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Abstract 
 Tau misfolding, oligomerization, and aggregation are central to the pathology of 
Alzheimer's disease (AD), chronic traumatic encephalopathy (CTE), frontotemporal dementia, 
and other tauopathies. Increased phosphorylation of tau is associated with conformational 
changes that are not fully understood. Moreover, tau oligomerization and aggregation are 
associated with proline cis-trans isomerism, with the phosphorylation-dependent prolyl 
isomerase Pin1 reducing tau hyperphosphorylation and aggregation. The FTDP-17 tau mutation 
R406W is frequently used in animal models of Alzheimer's disease, due to earlier onset of the 
AD phenotype. Despite its extensive application, the mechanisms by which tau-R406W leads to 
enhanced aggregation and neurotoxicity are poorly understood. Peptides derived from the tau C-
terminal domain were examined by NMR spectroscopy as a function of residue 406 identity (Arg 
versus Trp) and Ser404 phosphorylation state. The R406W modification led to an increased 
population of Pro405 cis amide bond, which is stabilized by cis-proline-aromatic C–H/π 
interactions. Ser404 phosphorylation also resulted in an increase in cis amide bond, via a 
proposed C–H/O interaction between the Pro Hα and the phosphate that stabilizes the cis 
conformation. An analogous C–H/O interaction was observed in Glu-cis-Pro sequences in the 
PDB, and is proposed to be the basis of the increased propensity for cis amide bonds in Glu-Pro 
sequences. The higher activation barriers for proline cis-trans isomerization observed at pSer-Pro 
and pThr-Pro sequences are proposed to be due to both (a) an intraresidue phosphate-amide bond 
that stabilizes the trans-proline conformation and (b) the cis-stabilizing proline-phosphate C–
H/O interaction identified herein. The combination of both pSer404 and R406W resulted in a 
further increase in the population of cis amide bond. In contrast to expectations, the R406W 
modification led to increased dephosphorylation of either pSer404 or pSer409 by PP2A, and had 
no effect on phosphorylation of Ser404 by cdk5, suggesting that R406W does not inherently 
increase Ser404 phosphorylation via changes in the actions of these enzymes. Modestly 
increased phosphorylation of Ser404 was observed by GSK-3β in tau R406W. Collectively, 
these data suggest a potential role for conformational change to a cis amide bond at Pro405, via 
Ser404 phosphorylation and/or R406W modification, as a possible mechanism involved in 
protein misfolding in AD, CTE, and FTDP-17. Alternatively, both Ser404 phosphorylation and 
the R406W modification lead to increased order, including induced turn formation, in both the 
trans-proline and cis-proline conformations. 
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Introduction 

 Misfolding and aggregation of the protein tau are central to the pathology of a range of 

neurodegenerative disorders, including Alzheimer's disease (AD), chronic traumatic 

encephalopathy (CTE), frontotemporal dementia and parkinsonism linked to chromosome 17 

(FTDP-17), Pick's disease, and others, collectively termed tauopathies.1-8 Tau is an intrinsically 

disordered protein (IDP) whose function is regulated by phosphorylation and other post-

translational modifications, and which is important in normal physiological functions including 

axonal transport.9-11 Tau is hyperphosphorylated in numerous tauopathies, with phosphorylation 

at a series of defined sites characteristic of the diseased state.12-16  

 Tau binds microtubules via its tubulin-binding domain (TBD), which contains four 

imperfect repeats of 31-32 amino acids (Figure 1). The hydrophobic TBD forms the core of 

disease-associated tau aggregates, which differs in structure in distinct disease-related 

neurofibrillary tangles.17-20 However, most major disease-associated phosphorylation sites are 

located in the tau proline-rich domain (PRD) and the C-terminal domain (CTD), both of which 

lack well-defined structure even in aggregates.21-24 For example, imaging of CTE typically 

employs antibodies against tau phosphorylated at phosphoserine (pS, pSer) and 

phosphothreonine (pT, pThr) residues in the proline-rich domain, (e.g. AT8, 

pS199/pS202/pT205).25,26 A potential basis for the effects of phosphorylation in the PRD and 

CTD in inducing protein aggregation was provided by FRET experiments demonstrating that tau 

adopts a dynamic global hairpin structure, in which short hydrophobic segments within the N-

terminal domain, proline-rich domain, and C-terminal domain fold against the hydrophobic 

TBD, reducing its solvent-exposed hydrophobic surface area.27-30 Thus, these regions outside the 

TBD function to protect the TBD from aggregation by dynamically reducing the ability of the 
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hydrophobic sequences to self-associate and aggregate. The specific role of phosphorylation 

could be to provide electrostatic repulsion that opens the global hairpin, with 

pseudophosphorylation of the PRD or C-terminal domain inducing changes in rates of 

fibrillization and compactness of the global hairpin of tau.31-37 Furthermore, phosphorylation of 

tau can have specific structural effects, where phosphorylation in sequences derived from the tau 

PRD results in large local disorder-to-order transitions, including adoption of polyproline II helix 

and compact values of φ at phosphorylated residues.22,23,38-44  

 In addition to these effects, tau aggregation is regulated by the phosphorylation-

dependent proline isomerase Pin1, as well as by other prolyl isomerases.45-51 Pin1 recognizes and 

lowers the activation barrier for proline cis-trans isomerism at phosphoserine-proline and 

phosphothreonine-proline sites.52-55 Pin1 overexpression is associated with reduced tau 

aggregation and neurodegeneration in mouse models of AD, whereas Pin1 is depleted in human 

brains with AD.46,56 Moreover, conformation-specific antibodies against pSer/pThr-cis-Pro and 

pSer/pThr-trans-Pro structures clearly indicate a role of proline cis-trans isomerism in protein 

misfolding.57,58 In particular, most phosphatases47,59,60 only act at pSer/pThr-trans-Pro amide 

bonds, and thus the presence of a cis amide bond will inherently increase the phosphate 

occupancy in most cases. In addition, proline cis-trans isomerism induces a substantial change in 

local structure, and can induce global changes in protein structure and function.61,62 Furthermore, 

phosphorylation inherently increases the activation barrier for isomerization at a pSer/pThr–Pro 

amide bond, via mechanisms that are poorly understood.45,63 In total, these observations suggest 

that protein misfolding and aggregation in tau could centrally involve proline cis-trans 

isomerization, either through direct changes in protein structure or through the more indirect 
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mechanism of increasing phosphorylation site occupancy. However, a more detailed molecular 

explanation behind these potential mechanisms remains elusive. 

 In view of the broad complications of working with tau, including the inability to easily 

generate defined phosphorylation patterns in tau, rodent models have played a central role in 

associating tau misfolding, neurodegeneration, and behavioral effects.64,65 Tau is inherently a 

highly soluble protein.66 However, certain mutations in tau have been observed to lead to early-

onset tauopathies in humans.67,68 Connecting human disease to molecular mechanisms, rodents 

with these tau mutations exhibit early onset of neurodegeneration and AD-like pathology.69-72 

The substantial reduction in age of onset has led to tau-mutant mice and rats being widely 

employed, often in combination with Aβ-pathology-inducing mutations, greatly reducing the 

time required for animal experiments.  

 Mutations in the tau TBD (G272V, P301L, V337M) can promote β-sheet structure 

(G272V, P301L) and/or increase hydrophobicity (all three mutations) within the aggregation-

prone region of tau.73-76 However, a widely used tau disease-associated variant, the R406W 

mutation observed in human familial FTDP-17, occurs within the tau C-terminal domain.67 

Increased hydrophobicity at this position would not be expected to directly contribute to self-

assembly of the TBD repeats, as it is outside of the self-assembling TBD region. Moreover, the 

R406W mutation could even potentially lead to reduced aggregation if it increases association of 

the CTD with the TBD, in a manner consistent with stabilizing the global hairpin. However, 

within aggregated protein models, in animal studies, and in humans, the tau R406W mutation is 

associated with increased levels of tau hyperphosphorylation and increased tau aggregation and 

disease pathology.69,70,73,77-82 The identification of the mechanism(s) by which the R406W 
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mutation leads to increased tau aggregation and hyperphosphorylation could lead to fundamental 

insights into tau protein misfolding and the molecular mechanisms of human tauopathies. 

   

Results 

 We sought to test a series of potential mechanisms by which the R406W mutation could 

lead to chemical and structural changes in tau that could result in increased tau aggregation. The 

mechanisms considered include the following: 

 (1) The increased hydrophobicity of tryptophan versus arginine. Arginine (R) is polar, 

while tryptophan (W) is the most hydrophobic of the canonical amino acids (Figure 1c). 

 (2) Increased Ser404 phosphorylation due to changes in substrate recognition by kinases. 

Ser404 phosphorylation is a major phosphoepitope in tau, where it is present as a pSer-Pro site. 

An increase in Ser404 phosphorylation is observed in disease using the PHF-1 antibody specific 

to this site and to pSer396.83,84 In addition, Ser404 pseudophosphorylation leads to changes in 

rates of aggregation and changes in the global hairpin structure.31,32,34-36,85 Ser404 phosphorylation 

could potentially be increased through changes in kinase recognition via the protein kinases cdk5 

or GSK-3β, both of which phosphorylate this site.86-91 The amino acid that is 2 residues after a 

phosphorylation site (P+2 position; here, residue 406) is often a major determinant of protein 

kinase specificity, and increased action of the kinase on this site would lead to higher overall 

phosphorylation stoichiometry. 

 (3) Increased population of cis amide bond at pSer404-Pro405 due to phosphorylation at 

Ser404.45 

 (4) Increased population of cis amide bond due to an aromatic residue following proline, 

via a cis-proline-aromatic interaction (Figure 1d).92-99 Additionally, local order can be induced 
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inherently in proline-aromatic sequences, in both the trans-proline and cis-proline 

conformations.99 

 (5) Decreased rate of enzymatic dephosphorylation by phosphatases. Reduced 

phosphatase activity could occur through a direct sequence effect (substrate specificity) in 

reducing the rate of dephosphorylation.51,100-103 Alternatively, either or both of mechanisms (3) or 

(4), by increasing the population of cis amide bond, could increase the stoichiometry of 

phosphorylation at pSer404 by decreasing the rate of dephosphorylation via reducing the 

population of species with a trans amide bond that is required by the phosphatase.47 Notably, 

pSer404 is a priming site for phosphorylation of Ser400 and Ser396 by GSK-3β.104 Increased 

phosphorylation at pSer404 would thus be expected to inherently increase the stoichiometry of 

phosphorylation at both Ser396 and Ser400.  

 

 Analysis of the effects of Ser404 phosphorylation and R406W modification on the Pro405 

cis-trans isomerism equilibrium. To address these potential mechanisms, we examined tau-

derived peptides, in order to obtain molecular-level understanding via NMR spectroscopy. The 

peptides tau395-411 and tau395-411–R406W were synthesized both in non-phosphorylated forms and 

phosphorylated at Ser404 (tau395-411–pS404 and tau395-411–pS404–R406W) (Figure 1b). These 

peptides were examined by NMR spectroscopy, in order to identify potential effects of Ser404 

phosphorylation and the R406W modification on proline-405 cis-trans isomerism (Figure 2, 

Table 1). Consistent with hypotheses 3 and 4, phosphorylation of Ser404 was observed to 

significantly increase the population of Pro405 cis amide bond (Ktrans/cis = [population with trans 

amide bond]/[population with cis amide bond]; a smaller Ktrans/cis indicates a higher population of 

cis amide bond). In addition, the R406W modification also increased the population of cis amide 
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bond, in both the non-phosphorylated and phosphorylated peptides. Notably, the peptide with the 

dianionic form of phosphoserine, which is the major form at physiological pH (typical pKa 5.5–

6.0), exhibited the highest population of cis amide bond. 

 In order to obtain deeper understanding of the nature of the interactions that lead to 

increased cis amide bond at this site, we examined a series of tetrapeptides Ac-T(S/pS)P(R/W)-

NH2 derived from tau403-406. (Figure 3, Table 2). These tetrapeptides allow the resolution and 

unambiguous assignment of the NMR resonances associated with the trans and cis amide bonds. 

We observed similar effects in the tetrapeptides as in the larger tau peptides, with both 

phosphorylation and the R406W modification increasing the population of cis amide bond, with 

the peptide containing both pS404 and W406 exhibiting 24% cis amide bond at pH 7.2, 

compared to only 11% cis amide bond for the peptide with Ser404 and R406. Again, the 

population of cis amide bond was highest at physiological pH, where pSer exists predominantly 

in the dianionic ionization state.  

 The effects of R406W alone on increasing the population of cis-Pro were relatively small 

in the peptide with non-phosphorylated Ser, in contrast to prior data in model peptides.92,95,97,99,105 

However, prior results on peptides with X-Pro-aromatic sequences indicated that [non-

phosphorylated] Ser relatively disfavored proline-aromatic interactions that stabilize cis-Pro. 

Interestingly, the effects of Ser404 phosphorylation and R406W modification on the amount of 

observed cis amide bond were more than additive, with a greater effect on ΔΔGtrans/cis with both 

changes present than the sum of the effects of the individual changes. These data suggested the 

possibility that phosphorylation and the R406W modification might be synergistic in promoting 

cis amide bond. 
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 Further analysis of the NMR data (Table 3; Tables S10-S13) indicated substantial 

ordering upon each of phosphorylation and the R406W modification. Phosphorylation increased 

the amide chemical shift (δ) dispersion in both peptide series, consistent with increased order 

upon phosphorylation, in both trans-Pro and cis-Pro. In addition, the peptide TpSPW exhibited 

3JαN values consistent with substantial ordering in both the trans and cis conformations. 3JαN 

correlates with the φ torsion angle; the further from the ~7 Hz value for a random coil, the 

greater the ordering. In TpSPW, a more extended conformation was observed at Thr (larger 3JαN; 

cis 8.9 Hz) and a more compact conformation was observed at pSer (smaller 3JαN; cis 5.5 Hz), 

with larger effects (= more order) in the cis-proline conformation.106  

 In addition, temperature-dependent NMR data (between 4 ˚C and 37 ˚C) on the 

phosphorylated peptides as a function of pH revealed that the Ktrans/cis was largely temperature-

independent (Table S12), suggesting that these observations apply to physiological conditions. 

Moreover, these data for cis-Pro also indicated a substantial decrease in the magnitude of the 

amide chemical shift temperature coefficient (| Δδ/K |) at Thr and pSer, and a significant increase 

for Trp, in TpSPW compared to TpSPR (Table S13). Collectively, the chemical shift and 3JαN 

data are consistent with a substantial increase in order for TpSPW due to both phosphorylation 

and the R406W modification.  

 In general, Pro-Trp sequences exhibit significant order, in both the trans-Pro and cis-Pro 

amide conformations, due to favorable C–H/π interactions of the aromatic ring with the proline 

ring (Pro-aromatic interactions) and/or with the Hα and/or the side chain hydrogens of the pre-

proline residue (Hα-Pro-Trp interactions).99 In cis-Pro-aromatic sequences, the cis amide 

conformation can be stabilized via the interaction of the aromatic ring with Hα of the residue 
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before proline (here, Ser Hα) or via the interaction of the aromatic ring with Hγ, Hδ, and/or Hβ 

of the proline ring (Figure 1d).93-98,107 Similar interactions are observed for trans-Pro, with the 

additional possibility for Trp to interact simultaneously at both the P–1 residue and at Pro. These 

interactions are stronger for Trp than for other aromatic amino acids, and lead to a strong 

propensity for turns at Pro-Trp sequences. While interaction at the Pro ring is more entropically 

favorable, the interactions at the pre-Pro residue (here, Ser or pSer) are stronger, and those 

interactions specifically promote conformations that are typically disfavored. Examining 

chemical shifts in the aliphatic region of the spectra (Figures 3c-3d, Table 3, Table S10), for the 

peptides with Trp, the Ser or pSer Hα was shifted 0.39 ppm upfield in the cis conformation, 

compared to a 0.13-0.20 ppm upfield shift in the cis conformation for the peptide with Arg. The 

Pro Hδ were similarly shifted significantly upfield in the cis conformations compared to the 

trans conformations in peptides with Trp, but not in peptides with Arg. The Ser or pSer Hα are 

also upfield shifted in peptides with Trp compared to equivalent peptides with Arg, consistent 

with Hα-trans-Pro-Trp interactions. These NMR data are consistent with Trp406 interacting 

with these hydrogens to relatively stabilize the cis-Pro conformation, and to stabilize distinct 

conformations and induce order in both proline amide conformations, in peptides with the 

R406W modification. 

 In peptides containing pSer, a downfield change in the Pro Hα chemical shift was 

observed in the cis amide conformation, compared to the equivalent peptides with Ser (Figure 

S5, Tables S3-S8). In addition, the pSer amide hydrogens (HN) were shifted downfield, compared 

to the Ser amides of the equivalent peptides, as we had previously observed both in tau-derived 

peptides and in model peptides.38,39,108-111 In both of these cases, the chemical shift changes 

(downfield pSer HN for trans amides, downfield Pro Hα for cis amides) were substantially 
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greater in the dianionic form of pSer. We previously identified that the downfield shift in HN of 

pSer in trans amides was due to an intraresidue phosphate-amide hydrogen bond that stabilizes a 

compact value of φ (α-helix or polyproline II helix (PPII)).38,39,108 The downfield change in Pro 

Hα chemical shift suggested the possibility that an interaction between the phosphate and the Pro 

Hα could stabilize the cis amide conformation.  

 At pSer-Pro and pThr-Pro sequences, phosphorylation increases the activation barrier for 

proline cis-trans isomerization, through mechanisms that are not well understood.45,53 These data 

suggested the possibility that phosphorylation could lower the energy of both the trans amide 

conformation (via an intraresidue phosphate-amide hydrogen bond) and the cis amide 

conformation (through a putative Pro-C–Hα/phosphate C–H/O interaction), which would result 

in a higher activation barrier if these interactions are not present in the transition state. These 

potential stabilizing interactions will be further explored below. 

 Effects of the tau R406W modification on tau phosphorylation by cdk5 and GSK-3β. The 

identities of the amino acids local to the phosphorylation site are central determinants of protein 

kinase substrate specificity.112-114 Residue 406 is two amino acids after the Ser404 

phosphorylation site (P+2 position). The identity of the amino acid at the P+2 position can have 

substantial effects on substrate recognition and the rate of enzymatic phosphorylation. The 

differences between the cationic charged, polar residue Arg and the neutral, hydrophobic, 

aromatic residue Trp at the P+2 position thus could potentially dramatically affect rates of 

phosphorylation by cognate kinases.  

 Ser404 in tau is phosphorylated by the proline-directed kinase cdk5.87,89,90,115,116 In order to 

assess whether the R406W modification significantly modifies phosphorylation by cdk5, we 

examined phosphorylation of tau395-411 peptides with Arg or with Trp at residue 406 (Figure 4). 
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These peptides were allowed to incubate with cdk5/p35 and analyzed by HPLC to quantify the 

extent of phosphorylation as a function of reaction time (Figure 4a). The data indicated that the 

rates of phosphorylation of both the native sequence and the R406W variant by cdk5/p35 were 

similar (within experimental error).  

 Ser404 is also phosphorylated by GSK-3β, a protein kinase whose recognition sequence 

includes a priming phosphorylation site that is 4 or 5 residues C-terminal (P+4 or P+5 position) 

to the residue to be phosphorylated.86,87 Ser409 is a well-documented site of tau 

phosphorylation.88 Phosphorylation at Ser409 thus generates an appropriate priming site for 

phosphorylation at Ser404 by GSK-3β.89 Therefore, tau395-411 peptides were synthesized with 

Ser409 phosphorylated, and assessed for phosphorylation at Ser404 by GSK-3β, as a function of 

the identity of residue 406. The data (Figure 4b) revealed only a very small difference in the rates 

of phosphorylation between the peptides, with the R406W variant showing modestly faster 

phosphorylation. In the context of quantified phosphorylation rates by protein kinases of 

substrates as a function of amino acid identity, the rate differences observed for phosphorylation 

by cdk5/p35 and by GSK-3β upon R406W substitution are minimal.114,117 While protein-protein 

interactions can substantially impact protein kinase recognition, overall these data indicate that 

the R406W modification is unlikely to substantially increase protein phosphorylation by the 

well-studied tau kinases cdk5 or GSK-3β.  

 Effects of R406W modification on tau dephosphorylation by protein phosphatase 2A 

(PP2A). PP2A is a major intracellular protein phosphatase, and has been studied extensively for 

dephosphorylation of hyperphosphorylated tau.47,51,102,103,118,119 In tau, residue 406 is proximal to 

the phosphorylation sites pS404 and pS409. The R406W modification thus could potentially 

cause an increase in phosphorylation levels at these sites via a reduction in phosphatase-mediated 
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dephosphorylation, due to the presence of Trp 2 or 3 residues from the site of dephosphorylation. 

In addition, like most protein phosphatases, PP2A is specific to dephosphorylation at trans amide 

bonds.59,60,120 Thus, the increased presence of cis amide bonds in R406W tau could potentially 

further decrease the rate of dephosphorylation at pS404 due to the increased presence of cis-

proline at Pro405. 

 tau395-411 peptides, in both Arg406 and Trp406 variants, with phosphorylation at either 

Ser404 or Ser409, were analyzed for dephosphorylation by PP2A as a function of time, and the 

relative rates were quantified (Figure 5). PP2A did not detectably dephosphorylate tau395-411 with 

phosphorylation at Ser404 and Arg at residue 406. In contrast, PP2A readily dephosphorylated 

pSer404 when Trp was present at residue 406. Thus, the R406W modification surprisingly 

resulted in at least a 2000-fold increase in the rate of dephosphorylation at pSer404. 

Dephosphorylation at pSer409 was also increased in the tau R406W variant, to a significant, 

though less dramatic, 2.5-fold effect. These data indicate that the R406W modification does not 

increase the phosphorylation occupancy at Ser404 or pSer409 as a result of decreased PP2A 

activity in the R406W variant. Indeed, pSer404 and pSer409 are more prone to 

dephosphorylation by PP2A with Trp at residue 406. Interestingly, these results are consistent 

with some (but not all) data that indicated lower levels of Ser404 phosphorylation in soluble 

R406W-tau,78-80 in contrast to the higher levels of phosphorylation in aggregated R406W-tau in 

vivo.69,70,80-82 Collectively, the data on the effects of the R406W modification on protein kinase 

and protein phosphatase activities indicate that Trp406 is unlikely to increase phosphorylation 

site occupancy at Ser404 or Ser409 via effects in increasing kinase activity or in decreasing 

phosphatase activity via the enzymes studied.  
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 Bioinformatics analysis of Glu-Pro structures in the PDB. In tau395-411 and tau403-406 

peptides, phosphorylation led to an increased population of cis amide bond, both with the native 

Arg at residue 406 and with the R406W modification. In both cases, the increase in population of 

cis amide bonds was greatest with pSer in the dianionic ionization state. Ser and Thr 

phosphorylation have previously been shown to increase the activation barrier of proline cis-

trans isomerization at pSer-Pro and pThr-Pro sites.45 In addition, in some cases, but certainly not 

in all cases, phosphorylation can increase the population of cis-Pro amide bond. However, the 

basis for these observations is poorly understood. There is no example in the PDB of an isolated 

pSer-cis-Pro (i.e. not part of a protein complex where one protein specifically recognizes cis-

Pro). Therefore, in order to understand the molecular basis for these observations, we examined 

structures of the phosphomimetic amino acid Glu in Glu-Pro structures in the PDB, as a function 

of proline cis versus trans amide conformation. 

 Notably, Glu-Pro sequences exhibited a greater likelihood of adopting a cis-Pro amide 

bond than the average frequency across all amino acids (Glu-Pro 6.9%, all X-Pro 5.2%), 

consistent with prior analyses of the PDB.121-123 Among encoded amino acids, Glu is most similar 

in size to pSer, with both pSer and Glu having the terminal oxygens 4 bonds away from Cα. 

Therefore, we more carefully examined these structures, in order to identify a potential basis for 

Glu and pSer to stabilize the cis-proline conformation. 

 Analysis of the carboxylate oxygen•••Pro Cα distances revealed a striking difference 

between interactions of the side chain with the backbone in trans-Pro versus cis-Pro structures 

(Figure 6). With a trans-Pro conformation, the Glu carboxylate was rarely (5%) in close 

proximity (≤ 4.25 Å O•••C distance) to the Pro Cα. In contrast, with a cis-Pro conformation, the 

Glu carboxylate was near the Pro Cα in nearly half (48%) of all structures.  
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 Closer investigation of the Glu-cis-Pro structures, with hydrogens added computationally, 

revealed that Glu carboxylates here were engaging in a particularly close C–H/O interaction with 

the Pro Cα–Hα bond. C–H/O interactions occur predominantly at polarized C–H bonds with a 

significant δ+ on the hydrogen.124-134 The Cα–Hα bond of an α-amino acid is adjacent to both the 

electron-withdrawing carbonyl and the amide nitrogen, and thus Hα has substantially greater δ+ 

than other aliphatic side chain hydrogens. This reduced electron density at Hα is identified via its 

more downfield chemical shift compared to other aliphatic protein hydrogens. These properties 

of protein α-hydrogens make them particularly favorable for both C–H/O interactions (here) and 

C–H/π interactions (with aromatic amino acids).  

 The strength of these Pro C–Hα–Glu carboxylate C–H/O interactions can be assessed in 

part by the H•••O distances (Figure 6c), which in the examples analyzed were substantially below 

the 2.72 Å sum of the van der Waals radii of O and H. These close distances suggest that these 

interactions are quite energetically favorable. Moreover, C–H/O interaction strength depends on 

the charge on oxygen: prior computational investigations have indicated that monoanionic 

oxygen electron sources (such as Glu) have stronger C–H/O interactions than neutral oxygen 

electron donors, and that dianionic oxygen electron sources (such as in dianionic pSer) have 

stronger C–H/O interactions than monoanionic oxygen electron sources.135 Thus, the 

bioinformatics data strongly suggest that Glu stabilizes a cis-Pro amide conformation in Glu-Pro 

sequences via a C–H/O interaction between the Glu carboxylate and the Pro C–Hα. These data 

further suggest that dianionic pSer can engage in similar C–H/O interactions that stabilize a cis-

proline amide bond, and that these interactions should be even stronger in dianionic pSer than in 

Glu.  
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 Computational investigation of Glu-cis-Pro and pSer-cis-Pro C–H/O interactions. In 

order to obtain further insights into the C–H/O interactions that are proposed herein to stabilize 

the cis-Pro conformation, a series of computational investigations was initiated (Figure 7).136-140 

Constructs were generated based on a series of protein structures (Figure 6c, Figure 8) with a 

Glu-cis-Pro conformation, representing distinct protein main-chain conformations. These protein 

chains were initially reduced to 2-residue protein models and analyzed computationally. In 

addition, these models were further reduced to minimal structures of complexes between an 

acetate anion (Glu-derived carboxylate) and a minimal For-Pro-NH2 peptide. This AcO–•For-

Pro-NH2 complex approximates the electrostatics of the native Glu-cis-Pro structure, and 

maintains the protein geometry, while representing the interaction as a bimolecular complex. 

This approach allowed the analysis of C–H/O interaction energetics in a model tractable with the 

MP2 level of theory, and with a sufficiently large basis set (aug-cc-pVTZ) to minimize artefacts 

observed when smaller basis sets are employed. These analyses were supplemented by 

calculations using natural bond orbital (NBO) analysis,141,142 which allows the analysis of 

molecular orbital contributions to interaction energies.  

 The calculations indicated that these Glu-cis-Pro C–H/O interactions have a substantial 

(1.5–2.4 kcal mol–1) interaction energy in implicit water. These interaction energies are not free 

energies, as they do not address competitive solvation nor entropic effects. Nevertheless, they 

indicate that Glu-cis-Pro C–H/O interactions can provide an energetic basis for stabilizing the 

cis-proline amide conformation in water. The C–H/O interaction includes an electrostatic 

component, between the negatively charged carboxylate and the δ+ on Pro Hα. The role of 

electrostatics is clearly identified by the far larger interaction energies in the gas phase (7–17 

kcal mol–1) compared to in implicit water. In addition to electrostatics, NBO analysis indicated 
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that the interaction strength is significantly dependent on molecular orbital interactions 

(stereoelectronic effects), via orbital overlap between Glu carboxylate lone pairs (n) and the σ* 

molecular orbital of the Pro Cα-Hα bond (as an n→σ* interaction), which results in electron 

delocalization between the carboxylate and the proline ring.134  

  In order to understand how pSer stabilizes the cis amide conformation at Pro405 in tau, a 

computational model of a pSer-cis-Pro structure was developed, using the Glu-cis-Pro structures 

identified via bioinformatics to generate initial models. These models were subjected to 

geometry optimization using DFT methods. The resultant model of a minimal Ac-pSer-cis-Pro-

NHMe peptide exhibited a close C–H/O interaction (2.24 Å Hα•••O distance) between the pSer 

phosphate O and the Pro Hα (Figure 7). The resultant geometry was similar to that observed in 

Glu-cis-Pro interactions in the PDB.  

 This computationally optimized structure was then further analyzed as a minimal 

dianionic methylphosphate MeOPO3
2–•For-Gly-NH2 complex, for comparison to the minimalist 

AcO–•For-Gly-NH2 complexes described above. As was the case for Glu-cis-Pro C–H/O 

interactions, these calculations indicated a significant interaction energy in implicit water (3.0 

kcal mol–1) and in the gas phase (26 kcal mol–1), consistent with the Pro•pSer C–H/O interaction 

being quite favorable and having a partial electrostatic basis, though the electrostatic interaction 

energy should be relatively modest in water (Figure 7, Tables S19 and S20).134 In addition, NBO 

analysis indicated a large molecular orbital overlap/electron delocalization contribution (as a 

phosphate O→Hα–Cα n→σ* interaction) to stabilization of the pSer-cis-Pro conformation. 

Collectively, the calculations strongly suggest that Glu-cis-Pro interactions are stabilized by a C–

H/O interaction between the Glu carboxylate and the Pro C–Hα. Moreover, the computational 

models suggest that pSer stabilizes a cis-proline amide bond through an analogous pSer-cis-Pro 
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C–H/O interaction. This C–H/O interaction is stronger than the analogous Glu-cis-Pro interaction 

due to the dianionic ionization state of pSer, which makes the interacting oxygen a better 

electron donor. These data suggest a basis for prior results45 showing that Ser/Thr 

phosphorylation increases the activation barrier for proline cis-trans isomerization: pSer and 

pThr can stabilize the cis amide conformation via a phosphate-Pro C–H/O interaction, and can 

stabilize the trans amide conformation via an intraresidue phosphate-amide hydrogen bond. 

Collectively these interactions stabilize both the trans and cis amide conformations, without 

impacting the energy of the cis-trans isomerization transition state, thus resulting in a larger 

overall activation barrier and reduced rate of proline cis-trans isomerization at pSer/pThr-Pro 

sequences. 

  Bioinformatics investigations also identified a structure (pdb 1obb143) with a Glu-cis-Pro-

Trp sequence (Figure 8). The key interaction elements of this structure are proposed to be 

analogous to those of the pSer-cis-Pro-Trp structure in tau phosphorylated at Ser404 and with the 

R406W modification. In this structure, the effects of both a Glu-cis-Pro conformation stabilized 

by a C–H/O interaction and a cis-Pro-Trp C–H/π interaction combine to promote a cis amide 

bond conformation, as was observed in tau395-411–R406W or tau403-406–R406W peptides 

phosphorylated at Ser404. Computational investigations on minimal structures derived from this 

protein indicated that both interactions had substantial energetic contributions, with each 

stabilizing the cis-Pro conformation via both electrostatic and electron delocalization (molecular 

orbital-based/stereoelectronic) contributions. In addition, calculations indicated that this 

combination of interactions could promote an α-turn conformation,144,145 as is present in 1obb, or 

a type VI β-turn conformation,146,147 which is inherently promoted by cis-Pro-aromatic 
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interactions93-95,97,99,107,148 and is present in Glu-cis-Pro-aromatic capping motifs at the N-terminus 

of α-helices.149  

 We have previously identified that Pro-Trp sequences can stabilize both turn geometries 

and structures in disfavored regions of the Ramachandran plot, via C–H/π interactions and the 

hydrophobic effect, in both cis-Pro and trans-Pro.99 Therefore, we computationally investigated 

potential structures involving noncovalent interactions of pSer and/or Trp that might promote 

turns and/or local order in tau, as a function of Ser404 phosphorylation and/or the R406W 

mutation. These geometry-optimized structures (Figure 9) build on our prior investigations of 

structure stabilization in Pro-Trp sequences, adding in observed pSer conformations with full 

geometry optimization.99,146,150  

 The computational results indicate that the R406W modification can specifically stabilize 

β-turn conformations, in both trans-Pro and cis-Pro, via C–H/π interactions at C–H bonds in 

pSer and/or at Pro. In these models, these C•••H aromatic contacts are below the 2.90 Å sum of 

the van der Waals radii of H and C, suggesting particularly favorable interactions. In addition to 

promoting β-turn geometries, these interactions are specifically capable of promoting disfavored 

regions of protein conformational space, including the αL conformation (φ,ψ on the right side of 

the Ramachandran plot), cis-proline (ω ~ 0˚), the sterically disfavored g+ χ1 rotamer, and/or the ζ 

conformation (φ,ψ ~ –130˚, +70˚).99 Furthermore, the calculations indicate that pSer can, in some 

cases, provide additional stabilization to these observed conformations. For trans-Pro, hydrogen 

bonding of the pSer phosphate can specifically promote a type I β-turn centered on pSer–Pro by 

electronically strengthening the hydrogen bond of the β-turn. Additional phosphate interactions 

with the indole ring were also observed in some of these structures, although the importance of 

these phosphate-indole hydrogen bonds in water is less clear, especially because those 
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interactions are longer range and would have a greater entropic cost. For cis-Pro, pSer was 

observed in a close C–H/O interaction with the Pro C–Hα in multiple turn/aromatic interaction 

geometries. The closest C–H/O interactions here approached the distances of weaker hydrogen 

bonds, and were all well below 2.72 Å. These results suggest that C–H/π interactions (for 

R406W tau) and C–H/O interactions (for pSer404) can function simultaneously to promote 

ordered turn conformations in the C-terminal domain of tau.  

  

Discussion 

 The R406W mutation in tau is associated with early-onset dementia and tauopathy in 

FTDP-17.67,80 The tau R406W mutation is widely used in rodent models of Alzheimer's disease, 

introduced alone or in combination with other mutations, because of the significant reduction in 

the age of onset of AD-like symptoms and neuropathology.69,70,82 However, despite its wide use, 

the mechanisms by which the R406W modification in tau can result in the dramatic effects 

observed in vivo remain poorly understood. Herein, we examined within peptides a series of 

potential mechanisms by which the effects of this sequence change could be realized. We 

considered inherent physical effects, effects on conformation, effects on enzymatic activity, and 

the interplay thereof.   

 Peptides derived from tau395-411 were examined by NMR spectroscopy as a function of 

phosphorylation state and of the identity of residue 406. The NMR spectra revealed that these 

peptides exist predominantly in a disordered conformation, with little amide chemical shift 

dispersion, as expected based on studies in the native non-phosphorylated tau protein.31,41,42,151,152 

The tau C-terminal domain in particular is poorly characterized structurally, but exhibits no 

defining features or functions that suggest the adoption of regular secondary structure. 
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 One key feature identified in tau395-411 was the presence of peptide with a cis-Pro amide 

bond. Notably, the extent of cis amide bond was significantly increased upon phosphorylation, 

which also led to local ordering at the pSer residue (Figure 2, Table 1). In addition, the R406W 

modification independently led to an increase in population of cis amide bond. The peptide that 

was both phosphorylated at Ser404 and had Trp at residue 406 exhibited the highest population 

of cis amide bond. These results in tau395-411 were confirmed in shorter tau403-406 peptides (Figure 

3, Table 2), which allowed more detailed characterization of the independent and additive effects 

of Ser404 phosphorylation and R406W modification (discussed below).  

 Effects of the tau R406W modification on enzyme activity by cdk5, GSK-3β, and PP2A.  

The sequence specificities of protein kinases and protein phosphatases depend on factors 

including local sequence identity and protein-protein interactions. The modification at residue 

406 in tau from Arg to Trp results in the change from a positively charged, polar side chain to a 

neutral, aromatic, and highly hydrophobic side chain. Arg residues have unique roles in 

increasing the sequence specificity of numerous protein kinases and phosphatases, and as such 

the R406W modification could dramatically change the reactivity of the tau protein toward 

enzymatic phosphorylation and/or dephosphorylation. For example, the protein kinases PKA, 

Akt, and Pim2 have a strong preference for Arg at the amino acid 3 residues prior (P–3 position) 

to the phosphorylation site, and a significant selection against Trp at these sites.114,117 Thus, 

kinase substrate array data indicate 40-fold, 350-fold, and 300-fold reductions in phosphorylation 

when Arg is replaced by Trp at the P–3 position in a PKA, Akt, or Pim2 substrate, respectively. 

Notably, these data from Turk and coworkers strongly suggest that the R406W modification 

should greatly reduce phosphorylation at Ser409 by these and related kinases. 
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 Hyperphosphorylation of tau, in particular at Ser404, which is observed using the PHF-1 

antibody, is a hallmark of tau in AD.83 Here, we examined how the R406W modification would 

impact phosphorylation at Ser404 by cdk5 and GSK-3β, and dephosphorylation at pSer404 by 

PP2A. These kinases have been broadly implicated in the regulation of tau phosphorylation, 

specifically at Ser404 (in the case of GSK-3β when Ser409 is phosphorylated).86-89,103,118,153 In 

tau395-411 peptides, no substantial impact was observed for the R406W modification on the rate of 

phosphorylation by these kinases. The only change identified was a modest increase in 

phosphorylation in R406W by GSK-3β. As such, a significant increase in tau phosphorylation 

due to increased activities of these enzymes on R406W tau seems unlikely to be a basis for the 

effects of this mutation.  

 Proline cis-trans isomerism is a slow step in protein folding and can result in large 

changes in the structure and function of proteins.154-156 These large structural effects mean that the 

trans and cis amide conformations are not recognized as equivalent at enzyme active sites. In 

particular, protein phosphatases at pSer-Pro sites exhibit specificity for either the trans or cis Pro 

amide conformation. The phosphatases previously demonstrated to dephosphorylate tau appear 

to be specific for the trans-Pro conformation. Thus, based on the increased population of cis 

amide bond when Ser404 is phosphorylated and/or with Trp at residue 406, one would expect, in 

R406W tau, that phosphatase activity might be reduced at pSer404 due to an increased 

population of pSer404-cis-Pro405 amide bond. In order to understand the sequence effects of the 

R406W modification on protein phosphatase activity, we examined the activity of PP2A at both 

pSer404 and pSer409. Surprisingly, the R406W modification significantly increased 

dephosphorylation at pSer404 and pSer409. Indeed, pSer404 was only significantly 

dephosphorylated by PP2A in the tau R406W variant. These data indicate that the R406W 
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modification should actually decrease the extent of tau phosphorylation at Ser404 and Ser409 

due to the more rapid dephosphorylation of R406W tau by PP2A, as has been seen in some 

studies on soluble tau.78-80,157 While the activities of other phosphatases could certainly be lower 

in R406W tau than in wild type tau, these data suggested the possibility that other factors in 

R406W tau could contribute to functional changes, which are inherently linked to structure.  

 Effects of the R406W modification on Pro405 cis-trans isomerism: structural effects in 

proline-aromatic sequences.  In tau395-411 and tau403-406 peptides, both phosphorylation and the 

R406W modification were observed to increase the population of cis-Pro amide bond. In 

addition, in the cis amide conformations with the wild-type tau sequence, the Arg406 amide 

resonance shifted significantly downfield. These observations suggested the possibility that both 

changes could potentially promote cis amide bond and induce turn conformations. Notably, Thr 

is the most favorable residue at the i position of type VI β-turns (where Thr403 would be in a β-

turn centered on pSer-cis-Pro).95,147 

 However, the mechanisms by which either phosphorylation at Ser404 or the R406W 

modification could lead to increased cis-Pro405 amide bond remain poorly understood, despite 

both sequence effects on Pro amide conformation being described 

previously.45,92,94,95,97,98,107,148,158,159 A deeper understanding of the bases for these sequence effects 

to impact protein conformation and structure could have specific implications in understanding 

the possible mechanisms of tau misfolding. In addition, a detailed analysis could elucidate more 

general effects of phosphorylation at Ser/Thr-Pro sites and proline-aromatic sequences to impact 

protein structure.  

 Phosphorylation at Ser404 promotes a cis-proline conformation at Pro405 via a proline-

phosphate C–H/O interaction.  We observed that Ser404 phosphorylation significantly increases 
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the population of cis amide bond at Pro405. This increased population of cis amide bond was 

observed both in peptides with native tau sequences, with Arg at residue 406, and in tau peptides 

with the R406W modification. Further analysis of the NMR data indicated three significant 

trends in the cis-Pro conformation: (1) the Pro Hα chemical shift exhibited a downfield change 

in the phosphorylated peptides; (2) backbone ordering was observed both as a result of 

phosphorylation and of the R406W modification, based on values of 3JαN that deviated further 

from random coil values; and (3) the residue 406 (Arg or Trp) HN exhibited substantial downfield 

shifts in the cis amide bond as a result of phosphorylation, indicating specific ordering at the 

post-proline residue due to phosphorylation.  

 Notably, the very downfield δ of the HN of Arg406 in the cis-Pro conformation of TpSPR 

was observed both in the tetrapeptides (9.07 ppm at pH 7.2, Figures 3a and 3c; 9.00 ppm at pH 

6.5, Tables S5-S6) and in the larger tau peptides (9.05 ppm at pH 7.2, Figure 2a). Similar 

downfield shifts of the HN of Trp were also observed in tau R406W variants (Figure 2b, Figures 

3b and 3d, Tables S7-S9). Moreover, smaller 3JαN were observed at the pSer in these peptides 

(Figure 3, Table S12; TpSPW, pSercis404, 3JαN = 5.5 Hz), consistent with a more compact 

conformation at pSer.106 In phosphorylated peptides with the cis-Pro405 conformation, the 

downfield chemical shift at R406 or W406, the smaller JαN at pSer404, and the inherent 

preference for an endo ring pucker in cis-Pro, which promotes a δ (–90, 0) conformation at Pro, 

combine to suggest that Ser404 phosphorylation might induce a type VI β-turn centered at 

pSer404-Pro405. A type VIa1 β-turn conformation was indeed a local energy minimum observed 

in the geometry-optimized model of Ac-pSer2–-cis-Pro-NHMe (Figure 7b), suggesting that this 
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conformation might be inherently promoted in pSer-cis-Pro structures. In addition to the effects 

of phosphorylation on the cis-Pro conformation, phosphorylation at Ser404 also resulted in 

downfield shifts and backbone ordering in the pSer trans-Pro amide conformation (tau395–411-

R406: pSer404 δ = 8.67 ppm, 3JαN = 3.9 Hz; TpSPR: pSer404 δ = 8.74 ppm, 3JαN = 4.3 Hz), 

consistent with a pSer404 intraresidue phosphate-amide hydrogen bond that is inherently 

promoted by phosphorylation.39,40,108 Collectively, these data indicate that Ser404 

phosphorylation increases the population of cis amide bond and results in ordering in both the 

trans-Pro and the cis-Pro amide conformations. Moreover, the effects of phosphorylation on 

structure were present in peptides with the native tau sequence, and were even greater in tau 

peptides with Trp at residue 406. 

 Phosphorylation at Ser-Pro or Thr-Pro sequences has previously been observed to 

increase the activation barrier (reduce the rate of interconversion) for proline cis-trans 

isomerization.45,53 The larger activation barrier for cis-trans isomerization emphasizes the 

importance of the phosphorylation-dependent prolyl isomerase Pin1 in diverse biological 

processes. Pin1 is specifically implicated in the phosphorylation-dependent aggregation of 

tau.46,47,157,160 However, the basis for slower cis-trans isomerization in pSer-Pro sequences is not 

well understood. By NMR spectroscopy, across multiple peptides, we observed downfield shifts 

in the cis-Pro Hα as a result of phosphorylation, with greater downfield shifts in the dianionic 

state of pSer. Bioinformatics analysis of Glu-cis-Pro structures in the PDB revealed that the Glu 

carboxylate is frequently positioned close to the Pro Hα. Computational investigation of these 

structures indicated a substantial stabilization of these structures via a Pro-Glu C–H/O 

interaction. These structures were used to develop a computational model of a pSer-cis-Pro 

structure, which is stabilized by a highly favorable Pro C–Hα/phosphate C–H/O interaction 
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(Figure 7). C–H/O interaction strength is increased by greater partial negative charge (greater 

electron density) on the oxygen. Thus, a pSer-cis-Pro or a pThr-cis-Pro C–H/O interaction 

should be stronger than a Glu-cis-Pro C–H/O interaction when the phosphorylated amino acid is 

in the dianionic ionization state that is predominant at physiological pH. This conclusion is 

supported experimentally by the increased population of cis amide bond and the more downfield 

Pro Hα chemical shift that was observed in peptides with dianionic pSer.  

 These data, combined with prior results, indicate that pSer can stabilize both the trans-

Pro conformation (via an intraresidue phosphate-amide hydrogen bond that results in increased 

order) and the cis-Pro conformation (via a Pro C–Hα/phosphate C–H/O interaction) (Figure 10). 

The stabilization of both the trans and cis conformations, with greater stabilization of the cis-

proline conformation (as reflected in the increased population of cis amide bond), provides a 

structural basis for the observed increased activation barrier of proline cis-trans isomerization at 

pSer-Pro or pThr-Pro sites.  

 Thus, herein we propose a novel basis for the higher activation barrier due to 

phosphorylation as SP and TP sites: phosphorylation stabilizes both the trans-Pro and cis-Pro 

ground state conformations via favorable interactions, without affecting the transition state 

energy. Phosphorylation stabilizes the trans-Pro conformation via an intraresidue phosphate-

amide hydrogen bond.39,40,108 Phosphorylation also stabilizes the cis-Pro conformation via a C–

H/O interaction between the phosphate and Pro C–Hα, identified herein (Figures 6-8). Notably, 

this C–H/O interaction is not geometrically plausible in the transition state for proline cis-trans 

isomerization, where the proline must be rotated ~ 90˚ relative to the trans (ω = 180˚) or cis (ω = 

0˚) conformation. This phosphorylation-dependent decrease in the rate of proline cis-trans 

isomerization is of broad importance, including in transcription by RNA Polymerase II and in 
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cell cycle progression, as indicated by the diverse substrates of the phosphorylation-dependent 

prolyl isomerase Pin1.59,161-166 

 Toward models to understand how Ser404 phosphorylation and the R406W modification 

could increase tau aggregation.  Protein aggregation in Alzheimer's disease and other 

tauopathies is inherently conformationally driven. In addition, protein aggregation is 

fundamentally a kinetics-driven process, with the rate of formation of toxic aggregates implied to 

be a key factor in the onset of disease.49,167-169 Thus, modifications that change protein 

conformation and dynamics would be expected to change protein aggregation kinetics. Herein, 

we examined the potential roles of Ser404 phosphorylation and the R406W modification in 

changing local structure in tau. We also examined the effects of the R406W variant on enzymatic 

modification of tau, using well-studied tau kinases and phosphatases, including the protein 

kinases cdk5 and GSK-3β and the protein phosphatase PP2A. We observed no significant effect 

of the R406W modification on phosphorylation by either cdk5 or GSK-3β. In addition, the 

R406W modification should make Ser409 a significantly worse substrate for the kinase PKA and 

related kinases that prefer an Arg at the –3 position.114  

 Moreover, the R406W modification significantly increased tau dephosphorylation by 

PP2A, at both pSer404 and pSer409. While other kinases and phosphatases could certainly show 

sequence-dependent changes due to the R406W modification that would increase tau 

phosphorylation, we found no evidence using the enzymes studied that the R406W modification 

would increase the phosphate stoichiometry at Ser404 or at Ser409. Indeed, data on PP2A 

indicated that this enzyme would significantly reduce tau phosphorylation in R406W-modified 

tau.  
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 We therefore examined other mechanisms by which the R406W modification could 

change tau structure or dynamics. Ser404 phosphorylation is increased in neurodegeneration and 

disease (as indicated by increased reactivity with the PHF-1 antibody against pSer396/pSer404), 

and the phosphorylation-dependent prolyl isomerase Pin1 has been implicated in tau aggregation 

and neurodegeneration. In addition, Ser404 pseudophosphorylation has been observed to change 

the dynamics of tau aggregation and to change the structure of the tau global hairpin.31,32,34-36,85 

Herein, we observed that both the R406W modification and Ser404 phosphorylation increased 

the population of cis-Pro amide bond in tau peptides. In addition, both the R406W modification 

and Ser404 phosphorylation increased ordering in the local sequence in both trans-Pro405 and 

cis-Pro405 amide conformations. Collectively, these data suggested the possibility (Figure 11) 

that cis-trans isomerization at Pro405 might be important in tau structure and dynamics, via 

increasing the population of cis amide bond, via increasing the activation barrier of Pro405 cis-

trans isomerization, and via inherent changes in structure in trans-Pro versus cis-Pro. 

 Experimental, bioinformatics, and computational analyses all indicated that both Ser404 

phosphorylation and the R406W modification had the ability to independently stabilize both the 

cis and trans Pro amide conformations. The stabilization of the cis-Pro and trans-Pro ground 

states, if occurring without a significant impact on the energy of the transition state between 

these conformations, indicates that a significant effect of both Ser404 phosphorylation and the 

R406W modification could be to increase the activation barrier of, and thus slow the rate of, 

Pro405 cis-trans isomerization. The broad data implicating the phosphorylation-dependent prolyl 

isomerase Pin1 in tau pathology in AD suggest that both modifications might be relevant to the 

kinetics and molecular mechanisms of tau structural changes and aggregation in AD and other 

tauopathies.46,49,58   
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    Tau adopts a dynamic global hairpin conformation, in which both the N-terminal and 

C-terminal regions fold over the hydrophobic and aggregation-prone microtubule-binding 

domain.27 The proline-rich domain and C-terminal domain of tau contain most of the 

phosphorylation sites that are observed in disease. These regions of tau, and their 

phosphorylation sites, are not part of the ordered regions of tau aggregates.21-24 As such, 

alternative models must be developed to explain how phosphorylation in these domains might 

play a mechanistic role in tau aggregation. The global hairpin model provides a context for 

potentially understanding these effects. We have previously shown that phosphorylation in the 

tau proline-rich domain induces disorder-to-order transitions, including induced local polyproline 

II helix (PPII) conformation.38-40 Herein, we demonstrate that both Ser404 phosphorylation and 

the R406W modification increase the population of Pro405 cis amide bond, either independently 

or in combination, via a pSer-cis-Pro C–H/O interaction and/or an Hα-cis-Pro-aromatic C–H/π 

interaction.  

 A cis-proline conformation inherently produces a β-turn-like conformation, by bringing 

the i and i+3 residues in close proximity.150 The kinking induced by a cis-Pro amide bond, 

compared to a trans-Pro amide bond,156 could potentially impact the dynamics of the global 

hairpin, most significantly via changes in the ability of the C-terminal domain to fold against the 

TBD and protect it from aggregation (Figure 12). Proline cis-trans isomerization can induce 

large structural changes in proteins, and a change in the exposed hydrophobic surface area of the 

TBD could drive self-association to generate the thermodynamically favored tau aggregates. 

Notably, similar effects in increasing the population of the cis-proline conformation as a result of 

serine phosphorylation are also possible at other Ser-Pro sites, including Ser396 and Ser422 in 

the C-terminal domain and Ser199, Ser202, and Ser235 in the proline-rich domain. Alternatively, 
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the R406W mutation, potentially enhanced by Ser404 phosphorylation, could also promote local 

order and turn conformations with trans-proline, similarly inducing kinking in the tau C-terminal 

domain. 

 Collectively, the data herein indicate that the R406W modification in tau is expected to 

have the following effects: (1) increased hydrophobicity; (2) increased population of cis-Pro 

amide bond; and (3) increased population of turn conformations in both the trans and cis Pro 

amide conformations. Moreover, phosphorylation of Ser404 would increase the activation barrier 

for Pro405 cis-trans isomerization (slower conversion from cis to trans amide bond and vice 

versa). These results provide a basis for further studies on the molecular mechanisms of tau 

misfolding and aggregation. 

 

Conclusion 

 We have examined a series of potential mechanisms by which the tau R406W mutation 

could result in the increase in tau aggregation and neurodegeneration that is observed both in the 

human tauopathy FTDP-17 and in animal models of Alzheimer's disease. We found in tau395-411 

peptides that the R406W modification does not significantly increase phosphorylation at Ser404 

by cdk5/p35 or by GSK-3β. In addition, based on kinase substrate specificity data, the R406W 

mutation should significantly reduce phosphorylation at Ser409 by protein kinase A and other 

protein kinases that prefer Arg at the P–3 position (here, residue 406). Moreover, surprisingly, 

the R406W modification significantly increased tau dephosphorylation by the protein 

phosphatase PP2A. These data suggest that increased levels of phosphorylation at Ser404 or 

Ser409 via the enzymes examined are unlikely to explain the effect of tau R406W modification 

on tau aggregation. The R406W modification results in the replacement of a charged amino acid 
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with a highly hydrophobic, aromatic amino acid, which could inherently increase aggregation, 

although this residue is outside the aggregation-prone microtubule-binding domain. In addition, 

we observed that the R406W modification in tau peptides results in an increase in population of 

cis-Pro amide bond at Pro405. Trp interacts to stabilize both the cis and trans Pro amide 

conformations via C–H/π interactions of the Trp aromatic ring with Hα of the pre-Pro residue 

(here, Ser404) and/or with Hδ or Hγ of the proline ring. In addition, we found that Ser404 

phosphorylation significantly increases the population of cis-Pro at the pSer-Pro amide bond, 

with effects that are additive to those of the R406W modification in increasing cis amide bond. 

We propose that pSer-cis-Pro amide bonds are stabilized via a C–H/O interaction between the 

pSer phosphate and the Pro C–Hα. C–H/O interactions were observed broadly in Glu-cis-Pro 

sequences in the PDB. Pro-phosphate C–H/O interactions that stabilize the cis-Pro amide 

conformation, in combination with intraresidue phosphate-amide hydrogen bonds that stabilize 

the trans-Pro amide conformation, are proposed to be the primary mechanism by which 

phosphorylation at Ser and Thr increases the activation barrier for proline cis-trans 

isomerization. 
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Experimental 

 Peptide synthesis and characterization. All peptides were synthesized via solid-phase 

peptide synthesis using Rink amide MBHA resin. Peptides were acetylated at the N-termini and 

contained C-terminal amides. Peptides were purified to homogeneity and were characterized via 

1H NMR and mass spectrometry. Detailed synthetic procedures and characterization of the 

peptides are in the Supporting Information. 

 1H NMR spectroscopy. All 1H NMR spectra were acquired on a Brüker AVC 600 MHz 

spectrometer with a triple resonance cryoprobe or a TXI probe. Peptides were allowed to 

dissolve in a solution containing 5 mM phosphate buffer (with pH adjusted to 4.0, 6.5, 7.2, 8.0, 

or 8.5 as indicated), 25 mM NaCl, and 0.1 mM TSP in 90% H2O/10% D2O. Water suppression 

was achieved with an excitation sculpting pulse sequence for all NMR spectra. TOCSY spectra 

were used for resonance assignment, and were acquired with 2048 data points and 512 t1 

increments, with 8 scans per t1 increment. 

 PDB analysis. The protein data set for analysis was constructed using the PISCES 

server.170 Structures from the PDB were chosen that were solved by X-ray crystallography with a 

resolution ≤ 2.0 Å, R-factor ≤ 0.25, and sequence identity ≤ 25%. The data set includes 5974 

protein chains. In-house scripts and the external program Pymol were used for structure analysis. 

Dihedral angles of –90º < ω < +90º were defined as a cis-proline conformation, while dihedral 

angles with |ω| > 150º were defined as a trans-proline conformation. 

 Computational analysis. Protein structures from the PDB were truncated to minimal 

Glu-cis-Pro structures via the following general approach. Hydrogens were added to protein 

structures using Pymol. The resultant all-atom protein structures were reduced to tripeptide or 

tetrapeptide fragments within Pymol. These peptide fragments were further reduced in size to 
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tripeptides or to minimalist bimolecular complexes within GaussView 5.136 In order to accurately 

position the hydrogens, a restrained geometry optimization was performed on the resultant 

structures, in which the crystallographically determined positions of the heavy atoms were fixed 

and the positions of the hydrogens were optimized, with final geometry optimization conducted 

with the M06-2X method and the 6-311++G(2d,2p) basis set. Further details are in the 

Supporting Information. These structures were analyzed via energy, counterpoise, and/or natural 

bond orbital (NBO)142 analysis, as appropriate, using the MP2 method and the 6-311++G(3d,3p) 

and aug-cc-pVTZ basis sets.137-139 Counterpoise calculations in vacuum were used to quantify 

gas-phase interaction energies and basis-set superposition energies (BSSE). All other 

calculations were conducted in implicit water (IEFPCM continuum polarization model). 

Quantitative analysis of NBO energies and complex interaction energies in implicit water, as 

well as additional discussion, is in the Supporting Information. 

 A model of a pSer-cis-Pro structure was generated using geometries observed in Glu-cis-

Pro structures with a C–H/O interaction that were in the PDB. The peptide Ac-pSer-cis-Pro-

NHMe was modeled with an initial geometry of dianionic pSer in the polyproline II helix 

conformation and a g– χ1 torsion angle. The proline initial geometry included an endo ring 

pucker and φ and ψ torsion angles of (–90˚, 0˚). This structure was subjected to geometry 

optimization using the M06-2X DFT functional140 and the 6-311++G(d,p) basis set in implicit 

water. The resultant structure was subsequently subjected to additional geometry optimization 

with the 6-311++G(2d,2p) basis set, then further optimization with the 6-311++G(3d,3p) basis 

set. The resultant structure was analyzed via a frequency calculation, which indicated no 

imaginary frequencies. This model was then used to generate a minimalist methylphosphate2–

•For-Pro-NH2 complex, which was used for subsequent analysis of complex interaction energy, 
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using methods as had been employed for acetate–•For-Pro-NH2 complexes. Additional details are 

in the Supporting Information. 

 Models of tau404-406–R406W peptides with pSer404 were generated initially from PDB 

1obb, with Glu changed to pSer2–. This model was subjected to iterative geometry optimization, 

with the final geometry optimization conducted with the M06-HF DFT functional in implicit 

water (IEFPCM), using the Def2TZVP basis set on all heavy atoms the Def2SVP basis set on 

hydrogens. Relevant torsion angles were then rotated on this structure to match different 

conformations observed in pSer and/or in Pro-Trp structures in the PDB, and those resultant 

initial models subjected to full geometry optimization using the same methods. These structures 

were analyzed within GaussView and Pymol for torsion angles and potential stabilizing 

noncovalent interactions. Coordinates of all geometry-optimized structures are in the Supporting 

Information.  

 Phosphorylation by GSK-3β  and cdk5/p35. Comparative phosphorylation rates of the 

peptides tau395–411 R406 pS409 and tau395–411 R406W pS409 with GSK-3β were determined in a 

solution with 150 µM peptide substrates containing 20 mM HEPES (pH 7.5), 100 mM NaCl, 4 

mM MgCl2, 1.2 mM DTT, 0.5 µM β-glycerolphosphate, 10 µM Na3VO4, and 40 µg/mL BSA. 

Similarly, for the peptides tau395–411 S404 R406 and tau395–411 S404 R406W comparative 

phosphorylation rates with cdk5/p35 were determined with 100 µM peptide substrates in a 

solution containing 20 mM HEPES (pH 7.5), 100 mM NaCl, 3 mM MgCl2, 3 mM MnCl2, 1.2 

mM DTT, 0.5 µM β-glycerolphosphate, 10 µM Na3VO4, and 40 µg/mL BSA. The solutions were 

allowed to incubate at 37 ºC for 45 minutes prior to the addition of ATP (1.5 mM, final 

concentration) and the kinase (0.4 µg of GSK-3β or 0.6 µg of cdk5/p35) at the start of the 

experiment. Aliquots (10 µL) of the reaction mixtures were analyzed on the HPLC. Identities of 
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the peptides were verified via coinjection of the reaction mixtures with the independently 

synthesized peptides and/or via mass spectrometry. Detailed procedures and the results of the 

experiments are in the Supporting Information.  

 Dephosphorylation by PP2A. Comparative dephosphorylation rates of the peptides 

tau395–411 pS404 R406, tau395–411 pS404 R406W, tau395–411 R406 pS409, and tau395–411 R406W 

pS409 were determined with 100 µM peptide substrates in a solution containing 20 mM MOPS 

(pH 7.4) 100 mM NaCl, 60 mM 2-mercaptoethanol, 1 mM MgCl2, 1 mM EGTA, 0.1 mM 

MnCl2, 1 mM DTT, 10% glycerol, and 0.1 mg/mL serum albumin. The solutions were allowed 

to incubate at 37 ºC for 45 minutes prior to the addition of the phosphatase (0.1 units). Aliquots 

(10 µL) of the reaction mixtures were quenched with 10 nM okadaic acid and were analyzed via 

HPLC. Identities of the peptides were verified via coinjection of the reaction mixtures with the 

independently synthesized peptides and via mass spectrometry. Detailed procedures and the 

results of the experiments are in the Supporting Information. 
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Figures 

 
Figure 1. (a) Domain architecture of the largest isoform of tau. Tau binds microtubules via the 
tubulin-binding domain (TBD), which consists of 4 microtubule-binding repeats (R1–R4, blue). 
The TBD is preceded by two proline-rich segments collectively termed the proline-rich domain 
(PRD, green). The N-terminal domain (residues 1–170) and the PRD have hydrophobic regions 
(red), indicated as A and B, respectively. In the C-terminal domain (CTD), within the 17-residue 
sequence from residues 395-411 (tau395-411, magenta), the PHF-1 epitope sites Ser396 and Ser404 
and the R406W mutation site are in close proximity. Both Ser396 and Ser404 precede Pro 
residues. (b) Amino acid sequences and modifications in tau395-411 peptides examined herein. 
Phosphorylated residues are indicated in blue. The R406W modification site is indicated in red. 
(c) The tau R406W modification involves the change of a polar, charged amino acid (Arg) to an 
uncharged, hydrophobic, aromatic amino acid (Trp). (d) In a Pro-Trp sequence, Trp can stabilize 
structures in the trans-Pro or the cis-Pro amide conformation, via a C–H/π interaction of the Trp 
indole with the Hα of the residue preceding the proline (Hα-Pro-Trp C–H/π interaction) and/or 
with the Hδ , Hγ, and/or Hβ of the proline  ring (Pro-H-Trp C–H/π interaction). These 
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interactions are observed to stabilize secondary structures, loops, and α-, β-, and γ-turn 
geometries.99 In addition to C–H/π interactions, these structures can also be stabilized via the 
hydrophobic effect. Representative Pro-Trp structures that stabilize (trans) type I β-turns and 
(cis) type VIa1 β-turns are shown. Additional examples are in ref. 99. In general, the interactions 
with the pre-proline (P–1) residue Hα are more favorable than interactions on Pro, but these P–1 
C–Hα/π interactions require two disfavored conformations (e.g. cis-proline, αL or ζ at the P–1 
residue or Trp, g+ Trp χ1). The observation of interactions at P–1 indicate that the Trp can 
promote conformations that are inherently disfavored or that typically represent infrequent native 
populations.   
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Figure 2. Effects of phosphorylation at Ser404 on cis-trans isomerization of Pro405 in tau395–411 
peptides with (a) Arg406 and (b) Trp406. Amide region of the 1H NMR spectra of the tau395–411 
peptides with (top to bottom) non-phosphorylated Ser404 (pH 6.5), phosphorylated Ser404 at pH 
6.5, and phosphorylated Ser at pH 7.2 (dianionic pSer). The spectra were obtained with peptide 
in a solution with 5 mM sodium phosphate and 25 mM sodium chloride in 90% H2O/10% D2O at 
298 K.  Phosphorylation at Ser404 in tau395–411 (a) with the native Arg406 and (b) with the 
R406W modification induces the cis amide conformation. (b) The R406W modification 
combined with the Ser404 phosphorylation substantially increases the cis-Pro405 conformation 
in the peptides derived from tau395–411. Ktrans/cis = [population of peptide with trans amide 
bond]/[population of peptide with cis amide bond], determined via integration of the areas of the 
peaks representing the trans and cis Pro amide rotamers. A smaller Ktrans/cis indicates a higher 
population of cis-Pro. 
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Figure 3. Effects of phosphorylation at Ser404 with (a) Arg406 or (b) Trp406 on cis-trans 
isomerization of Pro405 in the tau403–406 peptides, Ac-TSPX-NH2. Amide region of the 1H NMR 
spectra of the peptides (a) Ac-TSPR-NH2 and (b) Ac-TSPW-NH2, with (top to bottom) non-
phosphorylated Ser (pH 4.0) and phosphorylated Ser (pS) at pH 4.0, 6.5, and 7.2. (c) 
Superposition of the TOCSY spectra of the peptides TSPR (red) and TpSPR (blue), at pH 4.0 
and 6.5, respectively. (d) Superposition of the TOCSY spectra of the peptides TSPW (red) and 
TpSPW (blue), at pH 4.0 and 7.2, respectively. The spectra were obtained with peptide in a 
solution with 5 mM sodium phosphate and 25 mM sodium chloride in 90% H2O/10% D2O at 298 
K. Both phosphorylation at Ser and the R406W modification induce a cis-Pro conformation, 
similar to observations in the larger tau395-411 peptides.  
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Figure 4. Enzymatic phosphorylation of tau395–411 peptides. Phosphorylation of tau395–411 at 
Ser404 (a) by cyclin-dependent kinase-5 (cdk5/p35) and (b) by glycogen synthase kinase-3β 
(GSK-3β) at 37 ºC. (a) Phosphorylation of Ser404 by cdk5/p35 in tau395–411 peptides with R406 
(black circles) and with the R406W modification (red squares) (krel = 1.0 ± 0.9). (b) 
Phosphorylation of Ser404 by GSK-3β  in tau395–411 peptides phosphorylated at Ser409, in 
peptides with R406 (black circles) and with the R406W modification (red squares) (krel = 1.3 ± 
0.2). Data were fit to a pseudo-first order rate equation. krel = (rate constant for the peptide with 
the R406W modification)/(rate constant for the peptide with Arg at residue 406). Error bars 
indicate standard error from at least three independent trials. 
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Figure 5. Enzymatic dephosphorylation of tau395–411 peptides at (a) pSer404 and (b) pSer409 by 
protein phosphatase 2A (PP2A) at 37 ºC. (a) Dephosphorylation of pSer404 with R406 (black 
circles) and with the R406W modification (red squares) in tau395–411. (b) Dephosphorylation of 
pSer409 with R406 (black circles) and with the R406W modification (red squares) in tau395–411. 
The R406W modification in tau395-411 increases the rate of dephosphorylation at both the pSer404 
(krel > 1000) and the pSer409 (krel = 2.5 ± 0.3) sites. krel = (rate constant for the peptide with the 
R406W modification)/(rate constant for the peptide with Arg at residue 406). In addition, in 
tau395–411 with the R406W modification, PP2A more rapidly dephosphorylates Ser409 compared 
to Ser404 (krel = 4.1 ± 0.8).  Data were fit to a pseudo-first order rate equation. Error bars indicate 
standard error from at least three independent trials.  
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Figure 6. C–H/O interactions stabilize the cis-Pro conformation in Glu-cis-Pro and pSer-cis-Pro 
structures. (a) Pro C–Hα/Glu C–H/O interactions observed in Glu-cis-Pro structures in the PDB 
and the proposed analogous Pro C–Hα/phosphate C–H/O interaction. (b) Distances from proline 
Cα to the Glu side chain O closest to Pro Cα (C–O(–)

Glu•••CαPro distance). 48% of Glu-cis-Pro 
structures in the PDB exhibit a C–H/O interaction, while only 5% of the Glu-trans-Pro structures 
exhibit a C–H/O interaction. (c) Representative examples of Glu-cis-Pro structures exhibiting a 
C–H/O interaction, with the Hα•••O distance indicated. Hydrogens were added in Pymol, 
followed by geometry optimization of the positions of the hydrogens by DFT methods; see the 
Supporting Information for details.  
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Figure 7. C–H/O interactions stabilizing the cis-Pro conformation in Glu-Pro and pSer-Pro 
sequences. (a) (left) Glu-cis-Pro conformation from PDB 1iup, a hydrolase protein from 
Pseudomonas fluorescens (residues 193-194);171 (center) minimalist structure used for 
determination of complex interaction energies; (right) natural bond orbital (NBO) analysis of the 
C–H/O interaction, showing orbital overlap between one carboxylate lone pair and the C–Hα σ* 
orbital contributing to interaction stabilization. Energy calculations on a minimal AcO–•For-Pro-
NH2 structure derived from 1iup  indicated a corrected interaction energy in implicit water of –
2.1 kcal mol–1. Glu-cis-Pro structures had similar C–H/O interaction energies in other 
representative examples, including pdb 2wlr (residues 180-181) and pdb 2ag4172 (residues 98-
99), with –1.5 kcal mol–1 and –2.1 kcal mol–1 interaction energies, respectively. (b) Geometry-
optimized pSer-cis-Pro structural model in Ac-pSer-cis-Pro-NHMe. pSer adopts the PPII 
conformation (–59˚, +145˚) with a g– χ1 torsion and with χ2 = –94˚. Pro is in the δ conformation 
(–93˚, +20˚) with an endo ring pucker. The overall structure adopts a type VIa1 β-turn (PcisD), 
with a 1.98 Å turn hydrogen bond. This structure was one of multiple geometries identified in 
which a Pro C–Hα•pSer C–H/O interaction stabilized cis-Pro. Right: NBO analysis of the C–
H/O interaction, showing the molecular orbital overlap between one phosphate lone pair and the 
C–Hα σ* molecular orbital, which contributes to interaction stabilization via electron 
delocalization. The geometry of Ac-pSer-Pro-NHMe was optimized using the M06-2X 
functional and the 6-311++G(3d,3p) basis set in implicit water. This structure was then further 
reduced to a MeOPO3

2–•For-Pro-NHMe complex, for the calculation of complex interaction 
energies. The stabilization energy of the MeOPO3

2–•For-Pro-NHMe complex was –3.0 kcal mol–

1. All energy calculations were performed at the MP2 level of theory using the aug-cc-pVTZ 
basis set in implicit water. Interaction energies were corrected using gas-phase BSSE, as 
determined by counterpoise calculations.  
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Figure 8. Dual C–H/O and C–H/π interactions stabilizing the cis-Pro conformation in pdb 1obb. 
(a) The Glu-cis-Pro-Trp structure from the protein α-glucosidase (pdb 1obb, residues 282-284, 
1.9 Å resolution). The cis-Pro conformation is stabilized via two interactions: (1) a C–H/O 
interaction between the Glu side chain O and C–Hα of Pro (magenta); and (2) a C–H/π 
interaction between the Trp indole side chain and Hδ and Hγ of cis-Pro (red). (b) Minimal 
structures derived from the crystallographic coordinates of pdb 1obb. (left) The For-Pro-
H•indole complex represents a minimal cis-ProHδ/Hγ•••Trp C–H/π interaction. (right) The AcO–

•For-Pro-H complex represents a minimal Glu-cis-ProHα C–H/O interaction. (c) The corrected 
Pro•indole interaction energy was –6.0 kcal mol–1, on the minimalist For-Pro-H•indole complex. 
The C–H/π interaction includes delocalization of electrons between the indole π molecular 
orbitals and the C–Hδ and/or C–Hγ σ* molecular orbitals of Pro to stabilize the complex. (d) The 
corrected interaction energy calculated for the AcO–•For-Pro-H complex was –2.4 kcal mol–1. 
The C–H/O interaction includes the delocalization of electrons between the acetate oxygen and 
the Pro C–Hα σ∗ molecular orbitals to stabilize the complex. Both C–H/π and C–H/O 
interactions include additional stabilization via electrostatic interactions between the anionic 
oxygen and the partial positive charge (δ+) on the indicated Pro hydrogens. All energy 
calculations were conducted using the MP2 method with the aug-cc-pVTZ basis set in implicit 
water. Additional details of the calculations and the interaction energies are in the Supporting 
Information. 
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Figure 9. Computational models of non-covalent interactions stabilizing turn conformations in 
Ac-pSer-Pro-Trp sequences. (left) For trans-Pro, the pSer phosphate may interact favorably in an 
intramolecular hydrogen bond with its own amide N–H, and the Trp aromatic ring may interact 
with the Pro ring, with the pSer C–H bonds, or with both simultaneously (dual interaction). The 
interactions of Trp with pSer specifically can stabilize higher-energy protein conformations (e.g. 
αL, ζ, g+). Type I β-turns centered on either Pro-Trp (PW) and pSer-Pro (pSP) are shown. (right) 
For cis-Pro, the pSer phosphate can interact with Pro Hα to stabilize the cis-Pro conformation. 
The Trp aromatic ring can interact with C–H bonds on Pro or pSer. These structures are meant to 
be representative structures of β-turns with stabilizing non-covalent interactions (hydrogen 
bonds, C–H/O interactions, and/or C–H/π interactions), and do not represent a complete analysis 
of all possible conformations in these sequences. The structures resulted from geometry 
optimization using the M06-HF DFT functional, with the Def2TZVP basis set on heavy atoms 
and the Def2SVP basis set on hydrogens, in implicit water (IEFPCM model). Hydrogen bonds of 
β-turns are indicated in blue. C–H/π interactions, with the closest observed H•••C distances at 
any aromatic carbon (CAr), are indicated in red. C–H/O interactions between the phosphate and 
Pro Hα are indicated in magenta. In the structure of pSer-trans-Pro with a pSer-Pro-centered 
type I β-turn, the pSer intraresidue phosphate-amide hydrogen bond, which appears as a covalent 
bond in the figure, would be expected to strengthen the β-turn hydrogen bond, by making the i 
residue (Ac-) carbonyl a more electron-rich electron donor for interaction with the i+3 amide N–
H.   

https://doi.org/10.26434/chemrxiv-2023-w152b ORCID: https://orcid.org/0000-0002-7417-8085 Content not peer-reviewed by ChemRxiv. License: CC BY-NC-ND 4.0

https://doi.org/10.26434/chemrxiv-2023-w152b
https://orcid.org/0000-0002-7417-8085
https://creativecommons.org/licenses/by-nc-nd/4.0/


 46 

 
Figure 10. Ser phosphorylation leads to interactions that are stabilizing in both the trans and cis 
amide conformations of pSer-Pro sequences. 
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Figure 11. Model of the effects on tau structure of proline cis–trans isomerization and enzymatic 
phosphorylation/dephosphorylation of Ser404 in the C-terminal domain of tau with wild-type 
R406 and with the R406W mutation. Ser404 phosphorylation increases the population of cis-
Pro405 amide bond by stabilizing the cis-Pro conformation via a phosphate•••Hα-cis-Pro C–H/O 
interaction. The R406W mutation increases the population of cis-Pro405 amide bond via an Hα-
cis-Pro-aromatic C–H/π interaction. Ser404 phosphorylation and R406W substitution 
individually and in combination significantly stabilize the cis amide bond conformation at 
Pro405. Ser404, with R406 or with the R406W modification, can be phosphorylated by cdk5/p35 
and by GSK-3β at comparable rates. In addition, Ser404 phosphorylation and the R406W 
substitution increase order in structures with trans-Pro. Surprisingly, the R406W mutation makes 
pSer404 substantially more prone, and pSer409 modestly more prone, to dephosphorylation, 
within these tau395-411 peptide sequences.  
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Figure 12. Model of phosphorylation-dependent tau aggregation and conformational changes. 
Tau adopts a global hairpin fold and binds microtubules, via the tubulin-binding domain (TBD, 
blue) stabilizing microtubules in neurons.27 In its native global-hairpin conformation, the N-
terminal and the C-terminal domains of tau interact with and protect the aggregation-prone TBD 
from self-assembly.173 Phosphorylation of the proline-rich domain (PRD, green) and the C-
terminal domain destabilizes the global hairpin fold and promotes self-assembly of tau.31,174 
Phosphorylation of the proline-rich domain induces a more ordered structure, which can 
destabilize the global hairpin fold, exposing the hydrophobic TBD to solvent, promoting tau self-
assembly and aggregation.24,38,39,42 In the C-terminal domain, phosphorylation of Ser404 stabilizes 
the cis-proline amide bond conformation (Pro405) via a phosphate•••cis-Pro-Hα C–H/O 
interaction. The cis-Pro405 conformation can also be stabilized by the R406W mutation, via 
either an Hα-cis-Pro-aromatic or a cis-Pro-Hδ-aromatic C–H/π interaction. Phosphorylation at 
Ser404 in combination with the R406W mutation can significantly stabilize the cis-Pro405 amide 
bond conformation, via dual C–H/O and C–H/π interactions. In an alternative model consistent 
with the data, phopshorylation at Ser404 and/or the R406W mutation could lead to increased 
order and turn conformations in trans-proline, having a similar effect in promoting more 
aggregation-prone structures. The conformational changes at sequences N-terminal and C-
terminal to the TBD, by leading to increased exposure of the hydrophobic TBD, are 
hypothesized to promote tau aggregation and neurofibrillary tangle formation.  
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Tables 

Table 1. Effects of phosphorylation at Ser404, with Arg or Trp (R406W) C-terminal to proline 
405, on the cis-trans isomerization equilibrium in tau395–411 peptides. 
 

peptide Ktrans/cis 
ΔG 

kcal mol–1 
ΔΔG a 

kcal mol–1 
tau395–411 S404 R406 7.8b –1.22 

–0.25 tau395–411 pS404 R406 5.1c –0.96 
tau395–411 S404 R406W 7.7b –1.21 

–0.37 tau395–411 pS404 R406W 4.1c –0.84 
 

a ΔΔG = ΔGtau395-411S404, pH = 6.5  –  ΔGtau395-411pS404, pH = 7.2, the difference in free energy for the Pro405 
cis-trans isomerization equilibrium with Ser404 and with pSer404 in tau395-411. ΔG = –RT ln 
Ktrans/cis. 
b pH 6.5, 298 K. 
c pH 7.2, 298 K. 
 
Table 2. Effects of Ser phosphorylation, with Arg or Trp (R406W) C-terminal to proline, on the 
proline cis-trans isomerization in tau403–406 (Ac-TSPX-NH2) peptides. 
 

peptide Ktrans/cis ΔG 
kcal mol–1 

ΔΔG a 
kcal mol–1 

TSPR 8.5b –1.27 
–0.26 TpSPR 5.5c –1.01 

TSPW 7.5b –1.19 
–0.50 TpSPW 3.2c –0.69 

 

a  ΔΔG = ΔGTSPX, pH 4.0  –  ΔGTpSPX, pH 7.2, the difference in free energy for the cis-trans isomerization 
equilibrium with serine and phosphoserine in the sequence Ac-TSPX-NH2 (X = Arg/Trp).  
b pH 4.0, 298 K. 
c pH 7.2, 298 K. 
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Table 3. Ser or pSera Hα chemical shifts in the cis-Pro and trans-Pro conformations, with an 
arginine or a tryptophan at residue X, in the peptide context Ac-TSPX-NH2.  
 

peptide Ktrans/cis 
ΔΔG, trans-Pro cis-Pro ΔδSer,   trans-Pro cis-Pro ΔδPro,   

kcal mol–1b SerHα , ppm   SerHα , ppm ppmc ProHα , ppm   ProHα , ppm ppmc 
TSPR 8.5d –0.26 4.79 4.59 -0.20 4.45     ~ 4.7f -0.2 
TpSPR 5.5e 4.81 4.68 -0.13 4.44 4.89 -0.45 
TSPW 7.5d –0.50 4.74 4.35 -0.39 4.33 4.69 -0.36 
TpSPW 3.2e 4.69 4.30 -0.39 4.31     ~ 4.7f -0.4 
 

a Ser/S = serine, pSer/pS = phosphoserine. 

b ΔΔG = ΔGTSPX, pH 4.0  –  ΔGTpSPX, pH 7.2, the difference between the free energies for the cis-trans 
isomerization equilibria of Ser-Pro and pSer-Pro in Ac-TSPX-NH2.   
c ΔδSer = δHαtrans-Ser/pSer – δHαcis-Ser/pSer, the difference between the chemical shifts of Ser or pSer 
Hα in the trans-Pro and cis-Pro conformations. ΔδPro = δHαtrans-Pro – δHαcis-Pro, the difference 
between the chemical shifts of Pro Hα in the trans-Pro and cis-Pro conformations. 
d pH 4.0, 298 K. 
e pH 7.2, 298 K. 
f This resonance overlaps with the resonance for H2O, precluding precise determination of δ. 
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