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Abstract 25 
 26 

The Tat pathway is essential for photosynthetic protein transport across plant thylakoid 27 

membranes and is also ubiquitous throughout prokaryotes and archaea. The Tat pathway is quite 28 

unique amongst protein translocation pathways as it specializes in transporting folded proteins 29 

driven by a proton motive force. Mechanistic details of the actual translocation step (s) of the 30 

pathway remain elusive. Here, we show that membrane thinning stimulates Tat transport and, 31 

conversely, membrane strengthening abolishes Tat transport. We draw parallels from the Tat 32 

machinery to cell penetrating peptides and propose that the Tat pore could be toroidal, as in most 33 

pores formed by cell penetrating peptides.  34 

  35 
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Introduction 36 
 37 

The Twin-Arginine Translocation (Tat) pathway transports folded proteins across the 38 

thylakoid membrane of chloroplasts, the inner membrane in plant mitochondria, and the 39 

periplasmic membranes of bacteria and archaea utilizing a proton motive force (pmf) as its sole 40 

energy source  (Hamsanathan & Musser, 2018, New et al., 2018, Palmer & Stansfeld, 2020).  41 

Because both photosynthetic proteins and bacterial virulence factors (De Buck et al., 2008) pass 42 

through the Tat pathway, it is an important process to understand from multiple human health 43 

perspectives, both in nutrition and disease. In most instances, Tat pathway is mediated by three 44 

proteins: Tha4, Hcf106, and cpTatC in thylakoids; TatA, TatB, and TatC in bacteria, 45 

respectively.  Tha4 and Hcf106 are structurally similar, being composed of an N-terminal 46 

transmembrane helix (TMH), followed by a hinge region, an amphipathic helix (APH) that lies 47 

along the surface of the membrane, and an unstructured C-terminal domain.  The Hcf106 APH 48 

and C-terminal domains are longer than their Tha4 counterparts (Porcelli et al., 2002).  49 

Interestingly, the NMR structures of TatA and TatB show that the TMHs are shorter than the 50 

hydrophobic portion of the lipid bilayer (Rodriguez et al., 2013a, Zhang et al., 2014), which sets 51 

up a hydrophobic mismatch.  TatC has six transmembrane domains with a topology where both 52 

termini face the stroma (Gouffi et al., 2002, Rollauer et al., 2012).  Two of the TatC TMHs are 53 

also short, again leading to hydrophobic mismatch (Ramasamy et al., 2013, Rollauer et al., 54 

2012).  This hydrophobic mismatch has recently been shown to be important for the efficient 55 

operation of the Tat pathway (Hao et al., 2022a, Mehner-Breitfeld et al., 2022, Stockwald et al., 56 

2022).  Translocation of proteins along this pathway requires the precursor protein to possess an 57 

N-terminal signal peptide that enables the precursor to be recognized and bound by the receptor 58 

complex.  The signal peptide contains the essential and eponymous RR (twin arginine) motif 59 
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(Stanley et al., 2000).  Oligomers of Hcf106 and TatC in a 1:1 ratio compose the receptor 60 

complex for binding of the precursor signal sequence (Bolhuis et al., 2001) in an energy 61 

independent manner (Mori & Cline, 2002).  After precursor binding and in the presence of a 62 

pmf, the receptor complex recruits multimers of Tha4and translocation occurs (Mori & Cline, 63 

2002).  After the translocation event, the active translocon dissociates into the Hcf106-cpTatC 64 

receptor complex and oligomers of Tha4 (Mori & Cline, 2002).  Sometime during or after the 65 

translocation event, the signal peptide is cleaved.  The detailed mechanism of the actual 66 

translocation event following Tha4 recruitment is not yet understood.  67 

Currently, there are three competing models proposed to accomplish protein transport on 68 

the Tat pathway: the protein iris model in which Tha4 joins the translocon in varying 69 

stoichiometry to form a tightly sealing pore around the incoming protein, the co-enzyme model, 70 

in which TatA is thought to act as a co-enzyme that accumulates at the translocation site to 71 

activate a translocon built from a complex consisting of TatB and TatC  (Hauer et al., 2017, 72 

Hauer et al., 2013),  and the membrane defect model, in which the membrane is proposed to 73 

form toroidal pores in response to bilayer destabilizing forces and through which proteins 74 

traverse the membranes.  A recent variation of the latter model posits that the transmembrane 75 

helix (TMH) of TatA flips to lie along the trans-side of the membrane surface, contributing to the 76 

bilayer instability  (Stockwald et al., 2022). 77 

The protein iris model faces several structural challenges: the pore would be either lined 78 

with the hydrophobic TMHs, or the APHs of Tha4 would have to fold back in a hairpin onto the 79 

TMDs. The hairpin fold is not favored by experimental evidence (Alcock et al., 2017, Aldridge 80 

et al., 2012, Koch et al., 2012).  Despite the Tat pathway translocating precursors of different 81 

shapes and sizes, the membranes of the thylakoids remain tightly sealed during translocation and 82 
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do not allow for leakage of ions, which seems unlikely with the proteinaceous pores just 83 

described (Asher & Theg, 2021, Teter & Theg, 1998).  These findings, coupled with the transient 84 

assembly of the active translocon, have led to the suggestion that the Tat pathway does not 85 

utilize a proteinaceous pore to achieve translocation (Asher & Theg, 2021, Bruser & Sanders, 86 

2003, Hao et al., 2022a).  It has been proposed that instead, under the influence of the Tat 87 

machinery subunits, the transported substrate, and membrane energization the membrane is 88 

locally thinned to an extent that defects in the bilayer develop that allow a precursor to pass 89 

through the membrane itself via lipid lined toroidal pores (reviewed in (Patel et al., 2014)).  A 90 

key component in this model is the thylakoid membrane thinning that was observed almost 40 91 

years ago to occur in the light  (Murakami & Packer, 1970a), and which has recently been 92 

repeated in two different laboratories  (Johnson et al., 2011a, Johnson et al., 2011b, Kirchhoff et 93 

al., 2011, Li et al., 2020).  We believe this provides a compelling mechanism for coupling 94 

between the protonmotive force and cpTat transport as the former causes membrane thinning and 95 

the latter depends on it.  96 

Cell Penetrating Peptides (CPPs) are short amphipathic peptides that interact with and 97 

can induce toroidal pore formation in membranes  (Huang & Li, 2023, Leveritt Iii et al., 2015). 98 

Many CPPs adopt an α-helical configuration when interacting with membranes.  The α-helices 99 

are usually amphipathic, with positively charged residues, often arginine, on one side of the helix 100 

and hydrophobic residues on the other side.  The hydrophobic residues interface with the fatty 101 

acid side chains, while the positively charged residues interact with the polar or negatively 102 

charged lipid head groups of membranes.  CPPs have generated considerable interest for their 103 

ability to spontaneously cross membranes by causing membrane thinning and the formation of 104 

toroidal pores (Herce & Garcia, 2007, Huang & Li, 2023, Madani et al., 2011).  The ability to 105 
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thin membranes to the point of pore formation by CPPs suggests a possible mechanism for Tat 106 

protein translocation, where the potential membrane thinning effect of the pmf combined with 107 

destabilizing effects of the Tat component subunits, i.e., hydrophobic mismatch, might lead to 108 

local and transient toroidal pore formation.   109 

In this study, we used CPPs to initiate the thinning of thylakoid and E. coli membranes 110 

(Chen et al., 2003, Mecke et al., 2005).  We explored the idea that the CPPs can provide some of 111 

the energy normally generated by the pmf to the Tat system by pre-thinning the membrane.  We 112 

demonstrate that CPPs specifically stimulate Tat transport and that the opposite effect of 113 

strengthening the membrane abolishes transport.  We believe that these experiments establish the 114 

central role of membrane thinning in the Tat mechanism. 115 

 116 

Results 117 

Cell Penetrating Peptides stimulate Tat protein translocation 118 

The mechanism through which CPPs cross membranes is proposed to involve actively 119 

thinning the membrane to the point that the bilayer breaks down with the formation of toroidal 120 

pores (Chen et al., 2003, Herce & Garcia, 2007).  If the Tat pathway operates under similar 121 

principles, that is, through membrane thinning, then we reasoned that CPPs might stimulate the 122 

transport of proteins on the Tat pathway by contributing to the membrane thinning process.  To 123 

test this hypothesis, different CPPs were added to thylakoid Tat pathway transport reactions.  We 124 

chose four peptides from unrelated sources with widely differing sequences and related only in 125 

their ability to spontaneously penetrate membranes.  Interestingly, Fig. 1 shows that each peptide 126 

tested stimulated the transport of iOE17, a model Tat substrate in thylakoids (Alder & Theg, 127 

2003). 128 
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Because CPPs are known to form pores in membranes (Herce & Garcia, 2007), we tested 129 

the possibility of passive diffusion of precursors into the thylakoids through a CPP induced pore.  130 

Additionally, CPPs are the subject of investigation for delivering drugs and proteins across 131 

membranes (Ramsey & Flynn, 2015), therefore, we address the possibility of precursors 132 

hitchhiking on CPPs simultaneously with the previous concern.  To these ends, we asked 133 

whether CPPs could facilitate transport either using a transport-incompetent precursor or in the 134 

absence of an energy source. If CPPs promote spontaneous diffusion of precursors across 135 

thylakoids membranes, then they should cause translocation in the absence of a pmf.  136 

Thylakoids, CPPs, and iOE17 were incubated together in the dark at ambient temperature for 137 

30min.  CPPs did not allow for translocation without the light-generated pmf (Fig. 1B).  In the 138 

presence of a light source, translocation occurred and was stimulated by CPPs. We then asked if 139 

the pmf and CPPs would be able to cause the translocation of a transport-incompetent Tat 140 

substrate.  We used a mutated iOE17 with RR to KK substitutions in the signal sequence 141 

(iOE17KK), which renders the precursor transport-incompetent (Ize et al., 2002). iOE17KK was 142 

not transported with or without CPPs present (Fig 1C).  These results preclude the possibility that 143 

either precursors or the thylakoid processing protease can either diffuse through pores created by 144 

CPPs or be carried by them across the thylakoid membrane in a Tat-independent or energy-145 

independent manner.   146 

In these two controls, the precursor was found with reisolated thylakoids.  This indicates 147 

that being present at the membrane is not sufficient for CPPs to facilitate passive transport of 148 

precursors.  These results also suggest that if precursors travel through any pore in the 149 

membrane, it was induced and controlled by the Tat machinery, which would have been inactive 150 

in these controls. 151 
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To determine the specificity of CPP stimulation of the Tat pathway, we monitored the 152 

effect of CPPs on protein translocation across thylakoids via the Sec pathway, which occurs 153 

through a proteinaceous pore  (Li et al., 2016).  Transport of the model thylakoid Sec substrate, 154 

iOE33, was not significantly altered by HIVTat (Fig. 1D). This clearly establishes that CPPs do 155 

not universally stimulate protein translocation.   156 

Figure 1a shows that stimulation of the Tat pathway drops at  higher concentrations of 157 

melittin and penetratin.  We reasoned that these CPPs caused enough ion leakage to overwhelm 158 

the ability of the thylakoids to maintain the pmf, leading to the decline in transport stimulation.  159 

To investigate this possibility, we monitored the effect of higher concentrations of melittin on 160 

both the electrical and chemical components of the pmf.  Melittin at 10 μM caused a faster 161 

dissipation of the light-induced Δψ across the thylakoid membrane compared with controls (Fig. 162 

1E).  Similarly, melittin at 10 µM resulted in a reduced steady-state trans-membrane ΔpH (Fig. 163 

1F).  Both of these observations are consistent with CPPs mediating proton and other ion leakage 164 

through pores induced at these higher concentrations.  Taken together, these results indicate that 165 

high concentrations of CPPs compromise the integrity of the thylakoid membranes, likely by 166 

inducing transient pores (Herce & Garcia, 2007).  This is not surprising because inducing pores 167 

in and causing the rupturing of membranes is a well-documented effect of some CPPs (Herce & 168 

Garcia, 2007, Yang et al.), leading them to be described also as antimicrobial peptides  (Huang & 169 

Li, 2023).  170 

Effects of CPPs on the energetics of Tat protein transport 171 

Next, we asked how CPPs stimulate Tat transport.  We reasoned that the light- and pH-172 

induced membrane thinning of thylakoids observed in the literature (Kirchhoff et al., 2011, Li et 173 

al., 2020, Murakami & Packer, 1970b) could provide a mechanism through which the pmf could 174 
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be coupled to protein translocation on the Tat pathway if the latter depended on membrane 175 

thinning.  This would also provide an explanation of the stimulatory effect of CPPs, since they 176 

are proposed to act via membrane thinning (Herce & Garcia, 2007, Madani et al., 2011).  177 

Specifically, if both CPPs and the pmf contribute to Tat protein transport through their effects on 178 

membrane thickness, then we would expect that CPPs would lower the threshold energy needed 179 

to promote protein transport by providing some thinning before application of the ΔpH.  To test 180 

this idea we measured translocation as a function of ΔpH to elucidate the threshold ΔpH at which 181 

translocation begins (Rollauer et al., 2012).   182 

In chemiosmotic systems, plotting the work performed by the pmf as a function of the 183 

driving force results in a biphasic plot.  Initially, there is not enough energy in the gradient to 184 

perform the work queried.  At some point a threshold is reached, above which the output rises 185 

linearly with the driving force.  This thermodynamic threshold represents the minimum energy 186 

required for the work queried, in this case protein transport  (Alder & Theg, 2003).  Figure 2 187 

shows that the stimulatory effect of both melittin and penetratin is caused by their lowering of 188 

the ΔpH threshold for Tat protein transport.  This is consistent with the idea that the CPPs 189 

predispose the membranes for protein transport by mediating part of the essential thinning that is 190 

finished by the pmf.    191 

CPPs interact with the thylakoid membrane, causing a change in density 192 

The ΔpH and Δψ measurements, and the ΔpH threshold experiments, suggest that CPPs 193 

change the structure of the thylakoids.  We suspected that the thylakoids were reorganized in 194 

response to interaction with the CPPs.  Previously it has been observed that the vesicle inducing 195 

protein in plastid1 (VIPP1) stimulates Tat protein translocation and also causes a change in 196 

thylakoid density  (Lo & Theg, 2012a).  We asked whether CPPs could lead to a similar change 197 
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in the density of the thylakoids.  To this end, we performed thylakoid pelleting assays (Lo & 198 

Theg, 2012b), observing how much chlorophyll remains in the supernatant after low-speed 199 

centrifugation.  As seen in Fig. 3, thylakoids generally pellet more readily upon incubation with 200 

CPPs, and the response is dose dependent.  This suggests that CPPs interact directly with the 201 

thylakoid membrane, causing a reorganization of the thylakoid super-structure, which leads to 202 

their increased density. 203 

CPPs stimulate Tat transport in bacterial inverted membrane vesicles 204 

It is widely held that the mechanism of protein transport on the Tat pathway is the same 205 

in all Tat systems found in the different domains of life  (Celedon & Cline, 2012a, Palmer & 206 

Berks, 2012), and this view has gained further support from recent work in our lab  (Zhou et al., 207 

2023).   Accordingly, we would predict that the stimulation of the Tat pathway by CPPs 208 

demonstrated above in chloroplasts would apply to the bacterial Tat pathway as well.  To test 209 

this, we examined the effect of CPPs on the transport of the model substrate pre-SufI-IAC into 210 

inverted membrane vesicles (IMVs) prepared from JM109 cells overexpressing TatABC 211 

(Bageshwar & Musser, 2007, Bageshwar et al., 2009).  As in thylakoids, we again found that 212 

CPPs stimulated Tat transport in the bacterial system (Fig. 4).  This result suggests that CPPs can 213 

act universally in stimulating Tat transport, implying a shared mechanism across systems. The 214 

CPP stimulation effect is lost at higher concentrations of CPPs, likely due to pmf uncoupling as 215 

in thylakoids (Fig. 1E,F). 216 

The amphipathic domains of Hcf106 stimulates Tat protein translocation 217 

One of the biophysical characteristics linking different CPPs is their abilities to form 218 

amphipathic helices.  All TatA- and TatB-family member proteins, including Tha4 and Hcf106, 219 

also have amphipathic helices, essential for their function, and the APH of Hcf106 is particularly 220 
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enriched in arginines, as are many CPPs.  Given the similarities of these APHs to CPPs we tested 221 

their ability to stimulate translocation.  While the Tha4 APH peptide did not increase transport of 222 

iOE17 (Fig. 5A), the Hcf106 APH peptide did stimulate translocation at a level comparable to 223 

CPPs (Fig. 5E).  As with the CCPs, we noted a decline in transport stimulation at 20 µM Hcf106 224 

APH peptide.  However, unlike the situation with CCPs, we observed that the Hcf106 APH 225 

peptide neither compromised membrane integrity nor increased the thylakoid membrane density 226 

at this concentration  (Fig. 5B-D).  The reason for this decrease in iOE17 transport at 20 μM 227 

Hcf106 APH peptide thus remains unknown; we did not probe this phenomenon further.  228 

Interestingly, the mature substrate protein formed in the presence of the Hcf106 APH 229 

peptide at 10 and 20 µM was not fully protected from digestion with thermolysin, suggesting that 230 

some fraction had not completely crossed the thylakoid membrane (Fig. 5F).  The surprising 231 

appearance of a matured but protease-sensitive Tat substrate protein is not new in the literature 232 

but is very unusual (Di Cola & Robinson, 2005, Frobel et al., 2012, Leheny et al., 1998).  Fröbel 233 

et al. (Frobel et al., 2012) proposed that in the bacterial system a precursor could be bound by 234 

TatC in such a manner that allows the signal peptide to cross the membrane without full 235 

translocation of the passenger protein.  Whether we are observing the same phenomenon here, 236 

and what role the Hcf106 APH peptide plays in it, remain to be elucidated. 237 

Membrane thickening abolishes Tat transport 238 

Having established that CPPs and the Hcf106 APH peptide stimulate Tat protein 239 

transport, presumably through membrane thinning and destabilization, we next determined the 240 

effect of membrane thickening. To thicken, or in other words strengthen, the thylakoid 241 

membrane, we employed trifluoroethanol (TFE). TFE inserts into the membrane at the 242 

hydrophobic/hydrophilic interface and increases the lateral membrane pressure, which in effect 243 
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stabilizes the lipid bilayer (van den Brink-van der Laan et al., 2004, Yuan et al., 2017). We found 244 

that Tat transport is very sensitive to TFE, with a precipitous drop in transport at 1% (v/v) TFE 245 

(Fig. 6). The ΔpH was not greatly affected by TFE, ruling out the possibility of an indirect effect 246 

of TFE on transport through a loss of the pmf.  As before, to compare an effect on Tat transport 247 

to that with a proteinaceous pore translocon, we examined the effect of TFE on Sec transport. 248 

TFE did reduce Sec transport, but still supported Sec transport at concentrations 2.7-fold higher 249 

than that required to abolish Tat transport (Fig. 6). Considering the complementary effects of 250 

TFE and CPPs, along with reports on lengthening the TatA and TatB TMHs  (Hao et al., 2022a, 251 

Mehner-Breitfeld et al., 2022, Stockwald et al., 2022), it is apparent that membrane structure, in 252 

particular, membrane thinning, is critical for the Tat translocation mechanism.  253 

 254 

Discussion 255 

In this work, we demonstrated that CPPs stimulate Tat transport (Fig. 1) by interacting 256 

with and changing the thylakoid membrane (Fig. 3) and thereby lowering the ΔpH threshold for 257 

translocation (Fig. 2).   258 

Since CPPs are known to cause thinning in membranes (Chen et al., 2003, Herce & 259 

Garcia, 2007, Madani et al., 2011, Mecke et al., 2005), it is likely that they also act to stimulate 260 

the Tat pathway by thinning the thylakoid membrane.  This mechanism also successfully predicts 261 

the decrease in the threshold ΔpH for protein transport mediated by melittin and penetratin.  262 

Given that the bacterial Tat system is also stimulated by CPPs, we can extrapolate that the 263 

membrane thinning mechanism of action is conserved across systems. This concurs with recent 264 

observations that E. coli TatA causes membrane defects in coordination with substrate protein 265 

(Hou et al., 2018). 266 
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Membrane thinning provides an interesting mechanism for translocation in the context of 267 

coupling of the pmf to protein transport.  Assuming a random distribution of CPPs in the 268 

thylakoid membrane, the global thinning caused by the pmf (Kirchhoff et al., 2011) is likely 269 

mimicked by the action of the CPPs.  This idea is further supported by CPP stimulation of the 270 

bacterial pathway because CPP interaction with model bacterial membranes is more widely 271 

studied (Lee et al., 2005).  We would expect that the thinning could reach an extreme locally as 272 

the translocon subunits each contribute to narrowing the membrane through hydrophobic 273 

mismatch in their TMD regions  (Hao et al., 2022a, Mehner-Breitfeld et al., 2022, Stockwald et 274 

al., 2022) and/or potentially contributions from their APH regions.  Should this local thinning 275 

draw further Tha4 subunits into the vicinity, then the membrane destabilization calculated by 276 

Rodrigiez et al. (Rodriguez et al., 2013b) that occurred when the TatA mulitmer exceed nine 277 

subunits would provide the conditions for the formation of a toroidal pore.  However, one could 278 

expect the Tat machinery to induce controlled pores that would not result in massive ion leakage 279 

(Asher & Theg, 2021, Teter & Theg, 1998) by forming a sphincter, having a very short life, or 280 

some combination of these two.   281 

 282 

In the toroidal pore model, the head groups of lipids would be expected to interact with 283 

the substrate.  While lipid-substrate interactions have been demonstrated (Bageshwar et al., 2009, 284 

Rodriguez et al., 2013b), cross links between the two have not been investigated and may be a 285 

worthy subject of study to determine which lipids comprise the toroidal pore during transport, 286 

since some lipids are essential to Tat transport (Rathmann et al.).  One would expect to find the 287 

pore consisting of lipids that introduce curvature in the membrane.  Interestingly, branched and 288 

phospholipids of the thylakoid membrane tend to interact with photosynthetic membrane 289 
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proteins (Mizusawa & Wada, 2012).  If this data can be extrapolated to more membrane proteins, 290 

then TatA recruitment may serve as a means of collecting the lipids that induce the curvature 291 

necessary for toroidal pore formation. 292 

A further driver for membrane thinning could be provided by attraction of the charged 293 

arginine residues in the Tat substrates’ signal peptide to the trans-side of the membrane, as is 294 

hypothesized for the mechanism of membrane crossing for arginine-rich CPPs (Herce & Garcia, 295 

2007).  However, this view is tempered by the recognition that the signal sequence arginines are 296 

likely buried in the receptor complex and interacting with TatC (Rollauer et al., 2012, Zoufaly et 297 

al., 2012).  Thus, if they play a role it may be upon release of the precursor from the receptor 298 

complex. Substrate proteins poised at the pore site could then traverse the membrane while the 299 

pore is open with the signal acting as an anchor.  Such pores would be expected to close quickly 300 

once the substrate is cleared as the membrane-thinning pmf would be locally decreased due to 301 

the concurrent movement of protons through the pore.  This would be a natural consequence of 302 

the large number of protons observed to be released from the proton gradient per protein 303 

translocated (Alder & Theg, 2003).   304 

A toroidal pore itself does not provide directionality. Since transport occurs in vitro 305 

without soluble factors, directionality would be provided by the translocon.  Alternatively, 306 

substrate exit from the translocon to the trans side of the membrane could be random. In the case 307 

of a failed translocation attempt, rebinding of the precursor may be necessary.  We recognize that 308 

a mechanism requiring multiple attempts might explain, in part, the extraordinarily high 309 

energetic cost (Alder & Theg, 2003) and time (Celedon & Cline, 2012b, Musser & Theg, 2000, 310 

Teter & Theg, 1998) of the translocation reaction, as only successful events would be scored as 311 

protein transport.. 312 
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Here, we have not directly addressed whether the Tat pore is proteinaceous or toroidal.  313 

However, membrane thinning is fundamental to toroidal pore formation, which is generally not 314 

the case for proteinaceous pores. An example of an exception would be proteinaceous pores 315 

formed by mechanosensitive ion channels (Louhivuori et al., 2010).  Therefore, it remains 316 

possible that membrane thinning causes a conformational switch in TatA that induces assembly 317 

of a proteinaceous pore. Again, we disfavor this model due to the problem of the substrate 318 

contacting the hydrophobic TMHs of the Tat machinery.  A solution to the substrate interaction 319 

with TMHs has been proposed in the charged zipper model wherein the C-terminal domain of 320 

the TatA family proteins are proposed to line a TatA pore (Walther et al., 2013).  This model is 321 

not supported by the evidence (Alcock et al., 2017, Rodriguez et al., 2013b).  322 

 It is interesting that the Hcf106 APH peptide caused Tat transport stimulation, while the 323 

Tha4 APH peptide did not. This may be because Tha4 APH may require a higher concentration 324 

to act on the membrane. Indeed, an actively transporting Tat translocase contains a higher 325 

stoichiometry of Tha4 than Hcf106 (Celedon & Cline, 2012b) and only one Hcf106 subunit 326 

within the complex may be involved per substrate transported. Additionally, the full length Tha4 327 

APH may be more active than the shorter peptide we used, despite having a reduced hydrophobic 328 

moment.  We also note that the APH of That4 has one arginine, whereas the APH of Hcf106 has 329 

five.  This residue is found in abundance in CPPs, which have in fact been referred to as 330 

arginine-rich peptides  (Futaki et al., 2013, Hao et al., 2022b); a titration showed that the optimal 331 

number for maximum CPP activity is eight arginines  (Futaki et al., 2001). 332 

In summary, we have shown here that protein translocation on the Tat pathway is 333 

stimulated by CPPs and CPP-like peptides (the Hcf106 APH) in both thylakoids and bacteria.  334 

We interpret this as additional evidence that Tat protein transport involves membrane thinning 335 
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and ultimately lipid bilayer breakdown to form toroidal pores which allow protein substrates to 336 

traverse the biological membranes.  The transient and local nature of such pores has rendered 337 

them undetectable to date, and this will be the challenge for our future studies of this enigmatic 338 

pathway.   339 

Materials and Methods 340 
 341 

Reagents 342 

Cell Penetrating Peptides were purchased from Anaspec. Tha4 APH 343 

(KKLPEVGRSIGQTVKSFQQAAK) and Hcf106 APH 344 

(KGLAEVARNLGKTLREFQPTIREIQDVSREFKSTLER) were purchased from Lifetien at 345 

>90% purity.  Peas were purchased form Harris Seed.   346 

Buffers.  Grinding buffer (GB): .05M (K)HEPES, .33M Sorbitol, 1mM MgCl2, MnCl2, 347 

2mM Na2EDTA, pH to 7.3 then .1%BSA.  Import Buffer (IB): .05M K-Tricine, .33M Sorbitol, 348 

3mM MgCl2 pH 8.  2x Sample Buffer (2xSB): .125M Tris (pH 6.8), 4% SDS, 20% glycerol, 349 

.005% Bromophenol Blue, 10% BME. 350 

Methyl viologen (MV), valinomycin, N,N Naphthylethylene diamine (NED), 351 

Phosphatidyl glycerol 18:1-06:0 2- (4-nitro-2,1,3-benzoxadiazol-7-yl) (PG-NBD), and nigericin 352 

were stored in 100%  EtOH.   353 

Plant growth and thylakoid isolation.   354 

Peas were grown on soil as described previously  (Lo & Theg, 2011). Pea leaves and 355 

shoots from 10 to 14-day old plants were blended in short pulses in GB.  Blendate was 356 

centrifuged for 5 min at 4250 rpm.  The pellet was resuspended in GB and passed through a 357 

Percoll gradient (50:50 percoll:2xGB).  The lower band of intact chloroplast was then washed 358 

twice with IB.  Thylakoids were obtained by lysing chloroplasts in water supplemented with 5 359 
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mM MgCl2.  Lysis was stopped by adding an equal volume of 2xIB. Isolations were quantified 360 

by chlorophyll content as described (Lo & Theg, 2011). 361 

Thylakoid Tat Translocation assays.  362 

Translation.  In vitro translations were performed with wheat germ extract as directed by 363 

the manufacturer (Promega or tRNA Probes) with 3H leucine or 35S methionine. Plasmid 364 

encoding iOE17 was described previously (Alder & Theg, 2003).  365 

Translocation.  Transport reactions (60 µl) contained 2 µl translation product, CPPs at 366 

indicated concentrations, and 0.33 mg/mL chlorophyll-equivalent thylakoids in 1xIB.  Reactions 367 

were initiated by addition of thylakoids, incubated 6 min at room temperature under illumination, 368 

and stopped with 10 volumes of cold IB and transferred to the dark on ice.  Thylakoids were 369 

reisolated by pelleting at 3,000 rpm for 5 min.  The pellet was resuspended in SB, boiled for 10 370 

min, and analyzed by SDS-PAGE and fluorography.  371 

Thermolysin digestion.  After stopping a transport reaction, 200 μg/mL thermolysin and 5 372 

mM CaCl2 were added where noted.  After a 30-minute incubation on ice, EDTA was added to a 373 

final concentration of 25 mM.  Reisolation of thylakoids and proceeding followed as above. 374 

Thylakoid Sec Translocation assays. 375 

A plasmid containing the thylakoid Sec substrate iOE33 was a gift from Ken Cline; the 376 

protein was in vitro translated as described above.  SecA was purified from plasmid pET28a-377 

cpSecA1 as described (Endow et al., 2015).  378 

Thylakoids were pretreated with SecA for 15 min at room temperature. Transport 379 

reactions (60 µl) containing 4 µl radiolabeled substrate, 5 mM ATP, 25 µg/mL SecA, and 0.33 380 

mg/mL thylakoids were illuminated at room temperature for 30 min. Samples were subsequently 381 

treated and analyzed as described for Tat transport. 382 
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Measurement of Δψ.  Measurements of the Δψ-reporting carotenoid electrochromic shift 383 

(ECS) were performed on a JTS-10 spectrophotometer. MV (20 μM), thylakoids (20 µg Chl), the 384 

given concentration of melittin were brought to a total volume of 1mL in IB.  The rate of decay 385 

of the ECS signal was monitored after delivering two 9 ms flashes 100 ms apart.  386 

Measurement of the thermodynamic threshold for Tat protein transport.  ΔpH 387 

measurements were made on a Horiba Flouromax fluorometer.  20 mM MV, 4 mM NED, 10 μL 388 

of radiolabeled precursor, 120 µg thylakoids, and the given concentration of CPPs were made up 389 

to a 2 mL total volume with IB in a 2 mL microcentrifuge tube.  After 10 s of dark the excitation 390 

beam was applied.  After 1 minute from experiment start, an actinic light of varying intensity, 391 

depending on desired ΔpH, was applied for 6 minutes.  The transport reaction was stopped with 392 

1 mM final concentrations of nigericin and valinomycin.  Thylakoids were immediately 393 

reisolated, resuspended in SB and analyzed by SDS-PAGE and fluorography. 394 

Measurement of relative thylakoid density.  As in Lo and Theg (Lo & Theg, 2012b), 395 

60 µL of 0.33 mg/mL chlorophyll-equivalent thylakoids were incubated with CPPs in the dark at 396 

ambient temperatures for 10 min and then centrifuged at 100 rpm for 1 min.  20 µL of 397 

supernatant was removed and diluted into 180 µL 89% acetone and the concentration of 398 

chlorophyll was calculated from absorbance as previously described (Lo & Theg, 2012b). 399 

E. coli inverted membrane vesicle (IMV) transport 400 

The pre-SufI-IAC protein was overexpressed in E. coli from plasmid pSufI-IAC 401 

(Bageshwar et al., 2009), which encodes SufI precursor with substituted native cysteines and a 402 

single C-terminal cysteine. Protein was purified under native conditions as previously described 403 

for pre-SufI (Bageshwar & Musser, 2007). Eluted protein (6.5 µM) was biotinylated by addition 404 

of 0.7 mM TCEP and 500 μM biotin maleimide and incubation on ice for 30 min. The labeling 405 
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reaction was quenched with 2 mM DTT.  406 

IMV isolation from JM109 overexpressing pTatABC and transport assays were 407 

essentially as previously described (Bageshwar & Musser, 2007). Briefly, 110 nM biotinylated 408 

pre-SufI-IAC was mixed with IMVs (A280=5), 4 mM NADH, and indicated concentrations of 409 

CPPs.  Reactions were incubated at 37˚C for 8 min and stopped on ice. Samples were 410 

subsequently treated with 0.3 mg/mL Proteinase K for 40 min at RT, quenched with 3 mM 411 

PMSF on ice, and diluted with an equal volume of 2xSB. Samples were analyzed by SDS-PAGE 412 

and α-biotin Western blotting as described previously (Ganesan et al., 2018). 413 
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Figures 435 

 436 

 437 

Figure 1.  CPPs specifically stimulate transport on the Tat pathway.  In A-D, thylakoids 438 

were incubated with a radiolabeled substrate and CPPs at the indicated concentrations. A) 439 

Thylakoids were treated with CPPs during a transport reaction of iOE17.  Quantification of the 440 

mature protein is shown.  B) Thylakoids were incubated in the dark for 30 min (D) or light (L) 441 

with iOE17 and with or without 5 μM penetratin.  C) Thylakoids were treated with given HIVTat 442 

concentrations and mixed with the transport incompetent precursor, iOE17KK.  D) Thylakoids 443 
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were treated with HIVTat as indicated and assayed for transport of iOE33 through the Sec 444 

pathway. Post-transport thylakoids were treated with thermolysin (therm) where indicated. E) 445 

ECS measurements were made on 80 μg thylakoids with the indicated concentrations of melittin. 446 

Two 9 ms-duration flashes were delivered 100 ms apart (arrows at the bottom of the panel); the 447 

ECS signal was normalized to the first data point after the second flash.  F) ΔpH measurements 448 

were made by observing the quenching of NED fluorescence induced by application of actinic 449 

light with indicated concentrations of melittin. 450 
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Figure 2.  CPPs lower the ΔpH threshold for Tat transport.  ΔpH measurements were made 452 

by observing the quenching of NED fluorescence by application of actinic light of varying 453 

intensities.  Transport reactions were stopped with 1mM nigericin and valinomycin immediately 454 

followed by centrifugation and resuspension in SB.  Protein transport was measured as in Fig. 1. 455 
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 456 

Figure 3.  Thylakoids pellet more readily in the presence of CPPs.  Thylakoids were 457 

incubated with CPPs at indicated concentrations in the dark for 10 min.  Thylakoids were then 458 

centrifuged at 100 rcf for 1 min.  The supernatant was then diluted tenfold into 89% Acetone. 459 

Chlorophyll concentration was determined spectroscopically.  460 
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 461 

 462 

 463 

 464 

 465 

 466 

 467 

 468 

 469 

 470 

 471 

 472 

 473 

 474 

 475 

 476 

 477 

Figure 4.  Stimulation of Tat transport in E. coli IMVs by CPPs. Biotinylated pre-SufI-IAC 478 

substrate protein was transported into IMVs at 37 °C with indicated concentrations of CPPs. 479 

Reactions were stopped after 8 min on ice. Samples were treated with Proteinase K and mature 480 

protein was analyzed by SDS-PAGE and α-biotin Western blotting. Error bars indicate SD 481 

(n≥4). Significance of CPP effect was determined by ANOVA post-hoc analysis (*p<0.05, 482 

**p<0.01).  483 
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Figure 5.  Transport of iOE17 in the presence of Tat APHs.  A) As in Fig. 1, thylakoids were 485 

incubated with the Tha4 APH peptide and transport was performed.  B) Pelleting assays were 486 

performed as in Fig. 3. C) ΔpH analysis was performed as in Fig. 1. D)  ECS measurements were 487 

performed as in Fig. 1. E) As in Fig. 1, thylakoids were incubated with Hcf106 APH and 488 

transport was performed.  F) Transport reactions were thermolysin treated as indicated (+). 489 

Protease was quenched with 25mM EDTA.  Thylakoid reisolation and SDS-PAGE followed as 490 

in Fig. 1.   491 

  492 
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 493 

Figure 6.  Inhibition of Tat transport by TFE. Thylakoids were assayed for Tat (iOE17, blue) 494 

or Sec (iOE33, orange) transport in the presence of indicated TFE concentrations. Thylakoids 495 

were supplemented with ethanol such that the sum total concentration (%v/v) of TFE and ethanol 496 

was equivalent in all reactions. Post-transport samples were treated with thermolysin (therm) 497 

where indicated and analyzed by SDS PAGE and fluorography. Mature bands were quantified 498 

(n≥3, SD). Thylakoid ΔpH was measured at indicated TFE concentrations (green, n=3, SD) as 499 

described previously by 9AA fluorescence quenching (Theg & Tom, 2011). 500 

 501 

ol 
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