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ABSTRACT. The catalytic domain of diphtheria toxin (DT) is translocated across endosomal membranes
by the T-domain (DTT) in response to acidification. Understanding the energetics of translocation, besides
clarifying the mechanism of translocation, should provide insights into general principles of membrane
protein stability and assembly. As a first step, we have evaluated the energetics of DTT binding to lipid
vesicles using three single-cysteine mutants (L350C, Q369C, and Y280C) labeled with a 7-nitrobenz-
2-oxa-1,3-diazol-4-yl (NBD) fluorophore sensitive to polarity changes. Remarkably strong association
with the vesicles was detected for all mutants, even at pH 7 at which DTT is believed to be in a fully
folded membrane-incompetent state. Lowering the pH in the presence of anionic membranes resulted in
a strong but reversible increase in emission of NBD-labeled mutants, consistent with reversible membrane
insertion. This reversibility permitted free energies of DTT interactions with vesicles to be determined
for the first time. Free energy values for the three mutants ranged 8o —10 kcal mot? at pH 4.3

and from—7 to —8 kcal mol* at pH 7. Insights into the disposition of DTT on membranes were obtained
using a novel hydropathy analysis that considers the relative free energies of transmembrane and interfacial
interactions as a function of pH. This analysis suggests that interactions at the membrane interface dominate
pH-triggered insertion of DTT, implying that the folding pathway involves interfacial intermediates.

Protein sorting and trafficking across various membranes involve the refolding of DTT on membranes in response to
is a vital function that is generally achieved by complex changes in pH. To begin to understand the mechanism of
multiprotein assemblies, such as the mitochondrial TIM and this process, two questions need to be answered: how does
TOM complexes 1) and the Sec61 translocon complex of DTT associate with the membrane at neutral pH, and how
the endoplasmic reticulun2(3). Remarkably, many toxic  does it refold and insert at low pH? Most previous studies
proteins can translocate their water-soluble catalytic domainshave focused on the topology of the low-pH inserted state.
across membranes without the assistance of these compleXere we consider the binding and presumed refolding of DTT
machines. In diphtheria, tetanus, and botulinum toxins, on membranes at neutral pH, which is a largely unexplored
translocation occurs in response to acidification of the area. A complete picture of DTT binding, refolding, and
endosome and is mediated by @+helical domain situated  insertion should help us to understand the thermodynamic
between an N-terminal catalytic and a C-terminal receptor- context within which the TIM, TOM, and Sec61 complexes
binding domain 4). In the case of diphtheria toxin (DT), (1—3) must operate.
this domain consists of a 10-helix bundle, termed the The crystallographic structuré)(of the water-soluble form
T-domain (DTT)! DTT can also assist the translocation of of DTT provides a starting point for studying the refolding/
some heterologous proteins across lipid bilay&ysiqdicat- insertion process (Figure 1A). Previous studies have disclosed
ing a general rather than specific translocation pathway. Thethe conformations of transmembrane helical regiohs3)
mechanism of translocation is not understood, but it must and two proposed topologies of the open channel sfte (
The consensus initial insertion domain consists of the helical
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of state IV (Figure 1B) has been problematic. The data
presented here clearly indicate that DTT indeed binds to
membranes at pH 7 and higher. Furthermore, we demonstrate
for the first time that the transition between the different
membrane-bound states of DTT is reversible, which opens
the way for a true thermodynamic exploration of spontaneous
T-domain insertion. We have consequently been able to
obtain the first experimental estimate of the free energy
changes of the insertion process using a series of fluores-
cently labeled single-cysteine mutants of DTT. Computa-
tional analyses carried out with experiment-based whole-
residue hydrophobicity scalesly) indicate the likely
importance of an interfacial intermediate state along the DTT
membrane insertion pathway.

MATERIALS AND METHODS

Materials.POPC and POPG were purchased from Avanti
Polar Lipids (Alabaster, AL). IANBD was purchased from
Molecular Probes (Eugene, OR). Two buffers, acidic and
neutral, were used in this study. The acidic buffer (pH 4.3)
was composed of 10 mM sodium acetate and 50 mM NacCl
and the neutral buffer (pH 7.0) of 10 mM HEPES and 50
mM NacCl, unless otherwise indicated. The pH was changed
in the course of an experiment by adding appropriate aliquots
of a 0.4 M solution of NgHPQy (to raise pH to 7), 0.5 M

7 ¥ solution of NaHPO, (to lower pH to 5), or a 0.5 M solution
39{ g : 3 % of sodium acetate (to lower pH to 4.3).
RUae | € 2 NBD Labeling of Single-Cysteine Mutants of DBIhgle-
LA ] cysteine mutations were made at positions L350, Q369, and

Y380, and the mutants were isolated as described previously

H7.0 H4.3 (16). NBD labeling was done using a standard procedure
pre P4 for the thiol-reactive derivative IANBD (7). In a typical
labeling reaction, five uL aliquots of 0.4 M IANBD in
DMSO were mixed with 1 mL ba 2 mg/mL sample of a
high pH_ low pH single-cysteine DTT mutant in buffer at pH 7. The sample

state state was incubated overnight at°€ in the dark and then passed
through a PD-10 gel filtration column to remove IANBD.
The extent of labeling was found to be in the range 0f0.3
|\ I 0.8, estimated from absorbance spectra using extinction

. . . . . . coefficients of 25 000 M! cm™* for NBD at 480 nm 17)
Ficure 1: The solution structure of (A) diphtheria toxin T-domain and 17 000 M cm-2 for DTT at 280 nm.

(DTT) and (B) a proposed refolding pathway. Panel A shows the ; ) . ] )
crystallographic structure of DTT in water-soluble for) (ith Vesicle PreparationLarge unilamellar vesicles of diameter

the consensus membrane insertion helical hair@jrhighlighted 0.1um were prepared by extrusiof, 19) using POPC or

in blue. Three residues, L350, Q369, and Y380 (shown as CPK a 1:3 molar mixture of POPG and POPC

models), were replaced with cysteine one at a time and labeled ™ ) .

with NBD to study membrane association of DTT. Panel B shows  FluorescenceFluorescence was measured using an SLM
the thermodynamic cycle used in the analysis of pH-dependent8100 steady-state fluorescence spectrometer (Jobin Yvon,

_membranetinsertion of DTTt rEStt-l‘z_t?}(t for gﬂati:]s)-hTze mertl)wbrane Edison, NJ, former SLM/Aminco, Urbana, IL) equipped with

IS represented In a manner that distinguisnes the rocarpon cor : P ; : g

frompan interfacial region42, 43), sugggsted to play )f:m important edouble-gratlng excitation and single-grating emIssion Mono-

role in refolding of proteins32). chromators. The measurements were made in 4 xnfr0
mm or 2 mmx 10 mm cuvettes thermostated to 26.

The simplest thermodynamic cycle for describing mem- Cross-orientation of polarizers was used (excitation polariza-
brane interactions of DTT consists of four states (Figure 1B). tion set to horizontal, emission polarization set to vertical)
At neutral pH, DTT is a fully folded soluble protein (state I, to minimize the scattering contribution from vesicles and to
also known as the S-state) that can be reversibly convertedeliminate spectral polarization effects in monochromator
into a molten globule-like state (state I, also known as the transmittanceZ0). NBD fluorescence spectra were obtained
A-state) by lowering the pH1{l). This is a functionally active by averaging 3-20 scans collected over a 48600 nm range
state, and addition of membranes at low pH results in using 1 nm steps. The excitation wavelength was 470 nm.
membrane insertion, translocation of the N-terminus, and Excitation and emission slits were no larger than 8 nm. The
ultimately, formation of a pore (state Ill). Because no background spectra collected with the same concentration
translocation or pore-formation has been observed for theof lipid but without DTT were subtracted from the spectra
addition of DTT to membranes at neutral pH, the existence collected from protein-containing samples. During fluores-
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interface

interface
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cence kinetics measurements, the entrance slit on the T T T T T T T T
excitation monochromator was reduced to 1 nm to minimize 8 |- A -
photobleaching. The intensity of control samples of NBD
PE or NBD-labeled DTT remained unchanged for many
hours under these conditions. During kinetic measurements,
the emission monochromator was set to 530 nm and the slits
to 16 nm.

Determination of the Free Energy of Membrane Partition-
ing. Fluorescence intensities) (obtained in lipid titration

experiments were fitted t@20, 21) YpH 5.5 $ -

K [L] i f+POZC;F(’)OPC pH 7.0
L) =1+ e kg (1) N e T S

0 2 4 6
whereinKy is the mole-fraction partition coefficient,, is Time (hrs)
the fluorescence increase upon complete binding, [L] is the
lipid concentration, and [W] is the concentration of water
(55.3 M). Nonlinear least-squares analysis was performed
using the Origin 7.0 software package (OriginLab, Inc., 4
Northampton, MA). The free energies of transfer from water
to membrane were calculated from the mole-fraction partition
coefficients using

Fluorescence at 530 nm
N E
T T
—~
N
]

AG= —RTInK, )

Fluorescence

Hydropathy CalculationsHydrophobicity (HDP) profiles
were calculated22, 23) using the Wimley-White scales
for interfacial (L5) and octanol (transmembrane) partitioning
(23, 24). The profiles result from a 19-residue sliding-window |
sum implemented using Membrane Protein Explorer (MPEX), 500 550 600
which is available over the World Wide Web from the

University of California at Irvine as a Java applet (http:// IGURE 2: Reversibility of pH-triggered membrane insertion of
blanco.biomol.uci.edu/mpex). Because these are absolute fre TT into anionic large unilamellar vesicles (LUV) composed of

energy Sca|e_31 the zero level distinguis.hes faVorab!e from1:3 POPG/POPC: (A) fluorescence kinetics of a single sample of
unfavorable interactions. The default implementation of the NBD-labeled DTT L350C mutant was measured in buffer and

MPEx uses free energies computed for transfers from in the presence of anionic membranes under changing conditions
membrane to water. Consequently, any positive point on the of pH; (B) measurements of the NBD emission spectra made after

H® plot ts af ble t fer for th the intensities in panel A had reached equilibrium. These spectra
plot represents a favorabie transier free energy 1or tN€ \q e taken at times corresponding to the labeled positions in panel

entire 19-residue sequence centered at that point. Thea and are numbered according to the following progression of
electrostatic (ES) component of free energy of interfacial changes: (1) 0.&M DTT350-NBD in 1 mL of a solution of 10

partitioning was calculated in the following fashion. First, MM phosphate buffer at pH 7.0; (2) 0.5 mM 75POPC/25POPG

; LUV added; (3) pH changed to 5.5 by addition of 0.1 mL of 0.5
the Chiarge yal.ues ode, 1! ar_1d1 Wgcrle aS.SIQT]ed to each M monobasic phosphate; (4) pH returned to 7.0 by addition of 0.2
neutral, cationic, and anionic residue In the Sequence,m of 0.4 M dibasic phosphate. All spectra (but not the kinetic
respectively. Second, the charge profile was created as a 19traces) are corrected for dilution.

residue sliding-window sum using the same sign convention

used in MPEx Kb profiles. Third, theAG profile was label was exposed to the aqueous phase on three different
generated by multiplying this charge profile by the Faraday gjges of the folded protein and have different membrane
constant and the surface potentia). We chose a value of  qhgogies in the inserted state (Figure 1A). A variety of
—40 mV for the latter, because it is close to the surface gryctural 7, 8, 25) and functional studie®(26—28) indicate
potential in our POPC/POPG experimental system. T H ot the TH8-TH9 helical hairpin (highlighted in blue)
and ES free energies are not strictly additi¢@)( but we inserts across the bilayer at acidic pH in such a way that
nevertheless added the &A% profile to the HD profile as L350 is translocated across the membrane, Q369 is inserted
a means of obtaining a first-order approximation of the jose to the hydrocarbon core, and Y380 remains untrans-
combined ES and # free energies. located on the cis side of the bilayer. For all three mutants,
RESULTS NBD fluorescence increased upon the addition of LUV,
indicating membrane interactions. Typical kinetic and spec-
Experimental Determination of DTT Free Energy of tral data are shown in Figure 2 for DTT350-NBD. At pH 7,
Transfer.We followed membrane interactions of three single- in the absence of vesicles, fluorescence was rather low and
cysteine mutants of DTT (L350C, Q369C, and Y380C) with the position of emission maximum was about 533 nm (level
POPC/POPG membranes by measuring the fluorescencel, Figure 2A). Upon addition of LUV, fluorescence increased
response of the NBD fluorophore attached to the cysteine and the maximum shifted to 531 nm (level 2). This indicated
residue. The mutants were chosen in such a way that thethat interaction with the membrane occurs even at the

Wavelength (nm)
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FIGure 3: Membrane interactions of DTT with LUV formed from E 4 D inati f the ¢ bindi ¢ the NBD
neutral (zwitterionic) POPC. The fluorescence kinetics of NBD- IEUIREd bT‘I?tersrglgé lon orthe rle%eg(e)rgéfpogemgu(i/ be -
labeled DTT L350C mutant was measured in buffer and in the 'a0&le Q mutant to 1: y means

; i ._of fluorescence titration. The increase in fluorescence intensity at
presence of membranes under changing conditions of pH. Experi- A ; ) =
mental conditions correspond to those described in the legend for>30 NM is plotted against the concentration of LUV. Titration data,

Figure 2. While DTT shows membrane binding at neutral pH Measured at pH 4.3 and 7.0 M), are fitted to eq 1 (solid lines)
(increase of intensity from 1 to 2), the acidification of the sample ]Eo obtain ”?°'e-fff?ct'°f]1 partition coeszlgl_leglts flor the calculation of
did not lead to a further increase in fluorescence intensity (level T€€ energies of transfer using eq 2 (Table 1).

3). This contrasts strongly with the substantial increase in intensity _ _ )
observed with anionic membranes (compare to Figure 2). at pH 4.3, 0.1 mL of a concentrated solution of dibasic

phosphate was added to bring the pH to 7. This led to a
relatively high pH of 7. Lowering the pH, by addition of decrease in the level of the fluorescence to a value close to
concentrated monobasic phosphate, resulted in a furtherthe level observed for the pH 7 titration (Figure 4, open
intensity increase and a further spectral shift to 528 nm (level triangle). The reversibility appears to be less perfect than
3). Importantly, the latter changes could be reversed by that seen in Figure 2 for two reasons. First, raising the pH
addition of concentrated dibasic phosphate, which returnedto 7 from 4.3 requires addition of a higher concentration of
the sample to pH 7 (level 4). After appropriate correction phosphate salts than that from pH 5.5. Second, the compari-
for dilution effects, the spectrum of DTT seen after reversing son was made between two different samples. The difference,
the pH to 7 practically coincided with the one for initial however, is within the range of reproducibility for even
binding to LUV (spectra 2 and 4, Figure 2B). This reversible identical multiple samples. Thus, the insertion of DTT369-
pH-triggered insertion of DTT was important, because it NBD (Figure 4) could also be reversed by increasing the
meant that the processes of Figure 2 were amenable topH, as with DTT350-NBD (Figure 2).
thermodynamic analysis. The titration data shown in Figure 4 were fitted to eq 1

We repeated the above experiments using neutral LUV by means of a least-squares minimization procedure to obtain
made entirely from zwitterionic POPC (Figure 3) to examine the mole-fraction partition coefficientk,, and the maximal
the role of negatively charged lipid in the process of DTT intensity increased,.. The fitted solid curves in Figure 4
insertion. We found that DTT will bind at neutral pH to have the following parameter value&y = (3.2 + 0.3) x
zwitterionic membranes, resulting in the intensity of NBD 10° andl, = 2.90+ 0.04 at pH 7, andx = (2.6 + 0.1) x
fluorescence shown in the left curve of Figure 3. Importantly, 10° andl. = 3.54+ 0.03 at pH 4.3. Note that fluorescence
the initial kinetics of membrane binding are very close to increases to a higher level at lower pH, which is consistent
those observed for anionic membranes (Figure 2). Although with deeper insertion into the bilayer. This pH-dependent
the intensity did not reach equilibrium for many hours (not difference was also observed for DTT350-NBD but not for
shown), the total intensity increase was even somewhatDTT380-NBD (data not shown), which has a probe attached
higher with anionic LUV (compare levels 2, Figures 2A and to a site not expected to insei, @, 25).

3). When the pH was lowered to 5.5, the characteristic strong The free energies of transfer of DTT from the aqueous
increase observed with anionic membranes was not seerenvironment to the lipid bilayer, calculated from the values
(compare levels 3, Figures 2A and 3). We concluded that of mole-fraction partition coefficients using eq 2, are

DTT can bind to zwitterionic vesicles at neutral pH but summarized in Table 1. Membrane binding of the DTT350-
cannot refold at acid pH in a manner that causes an increaseNBD mutant at pH 4.3 was found to be so tight that we saw
in fluorescence. no change in fluorescence after 0.05 mM of lipid was added.

To estimate the free energy of transfer of DTT into anionic To go below this concentration required that the protein
lipid membranes, we titrated the labeled mutants with concentration be reduced as well to maintain the dilute
vesicles and measured the resulting increases in NBDregime. This, in turn, reduced the reliability of the measure-
emission intensity. The results of the fluorescence titration ments and placed an ultimate upper limit on the value of
of DTT369-NBD with LUV containing 75% POPC and 25% AG that could be determined experimentall29). We
POPG are presented in Figure 4. The fluorescence increas@stimate that the limiting value is aboutl0 kcal mot?
observed at pH 4.3 (solid triangles) was higher than that at (Table 1). At neutral pH, the increase in fluorescence of
pH 7.0 (solid squares). Following lipid titration of a sample DTT350-NBD upon binding to membranes was much
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Table 1. Experimentally Determined Free Energies (kcalfaf
Membrane Partitioning of NBD-Labeled DTT Mutants Determined
by Spectroscopic Titration Measurements Such as Those of Figure
4&

pH 7.0 pH 4.3
DTT350-NBD b <-10
DTT369-NBD —75+0.3 —8.7£0.5
DTT380-NBD —-7.3+04 —-7.8+04

@The means and standard deviations are derived from triplicate
measurement$.Binding at neutral pH could not be quantitated because
of the small fluorescence increase (see Figure® B)nding of this
mutant at low pH is too strong to be accurately determined by the
spectroscopic method employed (see text).

smaller than that at pH 4.3 (Figure 2), which prevented
accurate determination &G. The possible origins of the
variation in theAG values among the mutants are discussed
below. Despite the differences, all mutants have important
similarities: They all appear to bind to membranes at neutral
pH and reversibly insert upon lowering the pH in the

presence of anionic lipids. Interestingly, although each mutant

has a somewhat more favorable interaction energy at low
pH (Table 1), the effect of pH on binding is rather modest.

Hydropathy Analysis for DTT Transfer to Interfacial and
Transmembrane State¥/e used a novel Java-based web
tool, MPEX (http://blanco.biomol.uci.edu/mpex), to analyze
DTT hydropathy plots at low and neutral pH. MPEx was
well suited to the analysis for two reasons. First, the program
utilizes the Wimley-White experiment-based hydrophobicity
scales, which permit analysis of both the interfacial and
transmembrane propensities of amino acid sequer&®s (
Second, both the interfacdl§) and transmembrane3)
scales include free energy values for the charged and neutr

forms of aspartate, glutamate, and histidine. The results are,,

presented in Figure 5. The upper and lower pairs of plots
are for transmembrane (TM) and interfacial interactions,
respectively. The left and right plots for each pair are for
interactions at neutral and acid pH values, respectively.

The upper panels (panel A) of Figure 5 are for TM helices
and the lower panels (panel B) for interfacial association of
unfolded segments with zwitterionic membranes. The purple
bars in both panels signify the helical regions of the
crystallographic structure of DTT (Figure 1A). The redH
plot in Figure 5A and the blue @ plot in Figure 5B,
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static free energy component as described in Materials and
Methods. The green trace in panel B represents the sum of
this ES component and thedHcomponent (blue trace).

The left- and right-hand plots in each panel allow the
effects of changes in the protonation states of aspartate,
glutamate, and histidine residues to be assessed upon
changing the pH from neutral to acid values. The left-hand
plots are thus for Hisand Asp and Glu, and the right-
hand plots for His and Aspd and GI. For all plots for both
scales, substantial portions of the hydropathy traces are found
above the zero level in all cases, suggesting favorable
membrane interactions (marked by the red, blue, and green
bars above the plot).

The proposed topology for the so-called open channel state
based upon direct experimen® §uggests that helices TH5,
TH8, and TH9 span the membrane, consistent with our
hydropathy analysis. What is surprising, at least at first
glance, is that practically the same TM regions are also
predicted at neutral pH. Yet none of the literature on
diphtheria toxin suggests membrane insertion or translocation
at neutral pH. Thus, hydropathy analyses that consider only
two states, TM and aqueous, are not capable of explaining
the pH-dependent insertion of DTT. A control mechanism
for pH-dependent insertion is suggested by the interfacial
hydropathy analyses (Figure 5B), which show that interfacial
partitioning depends strongly on pH. At neutral pH (left-
hand plot), the TH5, TH8, and TH9 segments are predicted
to interact favorably, though marginally, with the interfacial
region. At low pH (right-hand plot), on the other hand, the
favorable region for interfacial interactions covers almost the
entire protein (green bar, right-hand plot), especially when

aI:avorable charge interactions are taken into account (green

urves). This analysis suggests that at low pH, where

istidine is positively charged and aspartate and glutamate
are neutral, there is a dramatic increase in the interfacial

association of the protein with the membrane interface. This

increased interfacial association implies that DTT refolds into

an interfacial intermediate state that is subsequently converted
into the final transmembrane state.

DISCUSSION

The most important result of this study is that we have
established the reversibility of pH-triggered membrane

corresponding, respectively, to the transmembrane (octanol)insertion of DTT (Figure 2), which allows us to take the

and interfacial scales, use a 19-residue sliding-window sum.
As described in Materials and Methods, each point of a plot

first steps in experimental characterization of the thermo-
dynamics of the refolding/insertion process (Figure 4, Table

that has a positive value corresponds to a favorable freel). Understanding the energetics of establishing a transmem-
energy of association with the membrane. The sequencebrane structure is an essential step in deciphering the
regions favoring b membrane association are indicated in membrane protein folding problem.

panels A and B by horizontal red and blue bars, respectively. How, exactly, can a transmembrane helical structure be
The octanol (TM) scale 24) accurately estimates the established? It can occur either cotranslationally with the help
energetics of transferring a folded helix between membrane of a translocon machinerg() as in the case of constitutive
and water 23), whereas the interfacial scale5) accurately proteins or spontaneously, as in the case of honconstitutive
estimates the energetics of transferring an unfolded peptideproteins, such as DTT. Despite the obvious mechanistic
chain between water and the interfacial region of a neutral differences between the pathways, in both cases the polypep-
lipid bilayer (12). The interfacial scale accounts for neither tide chain must overcome certain energetic barriers on the
free energy gains upon formation of arhelix on membrane  way to its final lowest free energy state in the membrane.
interfaces (estimate®() to be 0.4 kcal mol* per residue) Hydropathy plots, such as those in Figure 5, allow one to
nor free energy changes associated with chaof@rge locate likely transmembrane segments from the sequence
interactions between the protein and the membragg To (23). We are a long way, however, from being able to predict
quantitate the latter contributions, we estimated the electro-the tertiary structure and stability of membrane proteins. One
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Ficure 5: Hydropathy analysis of membrane interactions of diphtheria toxin T-domain (see text). All hydropathy plots represent a 19-
residue sliding-window sum of residue free energies implemented using Membrane Protein Explorer (MPEX), which is available over the
World Wide Web from the University of California at Irvine as a Java applet (http://blanco.biomol.uci.edu/mpex). The zero level distinguishes
favorable from unfavorable interactions (see text). The default implementation of MPEXx provides estimates of free energies of transfer
from membrane to water. Consequently, any positive plot point level represents a favorable transfer free energy for the entire 19-
residue sequence centered at this point. The purple bars indicate the locations of helices observed in the crystal structure of the soluble DTT
(Figure 1A). Stars mark the positions where single-cysteine mutants were labeled with NBD. Left-hand plots correspond to the high-pH
state and the right-hand plots to the low-pH state (see text). Panel A shows the hydropathy plots (red curves) analyzing TM helix insertion
using the Wimley-White octanol scale23, 24). The red horizontal bars indicate the regions of favorable interactions. Notice that the
regions for favorable TM insertion do not depend strongly on pH. Panel B shows the hydropathy plots (blue curves) analyzing favorable
interfacial associations with zwitterionic membranes using the Wimlhite interfacial hydrophobicity scald’%, 22). Notice that regions

of interfacial association depend strongly on pH. The associations are even stronger when electrostatic interactions are taken into account
(green curves). The green curves represent the sums of hydrophabicbitie traces) and Coulombic electrostatic (ES) free energies
arising from interactions between the charged protein residues and anionic lipids. The latter components were estimated by assuming a
membrane surface potential 840 mV, which corresponds to our experimental conditions. Blu® @hly) and green bars @ + ES)

represent regions with favorable interfacial transfer free energies of the unfolded chain relative to water.

of the principal difficulties is the severe shortage of direct The present work is a logical extension of this approach to
experimental data on the stability of membrane proteins. Thisthe more complex and challenging task of determining
shortage is due in large measure to the fact that many directexperimentally the free energy of membrane interaction of
experimental approaches successfully used in soluble proteira self-inserting membrane protein, DTT.

studies, for example, thermal and chemical denaturation, are We used the three single-cysteine mutants of DTT, labeled
inapplicable to membrane proteins. To overcome this dif- with NBD fluorescent dye, to study protein interactions with
ficulty, we have devised an approach that allows useful neutral and charged lipid membranes (LUV). The probes
thermodynamic information to be extracted from data on were placed in and around the consensus insertion helix TH9
membrane partitioning of short soluble peptides, (32). (7, 25) in such a way that they were exposed to the solvent
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at three different sites of the folded protein (Figure 1). The refolding 32). This intermediate is expected to be rich in
use of the very bright NBD dye has a major advantage over secondary structure but lacking the specific tertiary contacts
tryptophan 83), which is traditionally used in membrane of either the initial water-soluble state or the final fully
titration experiments34, 35). By placing the probes on the inserted state. Indeed, such intermediates were identified for
solvent-accessible sites, we were able to increase thethe colicin E1 channel-forming domait, 14) and annexin
sensitivity for detecting initial membrane binding events, 12 (33). We do not know at the moment whether membrane-
which would not necessarily cause measurable changes irbound DTT at high pH is such an intermediate or whether it
the environment of tryptophan residues buried within DTT. preserves some of its original tertiary fold.

The similarity in the interaction patterns observed for all three  The efficiency of the final insertion from the membrane

mutants indicates an underlying common behavior of DTT interface will depend on the free energy difference between
and argues against substantial perturbations caused byhe transmembrane and interfacial conformations. The direct
labeling. comparison between the corresponding traces in Figure 5 is
At pH 7, where DTT is believed to be in a fully folded complicated by the difference in the folding state (helical
membrane-incompetent state, we observed interactions withfor upper panel and unfolded for the lower one). Because
both anionic and zwitterionic LUV (Figures 2 and 3, DTT is folded in solution, the gain in free energy due to
respectively). When the pH was lowered, two of three interfacial folding 0) will be offset by the penalty due to
mutants exhibited substantial increases in fluorescence,unfolding in solution. These thermodynamic considerations
consistent with transmembrane insertion. As expected, theby no means suggest that DTT has to unfold to random coil,
DTT380-NBD mutant did not show this increase, because bind, and then gain back helicity. This is most certainly not
the probe was located at the very far end of TH9, which is the case, and our analysis of different components of free

not expected to insert in the membrane at low PHAD). energy follows thethermodynamic cyclenot theinsertion
The insertion of the other two sites, residues 350 and 369, pathway

requ_ired the presence of anion_ic Iipi_ds, which is a common  apother energetic component missing from our analysis
requirement for spontaneously inserting protefts 85, 36). (and for that matter from any hydropathy analysis) concerns
Although electrostatic interactions no doubt aid targeting to contribution associated with changes in the tertiary structure
the membrane interface, our results suggest that they are nog the soluble protein or its state of aggregation. Thus, the
essential for initial binding. Rather, they may be more |arge free energy value predicted for the transition between
important for refolding on the membrane interface to set Up the unfolded peptide chain in water and the helical interfacial
the membrane/protein system for transmembrane insertionsiate does not immediately imply that tieédedstate of DTT
and translocation. This speculation is strongly supported by shou|d associate with the membrane with high free energy.
our hydropathy calculations (Figure 5). The fine interplay Thjs transition will be opposed by the free energy of folding
of H® and ES interactions has been suggested to influencejn sojution. As a result, the transitions between states | and
the proper membrane insertion of many membrane-active |y and |1 and IIl (Figure 1) will be affected by the relative

proteins and peptided {, 12, 33, 36, 37). _ stability of membrane-associated and soluble structures at
The reversible nature of membrane interaction allows one gjther pH.

to explore the energetics of the refolding/insertion process,
as we have begun to do in this study using fluorescence
titration methods (Figure 4, Table 1). The patrtitioning free
energies of Table 1 are not inconsistent with the interaction
free energies implied by the hydropathy analysis (Figure 5).
It is interesting that the average free energy of transfer (Table
1), —7.8+ 0.6 kcal mol?, is about the same as the value of
—7.6 kcal mot? observed for the simple membrane-active
peptide melittin 80). All mutants have somewhat stronger
membrane affinities at low pH than at neutral pH, but the
differences are surprisingly small. The DTT350-NBD has
the highest partitioning free energy at low pH, while the
DTT380-NBD has the lowest. The difference of over 2 kcal
molt is significant and might be related to several possible AckNOWLEDGMENT
causes, including some destabilization of the folded DTT
by labeling (in the case of DTT350-NBD) or local flexibility We are grateful to Mr. Michael Myers for his editorial
that allows the site to leave the membrane temporarily, evenassistance.
though much of the rest of the protein is still associated with
it (DTT380-NBD). REFERENCES
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