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ABSTRACT The twin-arginine translocation (Tat) system is the only gen-

eral pathway for the transport of folded proteins across energized bio-

logical membranes. It is found in the bacterial or archaeal cytoplasmic

membrane, the plant thylakoid membrane or the inner membrane of plant

mitochondria. The biological importance of this translocation system can

be exemplified by the fact that all bacterial or plant photosynthesis and

photosynthetic oxygen evolution on earth requires this system. Despite

many biochemical and biophysical studies, the Tat mechanism has been

puzzling since the system was discovered in the 1990ies. Important char-

acteristics of the Tat system could not be explained, and also recent high-

resolution structures of the Tat system’s core with bound substrate has

not led to a general transport mechanism yet. In this integrative review, we

attempted to answer the key open questions relevant to the Tat mecha-

nism and thereby developed an in its molecular detail new comprehensive

explanation of how folded proteins are translocated acrossmembranes by

the Tat system.
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Abbreviations:
AF3 - AlphaFold 3,
APH - amphipathic helix,
BN PAGE - blue native polyacrylamide gel
electrophoresis,
CCCP - carbonyl cyanide m-chlorophenyl
hydrazone,
CryoEM - cryo electron microscopy,
ipTM - interface predicted template
modelling,
pTM - predicted template modelling,
RR - twin-arginine,
Tat - twin-arginine translocation,
TM - transmembrane helix.

INTRODUCTION

Tat-dependently translocated proteins have N-terminal signal

peptides with a highly conserved twin-arginine (RR) motif that

is recognized by a TatBC complex in the membrane before a

TatA-dependent translocation takes place [1]. While TatC is a

polytopic membrane protein with six transmembrane helices,

TatA and TatB have only a short N-terminal transmembrane

helix (Figure 1A). They belong to the same protein family and
require their membrane anchor, a subsequent amphipathic

helix and only few more residues for functionality, whereas

their not conserved highly hydrophilic C-terminal domain is

dispensable [2–4]. In three-component systems, one TatA/B

family protein, TatB, evolved to tightly interact with TatC to

form TatBC complexes that can recognize twin-arginine signal

peptides of Tat-dependently translocated proteins, whereas

another TatA/B family protein, TatA, enables the membrane

passage [1]. There also exist two-component TatAC systems in

which a “bifunctional” TatA fulfills TatA and TatB functions [5–7].

Tat systems are found in all domains of life, particularly in

organisms that need a general transport pathway for folded

proteins [2]. Despite of decades of intensive research, the

translocation mechanism was still puzzling and structural

insights were needed. In their recent high-resolution Cryo-

EM structures of TatBC complexes with bound substrate, the

researchgroupsof Sazanovaswell as of Berks andLea revealed

many aspects of subunit interactions and substrate recognition

on a molecular level [8, 9]. The structures show that the TatBC

complex is composed of three TatC and three TatB subunits
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�È�¾�s�«�Â�¤�±�•�s�È�˜�±�«�÷ �•�±�±�¾�„�˜�«�s�È�ˆ�„ �~�Ý �U�s�È���
 �•�±�ª�»�¤�ˆ�Ü�ˆ�Â�ü �U�–�ˆ�¾�ˆ �s�¾�ˆ
�˜�« �»�¾�˜�«�•�˜�»�¤�ˆ �È�×�± �s�¤�È�ˆ�¾�«�s�È�˜�Ö�ˆ �×�s�Ý�Â �È�± �s�•�–�˜�ˆ�Ö�ˆ �s �‘�Í�«�•�È�˜�±�«�s�¤
�s�Â�Ý�ª�ª�ˆ�È�¾�Ý�ö �	�˜�
 �d�–�ˆ�« �È�¾�s�«�Â�¤�±�•�s�È�˜�±�« �˜�Â �˜�«�˜�È�˜�s�È�ˆ�„ �s�È �±�«�ˆ �Â�˜�È�ˆ�÷ �s
�¾�ˆ�’�Í�¤�s�È�±�¾�Ý �ª�ˆ�•�–�s�«�˜�Â�ª�•�s�« �~�¤�±�•�¢ �È�–�ˆ �˜�«�˜�È�˜�s�È�˜�±�« �±�‘ �È�¾�s�«�Â�¤�±�•�s�È�˜�±�«
�s�È �È�–�ˆ �È�×�± �±�È�–�ˆ�¾ �Â�˜�È�ˆ�Â�÷ �±�¾ �	�˜�˜�
 �s�Â�È�¾�Í�•�È�Í�¾�s�¤ �s�Â�Ý�ª�ª�ˆ�È�¾�Ý�•�s�« �ˆ�Ü�˜�Â�È
�È�–�s�È �»�ˆ�¾�ª�˜�È�Â �È�¾�s�«�Â�¤�±�•�s�È�˜�±�« �s�È �±�«�¤�Ý �±�«�ˆ �Â�˜�È�ˆ�ü �U�s�È���
 �Â�Ý�Â�È�ˆ�ª�Â �±�‘ �È�–�ˆ
���s�•�˜�¤�¤�Í�Â�
�È�Ý�»�ˆ �•�s�« �±�«�¤�Ý �Í�Â�ˆ �È�–�ˆ �¾�ˆ�’�Í�¤�s�È�±�¾�Ý �ª�ˆ�•�–�s�«�˜�Â�ª�÷ �×�–�˜�•�–
�¤�˜�¢�ˆ�¤�Ý �˜�Â �‘�Í�«�•�È�˜�±�«�˜�«�’ �s�¤�Â�± �˜�«���ý �•�±�¤�˜�U�s�È��3�
 3 �•�±�ª�»�¤�ˆ�Ü�ˆ�Â�ü �$�±�×�ˆ�Ö�ˆ�¾�÷
�˜�« �»�–�Ý�¤�±�’�ˆ�«�ˆ�È�˜�•�s�¤�¤�Ý �„�˜�Â�È�s�«�È �Â�Ý�Â�È�ˆ�ª�Â�÷ �Â�È�¾�Í�•�È�Í�¾�s�¤ �s�Â�Ý�ª�ª�ˆ�È�¾�Ý �ª�s�Ý
�–�s�Ö�ˆ �ˆ�Ö�±�¤�Ö�ˆ�„�÷ �s�Â �˜�È �˜�Â �»�±�Â�Â�˜�~�¤�ˆ �È�–�s�È �U�s�È�
�
�•�±�«�È�s�˜�«�˜�«�’ �•�±�ª�»�¤�ˆ�Ü�ˆ�Â
�„�˜�‘�‘�ˆ�¾ �˜�« �È�–�ˆ �«�Í�ª�~�ˆ�¾ �±�‘ �˜�«�Ö�±�¤�Ö�ˆ�„ �Â�Í�~�Í�«�˜�È�Â�ü �� �’�±�±�„ �ˆ�Ü�s�ª�»�¤�ˆ �ª�s�Ý
�~�ˆ �È�–�ˆ �U�s�È �Â�Ý�Â�È�ˆ�ª �±�‘ �È�–�ˆ �–�s�¤�±�»�–�˜�¤�˜�• �s�¾�•�–�s�ˆ�±�«�$�s�¤�±�~�s�•�È�ˆ�¾�˜�Í�ª
�Â�s�¤�˜�«�s�¾�˜�Í�ª�÷ �×�–�˜�•�– �»�±�Â�Â�ˆ�Â�Â�ˆ�Â �˜�« �s�„�„�˜�È�˜�±�« �È�± �s ���«�±�¾�ª�s�¤�� �U�s�È�
�é
�s �¤�s�¾�’�ˆ �U�s�È�
�ê�÷ �×�–�˜�•�– �•�±�«�Â�˜�Â�È�Â �±�‘ �È�×�± �‘�Í�Â�ˆ�„ �U�s�È�
 �È�–�s�È �s�¾�ˆ
�•�±�«�«�ˆ�•�È�ˆ�„ �~�Ý �È�×�± �s�„�„�˜�È�˜�±�«�s�¤ �È�¾�s�«�Â�ª�ˆ�ª�~�¾�s�«�ˆ �–�ˆ�¤�˜�•�ˆ�Â �s�«�„ �s
�¤�s�¾�’�ˆ �•�Ý�È�±�»�¤�s�Â�ª�˜�• �¤�±�±�» ���ð�ð���ü �U�s�È�
�é �s�«�„ �U�s�È�
�ê �s�¾�ˆ �~�±�È�– �ˆ�«�•�±�„�ˆ�„
�˜�« �„�˜�¾�ˆ�•�È �Ö�˜�•�˜�«�˜�È�Ý�÷ �s�«�„ �È�±�’�ˆ�È�–�ˆ�¾ �È�–�ˆ�Ý �¤�˜�¢�ˆ�¤�Ý �‘�±�¾�ª �s�« �s�Â�Ý�ª�ª�ˆ�È�¾�˜�•
�•�±�ª�»�¤�ˆ�Ü �×�˜�È�– �±�«�¤�Ý �±�«�ˆ �‘�Í�«�•�È�˜�±�«�s�¤ �Â�Í�~�Â�È�¾�s�È�ˆ �~�˜�«�„�˜�«�’ �Â�˜�È�ˆ�ü
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���‘�È�ˆ�¾ �ª�±�¾�ˆ �È�–�s�« �ë�è �Ý�ˆ�s�¾�Â �±�‘ �U�s�È �¾�ˆ�Â�ˆ�s�¾�•�–�÷ �È�–�ˆ �ª�ˆ�•�–�s�«�˜�Â�ª �×�s�Â
�Â�È�˜�¤�¤ �Í�«�•�¤�ˆ�s�¾ �s�«�„ �„�˜�Ö�ˆ�¾�Â�ˆ �»�Í�â�â�¤�˜�«�’ �¾�ˆ�Â�Í�¤�È�Â �–�s�Ö�ˆ �~�ˆ�ˆ�« �±�~�È�s�˜�«�ˆ�„ �È�–�s�È
�×�ˆ�¾�ˆ �«�±�È �×�ˆ�¤�¤ �„�ˆ�•�±�„�ˆ�„�ü �U�± �»�¾�±�»�±�Â�ˆ �s �•�±�«�Ö�˜�«�•�˜�«�’ �ª�ˆ�•�–�s�«�˜�Â�ª �‘�±�¾
�U�s�È �È�¾�s�«�Â�»�±�¾�È�÷ �˜�È �×�s�Â �˜�ª�»�±�¾�È�s�«�È �È�± �¾�ˆ�Â�»�ˆ�•�È �È�–�ˆ �È�ˆ�•�–�«�˜�•�s�¤�¤�Ý �Â�±�Í�«�„
�Í�«�ˆ�Ü�»�¤�s�˜�«�ˆ�„ �æ�«�„�˜�«�’�Â �s�Â �‘�s�•�È�Â�÷ �¾�ˆ�Â�Í�¤�È�˜�«�’ �˜�« �È�–�ˆ �¢�ˆ�Ý �½�Í�ˆ�Â�È�˜�±�«�Â
�–�˜�’�–�¤�˜�’�–�È�ˆ�„ �˜�« �È�–�˜�Â �¾�ˆ�Ö�˜�ˆ�×�ü �U�–�ˆ �Â�±�¤�Í�È�˜�±�« �±�‘ �È�–�ˆ �U�s�È���
 �•�±�ª�»�¤�ˆ�Ü
�Â�È�¾�Í�•�È�Í�¾�ˆ �×�˜�È�– �~�±�Í�«�„ �U�s�È �Â�Í�~�Â�È�¾�s�È�ˆ�Â �s�«�„ �È�–�ˆ �����ë �»�¾�ˆ�„�˜�•�È�˜�±�« �±�‘
�s �ª�ˆ�s�«�˜�«�’�‘�Í�¤ �U�s�È�� �¾�˜�«�’ �×�ˆ�¾�ˆ �È�–�ˆ �¤�s�Â�È �»�Í�â�â�¤�ˆ �»�˜�ˆ�•�ˆ�Â�÷ �s�«�„ �«�±�×
�ˆ�Ö�ˆ�¾�Ý�È�–�˜�«�’ �•�±�Í�¤�„ �~�ˆ �˜�«�È�ˆ�’�¾�s�È�ˆ�„ �˜�«�È�± �s �ª�±�„�ˆ�¤ �È�–�s�È �•�s�« �ˆ�Ü�»�¤�s�˜�«
�È�–�ˆ �ª�ˆ�•�–�s�«�˜�Â�ª �±�« �s �ª�±�¤�ˆ�•�Í�¤�s�¾ �¤�ˆ�Ö�ˆ�¤�ü �$�±�×�ˆ�Ö�ˆ�¾�÷ �s�¤�È�–�±�Í�’�– �È�–�ˆ �¢�ˆ�Ý
�»�¾�ˆ�„�˜�•�È�˜�±�«�Â �±�‘ �±�Í�¾ �ª�±�„�ˆ�¤ �s�¾�ˆ �s�¤�¾�ˆ�s�„�Ý �Â�Í�»�»�±�¾�È�ˆ�„ �~�Ý �ˆ�Ü�»�ˆ�¾�˜�ª�ˆ�«�È�s�¤
�ˆ�Ö�˜�„�ˆ�«�•�ˆ�÷ �ª�±�¾�ˆ �Â�È�Í�„�˜�ˆ�Â �×�˜�¤�¤ �~�ˆ �¾�ˆ�½�Í�˜�¾�ˆ�„ �È�± �‘�Í�¤�¤�Ý �ˆ�Â�È�s�~�¤�˜�Â�– �È�–�ˆ �»�¾�˜�«�

�•�˜�»�¤�ˆ�Â �»�±�Â�È�Í�¤�s�È�ˆ�„ �˜�« �È�–�˜�Â �¾�ˆ�Ö�˜�ˆ�×�ü ���Â �Â�•�–�ˆ�ª�s�È�˜�•�s�¤�¤�Ý �Â�Í�ª�ª�s�¾�˜�â�ˆ�„ �˜�«
���˜�’�Í�¾�ˆ �í�÷ �È�–�ˆ �È�¾�s�«�Â�»�±�¾�È �±�•�•�Í�¾�Â �˜�« �È�×�± �ª�ˆ�ª�~�¾�s�«�ˆ �ˆ�«�ˆ�¾�’�ˆ�È�˜�â�s�È�˜�±�«�

�„�ˆ�»�ˆ�«�„�ˆ�«�È �»�–�s�Â�ˆ�Â�÷ �×�˜�È�– �È�–�ˆ �Â�˜�’�«�s�¤ �»�ˆ�»�È�˜�„�ˆ �˜�«�Â�ˆ�¾�È�˜�±�« �s�«�„ �È�–�ˆ
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�„�ˆ�»�ˆ�«�„�ˆ�«�È �È�¾�s�«�Â�»�±�¾�È �±�‘ �‘�±�¤�„�ˆ�„ �»�¾�±�È�ˆ�˜�«�Â

���&� �Z�L�� �íÖ�P�•�–�ˆ�ª�s�È�˜�• �Â�Í�ª�ª�s�¾�Ý �±�‘ �È�–�ˆ �Â�ˆ�¾�˜�ˆ�Â �±�‘ �ˆ�Ö�ˆ�«�È�Â �È�–�s�È �–�s�Ö�ˆ �È�± �È�s�¢�ˆ �»�¤�s�•�ˆ �‘�±�¾ �U�s�È �È�¾�s�«�Â�»�±�¾�È �±�‘ �‘�±�¤�„�ˆ�„ �»�¾�±�È�ˆ�˜�«�Â �s�•�¾�±�Â�Â �ª�ˆ�ª�~�¾�s�«�ˆ�Â�ü�U�–�ˆ
�»�¾�±�•�ˆ�Â�Â �•�s�« �~�ˆ �„�˜�Ö�˜�„�ˆ�„ �˜�« �È�–�¾�ˆ�ˆ �»�–�s�Â�ˆ�Â �È�–�s�È �•�±�ª�»�¾�˜�Â�ˆ �Â�ˆ�Ö�ˆ�¾�s�¤ �Â�È�ˆ�»�Â�÷ �s�Â �˜�«�„�˜�•�s�È�ˆ�„�ü ���¤�¤ �Â�È�s�’�ˆ�Â �Â�–�±�× �Ö�˜�ˆ�×�Â �‘�¾�±�ª �È�–�ˆ �•�˜�Â �Â�˜�„�ˆ �±�« �È�–�ˆ �ª�ˆ�ª�~�¾�s�«�ˆ�ü �2�˜�’�–�È �’�¾�s�Ý�÷
�U�s�È�
 �×�˜�È�–�±�Í�È �~�±�Í�«�„ �Â�Í�~�Â�È�¾�s�È�ˆ�� �Ý�ˆ�¤�¤�±�×�÷ �U�s�È�
 �×�˜�È�– �~�±�Í�«�„ �Â�Í�~�Â�È�¾�s�È�ˆ�� �~�¤�Í�ˆ�÷ �U�s�È�� �È�–�s�È �•�±�Ö�ˆ�¾�Â �×�˜�È�– �˜�È�Â ���I�$ �È�–�ˆ �~�±�Í�«�„ �Â�˜�’�«�s�¤ �»�ˆ�»�È�˜�„�ˆ�� �’�¾�ˆ�ˆ�«�÷ �U�s�È�� �È�–�s�È �~�¤�±�•�¢�Â
�Â�˜�’�«�s�¤ �»�ˆ�»�È�˜�„�ˆ �˜�«�Â�ˆ�¾�È�˜�±�«�� �¾�ˆ�„�÷ �Â�Í�~�Â�È�¾�s�È�ˆ�� �„�s�¾�¢ �¾�ˆ�„�÷ �Â�˜�’�«�s�¤ �»�ˆ�»�È�˜�„�ˆ�� �Ý�ˆ�¤�¤�±�× �„�±�È �˜�« �Â�˜�’�«�s�¤ �»�ˆ�»�È�˜�„�ˆ�÷ �L�L�
�ª�±�È�˜�‘�� �¤�˜�’�–�È �s�«�„ �„�s�¾�¢ �±�¾�s�«�’�ˆ�÷ �«�ˆ�˜�’�–�~�±�¾�˜�«�’ �U�s�È�� ���I�$�Â�� �¤�˜�’�–�È
�s�«�„ �„�s�¾�¢ �»�˜�«�¢�÷ �U�s�È�� �È�¾�s�«�Â�ª�ˆ�ª�~�¾�s�«�ˆ �–�ˆ�¤�˜�•�ˆ�Â�ü �d�–�ˆ�« �ª�ˆ�ª�~�¾�s�«�ˆ�
�˜�«�Â�ˆ�¾�È�ˆ�„�÷ �È�–�ˆ�Â�ˆ �–�ˆ�¤�˜�•�ˆ�Â �s�¾�ˆ �•�±�Ö�ˆ�¾�ˆ�„ �~�Ý �s �È�¾�s�«�Â�»�s�¾�ˆ�«�È �Ý�ˆ�¤�¤�±�×�� �×�–�ˆ�« �ª�ˆ�ª�~�¾�s�«�ˆ�
�ˆ�Ü�È�¾�s�•�È�ˆ�„�÷ �È�–�ˆ
�–�ˆ�¤�˜�•�ˆ�Â �s�¾�ˆ �„�¾�s�×�« �s�Â �•�˜�¾�•�¤�ˆ�Â �s�¤�˜�’�«�ˆ�„ �s�È �È�–�ˆ �˜�«�«�ˆ�¾ �Â�˜�„�ˆ �±�‘ �È�–�ˆ �¾�˜�«�’ �±�‘ �s�ª�»�–�˜�»�s�È�–�˜�• �–�ˆ�¤�˜�•�ˆ�Â�ü ���s�Â�–�ˆ�„ �¾�ˆ�„ �•�˜�¾�•�¤�ˆ�÷ �’�¤�±�~�Í�¤�s�¾ �Â�Í�~�Â�È�¾�s�È�ˆ �„�±�ª�s�˜�« �±�« �È�–�ˆ �È�¾�s�«�Â�
�Â�˜�„�ˆ �±�‘
�È�–�ˆ �ª�ˆ�ª�~�¾�s�«�ˆ �	= �~�ˆ�–�˜�«�„ �È�–�ˆ �ª�ˆ�ª�~�¾�s�«�ˆ�
�� �„�s�Â�–�ˆ�„ �¾�ˆ�„ �¤�˜�«�ˆ �È�–�s�È �•�±�«�«�ˆ�•�È�Â �È�–�ˆ �Â�˜�’�«�s�¤ �»�ˆ�»�È�˜�„�ˆ �×�˜�È�– �È�–�ˆ �’�¤�±�~�Í�¤�s�¾ �„�±�ª�s�˜�«�÷ �Í�«�‘�±�¤�„�ˆ�„ �9�
�È�ˆ�¾�ª�˜�«�s�¤ �¾�ˆ�’�˜�±�« �±�‘ �È�–�ˆ
�ª�s�È�Í�¾�ˆ �„�±�ª�s�˜�« �s�‘�È�ˆ�¾ �Â�˜�’�«�s�¤ �»�ˆ�»�È�˜�„�ˆ �˜�«�Â�ˆ�¾�È�˜�±�«�ü

�ª�ˆ�ª�~�¾�s�«�ˆ�
�„�˜�Â�¾�Í�»�È�˜�±�« �s�Â �ª�s�˜�« �ˆ�Ö�ˆ�«�È�Â�÷ �‘�±�¤�¤�±�×�ˆ�„ �~�Ý �s �È�–�˜�¾�„ �»�–�s�Â�ˆ
�‘�±�¾ �Â�Í�~�Â�È�¾�s�È�ˆ �¾�ˆ�¤�ˆ�s�Â�ˆ �s�«�„ �È�¾�s�«�Â�¤�±�•�±�« �¾�ˆ�Â�ˆ�È�ü �?�Í�¾ �ª�±�„�ˆ�¤ �«�±�× �»�ˆ�¾�

�ª�˜�È�Â �È�± �Â�»�ˆ�•�˜�æ�•�s�¤�¤�Ý �s�„�„�¾�ˆ�Â�Â �ª�s�«�Ý �„�ˆ�È�s�˜�¤�Â �±�‘ �È�–�ˆ �»�s�È�–�×�s�Ý �È�–�s�È �s�¾�ˆ
�Â�È�˜�¤�¤ �Í�«�•�¤�ˆ�s�¾�÷ �Â�Í�•�– �s�Â �È�–�ˆ �½�Í�ˆ�Â�È�˜�±�«�Â�ö �d�–�s�È �„�ˆ�È�ˆ�¾�ª�˜�«�ˆ�Â �È�–�ˆ �È�s�¾�’�ˆ�È�

�˜�«�’ �»�s�È�–�×�s�Ý �È�± �È�–�ˆ �È�¾�s�«�Â�¤�±�•�±�«�þ ���¾�ˆ �„�˜�Â�È�˜�«�•�È �»�s�È�–�×�s�Ý�Â �»�¾�ˆ�‘�ˆ�¾�¾�ˆ�„
�~�Ý �„�˜�Â�È�˜�«�•�È �Â�Í�~�Â�È�¾�s�È�ˆ�Â �±�¾ �±�¾�’�s�«�˜�Â�ª�Â�þ �&�Â �È�–�ˆ�¾�ˆ �s �Â�È�¾�Í�•�È�Í�¾�s�¤ �s�«�„���±�¾
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