table S1A). Though these results suggest mutations 

to residue 297 should not significantly impact the structure or stability of the native topomer, 

it should be noted that the mutation of this residue to an arginine causes adRP. Thus, the 

cellular proteostasis of rhodopsin is still likely to be sensitive to energetic perturbations at 

this position.

Energetic predictors provide a means of rationalizing the effects of mutations on the nascent 

topological ensemble of TM7. In the context of the predicted topomers, serine 297 resides 

within the aqueous phase in the M state, the membrane interface in the N* state, and within 

the membrane core in the N state (Figure 1D). Thus, changes in the hydrophobicity of this 

side chain alter the energetics of topogenesis in a manner that should skew the ratio of 

nascent topomers. Indeed, sequence scans of a series of residue 297 variants suggest 

mutations at this position influence both the probability associated with the recognition of 

TM7 by the translocon as well as the most favorable position of this helix within the 

membrane (Figure 2A,B). To estimate the effects of mutations on the nascent topological 

ensemble, we used a three-state equilibrium model to interpret energetic predictions by 

making the simplifying assumption that the failure of TM7 to enter the membrane during 

translation results in the formation of the M state (Figure 2C). Briefly, we first utilized our 

experimental measurements of the membrane integration efficiency of TM7 (Figure 1C) to 

calculate apparent free energy differences between the M, N*, and N topomers for the WT 

protein. We next utilized the ∆G predictor to calculate the effects of mutations on the free 

energy difference between each state based on depth-dependent transfer free energies for 

each side chain (Table 1). We then used these estimated ∆∆G values in conjunction with a 

three-state equilibrium model to recalculate the predicted fraction of each topomer 

(Supplemental Theory, Table 1). Despite limitations in the dynamic range of Lep-based 

measurements (described above), we find the predictions generated by this model to be 

correlated with the apparent mutagenic effects on the membrane integration efficiency of 

TM7 (Pearson’s R = 0.73, Figure S3). Inclusion of the N* state in the equilibrium model 

improves predictions for the effects of charged substitutions at residue 297 relative to those 

generated using a two state equilibrium model (Figure S3). The predicted fraction of native 

topomer (f N) is only 0.14 within the WT ensemble, with mutant f N values ranging from 

0.04 (S297K) to 0.32 (S297L) (Table 1). Interestingly, the introduction of charged residues 

at residue 297 is predicted to stabilize the N* state. For instance, the S297R mutation is 

predicted to decrease f N from 0.14 to 0.05 while increasing the fraction of the near-native 

topomer (f N*) from 0.15 to 0.19. This stabilization arises from differences in the depth-

dependent transfer free energies of charged amino acid side chains.16,34–36 Together, these 

computational results provide a useful lens for the interpretation of mutagenic effects as well 

as plausible estimates for the effects of mutations on the nascent topological ensemble.

Influence of Topological Energetics on Rhodopsin Proteostasis.

Mutations that selectively perturb topological energetics provide a unique opportunity to 

investigate the extent to which topological defects contribute to membrane protein 

misfolding in the cell. The misfolding of integral membrane proteins typically results in 

their retention within the early secretory pathway and/or their premature degradation within 
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the cell. Therefore, to determine whether the activity of the proteostasis network is sensitive 

to the topological energetics of TM7, we quantitatively compared the expression levels and 

cellular trafficking of engineered opsin variants by flow cytometry as described previously.6 

Briefly, each variant was transiently expressed in HEK293 cells prior to the selective 

immunostaining of plasma membrane opsin (mature) and intracellular opsin (immature) 

with distinct fluorophores. Flow cytometry was then employed to quantitatively compare the 

immunostaining patterns of each variant. Though mutagenic trends were consistent, the 

proportion of surface protein relative to total protein (export efficiency) was found to vary 

between batches of cells and with increasing passage number. A comparison of plasma 

membrane and intracellular immunostaining levels for a single batch of cells at low passage 

number reveals that only 24 ± 2% of cellular WT opsin is present at the plasma membrane. 

As is true for many other eukaryotic membrane proteins,5,6 this marginal trafficking 

suggests opsin is prone to misfolding and is inefficiently exported from the secretory 

pathway. Both surface and total cellular opsin immunostaining levels are highly sensitive to 

mutations at residue 297 (Figure 3A,B), which suggests the topological energetics of 

rhodopsin are tightly linked to the folding efficiency of cellular rhodopsin. By comparison, 

similar mutations within more hydrophobic TM domains have minimal impact on steady-

state opsin levels (Figure S4), which further implicates the topological frustration of TM7 in 

opsin misfolding. The accumulation of opsin variants in the cell and at the plasma 

membrane is generally proportional to predicted f N values (Figure S5). Moreover, with the 

exception of S297D and S297R, predicted f N values for these variants are tightly correlated 

with the efficiency of their export from the secretory pathway to the plasma membrane 

(Figure 3C). The aberrant trafficking of S297D and S297R opsin may reflect inaccuracies in 

the predicted energetic effects of these mutations on the structural and/or topological 

ensemble, or differences in the manner in which these variants are recognized by molecular 

chaperones. Nevertheless, these results demonstrate that the activity of the proteostasis 

network is highly sensitive to the topological energetics of TM7. Though it is possible that 

these mutations may influence other conformational properties of rhodopsin, the proteostatic 

effects of these substitutions appear to be well-described by their predicted impacts on the 

nascent topological ensemble.

It is possible that other physiochemical factors may suppress the formation of aberrant 

topomers in vivo. In particular, cofactor binding can have a profound effect on membrane 

protein folding and assembly in the cell.6 Retinal binding is known to stabilize rhodopsin in 

a manner that increases its cellular expression and trafficking.37 However, it is unclear 

whether the nascent topological ensemble is sensitive to the effects of retinal binding. 

Considering the N state is the only putative topomer capable of forming the native retinal 

binding pocket, we reason this topology should be selectively stabilized in the presence of 

retinal (Figure 1D). On the basis of the binding affinity of retinal (Kd ∼ 25 pM),38 we 

estimate that low micromolar concentrations of this cofactor should thermodynamically 

stabilize the native topomer by >6 kcal/ mol relative to the ensemble of non-native topomers 

that lack a binding pocket an effect far greater than the predicted effects of mutations (Table 

1). Thus, provided these topomers are capable of exchanging on physiological time scales, 

we would expect binding to compensate for the modest energetic effects of these mutations. 

To assess the proteostatic effects of cofactor binding, we compared the expression and 
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trafficking of rhodopsin variants in the presence and absence of 5 μM of the isochromophore 

9-cis-retinal. The surface and total protein immunostaining levels of WT rhodopsin increase 

by 14 ± 13% and 14 ± 6% in the presence of retinal, respectively, which confirms the 

stabilization of isorhodopsin by retinal influences proteostasis. A comparison of the 

immunostaining profiles of cells grown in the presence and absence of retinal reveals that, 

with the exception of S297R, the expression and trafficking of each variant is increased by a 

similar magnitude (Figure 4). By comparison, the S297R variant, which significantly 

increases the topological frustration of TM7 (Supplemental Theory), exhibits no statistically 

significant response to retinal. The persistence of the proteostatic effects of topologically 

stabilizing and destabilizing mutations in the presence of retinal demonstrates that cofactor 

binding does not alter the topological energetics of isorhodopsin. The effects of retinal are 

instead likely to arise from its effects on the posttranslational folding efficiency of the native 

topomer. This finding is consistent with recent reports that the topological ensemble is also 

insensitive to the energetics of dimerization.39 Taken together, these observations suggest the 

proteostatic effects of retinal binding are unlikely to involve the fidelity of cotranslational 

folding.

Functional Properties of Engineered Rhodopsin Variants.

Several of these engineered opsin variants enhance the yield of mature opsin at the plasma 

membrane (S297L, S297A, and S297W, Table 1). Assuming selection pressures serve to 

maximize the yield of functional rhodopsin, we suspected that these mutations should have 

adverse effects on the functional properties of rhodopsin. To evaluate the effects of these 

mutations on rhodopsin function, 11-cis-retinal was added to HEK293 cells transiently 

expressing each variant in order to regenerate rhodopsin. Regenerated rhodopsin pigments 

were then purified and functionally characterized. We compared the UV−visible spectra of 

purified rhodopsin variants before and after exposure to light, the kinetics of retinal release 

following illumination (meta II decay), and the kinetics of Gt activation for each mutant, as 

was described previously.40–42 Relative to WT, S297W rhodopsin exhibits an attenuated 

chromophore binding, severe retardation of meta II decay, and an inability to activate Gt 

(Table 2, Figure S6). Similarly, the S297A variant is capable of activating Gt, but still has 

mild adverse effects on the spectral properties and meta II decay kinetics (Table 2, Figure 

S6). These results confirm that S297W and S297A have negative impacts on the fitness of 

rhodopsin. However, the S297L variant, which improves the yield of mature protein at the 

plasma membrane by 34 ± 7%, has no discernible effects on the spectral properties of 

rhodopsin (Figure 5A), its meta II decay kinetics (Figure 5B), or its Gt-mediated signaling 

(Figure 5C, Table 2). Thus, S297L enhances the efficiency of rhodopsin biogenesis with no 

apparent impact on function. This finding demonstrates that the polarity of TM7 does not 

entirely arise as a consequence of the sequence constraints of rhodopsin function.

Evolutionary Constraints on the Topological Energetics of Rhodopsin.

The polarity of TM7 appears to limit the expression and maturation of opsin within the 

secretory pathway (Figure 3C). Thus, the appearance of a functionally silent polar residue at 

position 297 suggests that the polarity of TM7, and by extension the inefficient biogenesis of 

rhodopsin, may confer an evolutionary benefit. To evaluate the extent to which the 

topological energetics are conserved, we compared the sequences of TM7 among 104 
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rhodopsin proteins. As expected, the functionally essential K296, which forms a Schiff base 

with its 11-cis-retinal cofactor, is absolutely conserved (Figure 6A). Interestingly, we find 

that most TM7 sequences contain a string of three serine residues near the center of the TM 

domain, which reveals that many forms of TM7 are considerably more polar than that of 

human rhodopsin (Figure 6A). To determine the extent to which the topological energetics 

of TM7 have been constrained, we scanned these sequences using the G predictor.16 

Sequence scans reveal that TM7 sequences exhibit wide variations in transfer free energy (∆ 

GN‑M) but are, without exception, exceedingly polar (Figure 6B). These high transfer free 

energies cannot be solely attributed to functionally essential polar residues (Figure S7). 

Though we cannot rule out that the true energetics deviate from predictions, these results 

suggest selection pressures have not constrained the hydrophobicity of TM7 in a manner that 

maximizes the expression level of opsin. It should be noted, however, that a comparison of 

sequence scans reveals little variation in the free energy difference between the near-native 

and native topomers (∆GN−N*, Figure 6B), which suggests the sequence of TM7 and its N-

terminal loop have been constrained to promote the proper positioning of the helix within 

the membrane. Indeed, the margin for error in this transition appears to be quite thin 

considering the S297R variant, which exhibits the largest reduction in surface opsin and is 

known to cause adRP, would represent an outlier relative to natural TM7 sequences 

(predicted GN−N* = 0.81 kcal/mol, Figure 6B). Nevertheless, the preservation of the 

suboptimal topological energetics of TM7 suggests its sequence appears to have been 

constrained in a manner that preserves its marginal topological energetics and the inefficient 

folding of cellular rhodopsin.

DISCUSSION

The earliest steps of integral membrane protein folding and misfolding occur during 

translation and are mediated by the translocon. The translocon-mediated membrane 

integration of the nascent chain facilitates the formation of the native topology, which is a 

critical prerequisite for proper folding of membrane proteins in the cell.5 In this work, we 

evaluated the fidelity of this process in relation to the cellular misfolding of polytopic 

membrane proteins. Using rhodopsin as a model system, we assessed the extent to which the 

propensity of the nascent chain to form non-native topomers ultimately influences its 

expression and maturation. Energetics-based algorithms16,30 identify TM7 as a likely source 

of topological frustration. We then used these algorithms to engineer a series of TM7 

variants with selectively modified topological energetics, and characterized their expression 

and maturation within the cell. Our results reveal the topological preferences of TM7 have a 

sizable effect on the efficiency with which rhodopsin is exported from the secretory pathway 

to the plasma membrane (Figure 3B,C). These results parallel recent reports linking the 

membrane integration efficiency of TM domains to the heterologous expression levels of 

membrane proteins in bacteria.43,44 Given that polar TM domains are relatively common 

among polytopic membrane proteins,16,45 these results suggest the fidelity of topogenesis 

may often impose a bottleneck on the efficiency of membrane protein folding in the cell. 

Furthermore, many mutations associated with diseases of membrane protein misfolding are 

predicted to enhance the topological frustration of the nascent chain.11 Additional 

investigations are needed to elucidate the mechanism by which aberrant topomers are 
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recognized by the proteostasis network, and the role of this process in diseases of membrane 

proteostasis.

The segments of the nascent chain that are most likely to undergo translocon-mediated 

membrane integration are often distinct from native TM helices,21 and certain TM domains 

must rely on post-translational folding reactions to achieve the correct topology.23,24,26 In 

the context of rhodopsin, energetic predictors primarily suggest that the membrane 

integration of TM7 is likely inefficient and that the polar residues within this segment are 

likely to stabilize a non-native orientation of TM7 with respect to the membrane (the N* 

state, Figure 1D). The output of the G predictor16 and TopGraph30 differ with respect to 

energetics and the predicted length of TM7 in this near-native topomer. Nevertheless, the 

fact that each identify this putative topological state is remarkable considering these 

algorithms utilize distinct methodologies and energy scoring systems that are derived from 

unrelated data.16,29,30,36 The relative stability of this putative topomer, the formation of 

which is confirmed by an in vitro translocation assay (Figure 1C), arises as a consequence of 

the depth-dependent transfer free energies of the polar residues within TM7 and a 

corresponding reduction in free energy associated with the movement of polar residues 

toward the hydrated membrane interface.16,34–36 This topomer may also be stabilized by the 

snorkeling of K296 into the inner membrane leaflet and the formation of electrostatic 

interactions with anionic lipid head groups (the Positive-Inside rule).18,46 The strengthening 

of such interactions by the S297R variant, which exhibits severe misfolding and is the only 

mutation within the series known to cause adRP, is projected to selectively stabilize of the 

N* state (Figure 2B). Thus, in the case of this mutation, the disruption of topological 

energetics appears likely to directly contribute to the molecular basis of disease. 

Nevertheless, it should be noted that both S297R and S297D exhibit larger reductions in 

export efficiency than would be expected based on topological predictions (Figure 3C). This 

deviation may suggest the transfer free energy of these TM7 variants may deviate from the 

predictions, or perhaps that these substitutions disrupt the conformational equilibrium of 

rhodopsin in other ways. It could also be that the introduction of these charged residues 

alters the nature in which the nascent chain interacts with ER quality control machinery. 

Additional studies are needed to gain further insights into the mechanisms by which aberrant 

topomers interact with molecular chaperones.

The opsin apo protein exhibits an extremely high affinity for retinal (Kd ∼ 25 pM),38 and 

retinal binding shifts its conformational equilibrium in a manner that enhances the cellular 

expression and trafficking of rhodopsin.37 Retinal and retinal analogues may therefore have 

the capacity to serve as pharmacological chaperones that bind and stabilize misfolded 

rhodopsin variants associated with adRP.27,47,48 Though this strategy is potentially 

applicable to a wide array of proteostatic diseases,49,50 it is unclear which types of 

conformational defects can be corrected by this class of compounds.5 Our findings 

demonstrate that retinal binding is incapable of compensating for mutagenic perturbations of 

the topological energetics, which suggests the binding of small molecules may have a 

limited influence on the fidelity of topogenesis. Indeed, the only variant that exhibits no 

detectable response to retinal is S297R (Figure 4), which is predicted to severely augment 

the topological frustration of TM7 (Table 1, Supplemental Theory). This outcome is perhaps 

intuitive considering the retinal binding pocket cannot be completed without the proper 
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membrane integration of TM7. Furthermore, this could potentially provide an explanation 

for the observation that pharmacological chaperones are not equally efficacious toward the 

entire spectrum of variants capable of inducing membrane protein misfolding.51,52 

Regardless of this shortcoming, the recent clinical approval of Lumacaftor and Tezacaftor 

for the treatment of cystic fibrosis53–55 provides a source of optimism for the development 

of novel pharmacological chaperones. Further investigations into the influence of binding 

reactions on the conformational equilibria and cellular proteostasis of integral membrane 

proteins are needed to gain insights into the pharmacological mechanisms of these 

compounds.

Our results also have implications for the role of topological energetics in the evolution of 

integral membrane proteins. It has been widely assumed that marginal conformational 

stability may represent an emergent property of natural proteins that have evolved to 

maximize function.56 Indeed, mutations that lock a protein into a specific conformation may 

often suppress the conformational motions that mediate protein function. In this regard, it is 

perhaps unsurprising that the wild-type sequence of rhodopsin can be rationally engineered 

to enhance its maturation within the cell. However, our findings suggest that much of this 

instability arises from topological energetics, a property with no explicit connection to 

functional dynamics. If enhanced expression and maturation provides a fitness benefit, it 

seems likely that there should be many ways to reduce the topological frustration in TM7 

without compromising the function of rhodopsin. Indeed, our finding that the S297L 

mutation increases the yield of mature protein in the cell without adverse effects on function 

suggests the topological frustration within TM7 cannot be entirely attributed to functional 

constraints (Figure 5, Figure S7). Though our experiments may not capture the entire range 

of physiological effects of mutations in rhodopsin, the relative conservation of a nonessential 

polar residue at position 297 suggests the instability of the native topomer may represent a 

selected trait of the rhodopsin protein. Such a conclusion is not without precedent; there is 

some evidence to suggest selection pressures have compromised the conformational stability 

of the mammalian gonadotropin-releasing hormone receptor (GnRHR).57 On the basis of 

these previous findings, it has been suggested that the marginal conformational stability of 

this receptor may provide a regulatory benefit.58 Indeed, given the intrinsic propensity of 

integral membrane proteins to misfold, it stands to reason that changes in the concentrations 

and/or activity of molecular chaperones may serve to tune the efficiency with which they are 

exported from the ER.59 Additional investigations are needed to gain insights into the 

interface between topological energetics and cellular quality control, and how these factors 

contribute to the evolution of integral membrane proteins.

EXPERIMENTAL SECTION

Computational Predictions of Topological Energetics.

Transfer free energy predictions associated with the membrane integration of nascent 

proteins were generated using the ∆G predictor algorithm (http://dgpred.cbr.su.se/), a 

knowledge-based algorithm that predicts the apparent transfer free energy of a segment from 

the translocon to the membrane based on amino acid sequence.16,29 These predictions are 

generated by summing depth-dependent transfer free energies for each amino acid within 
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each possible TM segment. Sequence scans carried out in this manner, which evaluate 

predicted transfer free energies as a function of the length and position of each putative TM 

domain, were used to identify the segments of the protein that are most likely to undergo 

translocon-mediated membrane integration. Topological energy landscape predictions 

associated with longer segments within the TM7 region (i.e., Figure 2A,B) were generated 

with predictions from a series of individual segments rather than from full sequence scans. 

Topological predictions associated with full-length rhodopsin (Figure 1D) were generated 

using TOPGRAPH (http://topgraph.weizmann.ac.il).30 Natural rhodopsin variants were 

gathered from the UniProt database (https://www.uniprot.org) and aligned using Clustal 

Omega (https://www.ebi.ac.uk/Tools/msa/clustalo/). Predicted ∆G values associated with the 

formation of the N-state (24-residue window) and the N* state (19-residue window) of each 

natural TM7 region were then generated for each natural sequence using the ∆G predictor 

algorithm.

Structural Modeling of Human Rhodopsin Variants.

Homology models of the wild-type human rhodopsin (UniProtKB P08100) were constructed 

based on a crystallographic structure of bovine rhodopsin (PDB ID 3C9L, 2.6 Å resolution, 

93.4% sequence identity) using the RosettaCM comparative modeling algorithm.60 The 

starting (partial) model was generated by threading the sequence of human rhodopsin onto 

the structure of bovine rhodopsin in a manner guided by their sequence alignment. 

Conformations of fragments in the starting model where coordinates are missing were then 

modeled by Monte Carlo sampling from a Rosetta de novo modeling fragment database 

selected from the Protein Data Bank using local sequence information.61 Sampling was 

guided using a Rosetta energy function adapted for membrane proteins. The boundaries of 

membrane-spanning segments, as required by membrane protein-specific terms in the 

Rosetta energy function, were extracted from the OPM database.62 5000 structural models 

were generated and clustered. The lowest-energy model from the largest cluster was then 

selected as the final model for the WT human rhodopsin. To construct models for the eight 

variants of human rhodopsin studied experimentally (S297A, S297D, S297E, S297K, 

S297L, S297N, S297R, S297W), the wild-type serine residue was first replaced with a 

plausible rotamer of the corresponding variant residue. The resulting variant model was then 

relaxed using the Rosetta energy function. 100 models were then generated for each variant, 

and the model with the lowest energy was selected as the final model. The effects of each 

mutation on the thermodynamic stability of rhodopsin were also computationally estimated 

using the a Rosetta energy function optimized for membrane proteins in conjunction with 

Rosetta ∆∆G protocol.63 This protocol optimizes both the initial input model for the wild-

type and the generated model for the variant in the same way for 50 iterations. The ∆∆G for 

each variant is then calculated as ∆∆G = ∆GMut −∆GWT. The protocol reports the total 

composite ∆∆G (Table S1A), as well as the relative contributions of each energetic 

component (see Table S1B).

Preparation of Recombinant Plasmids.

A pcDNA5 FRT expression vector bearing a human rhodopsin cDNA insert with an N-

terminal influenza hemagglutinin (HA) epitope upstream of the internal ribosome entry site 

(IRES) and Dasher GFP was used to drive transient rhodopsin expression in conjunction 

Roushar et al. Page 12

J Am Chem Soc. Author manuscript; available in PMC 2020 January 09.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript

http://topgraph.weizmann.ac.il/
https://www.uniprot.org/
https://www.ebi.ac.uk/Tools/msa/clustalo/


with bicistronic GFP expression. Mutations were introduced into this construct using site-

directed mutagenesis. TEV-cleavable rhodopsin fusion proteins were produced in a version 

of this construct lacking the IRES-Dasher GFP cassette by introducing a consensus TEV 

proteolysis site followed by a P-reporter domain (142 residue C-terminal fragment of bovine 

prolactin) at the 3′ of the rhodopsin gene using Gibson assembly. Plasmids used for 

transient expression in mammalian cells or for in vitro translation were produced using the 

Zymopure Midiprep Kit (Zymo Research, Irvine, CA).

In Vitro Translation and Topological Mapping of Rhodop-sin Variants.

A cleavable rhodopsin fusion protein bearing a C- terminal TEV proteolysis site followed by 

a P-reporter domain was used in conjunction with a proteolytic susceptibility assay31 in 

order to characterize the topological orientation of TM7 of nascent rhodopsin variants 

expressed in canine rough microsomes (tRNA probes, College Station, TX). mRNA for each 

cleavable rhodopsin variant was produced using the RiboMAX RNA production system 

(Promega, Madison, WI). Rhodopsin constructs were then expressed from the mRNA using 

rabbit reticulocyte lysate (Promega, Madison, WI) and canine rough microsomes in 

accordance with the manufacturer’s instructions. Nascent proteins were labeled using 

EasyTag 35S-labeled methionine (PerkinElmer, Waltham, MA). Following translation, 

nascent proteins were digested with 20 units of TEV protease (Sigma-Aldrich, St. Louis, 

MO) per 30 μL lysate for 2 h at 25 °C in the presence and absence of 1% triton X-100 

detergent. Samples were then diluted 1:4 into 1X SDS-PAGE sample buffer, then separated 

on a 12% SDS PAGE gel. Gels were then dried, exposed on a phosphorimaging plate 

overnight (GE Healthcare, New York, NY), and imaged using a Typhoon Imager (GE 

Healthcare, New York, NY). Densitometry was used to determine the fraction of protein 

with native topology by comparison of the intensity of the intact rhodopsin band following 

digest in the presence and absence of Triton X-100.

Cellular Trafficking of Rhodopsin Variants.

Differential immunostaining of plasma membrane and intracellular rhodopsin was used in 

conjunction with flow cytometry to characterize the cellular trafficking of rhodopsin variants 

in a manner described previously.6 Briefly, rhodopsin variants were transiently expressed in 

HEK293 cells using Lipofectamine 3000 (Invitrogen, Carlsbad, CA), then harvested 2 days 

post transfection using Trypsin (Gibco, Grand Island, NY). Rhodopsin proteins at the 

plasma membrane were then immunostained using a Dylight550-conjugated anti-HA 

antibody (Invitrogen, Carlsbad, CA) for 30 min in the dark. Cells were then fixed using the 

Fix and Perm kit (Invitrogen, Carlsbad, CA) in accordance with the manufacturer’s 

instructions. Following fixation, the cells were washed twice with phosphate buffered saline 

(PBS) containing 5% FBS and 0.1% sodium azide (wash buffer), then permeabilized using 

the Fix and Perm kit in accordance with the manufacturer’s instructions. The remaining 

intracellular rhodopsin was then immunostained with an Alexa Fluor 647-conjugated anti-

HA antibody (Invitrogen, Carlsbad, CA) for 30 min in the dark at room temperature. Cells 

were then washed twice using wash buffer, then resuspended in wash buffer and filtered 

prior to analysis. Cellular fluorescence profiles were analyzed using a BD LSRII flow 

cytometer (BD Biosciences, Franklin Lakes, NJ), and analysis of cellular fluorescence 

profiles was carried out using FlowJo (Treestar, Ashland, OR). Positively transfected cells 
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expressing the rhodopsin variants of interest were identified based on the bicistronic 

expression of Dasher GFP. Single color controls revealed no appreciable spill over between 

the immunofluorescence signals and/or the bicistronic Dasher GFP. Export efficiency 

measurements were derived from independent triplicate measurements that were carried out 

on cells that were at a uniform passage number (p2).

Purification, Regeneration, and Spectral Characterization of Rhodopsin Variants.

Human WT, S297L, S297A, and S297W rhodopsins were transiently expressed in HEK293 

cells by polyethylenimine transfection. Cells from 15 10 cm plates were harvested 48 h post 

transfection and centrifuged at 800g. The cell pellets were then resuspended in 20 mM Bis-

tris propane (BTP, pH 7.5) containing 120 mM NaCl and a protease inhibitor cocktail. 11-

cis-Retinal was then added to the cell suspension at a final concentration of 10 μM prior to 

incubation on a rotating platform in the dark for 2 h at 4 °C. Cellular membranes were then 

solubilized by adding 20 mM n-dodecyl-β-D-maltopyranoside (DDM) to the cell suspension 

and rotating the suspension for an additional hour at 4 °C. The lysate then was centrifuged at 

100 000g for 1 h at 4 °C to remove insoluble debris. Rhodopsins were then purified from the 

supernatant by immunoaffinity chromatography using a monoclonal antibody directed 

against the C-terminus of rhodopsin (1D4) that was immobilized on cyanogen bromide-

activated agarose. 200 μL of 6 mg 1D4/mL agarose beads were added to the supernatant and 

rotated for 1 h at 4 °C. The resin was then transferred to a column and washed with 10 mL 

of 20 mM BTP (pH 7.5) containing 120 mM NaCl and 2 mM DDM. Regenerated 

rhodopsins were then eluted with 20 mM BTP (pH 7.5) containing 120 mM NaCl, 2 mM 

DDM, and 0.6 mg/mL of an elution peptide (TETSQVAPA).64 The concentrations of 

purified rhodopsins were determined assuming a molar extinction coefficient of 40 600 M−1 

cm−1 at 498 nm. UV− visible spectra of rhodopsin variants were recorded in the dark using a 

Cary 50 UV−visible spectrophotometer (Varian, Palo Alto, CA). The sensitivity of each 

rhodopsin variant to light was assessed by illumination using a Fiber-Light illuminator (150 

W lamp) (Dolan-Jenner, Boxborough, MA) coupled with a band-pass wavelength filter 

(480−520 nm) at a distance of 15 cm for 5 min. UV−visible spectra were recorded at room 

temperature immediately after the bleaching procedure.

Chromophore Release.

The release of 11-cis-retinal chromo-phore from rhodopsin variants following illumination 

was measured with a PerkinElmer L55 Fluorescence Spectrometer at 20 °C. All 

measurements were performed on a 25 nM purified rhodopsin solution containing 20 mM 

BTP (pH 6.0), 100 mM NaCl, and 1 mM DDM. Samples were illuminated with a Fiber-

Light illuminator through a 420−520 nm band-pass filter for 15 s at a distance of 15 cm 

immediately prior to fluorescence measurements. Spectrofluorometer slit settings were 8 at 

295 nm for excitation, and 10 at 330 nm for emission collection. Changes in the intrinsic Trp 

fluorescence were recorded for 30 min. An increase of the intrinsic Trp fluorescence 

correlates with the decrease in the protonated Schiff base concentration.41 All measurements 

were performed in triplicate.
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Activation of Gt by Rhodopsin Variants.

Gt was extracted and purified from rod outer segment (ROS) membranes isolated from 100 

dark-adapted bovine retinas65 as described previously.66 Purified Gt was then mixed with 

purified human rhodopsins at a 10:1 ratio (v/v) to final concentrations 250 nM for Gt and 25 

nM rhodopsin prior to bleaching of the samples for 30 s using a Fiber-Light illuminator 

coupled with a band-pass wavelength filter (480−520 nm). After bleaching, the samples 

were allowed to equilibrate for 200 s with continuous low-speed stirring. The activation 

kinetics of purified human rhodopsin variants were then monitored using a tryptophan 

fluorescence-based Gt activation assay. Briefly, a PerkinElmer LS 55 Luminescence 

Spectrophotometer was used to monitor changes in intrinsic tryptophan fluorescence (300 

nm excitation, 345 nm emission) associated with the exchange of guanylyl nucleotide upon 

addition of 5 μM GTPγS.67 No change in fluorescence was observed in samples containing 

rhodopsin in the absence of Gt. All samples were measured in triplicate.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1. 
Topological energetics of rhodopsin. Sequence-based predictions of the topological 

energetics of human rhodopsin are analyzed in relation to its native structure. (A) A 

structural model of human rhodopsin is shown from the plane of the membrane. The seventh 

transmembrane domain is shown in red for reference. The side chain of residue 297 is 

depicted with blue spheres. (B) The predicted transfer free energy for each 23-amino acid 

segment of rhodopsin, which was calculated using the ∆G predictor algorithm,16 is plotted 

against the central position of each corresponding segment. The positions of the energetic 

minima corresponding to the first six predicted transmembrane domains called by the 

algorithm are indicated in gray. The approximate position of the seventh transmembrane 

domain is marked in red. (C) Chimeric Lep proteins containing the native (residues 

286−309) and near-native (residues 283−301) segments of TM7 were produced by in vitro 

translation in the presence of canine rough microsomes and separated by SDS-PAGE. Lanes 

from left to right depict the following reactions: (1) negative control containing no RNA, (2) 

negative control containing RNA but no rough microsomes, (3) reaction containing RNA for 

the Lep construct containing the native helix and rough microsomes, and (4) reaction 

containing RNA for the Lep construct containing the near-native helix and rough 

microsomes. The positions of the untargeted and the singly (G1, membrane integrated TM7) 

and doubly (G2, aqueous TM7) glycosylated bands are indicated for reference. (D) A 
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cartoon depicts the orientation of the rhodopsin sequence with respect to the membrane for 

the two most probable predicted topologies according to TopGraph,30 which we have termed 

the misfolded (M, left) and near-native (N*, center) states. A third state in which the seventh 

transmembrane domain has shifted to its native topology, which we have termed the native 

state (N, right), is also shown for reference. K296, which forms a Schiff base with retinal, is 

shown in blue. S297 is shown in red.
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Figure 2. 
Modeling the effects of mutations on the topological energetics of rhodopsin. Sequence 

scans provide computation estimates for the effects of mutations on the nascent topological 

ensemble of transmembrane domain 7 (TM7). (A) The TM7 region of WT rhodopsin was 

scanned with 24-residue (black) and 19-residue (gray) windows using the ∆G predictor,16 

and the predicted free energy difference associated with the translocon-mediated membrane 

integration of the nascent chain is plotted as a function of the central position of the TM 

segment. (B) The TM7 region of S297R rhodopsin was scanned with 24-residue (red) and 

19-residue (pink) windows using the ∆G predictor,16 and the predicted free energy 

difference associated with the translocon-mediated membrane integration of the nascent 

chain is plotted as a function of the central position of the TM segment. (C) A cartoon 

depicts the manner in which a three state equilibrium model can be applied to rationalize the 

nascent topological ensemble of TM7.
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Figure 3. 
Cellular expression and trafficking of engineered rhodopsin variants. Selective 

immunostaining of surface and intracellular opsin was employed in conjunction with flow 

cytometry to measure the proteostatic effects of mutations. (A) A histogram depicts the 

distribution of cellular fluorescence intensities associated with the immunostaining of opsin 

at the plasma membrane of HEK293 cells transiently expressing WT (black), S297L (blue), 

and S297R (red) opsin as determined by flow cytometry. (B) The average fluorescence 

intensities associated with the immunostaining of plasma membrane opsin (blue) and total 

cellular opsin (gray) for HEK293 cells expressing rhodopsin variants was normalized 

relative to that of WT. The average value from three biological replicates is shown. Error 

bars reflect standard deviations. (C) The average fraction of cellular opsin at the plasma 

membrane (export efficiency) calculated from three biological replicates for each variant is 

plotted against the predicted fraction of native topomer (see Supplemental Theory). A linear 

fit of all variants except for S297D and S297R is shown for reference.
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Figure 4. 
Influence of retinal on the cellular expression and trafficking of engineered rhodopsin 

variants. (A) The effects of mutations at residue 297 on the expression level was compared 

in the presence (rhodopsin, Y-axis) and absence (opsin, X-axis) of 5 μM 9-cis-retinal. Total 

protein immunostaining levels are normalized relative to that of WT in the absence of 

retinal. A linear fit for all of the variants except S297R is shown for reference (Pearson’s R = 

0.95). The slope of the line of best fit was 0.9 ± 0.1. (B) The effects of mutations at residue 

297 on the surface immunostaining was compared in the presence (rhodopsin, Y-axis) and 

absence (opsin, X-axis) of 5 μM 9-cis-retinal. Surface immunostaining levels are normalized 

relative to that of WT in the absence of retinal. A linear fit for all of the variants except 

S297R is shown for reference (Pearson’s R = 0.99). The slope of the line of best fit was 0.99 

± 0.06.
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Figure 5. 
Functional properties of S297L rhodopsin. The absorbance spectra, chromophore release 

kinetics, and Gt activation kinetics of purified WT and S297L rhodopsin were characterized 

in vitro. (A) The UV−visible absorbance spectra of WT (black) and S297L (blue) rhodopsin 

are shown before (solid) and after (dashes) exposure to light. (B) The kinetics of retinal 

release following photoactivation of rhodopsin were monitored using the change in 

fluorescence intensity at 330 nm.41,68 The normalized fluorescence intensity associated with 

the release of retinal by WT (black) and S297L (blue) rhodopsin is plotted against time. (C) 

Purified Gt protein was mixed with rhodopsins, and the kinetics of Gt activation were 

monitored by the change in fluorescence over time associated with nucleotide exchange.67 

The normalized fluorescence intensity associated with the activation of Gt by WT (black) 

and S297L (blue) rhodopsin is plotted against time. Each measurement was carried out in 

triplicate.
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Figure 6. 
Evolutionary constraints on the topological energetics of transmembrane domain 7. The 

sequences of the seventh trans-membrane domain (TM7) from 104 related rhodopsin 

proteins are compared with respect to their predicted topological energetics. (A) A sequence 

logo plot depicts the relative frequencies of amino acids at each residue in TM7 among 

related rhodopsin proteins. The relative sizes of the letters indicate their frequency among 

the sequences. Bars indicate the position of TM7 in the N state (black) and in the N* state 

(red). (B) A histogram depicts the distribution of predicted free energy differences between 

the misfolded (M) and native (N) topological states (black) as well as the predicted free 

energy differences between the near-native (N*) and native (N) topological states as 

determined using the ∆G predictor algorithm.16
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Table 2.

Functional Properties of Rhodopsin Variants

variant

chromophore regeneration efficiency (A280/

A496)
a

apparent k (×10−3 s−1) meta II decay
b

apparent k (×10−3 s−1) Gt activation
b

WT 3.9 4.4 ± 0.7 7.4 ± 0.2

S297L 3.8 4.6 ± 0.6 6.5 ± 0.5

S297A 5.4 2.6 ± 0.5 5.3 ± 0.6

S297W 7.1 1.4 ± 0.2
N/A

c

a
Higher values indicate a lower yield of regenerated chromophore.

b
Values represent the average of three experimental replicates, and the error reflects the standard deviation.

c
Little change in the signal was observed over time.
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