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Abstract:  10 

How the twin-arginine translocase (Tat) system transports fully folded substrate 11 
proteins across cellular membranes without disrupting membrane integrity has been a 12 
fundamental question in cell biology for decades. The Tat system recognizes cargo 13 
signal peptide via a conserved twin-arginine motif and is found in prokaryotes and 14 
plant organelles. Multi-subunit Tat complex facilitates proton motive force-dependent 15 
translocation process, yet its overall architecture remains unknown. Here, we present 16 
an atomic cryo-EM structure of a E. coli trimeric TatB₃C₃ complex bound to the 17 
substrate SufI. The complex adopts an unusual wide-open, bowl-shaped architecture 18 
with a polar inner cavity. Unexpectedly, the cargo is engaged in a dual-contact mode: 19 
while the signal peptide binds inside one TatBC unit, the folded domain docks tightly 20 
onto an adjacent unit. The structure offers a mechanistic framework for substrate 21 
engagement and translocation by the Tat system, suggesting a direct involvement of 22 
the entire Tat complex in substrate translocation. 23 

 24 

 25 

 26 
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Main Text: 28 
Introduction  29 
The twin-arginine translocase (Tat) (1–3) mediates protein transport across membranes 30 
in bacteria, archaea and plant organelles. Unlike the Sec system (4), which translocates 31 
unfolded proteins, Tat uniquely exports fully folded proteins out of cytoplasm (5). In 32 
bacteria, Tat translocase is essential for metabolic processes (5) and virulence (6), and 33 
so is an important antimicrobial drug target. In plants it is essential for photosynthesis 34 
(7).  35 
 36 
In E. coli, Tat complexes consist of multiple copies of TatA, TatB and TatC subunits. 37 
TatC is a glove-shaped protein comprising six transmembrane helices (TMH) (8, 9). 38 
TatA and TatB share a similar structure, each consisting of a short N-terminal TMH 39 
followed by an amphipathic helix (APH), which is typically longer in TatB than in TatA 40 
(10, 11). Cargo proteins are targeted to Tat via N-terminal signal peptides with a 41 
conserved twin-arginine motif. Initial binding at the cytoplasmic surface triggers the 42 
recruitment of additional TatA subunits forming an activated translocase that moves 43 
cargos into periplasm. This process is driven by the proton motive force (pmf) (12, 3).  44 
 45 
How the Tat system achieves a feat of moving fully folded bulky proteins across 46 
membranes while maintaining membrane integrity is one of mysteries of biology. 47 
Although atomic structures of individual TatA, TatB and TatC subunits have been 48 
defined (8–11), the architecture of the assembled Tat complex remains unknown 49 
despite intensive efforts. Here we present a cryo-EM structure of the Escherichia coli 50 
(E. coli) TatBC complex in its resting trimeric state bound to the substrate SufI at the 51 
overall resolution of ~3.74 Å. The core of the complex is resolved to about 3.5 Å, 52 
allowing the refinement of atomic model. TatB3C3 complex adopts a cytoplasm-facing, 53 
bowl-like architecture, with a charged inner cavity. TatC-TatC interactions at the 54 
periplasmic side form the scaffold of the complex, while TatB subunits act as molecular 55 
“glue”, stabilizing cytoplasmic side and core. Cargo protein SufI targets to the 56 
cytoplasmic side of one TatBC unit and docks onto an adjacent TatBC unit. Our 57 
structure provides critical insights into the architecture of TatBC receptor complex and 58 
its substrate recognition and translocation mechanism. We propose that cargo proteins 59 
are translocated through TatABC complex, rather than through separate TatA oligomers, 60 
via expansion of inner cavity. 61 
 62 
 63 
Protein expression/purification and data collection/processing 64 
TatABC and SufI were co-expressed in a tatABC deletion Top10 E. coli strain. For 65 
purification of Tat complex, a 3XFLAG tag was fused to the C-terminus of TatC. 66 
Functional assays indicated that the addition of tag did not impair Tat translocation 67 
activity (fig. S1). In addition, to accumulate SufI in the cytoplasm, a SufI–8×His 68 
construct was expressed and immunoblot analysis using anti-His antibody confirmed 69 
successful translocation of SufI–His. Elevated Tat expression levels correlated with 70 
increased translocation efficiency (fig. S2). 71 
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 72 
Cells expressing TatABC and saturating levels of SufI were solubilized in a mild 73 
detergent digitonin and the Tat complex, containing all three Tat subunits, was initially 74 
purified using anti-FLAG resin and size-exclusion chromatography (fig. S3). Tat-75 
containing fractions were subsequently further purified via nickel affinity pull-down to 76 
enrich for Tat–SufI complexes (fig. S3). Cryo-EM data were collected using a Titan 77 
Krios microscope and a total of ~10k micrographs yielded ~1.3 M good particles after 78 
2D classification. 3D classification resulted in a subset of 164 k high-quality particles. 79 
Final refinement involved particle subtraction to remove micelle background 80 
contribution, yielding final density map. The processing workflow is shown in fig. S4, 81 
representative density fitting of subunits in fig. S5, data processing statistics in Table 82 
S1 and the summary of modelling in Table S2.  83 
 84 
During 2D classification, particles containing either one (~73% of particles) or two SufI 85 
(~27%) molecules attached to Tat complex were observed (fig. S6), consistent with 86 
prior low-resolution maps of TatBC–SufI (13). However, only one-SufI containing 87 
particles can be aligned properly to produce a high-resolution map. The second copy of 88 
SufI is weakly attached, and below we discuss one SufI-bound structure, unless stated 89 
otherwise. 90 
 91 
Overall structure of TatB3C3-SufI complex  92 
The Tat receptor complex is a TatBC trimer, comprising three copies each of TatB and 93 
TatC, and one bound SufI molecule (Fig. 1). The E. coli TatC comprises six 94 
transmembrane (TM) helices, including four long TM helices followed by two shorter 95 
TM5-6 (Figs. 1b and 3a). Three TatC subunits are highly tilted relative to membrane, 96 
forming a strikingly wide cytoplasm-facing bowl-like architecture, with side lengths of 97 
~76 Å (Fig. 1). TM1-4 form outer walls of the bowl, while TM5-6 and TatB TMH form  98 
an inward-tilted three-helix bundle, nearly parallel to the membrane plane, like 99 
amphipathic helices. The APH of TatB proceeds from its TMH to approach TatC TM1 100 
at cytoplasmic side. 101 
 102 
SufI engages two distinct TatBC units at the cytoplasmic side (Fig. 1b): its signal 103 
peptide binds near the TatC TM1–2 interface of one unit (TatBCsignal), running beneath 104 
the APH of TatB; and a short amphipathic helix (SA helix, SufI residues 301–310) 105 
docks onto a neighboring unit (TatBCamp_helix), in a roughly similar location between 106 
TatC TM1–3 and the APH of TatB. The third TatBC unit (TatBCempty) remains 107 
unoccupied.  108 
 109 
The best-resolved regions lie within the periplasmic and TM domains, while 110 
cytoplasmic-facing surfaces appear more flexible (fig. S4). Several regions were not 111 
resolved in the cryo-EM map, including the C-terminal helical stretch of TatC, 112 
cytoplasmic helices 3-4 of TatB, and SufI residues 18–29, likely due to their high 113 
flexibility. The C-termini of TatC and TatB are less conserved (figs. S7 and S8) and 114 
may be less important functionally. Although TatA was present during initial 115 
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purification, it appeared sub-stoichiometric after SufI affinity enrichment (fig. S3b), 116 
indicating that some TatA subunits may dissociate from activated Tat complex during 117 
purification. No TatA density was observed in the cryo-EM map, suggesting it was 118 
either too dynamic or too sub-stoichiometric to be resolved. 119 
 120 
Each TatB N-terminal TMH interacts with and runs anti-parallel to TatC TM5, lying 121 
nearly parallel to the membrane (Fig. 1b, left panel). These three-helix bundles (TatB 122 
TMH plus TatC TM5-6) meet in the centre, stabilizing the open bowl-like architecture 123 
(Fig. 1b, right panel). The three N-terminal loops of TatB form an orifice in the cavity 124 
center, located under the blocked TatC periplasmic pore (Figs. 1 and 4b). The 125 
amphipathic helices of TatB sit on the cytoplasmic surface of the complex and create 126 
an inner triangle with side lengths of ~50 Å, partly covering the inner cavity and 127 
stabilizing the structure (Fig. 1, right panels).  128 
 129 
TatBC complex has a sealed periplasmic face, as would be expected to prevent leaks 130 
across the membrane (Fig. 2bc). However, the central seal, where the three TatC 131 
subunits meet, is very thin. The potential pore here is blocked mainly by just one residue 132 
– a conserved TatC V60, along with T62 (figs. S7 and S9). This is energetically 133 
unfavorable for a permanent membrane sealing, suggesting that this central pore may 134 
be able to open during the translocation cycle. Mutations of I60 and nearby residues 135 
abolish transportation activity (14) (Table S4), highlighting the importance of these 136 
conserved residues. The observed loss of transport activity is likely due to disruption of 137 
the local environment required for conformational changes in Tat components and/or 138 
break of the fragile central seal. 139 
 140 
The total height of TatBC (~44 Å) is consistent with average membrane thickness (Fig. 141 
2a). However, the exposed hydrophobic surface is only ~25 Å thick, due to tilted TatC 142 
TM helices, indicating local membrane thinning, potentially lowering energy barrier 143 
for substrate translocation. The periplasmic surface of TatBC is negatively charged, as 144 
is common for bacterial membrane proteins (Fig. 2c). The cytoplasmic side is positively 145 
charged (Fig. 2b), attracting the negatively charged face of SufI (Fig. 2a). The inner 146 
cavity is negatively charged (Fig. 2b), indicating that it is not filled with lipids and may 147 
be available for substrate pass through, if it is accompanied by appropriate 148 
conformational changes. TatC-D63, D150, E170 and D211 contribute to the negative 149 
charge of inner cavity (fig. S9). Mutation of any of these residues lead to abolished or 150 
reduced transportation (15, 16, 14), highlighting the importance of charged cavity for 151 
transportation (Table S4).  152 
 153 
Based on these findings, we propose that our structure reflects a resting state of the Tat 154 
complex, in which SufI is poised for translocation but has not yet engaged recruitment 155 
of additional TatA subunits. 156 
 157 
E. coli TatB and TatC structures  158 
TatCsignal, TatChelix and TatCempty exhibit overall similar structures (Fig. 3a), with slight 159 
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deviations at the C-terminus of TM4. While the overall architecture of E. coli TatC 160 
subunit resembles that of crystal structure of Aquifex aeolicus (Aquifex) TatC monomer 161 
(8) (Fig. 3b), notable differences are present. In particular, TM3 of E. coli TatC is 162 
oriented more vertically relative to the membrane plane, whereas TM5–6 adopt much 163 
more tilted configuration (Fig. 3bd), likely due to interaction with TatB TMH. On the 164 
periplasmic side, E. coli TatC forms parallel β-sheet interactions between residues 165 
M59–A61 and T149–I151 of one subunit, as well as between M59–A61 and V145–166 
V147 of an adjacent TatC subunit, thus forming a short parallel β-barrel in the centre 167 
(Figs. 3c and 1b). The apparent rigidity of this architecture may help to keep the central 168 

pore blocked in the resting state (Fig. 2bc). However, the parallel ß-sheet interactions 169 

are less stable than anti-parallel, and this design possibly facilitates the later disruption 170 
of these interactions to allow cargo passage. The corresponding region in Aquifex 171 
monomer differs in structure (Fig. 3c) (8), but may adopt a similar conformation upon 172 
complex formation. 173 
 174 
TatB forms an asymmetric trimer within the complex. Upon binding of SA helix from 175 
SufI, the C-terminal end of APH of TatBamp_helix shifts closer to the TM2–3 region of 176 
TatC, likely due to interactions with SufI (Fig. 3f). On the other hand, binding of signal 177 
peptide does not induce major changes in interacting TatB and TatC regions (Fig. 3e). 178 
Compared to its NMR structure in the unbound state (11), TatB adopts a more compact 179 
conformation in the complex, with the angle between TMH and APH reduced from ~73° 180 
to ~47° (Fig. 3g). This suggests that TatB is flexible and may undergo rearrangement 181 
during substrate translocation. 182 
 183 
Interestingly, TatB F13 adopts different conformations in TatBsignal and TatBamp_helix 184 
states (fig. S10). In TatBsignal, it stabilizes the cytoplasmic side via hydrophobic contacts 185 
with TatC L16 and L20 (fig. S10), while in TatBamp_helix, these interactions are lost. The 186 
F13Y mutant, known to activate Tat without signal peptide (17) (Table S4), likely 187 
weakens these interactions and possibly lowers the activation barrier.  188 
 189 
Scaffolding TatC-TatC interactions  190 
TatC subunits primarily interact with each other on the periplasmic side of the complex 191 
through parallel β-sheet hydrogen bonding noted above (Figs. 3c and 1b). In addition, 192 
TatC monomers engage in hydrophobic interactions at their TM interfaces on the 193 
periplasmic side (fig. S11a). Substitution of these hydrophobic residues with polar 194 
amino acids (V64E, F68S and L137H) disrupts Tat-dependent transport (14) (Table S4), 195 
suggesting that these interactions contribute to the structural stability of the Tat complex. 196 
 197 
A salt bridge is observed between the conserved D211 and K73 from the adjacent TatC 198 
subunits (Figs. 4a and S11b). Mutation of TatC D211 to alanine or deletion of K73 199 
abolish transport activity (14, 15) (Table S4), indicating that this salt bridge is critical 200 
for stability of TatBC complex. These bridges likely lock the central three-helix bundles 201 
(TatC TM5,6 and TatB TMH) in the position to form the central iris-like orifice (Fig. 202 
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1b). The charge state of these bridges may depend on pmf, potentially contributing to 203 
any pmf-driven conformational changes. Additionally, this key K73 sits on TatC TM2, 204 
which is broken and bent in the middle by the conserved P85 (fig. S11b). P85A mutation 205 
significantly reduces translocation efficiency (Table S4) (15). This mutation possibly 206 
prevents periplasmic sealing of core complex and coordination between TatC TM2 and 207 
central three-helix bundles.   208 
 209 
In contrast, no interactions are observed between TatC monomers on the cytoplasmic 210 
side, which is instead stabilised by TatB subunits (Fig. 1). This absence of inter-TatC 211 
contacts suggests a more flexible and dynamic cytoplasmic region, in agreement with 212 
location resolution map (fig. S4), potentially facilitating TatA and TatB exchange (18) 213 
or enabling TatA recruitment during activation and translocation. 214 
 215 
TatB-TatC interactions “glue” TatC subunits together 216 
The short TMH of TatB closely associates with TM5 of TatC via hydrophobic 217 
interactions (Fig. 4a and 1b), consistent with previous analyses (14, 19, 20). 218 
Additionally, the TatB E8 H-bonds to TatC M205, T208, and Q215 (Fig. 4a). 219 
Interactions with these conserved polar cluster (MTQ) residues promote the binding of 220 
TatB to TatC and successful cargo transportation (20) (Table S4). In the hydrophobic 221 
environment of the membrane, these polar interactions likely serve to pin TatB in the 222 
correct position relative to TatC TM5, preventing lateral movement and contributing to 223 
the structural integrity of the Tat complex. 224 
 225 
Moreover, the conserved TatB D3 may form H-bond with TatC T208 backbone oxygen, 226 
provided that aspartate is protonated, which is more likely in a hydrophobic 227 
environment (21). Furthermore, the side chains of TatC L206 and TatB F2, I4 are likely 228 
to form hydrophobic interactions (Fig. 4b). Overall, the TatB N-terminal loop and TatC 229 
TM5-6 loop appear to interact strongly, stabilizing the central orifice area. 230 
 231 
TatB also interacts with adjacent TatC via hydrophobic and polar interactions (Fig. 4a). 232 
Specifically, I14 and V18 from TatB TMH form hydrophobic contacts with L20 and 233 
I24 on TM1 of the neighboring TatC. Conserved TatC R17 from TM1 of the 234 
neighboring TatC neutralizes negative dipole charge of the exposed C-terminus of TatB 235 
TMH. Mutations of TatC R17 impair transport activity and destabilize the Tat complex 236 
(15, 22, 23) (Table S4), underscoring its critical role in trimerization of the resting state 237 
of Tat complex.  238 
 239 
In addition, the C-terminal end of TatB APH likely interacts with the N-terminus of 240 
TatC TM1 and with the N-terminal part of neighboring TatB APH (fig. S12). Thus, 241 
overall, TatB subunits act as molecular “glue”, joining the cytoplasmic sides of TatC 242 
subunits.  243 
 244 
Further analysis of TatB (and potentially TatA) role in the complex can be facilitated 245 
using AlphaFold3 (AF3) predictions. AF3 was able to model mostly correctly the 246 
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arrangement of TatB3C3 complex (fig. S13), allowing for some degree of confidence in 247 
other AF3 models of different TatABC-SufI assemblies that we produced. Interestingly, 248 
in TatC3 or TatA3C3 models TatC TM5-6 were aligned to TM1-4 (as in Aquifex crystal 249 
structure) (figs. S14 and S15), and only tilted parallel to membrane in TatB-containing 250 
models (figs. S13 and S21), likely due to close interaction with TatB TMH. The 251 
presence of TatB (and associated interacting three-helix bundles) appears to tighten the 252 
bowl, which is even wider in its absence (in TatC3 and TatA3C3 models) (figs. S13-15). 253 
TatB TMH also partially fills the interfaces between TatC subunits at the membrane-254 
exposed surface. However, AF3 model of one SufI bound to TatB3C3 (or TatA3B3C3) 255 
did not orient the substrate correctly. The model of three SufI bound to TatA3B3C3 256 
placed SufI in the broadly correct orientation (fig. S13), but the signal peptide and helix 257 
SA were predicted to interact with the same TatBC unit, in disagreement with our data.   258 
 259 
TatB-TatB interactions stabilize complex core 260 
TatB subunits interact with one another via their N-terminal tails through hydrophobic 261 
interactions (Fig. 4b). Side chains of conserved F2 and F6 from neighboring TatB 262 
subunits pack closely together, forming a triangular hydrophobic core of the central 263 
orifice of the TatBC trimer. These inter-TatB interactions were observed in previous 264 
cross-linking studies (19) (Table S4).  265 
 266 
TatA possesses conserved N-terminal residues that are less hydrophobic than those in 267 
TatB (figs. S8 and S16), suggesting that if TatA replaces TatB during substrate 268 
translocation (18), these hydrophobic interactions may weaken, thereby facilitating 269 
structural rearrangement and inner cavity expansion. AF3 predictions using only TatA 270 
and TatC (and SufI) yield a more loosely packed complex (fig. S15) and with incorrect 271 
(unbound) SufI positions. Predicted binding of TatA TMH to TatC TM5 is similar to 272 
TatB mode, consistent with co-evolutionary analysis (20). However, TatA is perhaps 273 
less able to tilt TatC TM5-6 towards the center of the trimer like TatB does (fig. S15), 274 
preventing the formation of the central orifice. APHs of TatA are too short to 275 
interconnect N-terminus of TatC subunits and instead point towards the cytoplasm (fig. 276 
S15, S17). Thus, the replacement of TatB with TatA could “open up” the complex, 277 
possibly reflecting a state ready to accept a substrate (to be translocated) inside the 278 
widened central cavity of the complex.  279 
 280 
The N-terminal tail interactions of TatB, combined with interactions with polar cluster, 281 
likely induce a bent conformation of TatB TMH compared to its unbound state (Fig. 282 
3g). The N-terminus of TatB from F2 to L9 is highly conserved (fig. S8). It plays a key 283 
role in TatB-TatC and TatB-TatB interactions and is likely essential for stability of the 284 
resting state of Tat complex. Overall, the orifice structure formed by the centrally joined 285 
three-helix bundles likely stabilizes the unusually wide-open bowl-like shape of the 286 
complex. It may also represent a “sensor” for the incoming substrate, triggering 287 
conformational changes required for translocation.  288 
   289 
Signal peptide recognition and binding  290 
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The signal peptide sequence of Tat substrates features a positively charged n-region 291 
with twin-arginine motif, a hydrophobic h-region and a c-region with a characteristic 292 
AXA cleavage site (5). The SufI signal peptide n-region helix (residues 3-16) binds 293 
inside the TatC cavity between TM1 and TM2, nearly parallel to the membrane (Fig. 294 
1b and 4c), rather than on the outer surface (8) or inserted deeply in a “hairpin” 295 
configuration (24) as previously proposed. To reach this site, the N-terminus of the 296 
substrate passes under the APH of TatB (Fig. 1b and 4c). This internal binding possibly 297 
prepares the substrate for entry into the central cavity. Subsequent replacement of TatB 298 
with TatA (18) can further open up the entrance (fig. S15). 299 
 300 
SufI R5 from the twin-arginine motif interacts with several conserved TatC residues 301 
(Fig. 4c). It forms  H-bonds with H12 and with previously identified signal peptide 302 
recognition residue E15 (8). R5 side chain also forms an H-bond with the backbone 303 
oxygen of F94 and engages in a cation–π interaction with benzyl group of this residue. 304 
Mutations of H12 and E15 to alanine reduce transportation efficiency (15). Mutations 305 
of F94 to alanine and leucine abolish transport activity, while the F94Y mutation retains 306 
functionality (15) (Table S4), emphasizing the importance of this cation–π interaction 307 
in signal peptide binding. 308 
 309 
SufI R6 from the twin-arginine motif was not fully resolved in the structure but is 310 
predicted by AF3 to form a salt bridge with TatC E103, which was suggested as signal 311 
binding site (8) (Fig. 4c). The conserved phenylalanine residue following the twin-312 
arginine from the SRRxFLK motif, F8, engages in hydrophobic interactions with TatC 313 
F94 and in π–π stacking with TatC H12 (Fig. 4c). Additionally, the side chain of SufI 314 
I9 lies close to TatC F94 and I95, forming further hydrophobic contacts. While F8L 315 
mutation of signal peptide does not impair Tat function, substitutions F8Y, F8A and I9A 316 
significantly reduce translocation efficiency (25), underlining the importance of these 317 
hydrophobic interactions between the signal peptide and TatC on the cytoplasmic side.  318 
 319 
The signal peptide residues A17 to A27 (h- and c-regions) and subsequent residues A28, 320 
G29 are not observed in our structure, suggesting that this region is flexible (Figs. 1b). 321 
High flexibility at this area would be necessary to allow movement of h- and c-regions 322 
while the n-region remains “clamped” by TatB APH and TatC TM1-2 during 323 
translocation (26). The missing 13 amino acids are sufficient for connection from the 324 
mature domain of the substrate to the n-region (fig. S18). The h-region and c-region 325 
residues could be positioned with SufI V21 near TatC TM5 and subsequent residues 326 
adjacent to TatB TMH, consistent with results of Hamsanathan and colleagues (24). 327 
However, the n-region helix of the SufI signal peptide is oriented more parallel to the 328 
membrane bilayer (Figs. 1b and 4c), rather than forming the predicted “hairpin” 329 
conformation (24, 27–29). This indicates that the n-region of signal peptide does not 330 
insert as deeply into the membrane at the resting state as previously thought (24, 28). 331 
Alternatively, n-region of signal peptides from different substrates may engage the Tat 332 
complex in distinct ways, although it seems unlikely given the conserved SRRxFLK 333 
binding motif (3, 25).  334 
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 335 
Docking of cargo  336 
Beyond the signal peptide, a short amphipathic helix SA of SufI binds to another TatBC 337 
unit between the cytoplasmic ends of TatC TM1-3 and the APH of TatB, i.e. in a 338 
location similar to signal peptide but at different TatBC unit (Fig. 4d). Helix SA contains 339 
two arginine residues, R304 and R306, that mediate interactions with both TatC and 340 
TatB. R304 is oriented toward the C-terminal region of TatB APH and may form a salt 341 
bridge with conserved TatB E49. The side chain of R306 points toward the cytoplasmic 342 
surface of TatC and likely forms H-bonds with E103 and the backbone oxygen of A98. 343 
Thus, signal peptide binding residue E103 interacts also with SA helix, suggesting its 344 
dual role in both signal recognition and substrate docking. In addition, SufI R306 345 
engages in a cation–π interaction with TatC Y100. Mutation of Y100 to alanine 346 
significantly reduces translocation efficiency (15, 16) (Table S4), indicating its 347 
importance in substrate engagement. Hydrophobic interactions are also found between 348 
the conserved TatC L99 and SufI V302. TatC L99A mutation results in reduced 349 
transportation efficiency (15).  350 
 351 
Surprisingly, the sequence of this SA helix is highly variable among substrates (fig. S19 352 
and S20), suggesting that not all substrates contain this helix and, consequently, may 353 
not form identical interactions with Tat components. However, when we predicted 354 
additional Tat/substrate complex structures using AF3, approximately half of the 355 
models showed the substrate docking to the APH of TatB (fig. S21, Table S3). This 356 
finding raises the possibility that this docking mode may be more common or even 357 
universal across substrates, albeit possibly in variable docking manner.  358 
 359 
Interestingly, in nearly all predicted models, the fourth helix of TatB appears to lose its 360 
secondary structure and wrap around the substrate (fig. S21; Table S3). This feature 361 
may reflect a substrate-proofreading function, as previously proposed (30).      362 
 363 
The identification of the second signal peptide-independent SufI binding site (via SA 364 
helix) suggests that full engagement of a substrate involves direct contact between the 365 
mature domain of substrate and Tat complex. In vitro, mature domain has been shown 366 
to participate in the proofreading for transportation process, while cargo size and shape 367 
influence transportation efficiency (31, 32).  368 
 369 
Apart from SA helix, additional H-bonds have also been identified between side-chains 370 
of TatBamp_helix and backbone of SufI G63 and N193 (fig. S22), suggesting multiple 371 
interaction areas for docking. Such extended docking may help stabilize the 372 
Tat/substrate complex and could play a regulatory role in the translocation process. The 373 
dual-contact mode (signal peptide recognition and SA helix docking) provides a more 374 
comprehensive understanding of how the substrate is engaged and poised for 375 
translocation.  376 
  377 
 378 
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Second bound SufI 379 
As noted above, our data indicate that the resting Tat complex can accommodate two 380 
substrates simultaneously (fig. S6ab). Structural superposition of the Tatsignal and 381 
Tatamp_helix sites reveals steric clashes between the signal peptide and SA helix of SufI 382 
(fig. S23). This indicates that a single TatC subunit cannot accept both a signal peptide 383 
and docking of substrate, so the second substrate must bind to the unoccupied TatCempty 384 
via its signal peptide but it cannot dock since there is no free site for SA helix to bind.  385 
 386 
The 3D refinement of two-SufI particles with one-SufI mask yields better resolution (~ 387 
5 Å) than using two-SufI mask, due to flexibility of the second SufI (Fig. S6b, S24). 388 
This reveals a helix-like density at the signal binding site which was empty in one-SufI 389 
complex (fig. S24). Therefore, the Tat complex likely is capable of handling 390 
simultaneously a fully engaged state (signal binding and docking) of one substrate and 391 
initial recognition (only signal peptide binding) of a second substrate.  392 
 393 
These observations support a queueing mechanism for sequential translocation – while 394 
one copy of substrate is being translocated, the second copy is ready to be engaged. 395 
Such a mechanism, possibly also operating in plants (33), may enhance translocation 396 
efficiency under high cargo load. 397 
 398 
We also observed minor 2D classes showing potentially three densities on the 399 
cytoplasmic side of Tat (fig. S6c). 3D reconstruction of these particles was not possible 400 
due to low amounts of particles. These features may correspond to three weakly bound 401 
SufI molecules, suggesting an alternative state in which all three TatC subunits are 402 
bound by substrates via signal peptides, but without tight docking, as there are no free 403 
sites for SA helices engagement. 404 
 405 
Translocation mechanism  406 
Here, we report the atomic cryo-EM structure of the E. coli trimeric TatBC complex 407 
bound to the substrate SufI, capturing a fully engaged state of the resting Tat complex 408 
(Fig. 1). The structure reveals the overall architecture of the TatBC complex, detailed 409 
atomic interactions within the Tat components, specific contacts between the signal 410 
peptide and TatC, and a novel additional docking interface between SufI and TatBC.  411 
A recent paper suggested trimeric state of thylakoid Tat complex (34), so it is likely that 412 
our structure represents general architecture of Tat resting state in bacteria and plants.  413 
 414 
Narrow hydrophobic strip on the surface of the complex suggests that it induces local 415 
membrane thinning (Fig. 2a), perhaps facilitating conformational flexibility and 416 
reducing energy barrier for substrate translocation. Extremely thin layer of just two 417 
residues blocks the potential central pore at the periplasmic side (Fig. 2bc). Along with 418 
charged inner cavity of the complex, these features may establish a conductive 419 
environment for substrates to travel through the central cavity upon suitable 420 
conformational changes. Notably, overexpression of substrate indeed induces 421 
conformational rearrangements in the TM5-6 region of TatC (17, 18, 35) and TatA C-422 
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terminal region (36, 37).  423 
 424 
AF3 model of the TatA3B3C3-SufI3 complex predicts that TatB TMH interacts with 425 
TM5 of TatC as in our structure, while TatA TMH interacts with TM6 of TatC, filling 426 
apparent gaps between TatC subunits (fig. S13). This is consistent with cross-linking 427 
and co-evolutionary analyses, which suggested that TatA interacts with TM6 in resting 428 
complex but switches to TM5 in active translocase (18, 20). We also tried multiple 429 
TatA copies as input for AF3 model, but no reasonable structures were obtained.  430 
 431 
If during translocation TatA replaces TatB at TatC TM5 (18), central hydrophobic 432 
interactions could be disrupted and inner cavity expanded. AF3 models (fig. S15) 433 
suggest that this replacement could trigger TatC TM5-6 to tilt outward, reverting to its 434 
‘natural’ conformation seen in Aquifex TatC (8), and opening the complex for cargo 435 
passage. Such a transition could depend on pmf and presence of cargo. Moreover, as 436 
the APH of TatA is shorter than that of TatB (fig. S17), the C-terminal end of the TatA 437 
APH is unlikely to interact with the N-terminal region of TatC. This would further 438 
destabilize the cytoplasmic interface of the complex, contributing to the dynamic 439 
rearrangements required for translocation (36, 38, 37, 35, 18, 17). 440 
 441 
Thus, based on our structure, we propose a model for substrate translocation by the Tat 442 
system in E. coli (Fig. 5a). Initially, the signal peptide of the substrate binds to one 443 
TatBC unit within the resting TatABC complex. This is followed by docking of the 444 
substrate (via SA helix in case of SufI) onto an adjacent TatBC protomer. Subsequently, 445 
TatB is displaced by TatA, leading to widening of the cytoplasmic side of the complex, 446 
opening of the central iris-like orifice due to tilting of TatC TM5-6 back toward 447 
complex periphery (Fig. 5a). Depending on substrate size, a number of additional TatA 448 
subunits are recruited as required to enlarge the size of the channel by inserting 449 
additional copies of their TMHs in between TatC subunits. Proton motive force (pmf) 450 
is required to drive this translocation, possibly by disrupting the salt bridges that 451 
stabilize the central orifice formed by the three-helix bundles. The queuing mechanism, 452 
reflecting the second substrate bound initially only via signal peptide (figs. S6 and S24) 453 
is shown in Fig. 5b. 454 
 455 
Because E. coli has been used for a long time as a main model for Tat research, 456 
mutations of most key conserved residues have been performed and, as summarized in 457 
Table S4 and noted in the text above, the accumulated evidence fully supports our 458 
proposed mechanism. An alternative mechanism has been suggested in which the 459 
substrate is translocated through an independent oligomer of TatA (10, 39). While we 460 
cannot exclude this possibility, the mechanism by which the bound substrate would be 461 
transferred from the receptor TatABC complex to the TatA oligomer is unclear. 462 
Furthermore, if translocation occurs through an independent TatA oligomer, it is unclear 463 
why, according to our structure, the receptor Tat complex is apparently optimized to 464 
receive a substrate inside its cavity and undergo conformational changes (14, 18, 35–465 
37, 39). It is however still feasible that only one of TatC interfaces opens up to 466 
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accommodate many TatA subunits and so the translocation channel would be formed 467 
by the sideways-opened TatABC complex extended by extra TatA subunits (20). In 468 
summary, although the structure of the substrate-engaged TatBC complex is now clear, 469 
the precise organization of the TatA oligomers relative to the substrate-bound TatBC 470 
complex remains to be elucidated. 471 
 472 
 473 
 474 
 475 
 476 
 477 
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 629 

Fig. 1. Overall structure of TatB3C3-SufI complex. a, Cryo-EM density map of the 630 
TatB3C3-SufI complex. SufI density is omitted in the right panel for clarity. b, Cartoon 631 

model of the TatB3C3-SufI complex. TatCempty and TatBempty are hidden for clarity. 632 

TM5 and TM6 of TatC form a three-helix bundle with the short TMH of TatB, 633 
highlighted by a red dashed circle. The signal peptide of SufI is shown in dark blue, 634 
and the short amphipathic helix SA of SufI interacting with Tat components is 635 
highlighted in blue. The middle and right panel show top (periplasmic) and bottom 636 
(cytoplasmic) views of the complex. Throughout, TatC subunits are coloured in 637 
shades of green, TatB subunits in yellow and SufI in cyan. 638 

639 
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 640 

Fig. 2. Electrostatic surface potential and membrane integration of the TatB3C3 641 
complex. a, Solvent-excluded surface, colored according to electrostatic potential, 642 
showing the orientation of the complex within the membrane and highlighting its 643 
contribution to a locally thinned membrane region. The overall height of the complex 644 
is approximately 44 Å, with the hydrophobic transmembrane region spanning ~25 Å. 645 
pmf represents proton motive force. b, Cross-sectional view showing the solvent-646 
accessible surface, colored according to electrostatic potential, within the inner cavity 647 
of the complex. TatC I60 and T62 sealing the periplasmic side of Tat are shown as 648 
sticks. c, Top view of the complex showing the periplasmic surface. TatC I60 and T62 649 
contribute to sealing the periplasmic side of the cavity.  650 
  651 
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 652 

Fig. 3. Structural features of E. coli TatC and TatB. Comparisons of E. coli TatC 653 
subunits with each other, with Aquifex TatC crystal structure (PDB ID: 4B4A) and 654 
with NMR structure of E. coli TatB (PDB ID: 2MI2). The central panel shows the 655 
overall structure of the TatB3C3–SufI complex, highlighting the orientations used to 656 

depict specific interaction interfaces. a, Structural alignment of TatCempty (orange), 657 

TatCamp_helix (light green), TatCsignal (cyan). b, Superimposition of E. coli TatCempty 658 

(coloured from blue to red N-to-C-terminus) and Aquifex TatC (grey), highlighting 659 
structural consensus and differences. c, Top view of TatCempty overlaid with Aquifex 660 

TatC (grey). Parallel β-sheet hydrogen bonds at the periplasmic interface of TatC are 661 
indicated with dashed black lines. d, Side view comparison of TM5 and TM6 between 662 
E. coli TatCempty (coloured from blue to red N-to-C-terminus) and Aquifex TatC 663 

(grey), showing distinct helix tilting within TatBC complex. e, f, Bottom views of 664 
TatBempty superimposed with TatBsignal and TatBamp_helix. g, NMR TatB (PDB ID: 665 

2MI2) structure (grey) is superimposed with TatBempty, showing angular difference of 666 

short TMH and amphipathic helix.   667 
  668 
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 669 

Fig. 4. Interactions within TatBC and between SufI and Tat complex. The central 670 
right panel shows the overall structure of the TatB3C3–SufI complex, highlighting the 671 

orientations used to depict specific interaction interfaces. H-bonds/salt bridges are 672 
shown as black dash lines, with distances of interactions indicated (except when side-673 
chain density is unclear). Hydrophobic interactions are shown as yellow dashed lines 674 
and are between 3.6 Å to 4 Å. Highly conserved residues (ConSurf score 9) are 675 
highlighted in yellow, while conserved residues (score 8) are shaded in pink. a, 676 
Interactions between TatB and TatC. b, Bottom view of interactions involving the N-677 
terminal ends of TatB. c, Interactions between signal peptide and TatC. A cation–π 678 
interaction between SufI R5 and TatC F94 (3.3 Å) is indicated by a red dashed line 679 
with arrowheads. A π–π stacking interaction (5.1 Å) is shown by a blue dashed line 680 
with arrowheads. d, Interactions between the short amphipathic helix of SufI and 681 
TatB/TatC. A cation–π interaction between TatC Y100 and SufI R306 (3.5 Å) is 682 
indicated by a red dashed line with arrowheads. 683 
  684 
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 685 

Fig. 5. Proposed Tat translocation mechanism. Schematic illustration of the Tat 686 
translocation process. Subunit cartoons are shown at the bottom. TatA subunits are 687 
depicted in grey to indicate their potential locations according to AF3 models. TatA 688 
within the activated translocase is outlined with a dashed line to reflect a putative 689 
arrangement, and amphipathic helix of TatA oligomer is not shown. The membrane is 690 
shown in light gray. a, In the resting state, the signal peptide of the substrate (cargo) 691 
initially binds to the cytoplasmic face of the Tat complex. This is followed by docking 692 
of the substrate to a second TatABC protomer. Then the positions of TatA and TatB 693 
are exchanged, and additional TatA copies are recruited to the translocase to enlarge 694 
the size of channel according to substrate. Driven by the proton motive force (pmf), 695 
the substrate is translocated across the membrane and released into the periplasm. 696 
During this process, the signal peptide is bound to the cytoplasmic side of  TatC till 697 
the release of substrate (26). b, Under conditions with higher translocation 698 
throughput, more than one substrate can bind simultaneously to the Tat complex. One 699 
substrate undergoes docking, while the second binds only via its signal peptide. 700 
Similar to panel a, more copies of TatA are recruited, and the pmf drives the 701 
translocation of the docked substrate into the periplasm. The second substrate remains 702 
bound, then docks and queues for subsequent translocation. 703 
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