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ABSTRACT. Diphtheria toxin T domain aids the translocation of toxin A chain across membranes. T domain
has two hydrophobic layers/subdomains that can insert deeply into membranes: helices TH8 and 9, which
form a transmembrane hairpin, and helices F45which form a nonclassical, nontransmembrane structure.
Substitutions were made at Pro345, a residue located near the turn between TH8 and 9. P345 is critical
for toxicity and pore formation by the T domain. Fluorescence methods showed that hairpin-disrupting
Gly or Glu substitutions at 345 did not insert into lipid bilayers as deeply as the wild-type protein, and
consistent with previous studies, these mutations reduced pore formation activity as assayed by a novel
biotin—streptavidin-based influx assay. Introducing Pro at positions 347 or 353 not only failed to compensate
for substitutions at P345, but also they further disrupted deep insertion and/or pore formation. Substitution
of P345 with Asn, a residue that promotes helical hairpin formation almost as well as Pro, resulted in
somewhat more normal insertion and pore formation than other substitutions. Importantly, a P345E
substitution disrupted deep insertion of THB. This suggests that TH8 and 9 and FHhundergo some

sort of coordinated insertion into the lipid bilayer and/or that the membrane-inserted T domain has a
distinct tertiary structure in which TH57 interact with TH8 and 9 instead of consisting of noninteracting
hydrophobic segments. Intriguingly, a L307R substitution in TH6, which disrupted deep insertion of TH7,
had only a weak effect on pore formation and deep insertion of TH8 and 9. This suggests that the TH8
and 9 region can insert independently of TH5to some degree and that TH8 and 9 insertion may occur
early in T-domain insertion.

Diphtheria toxin (DT} is a pathogenic protein synthesized mediated endocytosis. The low pH in endosomes triggers
by Corynebacterium diphtheria@s a single polypeptide partial unfolding of the whole DT and T domain such that
(MW, 58 kDa). Protease converts DT into its active form, the T domain becomes more hydrophobic and penetrates the
which consists of two fragments or chains, A and B, linked endosome membran&6). The A chain is then translocated
by a disulfide bond. The Crystal structure of DT shows that across the endosomal membrane_ Af[er re|ease into the
it has three distinctive domaing, (2). The catalytic domain  cytoplasm, which may be aided by cytosolic factafs the
IS equ_wa]ent to the A chain, while the B chain contains two A’ chain inactivates elongation factor-2 by ADP ribosylation
domains: the transmembrane (T) domain and the receptor-,, thereby shuts down the protein synthesis pathway.
binding (R) domain. DT enters endosomes by receptor-

The largelya-helical T domain has been found to play a
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! Abbreviations: 10-DN, 10-doxylnonadecane; BODIPY, 4,4-diflu- interactions with partly unfolded A chain are likely to be

oro-5,7- dimethyl-4-bora-3a,4a-diasandacene; BODIPY-IA, I{-(4,4- important aspects of its role in translocatidd—(@3). The
difluoro-5,7-dimethyl-4-bora-3a,4a-diasandacene-3-ylmethyl)iodoac-  crystal structure of DT showed that the helices (T+8} of
etamide; BODIPY-SA, BODIPY-labeled streptavidin; DMoPC, dimyristoleoyl- . . .
phosphatidylcholine; DOPC, dioleoylphosphatidylcholine; DOPG, di- the T doma_'n are arrange_d Into thrge layers or S_Ubdoma'ns
oleoylphosphatidylglycerol; DT, diphtheria toxin; DTT, dithiothreitol; (1, 2). The first layer consists of helices TH#, which are

HSA, human serum albumin; IPTG, isopropyl-1-tifie>-thiogalacto- hydrophilic. The second layer is composed of helices

pyranoside; LUV, large unilamellar vesicle; P state, partially/shallowly . - - -
inserted T-domain state; rhodamine-DHR&Jissamine rhodamine TH5-7, which are somewhat hydrophobic. Helices TH8 and

B-1,2-dihexadecanogrglycero-3-phosphoethanolamine; SEIBSAGE, 9 form the third layer, which is the most hydrophobic region
sodium dodecyl sulfatepolyacrylamide gel electrophoresis; SUV, small - \yjthin DT. All three layers may be indispensable to

unilamellar vesicle; T domain, diphtheria toxin “transmembrane” T-d in f ti o h ted that. wh
domain; TM, transmembrane; TM state, deeply inserted T-domain state ' ~ omain function. One group has reporie at, when a

in which TH8 and TH9 form a transmembrane structure. single helix-breaking proline residue is introduced into any
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one of the three layers, the toxin loses its toxicity and shows (pET-28a-T) to optimize expression [T domain expressed

abnormal channel properties4). Helices TH8 and 9 are of
particular importance. They are critical for pore formation
by the T domain, and mutations that disrupt their insertion
into membranes also block translocatidib{19). Several

from this construct, which includes ax6His-tag extension
(26), was defined as wild-type T domain]. The pET-28a-T
plasmid was used as a template for further mutagenesis. A
two-step PCR approach was used to make the mutations.

studies showed that TH8 and 9 form a stable transmembraneComplementary '5 and 3 mutation-containing primers

(TM) hairpin at low pH @, 6, 8, 18 20-25). Using

(mutation primers), usually 3040 base pairs long with a

fluorescence techniques, we previously demonstrated thatmutation in the middle, were designed based on the DNA

under some conditions a conformation forms in which TH8

sequence. PCR was carried out on an Eppendorf Mastercycler

and 9 lie close to the membrane surface (partially inserted Personal PCR System using the high-fidelifx polymerase.

or P state), while under other conditions, they insert more
deeply and span the membrane bilayer (TM stade)18,
26). In a more recent study, we found that when TH8 and 9
undergo the P to TM transition the hydrophobic TH5

In the first step of the PCR reactions, the T7 promoter
primer/3-mutation primer set was used to amplify tHen&lf
of the mutant DNA and the'Snutation primer/T7 terminator
primer set was used to amplify thelgalf of the DNA. The

subdomain also inserts deeper into the lipid bilayer, although products from both reactions were agarose-gel-purified and

not in a TM conformation 47, 28).

combined as templates in the second PCR step, in which

In vitro mutagenesis has been used to identify some the full-length DNA bearing the mutation was synthesized

functionally important T-domain residuesg-19). One such
residue is proline 345 (P34517 19), a residue near the
tight loop found between TH8 and TH9 in the crystal
structure of the native (water-soluble) conformation. Sub-
stitutions for P345 abolish both toxicity and normal pore
formation (L7, 19). Interestingly, prolines at similar positions
exist in several proteins with T-domain-like structures,
e.g., proline 168 in the C domain of colicin A and proline
168 in Bcl-2 @9, 30), suggesting a general role for proline
in the loop of hydrophobic helical hairpins in this class of

using the T7 promoter and terminator primers. The full-length
DNA was digested witiNdd and EcoRI and ligated into
linearized pET-28a vector. The ligation product was trans-
formed into competenEscherichia colistrain XL-1 Blue
cells by electroporation and selected against kanamycin on
agar plates. The T-domain DNA insertions were sequenced
to confirm the mutations and exclude cloning artifacts
(Proteomics Center, Stony Brook University, NY).
Expression and Purification of the T DomaiRroteins
were expressed and purified using the pET system from

proteins. Consistent with this hypothesis, such a proline was Novagen. To express proteins, the appropriate plasmid was

shown recently to modulate the mitochondrial targeting and
apoptotic activity of Bax 31).
In this work, several substitutions were introduced at

transformed intde. coli BL21(DE3) competent cells by heat
shock. A single colony was picked to inoculate 20 mL of
Luria—Bertani (LB) media containing 50g/mL kanamycin.

position 345, and their effects on the conformations of helices The media was grown overnight at 3 with shaking. The
TH5, 7, 8, and 9 were assessed by fluorescence technique§Vvernight culture was transferred an2 L of LB media

(4, 26). The results indicate that proline at position 345 is
important for maintaining the normal membrane insertion
of both the TH8 and 9 and TH-57 segments and that these

segments are likely to interact when T domain is in its deeply
inserted conformation.

EXPERIMENTAL PROCEDURES

Materials Dioleoylphosphatidylcholine (DOPC), dimyris-
toleoylphosphatidylcholine (DMoPC), and dioleoylphos-
phatidylglycerol (DOPG) were purchased from Avanti Polar
Lipids (Alabaster, AL). Lipid concentrations were determined
by dry weight. N-[(4,4-Difluoro-5,7-dimethyl-4-bora-3a,
4a-diazas-indecene-3-yl)methylliodoacetamide (BODIPY-
FL C1-IA, BODIPY-IA), monochlorobimane, rabbit anti-
BODIPY-FL IgG, BODIPY-labeled streptavidin, and N-lis-
samine rhodamine B-1,2-dihexadecansiglycero-3-

containing 5Qug/mL kanamycin. The culture was incubated
at 37 °C with shaking until its optical density at 600 nm
reached~0.5-0.6. Isopropyl-1-thig3-p-thiogalactopyrano-
side (IPTG) was then added to a final concentration of
1 mM, and incubation was continued fh toinduce protein
expression. The induced cells were collected by centrifuga-
tion and stored overnight at80 °C. The next day the pellet
was mixed with 500 mL of ¥ binding buffer (20 mM Tris-
HCI at pH 8.0 and 100 mM NacCl), repelleted, and after
removal of the supernatant, resuspended in 40 mLof 1
binding buffer containing 10@g/mL lysozyme. The cells
were agitated at room temperature for 30 min and then
disrupted by sonication on ice with a probe sonicator (Model
W-220F cell disruptor, Heat System-Ultrasonics, Plainview,
NY) until the solution was no longer viscous. The resulting
homogenate was centrifuged at 129GQ 4 °C for 20 min.
The supernatant (soluble cell extract) was saved for purifica-

phosphoethanolamine (rhodamine-DHPE) were obtainedtjon.

from Molecular Probes (Eugene, OR). Human serum albumin

(HSA) was purchased from Worthington Biochemical (Lake-
wood, NJ).Pfx polymerase, custom oligonucleotides, and
DNA maodification enzymes were from Invitrogen (Rockville,
MD). pET-28a plasmid was from Novagen (Madison, WI).
Lysozyme from chicken egg white was purchased from
Sigma (St. Louis, MO). All other chemicals were reagent-
grade.

PCR-Based MutagenesiBNA coding for DT T domain
(residues 202378) from the pET-15b-T plasmi®8) was
subcloned into pET-28a plasmid betweddd and Ecarl

The induced proteins, which contained the N-terminal 6
His tag from pET28a, were purified using a TALON Metal
Affinity Resin from Clontech (Palo Alto, CA). A total of
1 mL of TALON beads was batch-washed twice with
10 mL of 1x binding buffer for 5 min. After each addition
of buffer, the beads were pelleted at 2000 rpm using a
tabletop centrifuge and the supernatants were decanted. The
soluble cell extract was mixed with the washed beads and
gently agitated at room temperature for 40 min to allow the
6x His-tagged protein to bind to the resin. The protein/resin
complex was washed with 30 mL ofxlbinding buffer, as
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described above. The resin was then transferred to a 10-mLDOPC/30% DOPG (mol/mol) small unilamellar vesicles
gravity-flow column. The column was washed with 5 mL (SUVs), prepared in Tris-acetate buffer at pH 4.5 by
of 1x binding buffer 3 times and then eluted with 5 mL of sonication as previously describe®6), were titrated into
elution buffer (2x binding buffer plus 100 mM imidazole).  the protein solutions. Tryptophan fluorescence was measured
To further purify and concentrate the protein, the eluted 10 min after each addition. The ratio of emission intensities
sample was subjected to FPLC using a Source Q anion-at 330 and 350 nm was used to detect the fluorescence
exchange column. The sample was diluted to 50 mL with spectra shifts that accompany binding to lipid vesicls (
20 mM Tris-HCI at pH 8 (buffer A) and then loaded onto Preparation of the Model Membrane-Incorporated T
the Source Q column equilibrated with buffer A. The column Domain and Analysis of Fluorescence Properti8amples
was then eluted at a rate of 0.5 mL/min with an increasing containing T domain were incorporated into SUVs at
salt gradient (20 mM Tris-HCl at pH 8.0 ane-0.5 M NacCl). pH 4.5. SUVs composed of 70% DOPC/30% DOPG or of
The purified T domain eluted in fractions with about 70% DMoPC/30% DOPG (mol/mol), with a final concentra-
300 mM NacCl. The collected fractions were subjected to tion of 10 mM lipid, were prepared by sonication in Tris-
SDS-PAGE to verify that at least 90% purify was obtained. acetate buffer at pH 4.5 as previously describ2).(In a
The protein concentration was determined using the Bio- typical sample, a 14L aliquot of SUVs was added to
Rad (Hercules, CA) protein assa$2. Usually more than ~ 678-682 uL of Tris-acetate buffer at pH 4.5. To this,
5 mg of purified protein was obtained froa 2 L culture. 0.7 ug of fluorescently labeled T domain+{8 uL of stock
The purified T domain was stored at20 °C in the FPLC solution) was added with agitation. The final volume of each
buffer in which it had eluted. sample was 70@L. The samples were incubated at room
Fluorescence Labeling of the T Domaifhe T domain temperature for 20 min before fluorescence was measured.
was labeled with the thiol-reactive fluorescent probes For the bimane-labeled samples, fluorescence emission
BODIPY-IA and monochlorobimane as described previously spectra were measured as described above. For the BODIPY-
(27). To ensure efficient labeling, 20@g of protein in labeled samples, anti-BODIPY quenching experiments were
1 mL was reduced with 100 mM dithiothreitol (DTT) for performed as described previousBi7). The samples were
2 h at room temperature and then dialyzed overnight againstprepared as described above, and the BODIPY fluorescence
4 L of TBS buffer (10 mM Tris-HCl at pH 8.0 and 150 mM intensity was measured before 4Q. of anti-BODIPY
NaCl) with no buffer change prior to labeling. A small aliqguot antibody (3 mg/mL commercial stock solution) was added.
containing either BODIPY-IA dissolved in dimethyl sul- After incubation for 20 min, the BODIPY fluorescence
foxide or monochlorobimane dissolved in ethanol (in both intensity was measured again and quenching values were
cases using about 20 mM stock solutions) was added to givecalculated.
a 10:1 probe/protein mole ratio. The reaction mixture was To examine the effects of high T-domain concentrations
protected from light and slowly agitated at room temperature or the presence of HSA upon T-domain conformation,
for 1 h. The unbound fluorescent probe was removed by bimane- or BODIPY-labeled T domain was incorporated into
overnight dialysis against L of TBS with one change of  70% DOPC/30% DOPG SUVs at pH 4.5 as described above.
buffer. Labeling efficiency was checked by fluorescence After incubation for 10 min, an aliquot containing unlabeled
intensity and compared to the background labeling of the wild-type T domain or HSA was added to give a final
wild-type protein (which lacks cysteine). Fluorescence concentration of either 1@g/mL unlabeled wild-type T
intensities of the labeled mutants were at least 10 times overdomain (3-6 uL aliquot from a stock solution dissolved in
the background labeling. TBS) or 5ug/mL HSA (3.5uL from a 1 mg/mL solution of
Fluorescence Measuremeniduorescence was measured HSA dissolved in water). In one experiment, an aliquot of
at room temperature on a Spex tau-2 Fluorolog Spectro-unlabeled T domain containing the P345E and A356C
fluorimeter operating in steady-state mode using 10 mm mutations was used in place of the wild type. After incubation
excitation path-length and 4 mm emission path-length semi- for 10 min, fluorescence was measured as described above.
micro quartz cuvettes. The excitation and emission slits were  The data from these experiments were used to evaluate
set to 2.5 and 5.0 mm (4.3 and 8.6 nm bandwidth), the degree of insertion of individual fluorescently labeled
respectively. Bimane fluorescence was measured with anT-domain residues. The T domain was previously shown to
excitation wavelength of 380 nm. Emission spectra were adopt the P conformation in DOPC-containing SU¥s26).
collected at 1 nm/s from 420 to 500 nm. BODIPY fluores- To reliably evaluate the ability to form the TM conformation,
cence intensity was measured with an excitation wavelengththree cases shown previously to induce formation of the TM
of 488 nm and emission wavelength of 516 nm. Trp conformation were investigated: insertion into DMoPC-
fluorescence emission intensity of unlabeled protein was containing SUVs, addition of a high concentration of wild-
measured at 330 and 350 nm with an excitation wavelengthtype T domain to T domain inserted into DOPC-containing
of 280 nm. In all cases, background intensities from samplesvesicles, or addition of a molten-globule state protein
lacking protein were subtracted from the intensities measured(e.g., HSA at low pH) to T domain inserted into DOPC-
in samples containing the T domain. containing vesicles4( 26, 27). The bimane emisSioAmax
Lipid-Binding ExperimentsThe ability of the T domain  values and the BODIPY quenching values under TM
to associate with lipid vesicles was assessed by the blue shifitonditions were averaged. The difference betweenithe
of its native tryptophan fluorescence upon binding to the lipid values in the P state and TM-state-inducing condition values
(4). A total of 3.5ug of unlabeled T domain was diluted to was also calculated. For BODIPY fluorescence, the loss of
700uL with Tris-acetate buffer (6.7 mM Tris-HCI, 167 mM  BODIPY quenching upon switching from P state to TM-
acetate, and 150 mM NaCl at pH 4.5) and incubated at roomstate-inducing conditions was calculated from the expression
temperature for 20 min. Then, aliquots of 10 mM 70% (%Qp — %Qrm)/%Qr x 100%, where %Qp and ¥Qrm are
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the percent quenching of BODIPY fluorescence intensity Trapping efficiencies were between 7 and 10%. For the pore
upon antibody addition in P conditions and the average of formation experiments, LUVs with entrapped BODIPY-SA
TM conditions, respectively. Notice that a high percent were diluted to 79Q:L with Tris-acetate buffer to a final
guenching corresponds to a high degree of exposure tolipid concentration of 5tM. The BODIPY-SA concentra-
aqueous solution. tion in the diluted samples was between 0.1 and Q.45
Relatve Depth of Bimane-Labeled Residugsal quench- mL. A total of 0.35ug of T domain adjusted to BL with
ing experiments were performed to assess the depth ofTBS was added to the samples. After incubation at room
bimane residues in bilayers more directly. In this method, temperature for 20 min, biocytin was added to a final
fluorescence quenching by molecules in aqueous solutionconcentration of 24-fold over the mole concentration of
and by quenchers embedded in the lipid bilayer is comparedBODIPY-SA (4—7 uL of 7 uM biocytin dissolved in water)
(33, 34). lodide ion was used as the aqueous quencher ofand BODIPY fluorescence intensities were monitored for
bimane fluorescence and 10-doxylnonadecane (10-DN) wasl h.
used as the membrane-bound quencher. SUVs were prepared
with the ethanol dilution metho®§, 36). Mixtures of lipids RESULTS
dissolved in chloroform were dried under a nitrogen stream
and then with high vacuum for 1 h. The lipid film was
dissolved with 1QuL of 100% ethanol. Then, 680L Tris-
acetate buffer at pH 4.5 was added, and the samples wer . . .
vortexed to disperse the lipid mixture and form SUVs. The case, proteins were also prepared with a new Pro at residue

. : ; 347 at the end of helix TH8 or residue 353, which is at the
final samples contained either: (1) 1480 DOPC/60uM . - ’ .
DOPG with or without 40uM 10-DN or (2) 140 uM start of helix TH9. Substitutions at P345 were also combined

: : with insertion of four Gly residues in the hydrophilic loop
DMoPC/60uM DOPG with or without 31.2¢:M 10-DN [The .
concentration of 10-DN was normalized to the number of between helices TH7 and 8. To probe the effects of these

carbon atoms in the PC acyl chains to give roughly the Same.rnutatlons, single fluorescently labeled Cys substitutions were

concentration of quencher groups per unit hydrophobic 'dntro?]ufedratvpgf't'gns n _?e(lj'xr;:-'_:g Zﬁor;?)ratr]whli%h ﬂr]t(iayn
volume @3)]. Next, 0.7 ug of bimane-labeled T domain 0 nhot preve eep oma embrane Insertio

adjusted to 1QiL (with TBS) was added with agitation. The (28 27): residues 280, 311, and 356, respectively. Labels
samples were incubated at room temperature for 20 min ©N these residues are sensitive to changes in the local degree

before fluorescence was measured. Bimane fluorescence inOf membrane insertion4( 26, 27). In all cases, proteins

: ) carrying mutations maintained normal binding to lipid

SV?{E glljetsil\(l)lfgilo gOI;IF(}:%?N?OV(\;?dS et_zilﬁgmﬁgreei;%ﬁ?nrgﬁlés vesicles and the normal ability to insert into lipid vesicles,
bimane-labeled proteins were incorporated into SUVs pre- as judged by the blue_ S.h'ft n 'I_'-(_:Iomal_n hative Trp
pared as above without 10-DN. Bimane fluorescence Wasﬂuorescgnce upon association ‘.N'.th lipid Ves'C'95 at low pH
measured both beforé=§) and after E,-) the addition of (4) and its dependence upon lipid concentration (data not
45 ul of 1.7 M KI solution containing 0.85 mM N&,0; shown). o - )
freshly prepared (fluorescence values in the latter samples Effects of Substitutions at Position 345 on the Béba
were corrected for dilution). The quenchir@)(ratio, defined ~ ©f the TH8 and 9 Hairpin: Ealuation of Conformation from
as (Fo/Fio-on) — D)/((Fol Fr-) — 1), was then calculated. A Bimane Fluorescencéirst, the effects of P345G and P345E
higher quenching ratio is indicative of a deeper residue Mutations, known to alter the behavior of the model
location in the bilayer. membrane-inserted T domaib7( 19), were examined. Using

Pore-Formation ExperimentsT-domain-induced pore a fluorescence label at position 332, Zhan et al. showed that
formation was measured by a novel assay in which the P345E mutation blocks membrane insertion to some degree

increase in the BODIPY fluorescence of vesicle-entrapped (19 but did not specify the degree to which insertion was

BODIPY-labeled streptavidin (BODIPY-SA) is used to detect altered, whether conformational changes in P345G and
biocytin influx. LUVs with trapped BODIPY-SA were P345E mutations are similar or whether blocked insertion

prepared by detergent dialysi&7. A lipid mixture contain- could_be overcome by altering expe_rimental conditi_ons. Thus,
ing 70% DOPC/30% DOPG and 0.02% rhodamine-DHPE W€ remvesﬂgqted the degree to which these mutations disrupt
dissolved in chloroform was dried under a nitrogen stream Normal deep insertion.

and then high vacuum for 1 h. The dried lipid film was  To study membrane penetration by the T-domain mutants,
suspended to a lipid concentration of 10 mM with phosphate- their conformation under conditions (low concentrations of
buffered saline (PBS, 1 mM K#PQ,, 10 mM NaHPQ,, T domain in DOPC-containing SUV) in which the wild-type
137 mM NaCl, and 2.7 mM KCI at pH 7.4) containing T domain forms the P state, which only shallowly penetrates
200ug/mL BODIPY-SA and 20 mg/mL octyl glucoside in membranes4, 26, 27), was compared to that under three

a final volume of 1 mL. The mixture was dialyzed against Separate conditions that ordinarily give rise to the deeply
2 L of PBS overnight with one change of dialysis buffer. inserting TM state (in which helices TH8 and 9 form a TM
Untrapped BODIPY-SA was separated from vesicle-trapped hairpin). These conditions are insertion into SUV with a thin
BODIPY-SA on a Sepharose 4B-CL gel-filtration column bilayer width (DMoPC-containing vesicles), interaction with
(0.5 x 40 cm) at room temperature. Samples were eluted & molten-globule protein (e.g., HSA at low pH), or when
using PBS, and the fractions containing the LUVs were there is a high T domain/lipid ratio (high T domain
pooled. BODIPY and rhodamine fluorescences were usedconcentration, HT)4, 26).

to calculate the final BODIPY-SA and lipid concentrations, Membrane penetration was first evaluated via the fluo-
which were around 1%g/mL and 5 mM, respectively. rescence emission of bimane attached to Cys at position 356

T-Domain Mutants Site-directed mutation was used to
prepare T domains with substitutions for residue P345 in
é’le"X TH8 or for residue L307 in helix TH6. In the former
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Table 1: Effects of P345 Mutations on TH8 and 9 Conformation as Assessed by the EniigsiohBimane Attached to Residue 356

lmax,TM
protein AmaxpDOPC DMoPC HSA HT Amax,Tm AvVErage AAmax % wild type Admax
A356C (wild type) 468.0 459.5 460.0 459.0 459.5 8.5 100.0
P345E/A356C 468.0 462.5 465.0 463.5 463.7 4.3 51.0
P345G/A356C 468.0 462.5 464.5 462.5 463.2 4.8 56.9
P345N/A356C 467.5 461.5 464.5 462.5 462.8 4.7 54.9
P345E/V347P/A356C 468.5 466.5 467.0 465.0 466.2 2.3 27.5
P345E/1353P/356C 467.0 462.5 462.0 462.0 462.2 4.8 56.9
P345G/1353P/A356C 467.5 463.0 462.5 460.5 462.0 55 64.7

a Samples containedAg/mL T domain inserted into 70% DOPC (or DMoPC when explicitly noted)/30% DOPG SUV with a lipid concentration
of 200uM dispersed in Tris-acetate buffer at pH 4.5. Sites of mutations are shown in the left column. Bimane label attached to Cys introduced at
residue 356 was used to probe TH9 conformation. Addition of excess T domain (high T domain concentration, HT) and HSA are described in the
Experimental Procedureénax values under the TM-state-inducing conditions (DMoPC, HSA, and HT) were definkghass. They were averaged
and subtracted from the values under the P-state-forming condifigps)(to calculateAdmax. To calculate % wild typ@\imax the Almax NUmMbers
for T domain mutants were normalized to that of the more “wild-type” protein bearing only the Cys mutation (Note that this protein is distinct from
the true wild type and that in the HT samples the unlabeled T domain used was the true wild type). Results shown are the average values of
duplicate samples. Wavelength maxima were generally reproducible wtthinm.

in helix TH9. Bimane fluorescence of labeled Cys 356 has Effects of Substitutions at Position 345 on the Bébia
previously been shown to be red-shifted when the T domain of the TH 8 and 9 Hairpin: Ealuation of Conformation

is in the P conformation and blue-shifted in the TM from Anti-BODIPY Antibody BindingAnti-BODIPY anti-
conformation 4, 26). Table 1 shows that bimane-labeled Cys body binding to BODIPY labels attached to residue 356 was
356 shows red-shifted fluorescence under conditions in whichused as a second method to evaluate membrane penetration
the surface conformation ordinarily predominates both with of TH9. Antibody binding to exposed BODIPY-labeled
wild-type P345 and in mutants containing a P345E or P345G residues quenches BODIPY fluorescence by a factor 2
mutation. This suggests that these mutations at position 345(4, 26, 27). Previous studies demonstrated that BODIPY
do not greatly affect the P-state conformation. In contrast, groups attached to residues within the hydrophobic helices
under all three conditions in which the TM state normally of the T domain become up to 2-fold less reactive with
forms, the blue shift in bimane fluorescence was significantly externally added anti-BODIPY antibody when the residues
less (averaging about half of the normal shift) for the T to which they are attached become buried within the lipid
domain with P345E or P345G mutations relative to that with bilayer in the TM state [The residual binding of antibodies

a wild-type P345 residue. This suggests a partial disruption to membrane-penetrating residues may be due to a subpop-
of deep membrane penetration by these mutations. ulation of T-domain molecules that do not insert deepg)](

A key property of Pro in membrane proteins is its tendency AS Judged from this assay, T domains carrying the P345E
to induce helical hairpin formation when placed in the middle 2nd P345G mutations undergo only slightly less of a decrease
of a long transmembrane segmed@)( Monne et al. defined ‘|‘n f'intlbod,),/ bmdmg upon the P to TM transition as.does the
an experimental turn propensity scale for all 20 amino acids, wild-type” protein (Table: 2). In other V\_/ords, TH9in t_hese
ranking their abilities to induce helical hairpin formation in muta_nts_ appears to be slightly less buried than the wild-type
an otherwise TM segmenB9). As expected, Pro had the Protein in the TM state.
highest turn propensity. Thus, a structural function of P345  As also shown in Table 2, the T domain with the P345N
may be to help helices TH8 and 9 form a hairpin structure. mutation exhibited antibody-binding behavior even more
Monne et al. found Asn to be the second most efficient helix similar to that of the wild-type protein in the TM state.
hairpin inducer 89). To try to examine whether the turn- However, because the effect of the P345E and P345G
inducing propensity of Pro was critical for proper TM-hairpin mutations on antibody binding is relatively small, it is not
insertion of TH8 and 9, we compared the behavior of the T clear whether the difference between their behavior and that
domain with a P345N mutation to that of the T domain with 0f P345N is significant. Combining P345E or P345G with
P345E and P345G mutations, both of which involve substi- the introduction of Pro at 347 or 353 further inhibited the
tutions that promote turn formation to a lesser degBg.(  loss in antibody reactivity (i.e., further inhibited deep
Monne et al. also showed that the position of Pro in a long insertion) accompanying the P to TM transition. This
TM segment affected its hairpin-inducing ability, with the suggests that the introduction of Pro at both of these positions
highest turn propensity requiring placement in the middle further disrupts formation of the normal TM state.
of the segment. To test whether the influence of Pro upon Effects of Substitutions at Position 345 on the Bébia
the helices TH8 and 9 is strongly position-dependent, we of the TH8 and 9 Hairpin: Effect on Pore Formation by the
shifted the proline to positions 347 and 353, positions about T Domain. T-domain pore formation is associated with
as close as residue 345 to the center of the TH8 and 9normal insertion and the ability to translocate the A chain
hydrophobic segment. Neither the P345N mutation (however, (9—12, 40). Because proper insertion of TH8 and 9 is critical
see below) nor the repositioned Pro residues rescued thefor pore formation 41), the effect of mutations at position
normal P to TM conformational transition as judged by 345 upon pore formation was also used to evaluate the effect
bimane fluorescence (Table 1). In fact, introduction of a Pro of mutations upon TH8 and 9 insertion. For pore formation
at position 347 further inhibited the blue shift under TM- experiments, we developed a powerful assay measuring the
state-favoring conditions. influx of biocytin (e-biotinyl-lysine) into the lumen of
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Table 2: Effects of P345 Mutations on TH8 and 9 Conformation as Assessed by the Antibody Quenching of the Fluorescence of BODIPY
Attached to Residue 356

%Qp %Qrm %Q

average % average %

protein DOPC HSA DMoPC HT HSA DMoPC HT AQ wild type AQ
A356C (wild type) 495+ 8.8 33.7+11 228+56 11.5+1.0 31.9+58 53.9+16.4 76.8+-15.2 54.2 100.0
P345E/A356C 3731 29.6+18 13.8+6.3 13.6+1.7 20.2+2.1 62.8+29.1 63.3:9.5 48.8 90.0
P345G/A356C 40.429 29.1+0.8 22.7+2.3 14.0+1.1 28.9+22 445+55 658+7.0 46.4 85.5
P345N/A356C 47.#6.6 30.9+4.0 23.0+£9.1 154+24 352+6.7 51.8+21.7 67.7£14.1 51.6 95.1
P345E/V347P/A356C 424 0.4 33.1+£29 27.748.2 26.1+2.3 22.3+2.0 35.0+104 38.7+-3.4 32.0 59.0
P345E/I353P/A356C 52.940.8 44.1+6.6 235+55 31.6+4.0 16.6+£25 556+ 13.0 40.3t5.1 375 69.2
P345G/I1353P/A356C 524 0.8 44.4+5.0 39.2+04 27.2+35 159+1.8 258+0.5 48.5+6.3 30.1 55.4

a Sample composition as in Table 1. Sites of mutations are shown in the left column. BODIPY label attached to Cys introduced at residue 356
was used to probe TH9 conformation. The percent quenching of BODIPY fluorescence intensity under the P state-forming cor@#iamsl (%
the percent quenching under the TM-state-forming condition@«{pwere used to calculate AQ, using the formula %Q = ((%Qe — %Qrm)/
%Qp) x 100%. To calculate % wild typAQ, the ¥AQ for a mutant was normalized to that of the protein bearing only the Cys mutation (wild
type). Results shown are for the average of duplicate samples and their range.

24 mutations or P345G plus 1353P mutations showed a further
reduction in pore activity relative to that for P345E or P345G
mutants, in agreement with their above-described stronger

2.0 | disruption of insertion as detected by anti-BODIPY antibody
binding. In contrast, the T domain with the P345N mutation
gave a rate of biocytin influx close to that observed for the

1.6 | wild-type protein.

Overall, the conclusions derived from the effect of
mutations upon pore disruption agree well with those from
bimane fluorescence and anti-BODIPY antibody binding.
The exact extent of the deleterious effects of P345E and
P345G substitutions depends on the assay chosen, although
‘ ‘ ‘ ‘ ‘ ‘ all three methods show that there is significantly impaired
0 10 20 30 40 50 60 deep insertion of the hydrophobic helices TH8 and 9

Time (min) subdomain in these mutants. All of the methods also agree
Ficure 1: T-domain-induced biocytin leakage into LUVs at pH  that the necessity for a Pro at position 345 (and/or the
4.5. Samples containing LUV (5@M lipid) loaded with BODIPY- deleterious effect of the introduction of Glu or Gly at position
SA and containing 0.5«g/mL bound T domain proteins were  345) is stringent in the sense that shifting the Pro to a nearby
preincubated for 20 min in Tris-acetate buffer at pH 4.5 before position does not overcome P345E or P345G mutations.

biocytin was added (arrow). Fluorescence was recorded every . .
90 s for 1 h. The initial fast increases in the BODIPY fluorescence Introduction of Pro at positions 347 or 353 only further

were partially due to a residual amount§% as estimated by the ~ disrupted proper insertion in the TM state (as judged by
BODIPY fluorescence increase when biocytin was added at neutralantibody binding, by bimane fluorescence for the P347
pH (not shown)] of BODIPY-SA outside of the LUVs. A small  substitution, and by pore formation for the P353 substitution).

contribution from T-domain-induced leakage of BODIPY-SA from i ;
the LUV lumen cannot be ruled out. Results shown in each case In contrast, Asn at pOSItIQn 345 appears t(.) be slightly better
than Glu or Gly at allowing normal insertion.

are the average of at least two experiments, each of which gave ; A .
similar results. Only fluorescence intensity during the last 6 min  Interactions Between Mutant and Wild-Type T Domains.

of the preincubation step is shown. All proteins contained the High T domain concentrations within lipid bilayers promote
A356C mutation. Symbols for the T domairll, wild type at  the P to TM transition and increase the T domain pore size
Q?SF',“&%éﬂgﬁéppé4fgd?é?2ﬁgf”T]’()P.I.Ségm';r’] 'Zgﬁfrgl/_ 1353P; (4, 26, 42). In agreement with these studies, addition of the

unlabeled wild-type T domain to the T domain that was wild

type at position 345 and labeled on residue 356 promoted
vesicles. Influx was detected by the increase in the BODIPY the P to TM transition, as judged by the large blue shift in
fluorescence of vesicle-entrapped BODIPY-SA, which is too bimane fluorescence and reduced antibody quenching (HT
large to escape from vesicles at the T domain concentrationsconditions, Tables 1 and 2). Similar results were observed
used 42). Biotin binding to BODIPY-SA displaces the upon the addition of the same concentration of unlabeled
BODIPY group from the biotin-binding pocket, in which  P345E mutant to wild-type protein labeled on residue 356.
BODIPY fluorescence is quenchedid. Advantages of this  Bimaneimax shifted from 467 to 459 nm and quenching by
assay are described in the Discussion. anti-BODIPY antibody decreased from 48t92 to 27.4+

Figure 1 compares pore formation by the wild-type T 2.9%. However, adding the unlabeled wild-type T domain

domain and various mutants. The P345E mutation resultedto the P345E mutant labeled on residue 356 did not induce
in reduced pore activity (as judged by the rate of influx over formation of a wild-type TM conformation, as shown by a
the first 10 s) relative to the wild type at position 345, in decreased blue shift and a lesser decrease antibody quenching
agreement with previous studies. The P345G mutation  relative to that observed when it was added to the T domain
resulted in a slightly lesser degree of pore formation than that was wild type at position 345 (see HT conditions, Tables
P345E. The T domains with either P345E plus I353P 1 and 2).

-
(%)
L

Relative BODIPY Fluorescence
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Table 3: Effects of Mutations in T Domain Helix TH6 (L307R), at the C-Terminal End of Helix TH8 (P345E) and/or in the Loop Connecting
TH7 to TH8 upon the Conformational Behavior of TH5 5, 7, and 9 Assessed by Bimane Emigsibn

}-max,TM
protein Amax,pPDOPC DMoPC HSA HT Amax,Tm AVErage A Amax % A wild type Amax
A280C (wild type) 474.0 464.5 466.0 466.0 465.5 8.5 100.0
A280C/P345E 469.0 467.0 466.5 467.5 467.0 2.0 235
A280C/319G4/P345E 472.0 465.0 465.5 466.5 465.7 6.3 74.5
G311C (wild type) 4675 4615 4615 460.5 461.2 6.3 100.0
G311C/P345E 468.0 464.0 464.5 463.0 463.8 4.2 65.8
G311C/319G4/P345E 467.5 462.0 462.5 463.0 462.5 5.0 79.0
L307R/G311C 466.0 465.0 464.5 465.0 464.8 1.2 18.4
A356C (wild type) 468.0 459.5 460.0 459.0 459.5 8.5 100.0
L307R/A356C 468.0 459.0 461.0 460.0 460.0 8.0 94.1

a Sample composition as in Table 1. Sites of mutations are shown in the left column. Bimane labels on Cys introduced at positions 280, 311, or
356 were used to probe the conformations of TH5, 7, and 9, respectively. In 319G4 protein, four consecutive Gly were inserted between residue
319 and 320. See footnote of Table 1 for other details.

Table 4: Effects of Mutations in T Domain Helix TH6 (L307R), at the C-Terminal End of Helix TH8 (P345E) and/or in the Loop Connecting
TH7 to TH8 upon the Conformational Behavior of TH5 5, 7, and 9 Assessed by Antibody Quenching of BODIPY Fluorescence

Qp Qrm % AQ

average % average %

protein DOPC HSA DMoPC HT HSA DMoPC HT AQ wild type AQ
A280C (wild type) 50.5+-1.0 39.0£56 29.6+£7.4 19.7+£3.2 22.8+3.3 41.4+104 61.0+10.0 41.7 100.0
A280C/P345E 53.& 0.7 49.6+£0.4 37.4+6.1 36.3+3.3 6.4+01 29.4+48 315+29 22.5 53.8
A280C/319G4/P345E 524524 37.4+2.6 36.4+39 359+20 28.8+24 30.7£3.6 31.6+2.3 30.3 72.8
G311C (wild type) 41844 19.4+9.7 13.6+4.6 5.4+04 53.6+27.4 67.5+£239 87.1+11.2 69.4 100.0
G311C/P345E 45235 378+0.7 17.9+70 18.7+4.0 16.4+1.3 60.4+24.1 58.6+ 13.3 45.1 65.1
G311C/319G4/P345E 4885.8 33.8+4.6 34.7+4.2 31.5+35 30.7+56 28.9+49 355+58 317 45.7
L307R/G311C 41445 30.0+£3.8 19.743.7 26.0:0.0 28.1+4.7 52.8+114 37.6+£4.1 39.5 56.9
A356C (wild type) 495+ 8.8 33.7£1.1 228+56 11.5£1.0 31.9+£58 53.9+16.4 76.8+15.2 54.2 100.0
L307R/A356C 35304 177410 227+12 17.6+1.4 499+29 357+19 50.1+4.0 45.2 83.4

a Sample composition as in Table 1. See footnotes of Tables 2 and 3 for other experimental details and calculations.

Mutational Analysis of Linkage Between Deep Membrane insertion of the TH8 and 9 subdomain. To inhibit the
Insertion of Helices TH57 and Helices TH8 and 9Ve insertion of the helices TH57, a positively charged residue
recently found that, when helices TH8 and 9 undergo the P was introduced into the center of the sequence encompassing
to TM conformational transition, helices THY undergo a hydrophobic helices TH67 by a L307R substitution. The
conformational change from a shallow state to a deeper,insertion of helix TH9 was probed by fluorescently labeling
although non-TM, state2{7, 28). However, these studies did a Cys at position 356. Control experiments (with Pro at pos-
not distinguish whether the TH8 and 9 and TH5 sub- ition 345) confirmed that the L307R largely abolished deep
domains insert independently of each other or in a concertedinsertion of helix TH7. The blue shift of bimane-labeled
manner. The P345 mutants were used to investigate theresidue 311 upon formation of the TM state was almost to-
possible linkage between the insertion of these two hydro- tally lost in the presence of the L307R mutation (Table 3),
phobic regions. The behaviors of helices TH5 and TH7 in while the loss of antibody-induced quenching associated with
these mutants were studied by using single-labeled Cys atthe P to TM state conformational change was reduced to
position 280 or 311, respectively. As shown in Table 3, in about half of that seen with the wild-type protein (Table 4).
the presence of the P345E mutation, bimane-labeled residue However, the deep insertion of helices TH8 and 9 in the
280 or 311 showed a smallérax blue shift under conditions ~ TM state was not strongly affected by the L307R mutation.
inducing the P to TM transition than the “wild type” T  Using protein labeled on residue 356 showed that the blue
domain (bimane-labeled at residue 280 or 311 but with a shift in bimane fluorescence upon formation of the TM state
Pro at position 345). Part of the inhibition for residue 280 was just about the same for the wild type at position 307
represents an increased blue shift in the P state, implying(Table 3), and there was only a small difference between
that the P345E mutation affects the conformation at residuethe change in antibody-induced quenching associated with
280 in the P state as well as in the TM state. Analogous the change from P to TM conditions in the presence of
experiments with T-domain molecules BODIPY-labeled on L307R and that observed with the T domain that was wild
Cys residues at position 280 and 311 showed the P345Etype at position 307 (Table 4). These results are consistent
mutation also inhibited the decrease in antibody binding at with pore-formation experiments (Figure 1). The L307R
positions 280 and 311 upon inducing the P to TM transition mutant formed pores with an activity similar to those formed
(i.e., relative to the T domain with a Pro at 345) (Table 4). by the “wild type” protein.

Thus, inhibiting deep insertion of the helices TH8 and 9  Effect of the Loop Between Helices TH7 and TH8 Upon
subdomain inhibits the deep insertion of the helices ¥i5  the Linkage Between Hydrophobic Subdomalii interac-
subdomain. tion between the TH57 and TH8 and 9 subdomains could

The reciprocal experiment was carried out to examine the involve direct helix-helix interactions or instead reflect
effect of inhibiting deep insertion of helices THZ upon coupling of helix conformations because of a fixed confor-
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mation within the hydrophilic loop connecting helix TH7 to A. 25
helix TH8. To see if the #8 loop conformation was critical, 20
four Gly residues were inserted between residues 319 and -
320 to greatly increase loop flexibility. T domains with both : 1.5
the tetraGly insertion and P345E mutation and also bimane £ 1o
or BODIPY labeled on Cys at residues 280 or 311 showed S
that the tetraGly insertion neither restored “wild type” deep 0.5
insertion of the helices TH57 region in the TM state nor 0.0
totally abolished the deep insertion of helices H¥b

Instead, they showed a partially blocked ability to form the B. 16 :
normal TM state as judged both by bimahg.x (Table 3) ’

and anti-BODIPY antibody binding (Table 4). If the specific - 12
native loop conformation was required for allowing the deep -
insertion of helices TH57, then the tetraGly insertion should 2 08 -
have fully abolished deep insertion of TH3. If the native 2

loop conformation coupled the insertion of helices H¥5 S
to helices TH8 and 9, but TH57 were capable of inserting

fully independently of TH8 and 9, then the tetraGly insertion 0.0
should have allowed wild-type deep insertion of THbIn

the presence of the P345E mutation. Neither of these C. 35

behaviors was observed. This suggests that direct confor- 3.0
mational coupling via the #8 loop is not critical for the
interaction between TH57 and TH8 and 9 subdomains.
However, there was a significant increase in the degree of
membrane penetration by residue 280 in a P345E mutant

2.5
2.0
1.5
containing the tetraGly insertion relative to that in the absence 1.0 j [I
of the tetraGly insertion as judged by an increased bimane 0.5
blue shift (Table 3) and decreased anti-BODIPY-induced 0.0 e ilmin IH

quenching (Table 4). This suggests that the loop has some
affect on TH5 behavior. In contrast, the tetraGly insertion
had no consistent effect on insertion of residue 311 in TH7,
suggesting that TH7 is less affected by the-87loop
conformation than TH5 (see Tables 3 and 4).
Measurement of the Depth of T-Domain Residues by
Fluorescence Quenchind@he fluorescence methods above Ficure 2: lodide and 10-DN quenching of bimane labels on T
do not directly measure membrane penetration depth, anddomain single-cysteine mutants. Samples containing 70% PC/30%
inaccessibility of a residue to aqueous solution might reflect POPG SUV (200uM lipid with or without 10-DN, see the text

: : : for details) and Iug/mL bound T domain protein were prepared
the degree of occlusion of residues from solution by other in Tris-acetate buffer at pH 4.5. Quenching of bimane fluorescence

protein residues as well as the degree of burial within the intensity in the presence of iodide (A) or 10-DN (B) was used to
lipid bilayer. However, we previously confirmed by fluo- calculate the quenching ratios (C) under conditions inducing
rescence-quenching methods that the degree of burial withinformation of the P state (DOPC-containing vesicles) (open bars)
the lipid bilayer was the predominant factor in bimane or favoring the TM state (DMoPC-containing vesicles) (closed bars).

. . Fo denotes the intensity of bimane fluorescence without the
fluorescence of, and BODIPY antibody binding to, labeled quencher, whereds-py andF - represent the bimane fluorescence

T-domain residues26, 27). Nevertheless, quenching studies jntensities in the presence of the 10-DN or iodide. Quenching by
were undertaken to confirm that this was also the case for 10-DN (Qio-pn) and iodide Q—) equals Fig-pn/Fo) — 1 and
the mutants in this study. To do this, quenching by iodide (Fi-/Fo) — 1, respectively. Mutants in A and B are in the same
ion was used to evaluate bimane proximity to aqueous order as indicated on theaxis of C. For each quencher, average
. . . values and standard deviations were calculated from the data from

solution and quenching by 10-DN, a probe that inserts deeply ;o separate samples.
within bilayers, was used to measure bimane proximity to
the bilayer centerd3, 34). If a bimane has a shallow location  state and deeper in the TM state, in agreement with the assays
in a bilayer, it will be strongly quenched by iodide and described above and previous studiés2@). This could be
weakly quenched by 10-DN, while bimane deeply buried in seen both from the iodide quenching (Figure 2A), which
the bilayer will be more heavily quenched by 10-DN and decreased under conditions favoring formation of the TM
weakly by iodide. Thus, the ratio of 10-DN to iodide state, and 10-DN quenching (Figure 2B), which increased
quenching reflects the relative depth of a bimane label in under these conditions. As shown by the guenching ratio
the bilayer, with a higher quenching ratio indicating a deeper (Figure 2C), the P345E, P345G, and P345N mutations all
location @3, 34). We previously confirmed that the ratio of inhibited deep insertion of residues 356 and 311 in the TM
10-DN quenching to that by an agueous quencher reflectsstate to some degree. However, the inhibition of deep
depth using synthetic TM helice83) and labeled T-domain insertion of residue 356 was smallest for the P345N mutation.
residues known to be shallowly or deeply insertdd)( The L307R mutation also decreased the depth of 311 and

As shown in Figure 2, the depth of bimane-labeled residues 356 insertion in the TM state to a significant degree. Thus,
at positions 311 and 356 was shallow (low ratio) in the P the quenching results basically agree well with the other

QIO—DN / QI'

DLIED/ALOET E_|

J9s€V
J1IED

orIED/Astsd [pam |

D9SEV/OSPeEd
DI9SEV/NSHEd
DISEVILOET

D9SEV/dESEl/ASYEd



4496 Biochemistry, Vol. 44, No. 11, 2005 Zhao and London

assays used in this paper. However, the effect of the L307R  Our studies show that T domains containing the P345E
mutation upon the depth of insertion of residue 356 was and P345G mutations do insert into the lipid bilayer but also
larger than expected based on the results of the other assayshow that the mutations reduce how deeply TH8 and 9 insert
The effect of quenching by iodide on emission wavelength Within the bilayer. This supports the proposal that Pro345 is
was used to try to distinguish whether the lesser degree ofimportant for normal insertion of these hydrophobic helices.
insertion of the T domain with P345G and P345E mutations The requirement for Pro at position 345 is relatively stringent,
relative to the T domain that is wild type at position 345 as shown by the inability of Pro at 347 or 353 to rescue
reflected mutant T-domain molecules that insert somewhat mutations at position 345, and the inability of Gly, which
less deeply than wild type in TM conditions or reflected a like Pro can be a helix breaker, to fully substitute for Pro.
normal deep insertion but by a smaller fraction of mutant The observation that substitution of Pro with Asn, the residue

proteins relative to the wild type. If a subpopulation of mutant With the next strongest propensity to support turn formation
proteins inserted as deeply as the wild type, the emissionhad less deleterious effects on T-domain conformation as
wavelength of mutants in TM conditions should be more judged by iodide/10-DN quenching, pore formation, and
similar to the wild type in the presence of iodide. This is antibody binding, suggests that promotion of turn formation
true because the iodide should preferentially quench theis an important part of the function of P345. The inability
fluorescence of the shallowly inserting populations. Using Of Asn to completely mimic Pro345 might partly be related
bimane-labeled proteins on residue 356, this was not to the fact Asn is less hydrophobic than PAS)

observed. Instead, the difference between the wild type and Relationship Between T-Domain Conformation and Pore
mutant emission was relatively unchanged, consistent with Formation. In this paper, we found mutations that disrupt
the mutants being able to less deeply insert than the wild- insertion of helix TH9 also disrupted pore formation but a
type protein in TM conditions (data not shown). This mutation that disrupted helix TH7 insertion did not greatly
conclusion is consistent with previous studies showing that inhibit pore formation. This is in agreement with previous
the P345E mutant forms pores with a smaller conductivity data indicating that the TH8 and 9 hairpin has the primary
and more flickering (transient open/closing) behavior than role in pore formation by the T domaid1). However, it
wild-type proteins, both of which suggest an altered con- should be noted that we do not know if disruption of the

formation relative to the wild typel®). insertion of helix TH5 would disrupt insertion of helices TH8
and 9, and therefore, we cannot rule out a role of helix TH5
DISCUSSION in pore formation. In fact, a E295K mutation in the

] . hydrophilic loop connecting TH5 to TH6 does inhibit pore

Using Multiple Assays To #aluate the Structure of the  formation (data not shown and ré8). Because this mutation
Membrane-Inserted T DomairCharacterizing T-domain s jikely to affect the insertion of TH5, it may suggest that
topography is challenging because the T domain is not a TH5 has some role in pore formation.
classical membrane protein. Its hydrophobic sequences are | 5 previous study, Zhan et al. found that the P345G
not as hydrophobic as those in usual membrane proteins,mation blocked pore formation in vesicles to a much higher
and therefore, it can form both deeply and shallowly inserting degree than the P345E mutation as measured by an efflux
states when associated with lipid bilaye4sZ7). Even when 5555y 19). Our data indicate that the P345G only induced
it inserts deeply, it has hydrophobic helices (FH5 that  ore formation to a slightly lesser degree than P345E. We
do not even form TM structures, at least under most 45 not understand the origin of this difference, although
conditions (0, 27, 28). differences in experimental conditions (e.g., pH) in our

Our approach to this complexity has been to study the studies and that of Zhan et al. may be involved. We note
membrane-inserted T-domain structure with multiple tech- that our data are self-consistent in the sense that both the
niques. Use of a single technique can be deceptive if it degree of inhibition of deep insertion and inhibition of pore
involves a parameter that depends on more variables tharformation by P345E and P345G mutations is similar.
the one of interest. Using multiple assays that all depend on  Advantages of the Biotin/BODIPY-SA Pore Ass@ije
the desired variable can help to cancel out peculiarities piotin/BODIPY-SA pore assay introduced in this paper has
encountered with just a single assay. An inevitable conse-several advantages. Influx processes with half-times over
quence of using multiple assays in this way is that they will 15 s can easily be followed spectroscopically. Influx can be
occasionally give slightly different results. Conclusions based initiated at any time by the addition of the biotin-labeled
from studies using a single assay may appear better becausenolecule to the external solution. Thus, one can assay
by definition, they avoid this possibility. However, this changes in pore properties after initial pore formation upon
advantage is illusive: using a single assay, some results will T-domain insertion. Such events cannot be assayed in efflux
simply be misleading. With multiple assays, conclusions that experiments, in which leakage starts as soon as the pore-
are supported by overall consensus of the data are much morg¢orming molecule inserts into membranes. A final advantage
robust than conclusions from a single assay. of this protocol is its sensitivity. With a relatively high biotin

Role of P345 in T-Domain Structure and Functicd®o concentration, the first few percent influx and an initial rate
far, Pro345 is one of the few DT residues that has been foundcan easily be measured. When the size of the biotinylated
to have a critical role in maintaining toxicity and pore molecule used is varied, it should also be possible to estimate
formation. P345 sits at the tip of the loop between TH8 and pore size, at least when pores are not large enough to cause
TH9 in the solution structure of DT. Because TH8 and 9 streptavidin leakage.
form a TM hairpin crucial for both pore formation and Interaction Between T-Domain Helices TH% and He-
translocation, 41, 44, 45), it seems likely that Pro345 has lices TH8 and 9 and the Structure of Membrane-Inserted T
a critical role in maintaining the normal TM hairpin structure. Domain in the TM Statédnother important observation from
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TH1 - TH4

Ficure 3: Schematic diagram of hypothetical topography of
hydrophobic helices of T domain in the TM state. Hydrophobic
helices TH8 and 9 are shown lightly shaded. Helices FA%re
shown darkly shaded. Residues studied or labeled in this paper are
indicated. In the model shown, helices THBinteract directly with
helices TH8 and 9. A less likely alternative is that there is no direct
interaction but that the insertion of helices TH8 and 9 is obligatory
for insertion of helices TH57.

these studies concerns the linkage between conformational
changes in the TH8 and 9 subdomain and that in the deeply
inserting but non-TM TH5-7 region. Insertion of helices
TH8 and 9 in the TM state clearly aids membrane penetration
by helices TH5-7. Results showing that membrane penetra-
tion of helix TH7 has only a small effect on the insertion of
helices TH8 and 9, while TH57 insertion is dependent upon
the insertion of TH8 and 9, suggest the possibility that deep
TH8 and 9 insertion precedes that of THB, and thus, TH8
and 9 insertion may be an early step in T-domain insertion.
These results also imply that the TH8 and 9 and FH5
subdomains are likely to be interacting with each other within
the deeply membrane-inserted TM state rather than existing
as two independent structures that are not in direct contact
(Figure 3). If this is true, it is likely that helices THY
have an important role in translocation. This role could
involve forming a part of the pathway through which the A
chain translocates or by being part of the toxin that actually
crosses the membrane with the A chali®,(13). Indeed, a
model that has been proposed for the T domain after
translocation requires that TM insertion of helix TH5 takes
place during the translocation proced€)( Thus, further
studies of the structure of helices TH3 during transloca-
tion, including their spacial relationship to TH8 and 9 and
the effect of mutations that alter THY insertion, should
yield important insights into the translocation process.

It should be noted that the effect of mixing wild-type and
mutant proteins indicates that the interaction of H5with
TH8 and 9 does not involve an intermolecular interaction
between TH5-7 on one T-domain molecule and TH8 and 9
on another. If this interaction was primarily intermolecular,
it would predict that the addition of excess wild-type protein
could restore the normal insertion of TH3 that was within
a molecule containing a mutation at Pro 345. This was not
observed.
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