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The apparatus responsible for translocation of proteins across bacterial membranes is the conserved SecY
complex, consisting of SecY, SecE, and SecG. Prior genetic analysis provided insight into the mechanisms of
protein export, as well as the interactions between the component proteins. In particular, the prl suppressor
alleles of secE and secY, which allow export of secretory proteins with defective signal sequences, have proven
particularly useful. Here, we report the isolation of novel mutations in secE and secY, as well as the phenotypic
effects of combinations of prl mutations. These new alleles, as well as previously characterized prl/ mutations,
were analyzed in light of the recently published crystal structure of the archaeal SecY complex. Our results
support and expand a model of Prl suppressor activity that proposes that all of the pri4 and priG alleles either
destabilize the closed state of the channel or stabilize the open form. These mutants thus allow channel opening
to occur without the triggering event of signal sequence binding that is required in a wild-type complex.

Transport of proteins across lipid bilayers to extracytoplas-
mic destinations is essential for growth of all organisms. In
gram-negative bacteria, such as Escherichia coli, the most gen-
erally employed mechanism for translocating proteins across
the inner membrane is the Sec pathway. Sec-dependent secre-
tory proteins are synthesized in the cytoplasm with cleavable
amino-terminal signal sequences. These precursor proteins of-
ten require binding by the export-specific chaperone SecB to
maintain the precursor in a loosely folded conformation suit-
able for export. SecA interacts with both the precursor protein
and SecB to form a ternary complex that is directed to the
membranous translocation machinery. The core of the trans-
location complex consists of SecY, SecE, and SecG, all integral
membrane proteins; these three proteins interact to form the
SecY complex that physically transports proteins across the
membrane (for reviews, see references 9, 12, 23, and 29).
Understanding the functions of the Sec proteins, the interac-
tions among them, and the structure of the translocation com-
plex is vital to fully elucidating the process of protein translo-
cation.

The SecY complex is conserved throughout evolution (7).
The largest subunit is the SecY homolog (SecY in eubacteria
and archaea, Sec6la in mammals, and Sec61p in yeast), which
forms the channel core (19, 45). The SecE subunits (SecE in
eubacteria and archaea, Sec61ly in mammals, and Ssslp in
yeast) are smaller proteins, and although E. coli SecE has three
membrane-spanning domains, its homologs in most other or-
ganisms consist of a single transmembrane segment (19). The
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nonessential SecG subunit does not show sequence conserva-
tion, but all of the Sec complexes contain a third small protein;
thus, it is thought that SecG (eubacteria), Secf (archaea),
Sec61B (mammals), and Sbh (yeast) fulfill analogous roles (19,
25).

Most of the Sec proteins were originally identified via ele-
gant genetic screens (for reviews, see references 4, 9, and 34).
The sec alleles were defined as conditional-lethal mutations
that conferred generalized protein export defects; such muta-
tions have been found in secA, secD, secE, secF, and secY. In
contrast, the prl alleles were isolated as suppressors that allow
export of signal sequence-defective precursors and encode
dominant mutations. Originally, pr/ alleles were identified in
secA (prID), secE (prlG), and secY (prlA). More recently, prlH
alleles of secG have been characterized as well (6). It is critical
to recognize that the sec and prl alleles are fundamentally
different types of mutations. The sec alleles result in nonfunc-
tional protein products under restrictive conditions, while the
prl protein products not only retain function, but expand the
repertoire of substrate secretory proteins to include those with
mutant signal sequences or, indeed, with no signal sequence at
all (10, 14). The prl alleles are not promiscuous in allowing
nonsecretory proteins to be exported (27); however, this may
be a secondary effect attributable to lack of targeting of these
proteins to the SecY complex.

DNA sequence analysis of the sec and prl mutants, combined
with predictions of secondary structure and membrane topol-
ogy (1, 11, 15, 20, 24), led to initial rudimentary analyses of the
topological location of each mutation (Table 1 and references
therein). The secY mutations are scattered throughout the
gene, consistent with the loss-of-function defect of these al-
leles. The secE mutations fall primarily in the region encoding
the ribosome binding site or initial codons of the gene and
most, possibly all, exert their effects by decreasing expression
of secE rather than causing structural alterations to the protein
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TABLE 1. Mutant alleles of secY and secE*

CORRELATION OF prl ALLELES WITH THE SecY STRUCTURE 6455

Allele name Mutation (E. coli) Amino acid (M. jannaschii) Domain Reference

SecY
secY24 G240D M229 C4 37
secY39 R357H A355 Cs 2
secY40 A363S K364 C5 2
secY100 P40S, A46V, G167E D44, A50, G150 TM1, P1, TM4 21
secY104 G175D D158 C3 42
secY110 R357C R360 Cs 42
secY1l5 A363T K364 C5 42
secY117 G184D G167 TM5 42
secY119 P388S L388 TM9 42
secY121 1290T W272 ™7 31
secY122 G359R S362 C5 42
secY124 P84L P87 ™2 42
secY125 S76F T69 P1/TM2 42 w)
secY129 C385Y V385 TM9 42 o
secY161 P287L 1269 ™7 31 =
secY205 Y429D L426 C6 42 =
priAl V274G N256 ™7 13, 24 8
prlA3 F67C 162 P1® 13, 32 o
priA4 1408N (F286Y) L406 TM10 (TM7) 13, 32 D
prlA6 1408N (S188L) L406 TM10 (TM5) 13, 24 Q
prlA7 L407R (A277E) L405 TM10 (TM7) 13, 24 =
prlA9 G69D A64 P1® 13, 24 o
priAll L407R (V411G) L405 TM10 (TM10) 13, 24 3
prlA200 1191S Al74 TM5 16, 24 =
prlA202 1278S 1260 ™7 16, 24 S
prlA205 G69C A64 P1® 16, 24 oy
prlA208 1278N 1260 ™7 16, 24 ‘E\T
prlA300 Fo4C W59 P1® 24 b
prlA301 L407R L405 TM10 24 %
prlA302 A71D R66 P1 24 3
prlA303 1278T 1260 ™7 24 o
prlA304 190N 183 T™2 24 =
priA306 AS73 P1 24 Q
prlA401 S282R A264 ™7 3,32 @)
prlA666 F67S 162 P1° 28 =)
prlA726 S68P T63 P1® 14 @)
prlA799 S68L T63 P1° 15 Q
prlA8911 S37F G41 T™1 10, 15 o
prlA8913 S68F T63 P1° 10, 15 o
PrlA8914 N65Y Q60 PI® 10, 15 ®
secY(P42L) P42L Y46 T™1 This work N
secY(F154C) F154C P137 P2 This work o

SecE N
secE11 N4Y Start 35, 36 o
secE12 R12L C1 35, 36 =
secE13 N4N (T to C) Start 35,36 o
secE1S RBS‘ (G to A) 5 35 \2-
secE501 —-1Tto G 5 30 ©
priG1 L108R L48 ™3 35,41 c
priG2 S105P A45 T™3 35,41 D
prlG3 S120F T60 P2 35,41 24
priG8 AV116-R117 H56-V57 P2 14
secE(T123P) T123P K63 P2 This work
secE(D112Y) D112Y G52 TM3/P2 This work

“ All of the published and well-characterized alleles of secY and secE are shown, with amino acid alteration and topological location based on the original structural
predictions. The amino acid alignment of E. coli and M. jannaschii sequences was based on supplemental Fig. 1 from van den Berg et al. (45). Domains are indicated
as cytoplasmic (C), periplasmic (P), or transmembrane (TM), according to original topological predictions. For alleles that were originally isolated as double mutants
(priA4, prlA6, prlA7, and priA11), both mutations are indicated, with the secondary mutation (non-pr/ mutation) in parentheses.

® P1 mutations now known to be in the plug (TM2a).

¢ RBS, ribosome binding site.

(35). In contrast, it was observed that the pr/ mutations are
more localized. The prlA mutations are found primarily in
three domains of SecY: the 1st periplasmic loop (P1), the 7th
transmembrane domain (TM7), and the 10th transmembrane
helix (TM10) (24). Likewise, the priG alleles of secE are local-

ized to the third transmembrane region (TM3) and the second
periplasmic domain (P2) (35).

Originally, it was thought that pr/ mutations were located in
domains of SecE and SecY that interact with the signal se-
quence and that they exerted their effects through altered
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protein-protein interactions (13). This hypothesis was aban-
doned following two significant observations. First, prl-medi-
ated suppression of signal sequence mutations displays no al-
lele specificity: with a few unusual exceptions, every pri4 and
every prlG allele is able to export any secretory protein with
any signal sequence mutation (10, 14, 24). Second, all of the
prlA and priG suppressors promote export of secretory proteins
that completely lack signal sequences, again suggesting that
suppression is not due to altered interactions between the
signal sequence and the Sec apparatus (10, 14).

These findings led to the hypothesis that wild-type SecE and
SecY provide a proofreading mechanism whereby secretory
proteins that are delivered to the SecY complex are exported
only if they have a functional signal sequence (14, 24). A Prl
suppressor of SecY or SecE would no longer perform this
proofreading function, thereby allowing export of any secre-
tory protein delivered to the SecY complex, even those with
nonfunctional signal sequences. This hypothesis is supported
by the observation that all prl4- and priG-based suppression is
dependent on SecA and SecB, suggesting that targeting to the
SecY complex is a critical step for export of a mutant secretory
protein (10, 14, 44). Even proteins that normally are secreted
independently of SecB become SecB dependent when ex-
ported via the Prl pathway (10).

Understanding the mechanism of Prl suppression is inti-
mately connected to discernment of the structure and function
of the wild-type Sec apparatus. One approach to deciphering
interactions between domains of SecE and SecY was to com-
bine pairs of prl alleles and examine those combinations for
altered, or synthetic, phenotypes (5, 15, 24). Out of 113 com-
binations of prlA and prlG alleles, 7 demonstrated a lethal
phenotype. The pairs that showed synthetic lethality were ex-
tremely allele specific and topologically correlated, leading to
the hypothesis that these alleles mapped to domains of inter-
action between the two proteins. Specifically, it was predicted
that TM10 of SecY and SecE(TM3) interact, that SecY(TM10)
also associates with SecY(TM7), and that the first periplasmic
domain (P1) of SecY and SecE(P2) interact. Further, it was
suggested that SecY(TM?7) is the primary domain responsible
for signal sequence recognition (15, 24).

Many of these predictions based on genetic analyses were
corroborated by the recent elucidation of the crystal structure
of the SecY complex from the archaeon Methanococcus jann-
aschii (45). In general, the early topological predictions (1, 11,
20) were accurate; the major exception was that the domain
formerly predicted to be periplasmic loop 1 of SecY was found
instead to be folded back into the channel. It is predicted that
this region (now called TM2a) constitutes a “plug” that closes
the translocation channel and must be displaced for export to
occur. In addition to the general topology, the major SecE-
SecY and SecY-SecY interactions predicted from synthetic
lethality were substantiated by the solution of the SecY com-
plex.

As screening for synthetic lethality was so useful in under-
standing SecY-SecE interactions, in this study, we sought sup-
pressors of synthetic lethality in an attempt to further our
knowledge both of the SecY complex structure and of Prl
suppression. Analysis of these new mutations, as well as com-
binatorial analysis of previously characterized alleles, was
merged with the recently released structural information to
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TABLE 2. Strains used in this study’

Strain Genotype Source
MC4100 F~ N~ araD139 A(argF-lac)169 rpsL150 relAI 8
fIhD5301 deoC1 fruA25 rbsR22

AF230  MC4100 Ara* lamBI14D 15

AF232  AF230 priA3 15

AF233  AF230 priA4 15

AF249  AF230 priA726 15

AF295  AF249 secE1S zij::Tn5 recA::cam 15

AF314  AF232 priG3 zij::Tnl0 15

AF680  MC4100 Aara714 secE15 zij::Tn5 recA::cam This study
AF681  AF680 lamBA78 This study
AF682  AF680 lamBA60 This study
AF683  AF680 lamB14D This study
AF686  AF680 lamBAl111 This study
MS28 MC4100 secY39 This study
MS29 MS28 lamBA78 This study
MS30 MS28 lamBA60 This study
MS31 MS28 lamBI14D This study
MS32 MS28 lamBAI11 This study
MS33 AF314 slyD::kan This study

“ All strains are derivatives of E. coli K-12 strain MC4100 and were con-
structed by standard genetic techniques.

further our understanding of the mechanism of action of the
prl suppressors.

MATERIALS AND METHODS

Bacterial strains, plasmids, and media. All bacterial strains used were deriv-
atives of E. coli K-12 strain MC4100 (8) and are listed in Table 2. Strains were
constructed using standard genetic techniques (38). The plasmids used are de-
scribed in Tables 3 and 4, and all are derivatives of pBAD18 (17). Plasmids
PAF26, pAF27, pAF28, and pAF29 have been described previously (15); plas-
mids pAF65, pAF66, and pAF67 were constructed by PCR amplification of the
secY gene from chromosomal DNA isolated from strains AF230 (secY™), AF249
(priA726), and AF233 (prlA4), respectively (15). Plasmids containing other mu-
tant alleles were constructed by site-directed mutagenesis of one of the above-
mentioned plasmids using the QuickChange protocol of Stratagene. All secY and
secE sequences (including mutant alleles and original clones) were verified by
DNA sequencing performed by MWG Biotech, Inc. (High Point, NC), or by the
Colorado State University Sequencing Facility (Ft. Collins, CO). Sequences of
oligonucleotides (Midland Certified Reagents) used for cloning, site-directed
mutagenesis, and sequencing can be obtained by request. Preparation of com-
petent cells and transformation were performed according to standard protocols
(33, 38). Bacteria were grown in Luria-Bertani (LB), MacConkey, or M63 min-
imal medium supplemented with ampicillin (125 mg/liter), kanamycin (25 mg/
liter), or tetracycline (25 mg/liter) when appropriate (38). Maltodextrin was
prepared as described previously (43). Induction of plasmid-borne alleles was
achieved using 0.2% arabinose.

Isolation of suppressors of synthetic lethality. Suppressors of the cold-sensi-
tive (Cs) phenotype conferred by the combination of pri43 and priG3 were
isolated by plating aliquots of an overnight culture of strain AF314, grown at
37°C, onto LB plates and incubating them at 26°C. Individual colonies that arose
were restreaked on LB plates and incubated at 37°C. These purified colonies
then were streaked onto LB plates and incubated at 26°C; growth at 26°C was
compared to that of the parental strain to verify the cold-resistant phenotype.
Bacteriophage P1 mapping (38) was used to determine whether suppressors
mapped to the vicinity of either priG3 or priA3. We did not find any suppressors
that mapped to locations other than pri4 or priG. Following localization of the
suppressor mutation, the pri4 or prlG gene was amplified by PCR and the DNA
sequence was determined.

To isolate suppressors of priA726-prlG3 arabinose sensitivity, the prlG3 gene
from plasmid pAF29 was amplified by mutagenic PCR (39), digested with EcoRI
and BamHI, and ligated into pBAD18. Ligation products were transformed into
AF295 and plated on LB-ampicillin-arabinose medium at 26°C to identify plas-
mids that conferred both cold resistance and arabinose resistance. This approach
ensured that the plasmid expressed a functional gene product (to complement
the cold sensitivity of secE15); thus, mutations that eliminated expression of the
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TABLE 3. Phenotypes of mutant secE alleles”

Line no Plasmid Allele Complementation Prl phenotype

1 pAF26 Wild type + -

2 pAF27 prlG1 (L108R) + +

3 pAF28 prlG2 (S105P) + +

4 PAF29 prlG3 (S120F) + +

5 pMASI15 secE (T123P) + -

6 pAF71 secE (D112Y) + +

7 pCH3 priG1 priG2 (L108R, S105P) + ++

8 pCH1 prlG1 priG3 (L108R, S120F) + ++

9 pCHS5S prlG2 priG3 (S105P, S120F) + ++
10 pCH7 prlG1 priG2 priG3 (L108R, S105P, S120F) + +++
11 pMASI16 priG1 secE(T123P) (L108R, T123P) + +
12 pMAS14 prlG1 secE(D112Y) (L108R, D112Y) + ++
13 pPMAS17 prlG3 secE(T123P) (S120F, T123P) — (DN) NA
14 pAF72 prlG3 secE(D112Y) (S120F, D112Y) + ++
15 PMAS26 secE(T123P), secE(D112Y) + +

“ Complementation was measured as the ability of plasmid-borne alleles to rescue the cold-sensitive growth of strain AF680, carrying the chromosomal secE15 allele.
Growth at 26°C resulted in a +, no growth was given a —, and DN is a dominant-negative allele. The Prl phenotype was determined by a compilation of dextrin
utilization and \ sensitivity in strains containing lamB signal sequence mutations (AF681, AF682, AF683, and AF686). No detectable suppression of mutant lamB
received a score of —, while suppression was qualitatively ranked in increasing + marks. Strains that produced a pink color on dextrin MacConkey and detectable A
sensitivity received one +, while red coloration and full \ sensitivity resulted in ++. The triple mutant was darker red than the double mutants, giving a +++

designation. NA indicates not applicable.

prlG3 allele were not selected. Those plasmids that allowed growth were isolated
and retransformed into AF295 to verify the cold- and arabinose-resistant phe-
notypes, and then the prlG portion of the plasmid was subjected to DNA se-
quence analysis.

Characterization of mutant alleles. Newly constructed mutant alleles of secE
and secY were characterized for complementation ability by transforming strains
AF680 (secE15) or MS28 (secY39) with the plasmids and assessing growth at the
restrictive temperature of 26°C or 20°C, respectively. Prl suppressor activity was
assessed phenotypically by transformation of strains containing lamB signal se-
quence mutations (AF681, AF682, AF683, and AF686 for secE mutants or
MS29, MS30, MS31, and MS32 for secY alleles), followed by streaking colonies
on dextrin MacConkey agar supplemented with 125 mg/liter ampicillin and 0.2%
arabinose and incubation at either 37°C or the restrictive temperature. Addi-
tionally, suppression was assayed by cross-streaking the same plasmid-containing
strains against \;, to assess sensitivity to \ infection.

Immunoblot analysis. Strains containing plasmids expressing various secE
suppressor alleles were assayed for steady-state levels of precursor and mature

LamB14D as an indication of export. Plasmids were introduced into AF683
(secE15 lamBI14D). Overnight cultures were grown at 37°C in LB-ampicillin
medium and then subcultured into LB-ampicillin-arabinose medium at 26°C. At
an A of ~0.2, maltose was added to 0.2% to induce lamB expression. After 60
min, samples were removed and prepared for polyacrylamide gel electrophoresis
by trichloroacetic acid precipitation on ice for 20 min. Following pelleting of the
proteins, samples were resuspended in loading buffer, boiled, and analyzed on
7.5% polyacrylamide gel electrophoresis. Proteins were transferred to nitrocel-
lulose, and immunoblotting was performed using polyclonal antibody directed
against LamB (14).

RESULTS

Suppressors of synthetic lethality. Because synthetic-lethal-
ity studies had contributed to our understanding of SecYE
structure, we predicted that suppressors of the lethal pheno-

TABLE 4. Phenotypes of mutant secY alleles®

Line no. Plasmid Allele Complementation Prl phenotype

1 pAF65 Wild type + -

2 pCHS8 priA3 (F67C) + +++

3 pAF67 priA4 (I1408N) + +++

4 pCHI12 priA301 (LAO7R) + +++

5 pAF66 prlA726 (S68P) + +++

6 pPMAS6 secY(P42L) (P42L) + -

7 pPMAS19 secY(F154C) (F154C) + -

8 pCH14 priA3 prlA4 (F67C, 1408N) - NA

9 pCHI10 prlA3 priA301 (F67C, L407R) + +++
10 pCH6 prlA3 prlA726 (F67C, S68P) + +++
11 pCH4 priA4 priA301 (1408N, L407R) - NA
12 pCH2 prlA4 prlA726 (1408N, S68P) — (DN) NA
13 pMAS7 prlA3 secY(P42L) (F67C, P42L) + +++
14 pMASS priA4 secY(P42L) (I408N, P42L) - NA
15 pMAS9 prlA726 secY(P42L) (S68P, P42L) + +++
16 PMAS20 priA3 secY(F154C) (F67C, F154C) + +++
17 PMAS21 priA4 secY(F154C) (1408N, F154C) + +++
18 pMAS22 priA726 secY(F154C) (S68P, F154C) + +++
19 pMAS25 secY(P42L), secY(F154C) + -

“ Complementation was measured as the ability of plasmid-borne alleles to rescue the cold-sensitive growth of strain MS28, carrying the chromosomal secY39 allele.
Growth at 20°C resulted in a +, no growth was given a —, and DN is a dominant-negative allele. The Prl phenotype was determined by a compilation of dextrin
utilization and lambda sensitivity in strains containing lamB signal sequence mutations (MS29, MS30, MS31, and MS32). No detectable suppression of mutant lamB
received a score of —, while suppression was qualitatively ranked in increasing + marks as described in Table 3, note a. NA indicates not applicable.
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types would likewise expand our interpretation of the interac-
tions between SecE and SecY. We took advantage of the
unique features of two synthetic-lethal pairs to isolate such
suppressors. Previous studies demonstrated that seven pairs of
prlA (secY) and priG (secE) alleles exhibit synthetic phenotypes
(15); however, the severities of the combinatorial defects vary,
resulting in different phenotypes. For example, the cold sensi-
tivity conferred by the prlA3-prlG3 combination is recessive to
wild-type alleles of either secY or secE, while the arabinose-
sensitive phenotype of the prlA726-prlG3 pairing (due to the
prlG3 allele expressed from an arabinose-inducible promoter)
is dominant to both wild-type alleles. As they both provide
selectable phenotypes, we sought suppressors of the lethality
conferred by each of these pairs of alleles.

(i) Suppressors of prid3 and priG3. As demonstrated previ-
ously (15), a strain containing both pri43 (SecY F67C) and
prlG3 (SecE S120F) on the chromosome is viable but exhibits
a cold-sensitive phenotype, with poor growth at temperatures
below 30°C. We isolated suppressors of the synthetic defect by
selecting for spontaneous mutants that grew well at 26°C. Bac-
teriophage P1 mapping was used to determine whether any of
the suppressor mutations mapped in proximity to either secY
or seck.

Twelve mutants were identified that fulfilled these criteria;
one contained a suppressor that mapped near or in secE; the
other 11 suppressors cotransduced with secY. The secE or secY
gene, as appropriate, was PCR amplified from the cold-resis-
tant suppressor strains, and the DNA sequence was deter-
mined. Each isolate retained the original prlG3 or prlA3 mu-
tation, and each had an additional novel mutation in either
secE or secY. The single secE suppressor mutation resulted in
an alteration of amino acid 123 from threonine to proline. The
secY suppressors changed either amino acid 42 from proline to
leucine or amino acid 154 from phenylalanine to cysteine.

(ii) Suppressors of priA726 and prlG3. The combination of
prlA726 (SecY S68P) and priG3 (SecE S120F) is particularly
detrimental and confers sensitivity to arabinose induction of
plasmid-borne priG3 at any temperature, even in the presence
of chromosomal priG™ (secE™) (15). We initially sought spon-
taneous suppressors of this lethality by plating strain AF295
(priA726) carrying plasmid pAF29 (prlG3 under arabinose reg-
ulation) at 26°C on LB-ampicillin plates containing 0.2% arab-
inose and selecting for arabinose-resistant mutants. Every iso-
late that we identified by this approach had one of two
alterations to the secY sequence: either reversion of the
prlA726 allele to wild type or a second mutation to the same
codon, resulting in a leucine residue. This particular change,
known as prl4799, has been observed previously (15).

To increase our chances of isolating new mutations, we per-
formed mutagenic PCR using plasmid-borne pr/G3 as the tem-
plate, recloned the PCR product into pBAD1S, transformed
the resultant plasmids into strain AF295 (prl4726), and se-
lected arabinose-resistant colonies at 26°C. Such colonies were
verified by restreaking them on arabinose, and then the plas-
mids were isolated and retransformed into AF295 (priA726) to
confirm that the suppressor was carried on the plasmid. Only
one such suppressor was identified; the plasmid DNA from this
suppressor was isolated and sequenced. The original priG3
mutation was still present, along with a suppressor mutation
that altered codon 112 of secE from aspartate to tyrosine.

J. BACTERIOL.

(iii) Characterization of suppressors of synthetic lethality.
Thus, in our search for suppressors of synthetic lethality, we
obtained four new mutations, two each in secE and secY. To
distinguish these suppressors from prl suppressors, they will be
referred to as ss/ (suppressor of synthetic lethality) alleles but
for clarity will retain the sec nomenclature for allele names. To
characterize these new ss/ mutations, we used site-directed
mutagenesis to introduce the new mutations into the corre-
sponding wild-type plasmid-borne gene to create alleles that
contained only the new mutations. The resulting alleles were
tested for the ability to complement cold-sensitive mutations of
either secE or secY and also to function as suppressors of signal
sequence mutations (the Prl phenotype).

We thought it possible that synthetic lethality could result
from such a drastic perturbation of SecY complex structure
that suppressors would cause a significant but compensatory
alteration, and it was conceivable, therefore, that the suppres-
sors would be functional only in combination with the original
prl mutation. Therefore, complementation of a chromosomal
cold-sensitive allele was used to assess the functionality of
mutants containing the single ss/ mutation. Both secE(T123P)
and secE(D112Y) complemented the secE15(Cs) mutation
(Table 3, lines 5 and 6), while secY(P42L) and secY(F154C)
both promoted growth of a secY39(Cs) strain (Table 4, lines 6
and 7). These results indicated that none of the new mutations
interfered with production of a functional protein product and
that these mutations did not adversely affect viability.

Similarly, we considered that the structural alteration re-
quired to rescue a synthetic phenotype might itself cause a Prl
phenotype. When tested against a variety of lamB signal se-
quence mutations, only secE(D112Y) demonstrated the ability
to promote export of signal sequence-defective preproteins,
i.e., a Prl phenotype (Table 3, lines 5 and 6, and Table 4, lines
6 and 7). Therefore, although synthetic lethality is due to the
combination of two prl suppressor alleles, the structural alter-
ations required to rescue the lethality do not require genera-
tion of a Prl translocase. These new ss/ alleles differ from all
other previously characterized mutations of secE or secY in
that they neither destroy function of the protein (sec alleles)
nor are necessarily suppressors of signal sequence-defective
precursors (prl alleles).

Construction of multiply mutant alleles. An ongoing ques-
tion has been whether all prl4 and priG alleles function by the
same mechanism to facilitate export of defective preproteins.
To partially address this issue, we sought to determine if pr/
alleles conferred additive or synergistic phenotypes or perhaps
were even antagonistic to one another. To test this, we con-
structed plasmid-borne alleles of either secE or secY that con-
tained two or more previously characterized mutations within
the same gene. To start, the mutations chosen were some of
those that had previously been identified as partners in syn-
thetic-lethal pairs. After isolation of suppressors of synthetic
lethality, we also included those new alleles in these multiple-
mutation analyses.

(i) Multiple mutations in secE. We combined the priG1
(L108R), priG2 (S105P), and prlG3 (S120F) mutations into
multiply mutant alleles in all pairwise combinations and also
combined all three mutations at once. All combinations com-
plemented a chromosomally encoded Cs secE15 allele (Table
3, lines 7 to 10), indicating that multiple pr/G mutations in a
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FIG. 1. Immunoblot detecting precursor and mature forms of
LamB14D. Lane 1, strain AF680 (wild-type LamB). Lane 2, strain
AF683 (lamB14D). Lanes 3 to 10, AF683 with plasmids: lane 3, pCH1
(prlG1 priG3); lane 4, pCH3 (priGI priG2); lane 5, pCHS (priG2
priG3); lane 6, pCH7 (prG1 priG2 priG3); lane 7, pAF26 (priG1™);
lane 8, pAF27 (priG1); lane 9, pAF71 (secE D112Y); lane 10 pMAS14
(prlG1 secE D112Y). Equivalent A, units were loaded into each lane.

single gene did not adversely affect the integrity of the protein
product.

Each multiple mutant then was screened for Prl suppressor
activity with a variety of lamB signal sequence mutations. As
shown in Table 3 (lines 7 to 9), every double pr/G mutant (i.e.,
combinations of priG1, prlG2, and prlG3) promoted export of
the mutant LamB molecules to a greater extent than did either
parent allele (lines 2 to 4), and the triple mutant was a more
effective suppressor than any single or double mutant based on
these phenotypic assays (line 10). In addition, we performed
immunoblot analyses to assess levels of precursor and mature
LamB14D in strains carrying each of the plasmids with multi-
ple priG alleles. This provides an indication of the steady-state
levels of mature, and therefore exported, protein. Consistent
with the phenotypic assays, each multiple mutant resulted in a
greater proportion of mature LamB14D than did any of the
single-mutant strains (Fig. 1). Surprisingly, however, by this
assay, the triple mutant did not appear to be a stronger sup-
pressor than the double mutants, although it was more effec-
tive than single mutants. These results indicate that the alter-
ations to SecYEG translocase caused by the priG alleles are
additive or synergistic in nature.

To address the effects of the newly isolated suppressors of
synthetic lethality, we constructed combinations of the priGI
and prlG3 mutations with the secE ssl alleles, as well as the two
ssl alleles together. All except the priG3-secE(T123P) pair res-
cued the cold-sensitive phenotype of secE15 (Table 3, lines 11
to 15), indicating that a functional protein product was pro-
duced. The unusual combination, prlG3 (S120F) plus
secE(T123P) not only was unable to complement the cold-
sensitive strain but exhibited a dominant-negative effect (line
13).

The priG-ssl combinations were also analyzed for Prl activity.
As described above, the secE(D112Y) mutation alone resulted
in Prl suppressor activity, while secE(T123P) did not. Combi-
nations that included a pr/G mutation and either of these secE
alleles all exhibited Prl activity, as did the combination of
secE(T123P) and secE(D112Y), indicating that the Prl pheno-
type is dominant within a single molecule (Table 3, lines 11 to
15). Moreover, this demonstrates that the new mutations do
not suppress synthetic lethality by quenching the Prl pheno-
type.

(ii) Multiple mutations in secY. As with the priG alleles, we
combined selected priA4 alleles into multiply mutant genes and
examined the phenotypes conferred by those multiple muta-
tions. The priA3 (F67C), prlA726 (S68P), priA4 (I408N,
F286Y), and priA301 (L407R) mutations were paired in all
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possible combinations, except the prl4301-prlA726 combina-
tion, which we were unable to construct. We tested the multi-
ple mutants for complementation of a chromosomal cold-sen-
sitive secY39 allele (Table 4, lines 8 to 12). The combinations of
prlA3-priA726 (pCH6) and priA3-priA301 (pCH10) comple-
mented the cold-sensitive defect, albeit poorly. This indicates
that the protein products produced by these genes were func-
tional, although not as efficient as any single mutant. The
prlA4-priA3 (pCH14) and priA4-priA301 (pCH4) pairs were
unable to complement secY39, indicating that these combina-
tions resulted in nonfunctional or unstable proteins. The com-
bination of prid4 and priA726 (pCH2) not only failed to com-
plement secY39, but was a dominant-negative allele, as
evidenced by arabinose sensitivity of wild-type cells carrying
this multiple mutation, even at 37°C in the presence of a
wild-type secY allele.

These results suggest that the individual alterations imposed
by the prlA mutations disrupt the translocase structure and are
increasingly detrimental. Thus, multiple prl4 mutations can, in
some pairs, result in defective complex formation. Indeed,
combinations with prl44 are particularly detrimental, as each
of them was unable to complement.

As with the secE multiple mutants, we assessed the multiple
secY alleles for Prl activity (Table 4, lines 8 to 12). We were
unable to test those that did not complement secY39, leaving us
with only two pairs to examine, prl43-prlA301 and priA3-
prlA726. Both of these retained the capacity to suppress every
lamB signal sequence defect tested. If the suppressor activity
was greater than with any single mutation, it was not apparent
by the phenotypic assays utilized.

Next, we combined three of these prl4 mutations (prl43,
prlA4, and priA726) with our newly isolated secY(P42L) and
secY(F154C) alleles. All of the combinations except one were
viable, as judged by their ability to complement the secY39
cold-sensitive strain (Table 4, lines 13 to 19). The exception
again involved pridA4, the priA4-secY(P42L) combination
(PMASS). When we examined these combinations for Prl ac-
tivity, we found again that the Prl phenotype was dominant, as
all combinations that contained a prl allele were able to sup-
press lamB signal sequence mutations.

Localization of mutations on the SecY complex structure.
We used the amino acid alignments of van den Berg and
coworkers (45) to localize the sec, prl, and ss/ mutations from
Table 1 onto the SecY complex structure (Fig. 2, prl and ss/
mutations only). Although prl mutations have been isolated in
secG, we cannot align those mutations with the structure, as
there is no sequence similarity between the eubacterial SecG
and the archaeal Secp proteins.

The secY mutations are located throughout the gene, with no
apparent pattern. This is not surprising, as these are condition-
al-lethal, loss-of-function mutations. Any mutation that dis-
rupts the functional structure of SecY will result in a sec phe-
notype. It is noteworthy, however, that several mutations fall
within the cytoplasmic domain that is predicted to act as a dock
for cytoplasmic binding partners, which in the case of E. coli
are the ribosome or SecA binding sites. It is possible that this
is a hot spot for sec mutations, because disruption of SecA or
ribosome binding would interfere with export. The secE mu-
tations, as noted previously, are all located in domains pre-
dicted to affect expression levels. As it has been shown that
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SecE is required for SecY stability (22), these mutations prob-
ably act indirectly to inhibit export activity. As SecE is periph-
eral to the translocation channel, it may be less likely that
alterations in the SecE protein affect pore structure sufficiently
to result in a loss-of-function phenotype.

The distribution of the pri4 alleles is very striking; all the
prlA mutations from Table 1 fall inside the channel (Fig. 2). A
large number of mutations are alterations to ring residues
(prlA4, priA6, prlA200, priA202, prlA208, and prlA303), and
many are located within the plug domain (pri43, prlA9,
priA205, prlA300, priA666, prlA726, prlA799, prlA8913, and
priA8914). The remainder (pridl, priA7, priAll, prlA301,
prlA304, prlA306, prlA401, and prlA8911) lie within the channel
interior.

Two of the priG alleles, priG1 and prlG3, are localized to the
periplasmic region, while pr/G1 and prlG2 are located in TM3.
As predicted through synthetic-lethality experiments (15), this
transmembrane domain of SecE is in proximity to TM10 and
TM7 of SecY. The periplasmic domain is not close to the
periplasmic domain of SecY with which it was predicted to
interact; however, the model of plug movement does place
these regions close together. All of the ss/ alleles alter periplas-
mic residues and may affect the interaction of the plug with
SecE.

DISCUSSION

Analysis of the structure-function relationships in the Se-
cYEG translocase complex has reached an exciting and highly
informative juncture at which we are able to correlate func-
tional alterations due to mutation with the recently solved
crystal structure of the archaeal SecY complex (45). The avail-
ability of a very large number of alleles with quite different
phenotypes expands our ability to decipher interactions be-
tween the protein subunits and to understand the contribution
of each component. In the present work, we isolated and char-
acterized new mutations in secE and secY that are unlike any
previously isolated alleles, analyzed the phenotypes of combi-
nations of alleles, and localized current and previously charac-
terized mutations in the crystal structure of secE and secY to
correlate functional alterations with predicted structural
changes. Our results expand and refine the previously pro-
posed model of Prl function to reflect a more complete catalog
of mutations and to accommodate phenotypes associated with
multiple mutations.

SecY complex structure. The M. jannaschii SecY crystal
structure reveals that the complex forms a roughly rectangular
shape, with SecY (« subunit) constituting the central channel
formed by two domains in a clamshell arrangement (Fig. 2).
SecE (vy subunit) and SecG (3 subunit) are positioned around
the perimeter of SecY, leaving only the mouth of the clamshell
open to the lipid bilayer. Viewed from the cytoplasm, the SecY
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complex forms a funnel, which narrows to a constricting ring in
the center. The ring is composed of six hydrophobic residues
(all Tle in E. coli), and it was predicted that this ring forms a
seal around translocating polypeptides to maintain the integ-
rity of the membrane barrier. It was hypothesized that the pore
is closed by TM2a of SecY (formerly thought to be periplasmic
and referred to previously as P1), which is postulated to move
from a position in which it forms a plug closing the channel to
one in which this domain moves out of the pore, binding to the
C-terminal end of SecE to open the channel. The binding of
the signal sequence between TM2b (formerly TM2) and TM7
is thought to trigger plug displacement, forming the open chan-
nel. In addition, the central hydrophobic ring must open
slightly to allow passage of polypeptide domains while main-
taining the seal around the translocating protein (45).

The plug displacement model gained credence from an ear-
lier study in which a cysteine substitution at position 120 of
SecE, when combined with priA3 (SecY F67C), resulted in
disulfide bridge formation and lethality (18). These residues
are located a long distance from each other in the closed state,
and the only likely explanation for the observed phenotype is
that TM2a must move to the proposed open position. Thus, as
predicted previously (18), the disulfide bond resulted in a con-
stitutively open phenotype.

It was noted that several pri4 alleles are located within the
central SecY channel, particularly in ring residues. Based on
these observations, it was proposed that at least some of the
priA alleles exert their effects either by destabilizing the closed
state of the channel or by stabilizing the open state (45). We
have extended this analysis to include most, if not all, of the
published, characterized sec and prl mutations in secE and
secY, as well as our newly isolated alleles and combinatorial
mutants. Although the locations of the sec mutations were
predictable, the prl alleles were enlightening. Our present find-
ings are consistent with and expand upon the model proposed
to explain how pr/ mutations may bypass signal sequence rec-
ognition.

The priA alleles. The priA alleles all localize to ring residues,
plug residues, or the channel interior. While the previous anal-
ysis (45) noted that a few pri4 alleles lie within the channel
interior, the present work expands on that observation and fills
out the framework of the proposed model. We now suggest
that the mechanism of action of all of the characterized pri4
alleles can be interpreted as follows (Fig. 3 and Table 5). We
propose that alterations to ring residues destabilize the ring in
the absence of signal sequence binding (class B), while muta-
tions in the plug allow displacement without a requirement for
signal sequence binding (class A). Alterations to the channel
interior may alter either property of the complex through ef-
fects on adjacent residues. In addition, a few mutations alter
residues in the signal sequence binding domain and may
thereby destabilize the closed state (class C). Therefore,

FIG. 2. Stereo views of the SecY structure represented as ribbons with functional mutations. SecY is drawn with TM1 to -5 in blue, TM6 to
-10 in red, and the plug (TM2a) in green. SecE is in purple, and SecG is in gray. Locations of residues that are pri4 (secY) mutations are shown
as cyan spheres, priG (secE) as yellow spheres, and suppressors of synthetic lethality (secY and secE) as orange spheres. (a) View from the
cytoplasm. (b) View in the plane of the membrane from the “back.” The cytoplasmic side is at the top of the figure, and the periplasm is at the
bottom. (c¢) View from the cytoplasm showing only alleles involved in synthetic-lethality pairs. The M. jannaschii SecY structure can be obtained

as PDB 1RHZ (45).
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FIG. 3. Model of proposed Prl action. The SecY complex is colored as in Fig. 2, with SecY depicted as a blue-and-red donut, the plug in green,
and SecE shown in purple. The top row illustrates the proposed normal model for plug opening. (i) The plug (P) starts in the closed position at
the center of SecY. (ii) Binding of the signal sequence (S) destabilizes the domain interface, leading to a slight opening of the clamshell, which
interrupts the interaction with the plug. (iii) Subsequent translocation of mature protein leads to displacement of the plug and full opening of the
channel. (iv) Prl mutations remove the requirement for binding of the signal sequence and allow translocation of proteins with incorrect or absent
signal sequences. In Prl complexes (bottom row), different types of mutations lead to similar effects. For pri4 mutations, the plug may be partially
displaced either by plug mutations (a) or by destabilization of the ring (b). Alternately, the closed state of the clamshell may be destabilized by
mutations in the signal sequence binding domain (c). PrlG complexes may either destabilize the closed state through an indirect effect on ring

stability (d) or stabilize the open plug state (e).

through one of these mechanisms, the prl4 mutations may
bypass the requirement for triggering of the translocase via
signal sequence binding.

The priG alleles. The localization of the prlG alleles reflects
alterations to the dynamic role of either the ring or the plug
(Fig. 3 and Table 5). Two alleles, prlG3 and priG8, are located
in the periplasmic region, P2 (Fig. 2). This region is postulated
to interact with the plug in the open conformation (45), and
these alleles likely exert their effects through stabilization of

TABLE 5. Proposed classes of prl suppressor mutations®

Alleles in class:

B D E
(opeﬁiplug (ring. (closefi:—state de(;tlzlfil— (Op.e.n —p!ug
stabilization) Qestgbll- destabilization) ization) stablllzatlon)
ization) (indirect) (indirect)
priA3 prlA4 priAl priG1 priG3
priA9 prlA6 prA304 priG2 priG8
prlA205 priA7 prlA401
prlA300 priAll
priA302 prlA200
prlA306 prlA202
prlA666 prliA208
priA726 prlA301
prlA799 prlA303
priA8913
priA8914

“ The priA and priG alleles can be categorized with respect to mechanism, as
illustrated in Fig. 3. The class A alleles stabilize the open-plug state, class B
mutations destabilize the ring, and class C mutations destabilize the closed state
through mutations in the signal sequence binding domain. The priG alleles act
indirectly, either by destabilization of the ring (class D) or by stabilization of the
open plug state (class E).

the open state, reducing the need for the signal sequence
triggering event (class E). It seems likely that the other priG
alleles, priG1 and priG2, exert an indirect effect on ring stability
(class D). These SecE residues (S105 and L108) are in prox-
imity to the rear of SecY at the interface of TMS and TM10,
the hinge of the clamshell. Alterations to these amino acids
probably relax the clamping role of SecE. It is perhaps impor-
tant that this region of SecE is situated directly next to helices
that contain ring residues. The structural alterations caused by
either of these mutations are likely to destabilize the integrity
of the ring and permit opening of the channel without signal
sequence binding.

It has been recognized that priG alleles are, in general, less
efficient Prl suppressors than are prl4 mutations (14, 41), and
the structural information now provides an explanation. The
priG1 and priG?2 alleles are not as effective as the pri4 alleles
because they affect the ring only indirectly, while the pr/G3 and
prlGS mutations may not be as efficient because the SecY plug
is not destabilized in the closed state; the PrlG effect is only to
stabilize the open state once the plug has been displaced.

Synthetic lethality. Several pairs of pri4 and priG alleles
resulted in synthetic-lethal phenotypes when combined (15).
Those combinations were both allele specific and topologically
specific, leading to predictions of interactive domains between
SecY and SecE. In particular, it was proposed that Se-
cY(TM10) interacts both with SecY(TM7) and with Se-
cE(TM3) and that two periplasmic domains interact, SecY(P1)
and SecE(P2). Examination of the crystal structure validates
these predictions (Fig. 2).

The priA4-2 mutation is at one of the ring residues (I408),
suggesting that this mutation destabilizes the ring structure.
Mutations to the adjacent residue (L407R) introduce a posi-
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tive charge (prlA301), potentially altering the conformation of
the helix and pulling the neighboring 1408 out of the ring,
suggesting that a neighboring residue can affect ring stability.
We predict that priGI (L108R) affects the integrity of the ring
because it introduces a charge at the TMS5-TMI10 interface,
destabilizing the closed state of the clamshell. Therefore, com-
bining prlG1 with any of the pri4 alleles that affect this ring
residue (prlA4-2, prlA6-1, prlA7-1, priAl11-1, or prlA301) will
compound the effect, leading to lethality. In fact, it was ob-
served previously that each of these pri4 alleles produced a
synthetic-lethal phenotype when combined with priGI (15). In
addition, prlA208 and priG1 also resulted in a synthetic-lethal
phenotype. As pri4208 (I1278N) also alters the ring structure,
we suspect that the lethality observed between prl4208 and
prlG1 is also due to an additive effect on ring stability.

The remaining synthetic-lethal combinations were pairings
between priG3 and either prlA3 or prlA726. The prlG3 muta-
tion alters Ser120 to Phe in the second periplasmic domain of
SecE (P2), while priA3 (F67C) and priA726 (S68P) both alter
residues in TM2a (SecY). The structure of the SecY complex
led to the proposal that SecE(P2) interacts with SecY(TM2a)
to bind the plug in the open position. Therefore, the synthetic-
lethal pairs are predicted to favor the open plug position,
resulting in an open channel and subsequent detrimental ef-
fects to the cell. The dominant phenotype of the prid726-priG3
combination is consistent with this hypothesis, while pri43-
prlG3 may be recessive due to assembly defects or because the
shift to an open conformation is not as strong as with the
prlA726-priG3 pair. The model of plug movement and interac-
tion with SecE is consistent with synthetic lethality in periplas-
mic domains.

Suppressors of synthetic lethality. Of our newly isolated
suppressors of synthetic lethality, we found that the two secY
mutations affected periplasmic domains near the prlG3 resi-
due. Because we predict that the lethality conferred by
prlA726-priG3 or by priA3-prlG3 is the result of a stabilized
open plug state, these new suppressor mutations are predicted
to destabilize the open plug state. It is perhaps not surprising,
then, that neither of these alleles exhibits a Prl phenotype. If
they destabilize the plug-SecE interaction, the translocase
would favor a closed state and Prl suppression would not occur.
Again, the phenotypes observed are consistent with a dynamic
structure in which both ring destabilization and plug displace-
ment are necessary for translocation.

One of the suppressors of synthetic lethality found in secE,
secE(T123P), is also located in the periplasm, only a few res-
idues removed from prlG3. We predict that this mutation also
alters the structure of the periplasmic domain to destabilize
the open plug state. As mentioned above, and consistent with
this prediction, secE(T123P) is not a prl allele. The
secE(D112Y) allele falls within the membrane at the interface
between SecY TM1 and TMS5. Again, this mutation must shift
the plug displacement activity to compensate for the synthetic
lethality that it rescues, but this suppressor of lethality is also a
Prl suppressor. We speculate that secE(D112Y) alters SecE P2,
moving the pr/G3 mutation to destabilize binding of the open
plug while also disrupting the ring stability to create a Prl
phenotype. We noted that secE(D112Y) is adjacent to several
of the ring residues, particularly 1174 located in TMS. We
speculate that the mutation may disrupt the structure of TMS,
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resulting in a dislocation of 1174 and destabilization of the ring,
which is a Prl effect. If so, then it is possible to have a ring
destabilization mutation, secE(D112Y), and a mutation that
stabilizes the open plug (pr/G3) in the same molecule without
detrimental effects. Intriguingly, alterations to this same resi-
due (D112) previously have been shown to result in either
severe growth and secretion defects (D112P) or generation of
a Prl suppressor phenotype (D112Q) (26), supporting our con-
clusion that D112 plays a critical role in SecE function.

Multiple-mutant analysis. Combinations of priGI, priG2,
and prlG3 were not deleterious and were additive (or syner-
gistic) in their ability to suppress signal sequence defects. We
speculated that pr/G1 and prlG2 function indirectly to desta-
bilize the ring and the closed state and that prlG3 stabilizes the
open state. Therefore, as suggested above, these two effects
can be present in the same translocase complex.

Combinations of any prlG allele with secE(D112Y) retained
a Prl phenotype, indicating that the structural alteration im-
posed by secE(D112Y) to rescue the prliA726-prlG3 lethality
does not counteract the structural alterations imposed by any
of the priG alleles (including prlG3). The secE(T123P) muta-
tion is intriguing because it was isolated in combination with
priG3, as a suppressor of the prlA3-prlG3 combination, yet a
prlG3-secE(T123P) double mutant expressed from a plasmid is
lethal in some pri4 backgrounds and, indeed, is detrimental
even in a prlA wild-type strain. We do not fully understand this
phenomenon and are continuing our studies of this combina-
tion.

Combinations of priA alleles suggest that each single muta-
tion is sufficiently disruptive to the structure of the SecY com-
plex that combinations are likely to be deleterious. In partic-
ular, any combination involving priA4 resulted in a
nonfunctional complex. This is perhaps not surprising, because
it has been thought that this allele is not completely innocuous.
Notably, the pridA4 allele was originally isolated as a double
mutant with one mutation in TM10 (I408N; pri44-2) and a
second alteration in TM7 (F286Y; prlA4-1). Subsequently, it
was demonstrated that pri44-2 (I408N) alone is sufficient to
confer the Prl phenotype (32, 40), and therefore it is thought
that the TM7 mutation relieves detrimental effects caused by
the TM10 mutation. Additionally, the prl46 allele contains the
same suppressor mutation, [408N, and also has a second mu-
tation, SI88L, in TMS (24), again suggesting that the 1408N
mutation requires a secondary mutation to produce a fully
stable protein product. Importantly, all our combinations were
constructed with the double pri44 allele; that is, they contain
the compensatory TM7 (F286Y) mutation in addition to the
T408N alteration. In these combinations, apparently the TM7
mutation is not sufficient to alleviate negative effects imposed
by I408N in combination with a second pri4 allele. Although
some of these multiple mutants may simply produce unstable
protein products and thus fail to complement a cold-sensitive
chromosomal allele, that is not the case with the prlA4-prlA726
combination. It is significant that priA4-prlA726 is not only
nonfunctional, but produces a dominant-negative phenotype.
This implies both that the mutant protein is stable and either
that it interacts with SecE and/or SecG or that the high level of
such an abnormal membrane protein causes lethality. Thus,
the multiple-mutant analysis demonstrates that mutations that
destabilize the closed state and ones that stabilize the open
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plug can coexist in the same molecule. However, there is
clearly a limit on the degree to which the open state can be
tolerated without lethality.

Conclusions. In summary, the correlation between genetic
phenotypes and structural information has proved beneficial to
understanding the SecY complex. It is gratifying to find that
many predictions based on genetic analysis have been substan-
tiated. In particular, analysis of pri4 suppressors led to the
prediction that SecY TM7 interacts with the signal sequence
(24); the crystal structure also suggests that the signal sequence
binds to TM7 and TM2b (45). Synthetic-lethality experiments
generated predictions of interactive domains between SecE
and SecY (15, 24); these were corroborated by the crystal
structure (45). Genetic analysis led to a proofreading hypoth-
esis that predicted that SecY and SecE were able to reject
defective precursors from the export pathway while PrlA and
PrlG allowed export (15, 24). This model is not completely
validated by the structural analysis; instead, perhaps a “trigger-
independent” model would be more accurate. According to
this new model, PrlA and PrlG mutants allow export of defec-
tive preproteins independently of signal sequence binding, ei-
ther by destabilization of the closed state or by stabilization of
the open plug state of the translocase. The analyses presented
here provide details to the model and suggest mechanistic
actions for the prl suppressor alleles.
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