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ABSTRACT: Fourier transform infrared spectroscopy has been applied to the study of the carboxyatrac-
tyloside-inhibited mitochondrial ADP/ATP transporter from the yedatcharomyces cersiae, either
solubilized in dodecyl maltoside or reconstituted in phosphatidylcholine liposomes. Its secondary structure
has been estimated by means of Fourier self-deconvolution followed by curve fit. A Voigt function was
used to fit the components of the deconvoluted spectrum, aiming to account for any distortions introduced
by deconvolution. For any of the states analyzed, reconstituted or solubilized, in solution or in dry films,
60—70% of the amino acids are found to adephelix plus unordered structures, coherent with the six
transmembrane spanning helix model. Moreover, the problem of structure preservation on drying was
addressed, and several observations pointed to a maintenance of the protein structure in dry films.
Comparison of reconstituted and solubilized samples indicated the presence of both lipid-induced changes
in the protein (decrease of tifesheets and increase of unordered structures) and protein-induced changes
in the lipids (strong hydrogen bonding of lipid=<D groups). To obtain a better discriminationcehelix

and unordered structure contributions for the reconstituted form, H/D exchange experiments were performed.
Between 35% and 45% of the amino acids were finally assignedhelix structures, compatible with

the existence of five or six transmembrane spanning helices in the transporter. The level of H/D exchange
was determined after 15 h of exposure tgCDvapor to be 85%, reflecting a high accessibility of the
amide hydrogens even for the carboxyatractyloside-inhibited state.

The ADP/ATP carrier is a protein of the inner mitochon- transport process (for a review seeXgfTherefore, structural
drial membrane, which exclusively catalyzes the 1-to-1 analysis of these complexes would be invaluable in under-
exchange of cytosolic ADP, imported into mitochondria, for standing the nucleotide transport mechanism at the molecular
ATP generated in the matrix space by oxidative phospho- level.
rylation. The ADP/ATP transport system can be blocked by  |n the yeasBaccharomyces cerisiag, three highly similar
very specific inhibitors, which bind to the carrier with high  genes encoding the ADP/ATP carrier have been isol&ed (
affinity. They belong to two families: atractyloside and 4). Only the ANC2 isoform is required for the cells to grow
carboxyatractyloside on one hand, which bind to the trans- on a nonfermentable carbon source, such as glycerol or
porter in the so-called CATR conformation, and bongkrekic |actate B, 6). In this study we used the yeast mitochondrial
acid and isobongkrekic acid on the other hand, able to bind ADP/ATP carrier isolated from a genetically modified strain
to the transporter in the so-called BA conformation. Binding of S. cereisiae, which produces the His-tagged Ané2p
of the inhibitors to the carrier results in carboxyatractylo- isoform of the carrier (Anc2pHis).

different chemical, immunochemical, and enzymatic reac- gmide | and amide Il bands, has been proven to be a valuable

tivities. It has been suggested that the transition between thegg| for the protein secondary structure estimati@a-9).
CATR and BA conformations is involved in the ADP/ATP
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The correlation between amide | and amide Il band position a modified isoform of Anc2p containing the extra sequence
and secondary structure has been demonstrated from bottGSRSHHHHHH at its C-terminal end (Anc2pHi(Q). JL1-
experimental studies on homopeptides of known secondary3-ANC2(His6) yeast cells were grown as describ&d) (
structures 10, 11) and theoretical studies on homopeptides  preparation of Yeast MitochondriaYeast cells were
with pure secondary structuré(q, 12). Spectra deconvolution  haryvested during exponential growth phase when the OD 540
followed by curve fitting has been used to resolve the nm reached a value of 5.0. Mitochondria were prepared as
contributions of the different secondary structures in the gescribed 21). Briefly, protoplasts obtained by enzymatic
amide | (3, 14). Gaussian, Lorentzian, and mixed Gaussian  gjigestion of the cell wall with Zymolyase 20T (Seikagaku
Lorentzian bands have been used to fit deconvoluted spectracorp.) were disrupted with a Dounce homogenizer in a
although without a clear justification. In the present work medium made of 0.6 M mannitol, 0.1 mM EDTA, 10 mM
Voigt functions have been used to curve fit deconvoluted Tris-HCI, 0.1% BSA. and 1 mM phenylmethanesulfonyl
spectra. When this band profile is used, reliable estimatesfiyorige (PMSF), pH 7.4. Mitochondria were isolated by
for position, width, and area of the components bands are gfferential centrifugation, washed with the same medium
obtained, increasing the reliability of the final fit to this ¢ devoid of BSA and PMSF, and stored in liquid nitrogen.

spectrum (results to be published) ; . Purification of the Carboxyatractyloside-Inhibited Anc2pHis.
Infrared spectroscopy also provides the opportunity t0 oy 5 rification steps were carried out at. Isolated yeast

study the H/D exchange by following the decrease in the \i,hondria were preincubated with carboxyatractyloside,

amide Il band area. Upon exchange of the hydrogen of thesuspended at 10 mg of protein/mL in 0.1 M4S&,, 1 mM

amide groups by dguterium, the amide Il band diS""ppe""rS'EDTA, 1 mM diisopropyl fluorophosphate, and 10 mM Tris-
bel_ng reconverted in two new bands; one of_them, called HCI, pH 7.3, and solubilized by addition of 1% DM and
amide If, appears 100 cm down from the amide Il, and o4 £myiphogen BC720. The soluble extract was submitted
the_sec_:ond oneé appears around 100010@’, 9)- AIthou.gh . to hydroxylapatite (HTP) chromatograph®2j with modi-
major information comes from the analysis of th_e kinetics fications (L7). Partially purified Anc2p and Anc2pHis were
of exchange19), the total exchange at an appropriated 0ng oo\ ered in the flow-through fraction. Anc2pHis was further

time of'exchange can give some clues to the acce_ss,lblllty Ofpurified by immobilized metal ion affinity chromatography
the amide hydrogen atoms to the solvent and prOVId_es aWay(MAC) using the Ni-NTA resin, following the experimental
to compare the Anc2p with other membrane proteins. conditions previously establishe@(). Briefly, Anc2pHis
These spectroscopic techniques were used in the presenfyas bound to the resin in the presence of 5 mM Mg0
work to get an approach to the secondary structure of themm NaR, pH 7.3, and 0.1% DM. After extensive washing
adenine nucleotide carrier Anc2p from yeast. Unfortunately, of the resin, it was eluted by 500 mM imidazole in 50 mM
the free form of the Anc2p has been shown to be very labile NaC| and 10 mM Mes, pH 6.8, with 0.02% DM. Pure
when isolated from mitochondrid §). After an exhaustive  Anc2pHis was then subjected to a overnight dialysis at 4
purification at least half of the binding sites are commonly °cC in front of 50 mM NaCl and 10 mM Mes, pH 6.8, with
lost (17, 18). Attempts have been done to shorten the time 0,015% DM. In these conditions the carboxyatractyloside-
the protein spends solubilized in detergent, aiming to reduceinhibited Anc2pHis was obtained at a concentration of about
lose of protein binding sites. Regrettably, after this fast 9.04 mg/mL. The presence and purity of protein from the
purification procedure the protein purity decreased dramati- HTP chromatography and the NNTA batch eluates were
cally to half of the total protein9). As a consequence the  determined from a 12% SDSPAGE stained with Coomassie
present studies were restricted to the carboxyatractyloside-gjye (see Figure 1). For IR studies, solubilized Anc2pHis
inhibited transporter in order to have pure protein blocked was concentrated using Centriprep YM30 (Amicon)_ Final
in a We”'deﬁned Conformational state. It iS important to concentration was measured by UVis absorbance at
realize that carboxyatractyloside binds tightly to the protein 280 nm usingessAnc2p) = 0.9 (g/mL)™ cmt [from
in one of the conformations involved in the ATP/ADP . (Trp)= 4500 M* cm* andezso(Tyr) = 1500 Mt cm™1],
transport (the CATR conformation), and although not active, and by the bicinchoninic acid metho@3), giving similar
the resultant complex should display a structure very similar yegylts.
to that of the free protein in the CATR conformation and
thus should be considered as a good model for this
conformation. As a conclusion, the presence of the inhibitor,

although avoiding the achievement of any functional studies, ratio of 3:1 (w/w) and final DM-to-lipid ratio of 2:1 (w/w).

should not affect_strggtural studles_ to be done. _ After 1-2 h of incubation at 4C, Bio-Beads were added
Two forms of inhibited Anc2pHis sample preparations {4 4 fing| ratio to DM of 33:1 (wiw). Afte6 h of soft stirring
were used, solubilized in the nondenaturing detergent dodecyly; 4 °c the proteoliposomes obtained were centrifuged at

maltoside or reconstituted in negatively charged liposomes, 9000Qj for 90 min. The pellet was resuspended to the final
to test the influence of the hydrophobic environment sur- ~oncentration used in the experiments.

rounding the carrier, either micellar or membrane bilayer,
respectively. Moreover, the suitability of studying the
Anc2pHis preparations in the form of dry films was tested.

Reconstitution of the Carboxyatractyloside-Inhibited
Anc2pHis To the purified Anc2pHis was added egg PC/PA
(1:1 w/w) presolubilized with DM to a final lipid-to-protein

FTIR Transmission Experiments. (A) Sample Preparation
For IR transmission experiments of solubilized samples in
solution, the carboxyatractyloside-inhibited Anc2pHis was
MATERIALS AND METHODS dissolved at a concentration of 10 mg/mL, in 9.2% DM, 10

mM Mes, and 50 mM NaCl (pH 6.8), and was placed

Yeast Strains and MedisVe used the genetically modified between two CafFwindows using a Gum tin spacer. For

JL1-3-ANC2(His6)S. cereisiaeyeast strain, which produced transmission spectra of dry fims of solubilized protein, 0.2
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mg of protein was spread over a Gakindow and dried
under vacuum.

(B) Spectra AcquisitionA total of 1000 scans were co-
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both transmittance and ATR allows the discrimination
between thick and thin film hypotheses. For a thin film the
area ratio of two band&,/A; is the same as in transmittance,

added in blocks of 40 reference scans and 40 sample scan§ut for a thick film it becomesAw/Ao)rans= (v/v2) (A/Ao)atr,

using a shuttle accessory, with an instrumental resolution of
2 cnmr! on a Mattson Polaris FTIR equipped with an MCT
detector. The resulting interferogram was apodized with a

wherev; andv, are the positions of the two bandssj.
Spectral Corrections and Determination of Experimental
Errors. (A) Amino Acid Side Chain Absorption Subtraction.

triangle function and processed to give an absorption spectraA synthetic amino acid side chain absorption spectrum was

at 0.5 cm* digital resolution. The sample was placed in a
circulating water holder connected to a thermostatic bath.
An external probe fitted to the sample holder was used to
keep the temperature at 25400.05°C. The spectrometer
compartment was purged with dry air, having finally a dew
point lower than—50 °C. This low water vapor concentra-
tion, together with the spectra acquisition in blocks, usually
gave absorption spectra free from water vapor bands.

(C) Buffer SubtractionFor transmission experiments in
solution a buffer spectrum was collected and subtracted to
eliminate the contribution of water, detergent, and salts. The

constructed from the data of Venyaminov and Kalr2d)(

for H,O spectra and Chirgadze et &5f for D,O spectra,
taking into account the primary sequence of the Anc2pHis
(18). The subtraction factor was calculated from the protein
concentration and path length.

(B) Phospholipid and DM AbsorptioThe phospholipids
used have no significant absorption in the amide | or I,
neither between 4000 and 3150 ¢mso amide A (with
maximum around 3290 cm) and remaining water (maxi-
mum around 3400 cm) are directly observed in reconsti-
tuted samples. DM shows no absorption in the amide | or

subtraction factor was chosen as that leaving a flat baselinell, but it does between 3500 and 3100 chpreventing the

between 2000 and 1800 ctn

FTIR Attenuated Total Reflection Experiments. (A) Sample
Preparation.Eighty micrograms of the carboxyatractyloside-
inhibited protein at a concentration of 4 mg/mL, in 12 mg/
mL egg PC/PA (1:1 w/w), 10 mM Mes, and 50 mM NacCl
(pH 6.8), was spread on a 4fapezoid ATR germanium
crystal of 50x 20 x 10 mm. The sample was dried at the
atmospheric humidity first and under a dry nitrogen flow
later.

(B) Exchange Experiment& dry film of the reconstituted
protein was exposed to a continuous flow of dry nitrogen
(150 mL/min) saturated of D at 26°C. The amide | area
was measured from 1690 to 1615 ¢mFor the amide I
two intervals were used, 1581520 cnt! and 1566-1530
cm~1. When the broader interval was used, a slightly higher
exchange level was measured.

(C) Spectra AcquisitionA total of 2000 scans were co-
added at an instrumental resolution of 2¢ron a Bio-Rad
FTS 6000 spectrometer equipped with an MCT detector. The
resulting interferogram was apodized with a triangle function
and processed to give an absorption spectrum at 0.3 cm
digital resolution. A cover jacket was placed over the ATR
crystal and connected to a circulating thermostatic bath at
26 °C. The spectrometer compartment was purged with dry
air, having finally a dew point lower than40 °C. No block

averaging was used; under these conditions the presence of
residual water vapor peaks in the absorption spectra cannot

be fully prevented, so water vapor was collected and
subtracted when needed.

(D) Characterization of the Films Used in ATR-FTIR
is necessary to determine if the films studied by ATR are
described by the thin film hypothesis (film thickness
infinitesimally small compared to the IR light penetration
depth) or by the thick film hypothesis (thickness much bigger
that the penetration depth). In the thin film case the effective

direct observation of amide A and remaining water in DM
solubilized samples.

(C) Determination of Absorption Coefficientg) (and
Integrated Absorption Coefficients (B) by Transmittartear
H>0 solutions, the path length was calculated essentially as
described 26). However, due to the baseline uncertainty
when using MCT detector27) the difference absorption
coefficients between 2125 and 1880 ¢nfor H,O at 25°C
was preferred: 105 — €188 = 1.55 Mt cmt. Water
concentration was calculated assuming a volumetric mass
for solutes equal to 1 g/L. For dry films it was assumed that
the integrated absorption coefficients for acyl bands of DM
and egg PC (31062800 cm?) are independent of the
humidity. The following coefficients were determined: DM
acyl stretchingBaooo-2800 = (187 & 14) x 10° g~* cm; eqg
PC acyl StretChinngg752775 = (212 + 14) x 108 g_l cm;
egg PC G=0O stretching,Bi760-1700 = (18.0 + 1.6) x 10°
mmol* cm™% and dry film egg PC &O stretching,
B1760-1700 = (22 + 4) x 10° mmol? cm 2.

(D) Determination of the Signal-to-Noise Ratldsing an
interval free of sample bands (usually between 1800 and
1850 cn1?) a straight line was fitted. The standard deviation
of the residual was taken as the noise standard deviation at
1825 cm! (SDy). The noise standard deviation at the amide
I maximum ED,) was calculated as describe2B) using

SD, = SD, x 10%% A%

where Abs is the absorption in the original nonsubtracted
spectrum at the amide | maximum and Altise absorption
at 1825 cm'. Then the signal-to-noise ratio was calculated,
taking as signal the absorbance at amide | maximum and as
noise the calculated value of 8D

(E) Determination of the Error Due to Orientation of the
SampleFor a globally oriented protein with axial symmetry

path length, and therefore the measured absorbance, igelative to the ATR crystal, or to the windows in transmit-

proportional to the film thickness, resembling the transmit- tance setup, even using unpolarized light the absorbance
tance spectra. In contrast, in the thick film case the effective depends on the orientation, leading to errors in quantitative
path length is independent of the actual film thickness but analysis and thus in the estimation of secondary structure of
decreases as the wavenumber increases. Then, comparisgoroteins 29). The absorbance using unpolarized light is for
between the area ratios of two separated bands obtained frommost interferometers approximately equal to the addition of
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the absorbance using parallel and perpendicular polarizedor the > changed less than 1 in 4@ one iteration (our

light (15) according to
Abs 0 = 0.5Absg, + 0.5Abg,

criteria of convergence) to a maximum of 1000 iterations.
(C) Curve Fit of Deconoluted SpectraTo obtain accurate

results on curve fitting overlapped bands, the shape of the

component bands should be well characterized. The decon-

We define the relative error of the absorbance of one bandvo|uti0n procedure introduces Changes in the band Shapes_

corresponding to a globally oriented protein with respect to
the same protein with nonglobal orientation as

Absy(p) + Absy(p)
Absy(p = 0) + Absy(p = 0)

where p is the order parameter of the transition dipole

error=

For an infrared spectrum composed yure Lorentzian
bands with FWHH ofy;, deconvolution will give a sum of
bands with the following shape: a residual Lorentzian
character with FWHH ofyi' = (y; — ") convoluted with
the Fourier transform of a Bessel function of FWHH equal
to y'/k (31). As the Fourier transform of a Bessel function
resembles a Gaussian band, the new bands can be closely

moment of the considered band with respect the surfacedescribed as Voigt functions (convolution of a Lorentzian

normal @ is equal to O for a nonoriented protein). For ATR,
the absorbance depends on optical parameters (sekb ref
for expressions oE,, Ey, E, dependency omy, n, ns, and
0), and the relative error becomes

A-PEFE)+@+IE |

error=
Ei+E +E

Taking the thin film hypothesis and using the values for a
proteolipid film on a germanium platen{ = 4.0,n, = 1.5,
n; = 1.0, and@ = 45°), the relative error becomes er
—0.70% and goes from—70.5% forp = 1 (reduction of
absorbance in globally oriented proteins for bands with the
transition dipole moment parallel to the crystal surface
normal) to+35% forp = —0.5 (enhancement in perpen-
dicular orientation). For the thick film hypothesis in the same
conditions the relative error becomes=er0.164, and it
goes from+16% forp = 1 to —8% forp = —0.5.

band and a Gaussian band). Therefore, the Voigt function
was used to curve fit the deconvoluted spectra (suitability
of this approach is shown in a paper being prepared for
publication). A Voigt function contains four parameters:
area, position, Lorentzian width, and Gaussian width. During
the curve fitting procedure the Gaussian widgh)(is fixed

to 0.94/'/k, and the rest of parameters are set free. After
convergence, the fit gives the are&)( position ¢;), and
Lorentzian FWHH ¢i') of bands in the deconvoluted
spectrum. Since the fitting algorithm does not allow negative
values fory;’, when this parameter reaches zero for any band,
it cannot be distinguished if the band has been properly
Fourier self-deconvolutedy( = y') or overdeconvoluted

(yi < v"); inthat caseyc was allowed to be adjusted during
the curve fitting but constrained to be equal or lower than
0.94y'/k. Usually less than 200 iterations were needed to
fulfill our criteria of convergence. No baseline was introduced
in the curve fit (if baseline correction was needed, an offset
was previously subtracted before the iterations were started).

For transmission spectra the relative error is expressed asrhe number of bands introduced in the fit was determined

2m§ﬂ1—@+sﬁ9@p+n_l
2 cog 6 +sinf o

error=

as those visually observable at the spectrum, as clearly
resolved maxima, or well-defined shoulders. The number of
bands was limited by the following restriction: the residual
at the amide | should be similar in amplitude to the noise

where 6 stands for the angle between the beam and the observed after deconvolution in a near zone free of bands

window normal. In the standard dispositiér= 0°, and the
error becomes e+ 1 — p, going from—100% forp = 1
(no band absorption) te-50% for p= —0.5 (absorption
enhancement).

Quantitatve Analysis of the Spectral Components of
Protein Amide 1. (A) Fourier Self-Decenlution and Maxi-
mum Likelihood RestoratiorThese procedures were per-

(around 1800 cmt). If the residual is too low, overfitting
was concluded; on the other hand, the need of an extra band
was detected when systematic deviations in the residual,
higher than the noise, were observed. Also, as in deconvo-
lution the interferogram is cut at 0.B%' cm (13, 30), the
nominal resolution in the deconvoluted spectra becomes
1.05/'/k cm™2, putting a final limit to the number of bands

formed using the programs supplied by Spectrum Squarepossibly resolved after deconvolutioh3j.

Associates, Ing implemented in the GRAMS software
(Galactic Industries). For Fourier self-deconvolution (referred
to in the following as deconvolution) a Lorentzian profile
was used, with full width at half-height (FWHH) of’,
filtered with a Bessel function and a narrowing factorkof
as defined by Kauppinen et aB@). For maximum likelihood
restoration a Lorentzian profile with FWHH ¢f, no smooth,
0.2% of uncertainty and 10 000 iterations were used.

(B) Curve Fitting ProceduresCurve fitting was carried
out using the program CURVEFIT supplied by Spectrum
Square Associates, Inc., which uses the Levenbhtgr-

(D) Curve Fit of Original Spectra Since deconvolution
does not distort the area or position of a individual band but
reduces the Lorentzian widtB2), all of the parameters can
be directly translated from the deconvoluted to the original
spectra, except for the Lorentzian width, that should be
calculated using the expressign = (yi' + y'). For
overdeconvoluted bands, original widths can roughly be
estimated ag; = kys. The curve fit of original spectra was
done between 1850 and 1480 ¢mVoigt functions were
introduced, keeping fixed the position and the Lorentzian
width previously determined from the curve fit to a decon-

quardt method to find the parameters that yield a minimum voluted spectrum. The Gaussian width was fixed to zero,

x%. The program does not allow negative values for any and only the band heights and a zero slope baseline were
parameter; when a parameter hits this limit, it was fixed to set free. Under these conditions the fit becomes a linear one.
zero. Iterations were performed until a minimum was found After convergence, all of the parameters of bands above 1700
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standards -35 KDa

Arbitrary density

-35 KDa

HTP coiumn

HTP column + Ni-NTA batch

1 2 3
distance (cm)

Ficure 1: SDS-PAGE densitogram for the molecular mass
standards (top), HTP column elution (middle), and HTP column
elution further purified with a NiNTA resin (bottom). For the
HTP and HTP+ Ni—NTA lanes the molecular masses of the bands
were obtained by interpolation from the standards. From band
integration, the Ancp2His purity was estimated to be better than
95%.

cm~! and below 1600 cmt (including the Gaussian width)
were set free, and a minimum of 200 iterations were
performed. Then, all of the parameters, except positions of
bands between 1700 and 1600 ¢nwere set free, and 1000
iterations were performed. Finally, all of the parameters were
set free and 1000 iterations were performed.

RESULTS

As described in Materials and Methods, the carboxyatrac-
tyloside-inhibited Anc2pHis was purified from mitochondria
in a two-step procedure: a hydroxylapatite (HTP) chroma-
tography followed by affinity chromatography using a—Ni
NTA resin. In Figure 1 the densitogram of different lanes
obtained from a SDSPAGE is displayed. The lane corre-
sponding to the HTP column eluate shows only two bands:
a 35 kDa band assigned to Ancp2His and a 31 kDa band
assigned to the mitochondrial phosphate transpc2@r At
this step of purification the Anc2pHis showed 60% purity.
After the second step of purification (NNTA batch), only

one single band was evident, assigned to the Anc2pHis. Thefgure 2:
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(A) (—) Transmission absorption spectrum of the

purity at this step was higher than 95% and thus was suitablesolubilized carboxyatractyloside-inhibited Anc2pHis igGHat 25

for FTIR studies.

FTIR Characterization of Solubilized Anc2pHisgure 2A
presents the spectrum of the carboxyatractyloside-inhibited
Anc2pHis solubilized in DM, after buffer subtraction. A
buffer subtraction factor of 0.971 was considered to be
optimum, but factors from 0.975 to 0.967 gave also accept-
able results. The amide | maximum was located at 1655.2
cm™1, the amide Il at 1546.7 cm, and the tyrosine (from
the fourth derivative) at 1517.1 crh The amide I/amide I
ratio intensity was determined to be 1.440.14, and the
absorption coefficient was 192 8 M1 cm™? for the amide
Il and 2804 40 Mt cm™* for the amide I, where the errors
arise from the uncertainty in the factor of buffer subtraction.
Figure 2A also shows the side chain amino acid absorption

and the Anc2pHis spectrum once the amino acid side chain

contribution was subtracted. To determine the scaling factor

°C once contributions arising from buffer have been subtracted.
Before subtraction, the spectrum had a 0.88 AU in the amide |
maximum (1655 cm?). The noise standard deviation (at 1825¢m
was 2.2x 1075 AU. The noise standard deviation at the amide |
maximum was calculated to be 1:4 10~ AU, giving a S/N for

the amide | equal to 150. (- - -) Synthetic amino acid side chain
spectrum from the data reported by Venyaminov et24).((--+)
Anc2pHis spectrum once the amino acid contribution has been
subtracted. (B)<) Deconvolution and curve fit of the spectrum
shown in (A) once the amino acid chain contribution (except that
of tyrosine) has been removed. For the deconvolution the following
parameters have been used: a Lorentzian band shape—ofl8
cm™1, ak = 2.0, and a Bessel apodization, giving a new nominal
resolution of 9.5 cmt. The results of the fit are presented in Table
1. (--+) Curve fit residual, at the same scale, shifted down for a
clear display. (C)<) Curve fit of the original spectrum shown in
(A). The amino acid side chain contribution (except that of tyrosine)
has been removed. The curve fit was performed as described in
Materials and Methods, but the positions determined from the

' deconvoluted spectrum were fixed for bands assigned to amide I.

protein concentration was taken as 10 mg/mL and the pathFit results are presented in Table :XCurve fit residual multiplied

length as 8.4um. It was calculated that 15.5% of the area

by 5 and shifted down for a clear display.
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Table 1: Summary of the Curve Fit to the Deconvoluted Spectrum presgnte_d in Table 4'_ The calculation was performed
of Solubilized Carboxyatractyloside-Inhibited Anc2pHis (Figure 2B) ~considering that the different secondary structures have

and the Curve Fit to the Original Spectrum Shown in Figure 2C, different integrated absorption coefficien85). This calcula-
Together with the Proposed Assignments for the Bands tion was applied to the data derived from the curve fit to the
deconvoluted original deconvoluted spectrum and to the original spectrum; these

positior? % area positioh FWHH® %L %area assignments  €Stimations agreed within 4%. Different structure estimation
1742.4 1743.7 19 0 phospholipid could also be obtained from data in Table 1, assuming that

c=0 the area is just directly proportional to the amount of the
1724.6 1726.2 22 0 phospholipid  assigned structure. Obviously, it will lead to overestimation
1695.3 04 16953 13 o 06p Ch=0 of -sheets and underestimation of turns, compared to the
. . . . -sheets H 7 H t i
1684.2 3.5 1684.2 15 55 3.2 reverse turns der:.errr:]ma}thn u_smg the coefflqlents of de Jong et&'ﬁ).(_
16746 40 16746 17 85 55 reversetuns VWhich solution is more exact is a matter of debate, since
1656.6 64.2  1656.6 27 75  63.9a-helix + the relative integrated absorption coefficient for turns with
unordered respect tg3-sheets determined by de Jong et @b)(is very
1641.0 21.9 1641.0 24 85  20.2p-sheets imprecise (0.3t 0.2)
1629.4 6.0 1629.4 18 55  6.5p-sheets It b ) | d dth tth b t loside-inhibited
1617.8 1617.8 16 100 tyrosine can be concluded that the carboxyatractyloside-inhibite

2In cm L.  The Voigt function used to fit the original spectrum, Anc2pHis in the solubilized state has mairdyhelix p!us
described by the parameters Lorentzian width and Gaussian width, isunor,dered structures (_abOUt, 60%), ,Compatlble with the
presented as its equivalent mixed Gaussiaorentzian profile with predicted 40% of the amino acids forming six transmembrane
two parameters: FWHH in cm and the percentage in height of the a-helices for the Anc2p36). Later on, the problem of
Lorentzian character (%). discriminating thex-helix and unordered contributions will

be assessed for the reconstituted state.

from 1700 to 1480 cmt (baseline at 1850 cm) corresponds Dry Film of Solubilized Anc2pHiS'he interest in studying
to the side chain amino acid absorption. This is in good a dry film of a protein by FTIR comes mainly from the
agreement with the value calculated following the procedure difficulties, when working with protein aqueous solutions
reported by Rahmelow et al3), which predicts a 16.7%  (H20), to obtain an amide | profile with sufficient S/N for
from the primary sequence of Anc2pHis. When path length the analysis requirements. This low S/N in solution comes
or protein concentration was unknown, data from Rahmelow from the strong water absorption at 1645 ¢mMoreover,
et al. @3) were used to determine the subtraction factor for buffer subtraction, an unavoidable step prior to any analysis,
the amino acid side chain spectrum. is prone to errors and personal bi&§)( In contrast, when

Secondary Structure Analysis: Guer Fit and Decomno- proteins are studied in dry films, high S/N is commonly
lution. Figure 2B shows the deconvolution of the spectrum achieved, and water subtraction is not necessary for analysis.
presented in Figure 2A (once the amino acid side chain Artifacts may appear in this case, however, from protein
contribution, except tyrosine, was subtracted). In the samestructural changes upon dehydration, although several studies
figure the component bands obtained by curve fitting are (15, 37) suggest that these effects are not common, even for
also presented. Three bands were found to be overdeconsoluble proteins.
voluted as reported by the curve fit: 1695, 1675, and 1618 Figure 3A shows a transmission absorption spectrum of a
cm! bands. A curve fitting of the original spectrum was dry film of the solubilized carboxyatractyloside-inhibited
also performed (shown in Figure 2C). In this case, the data Anc2pHis. Amide | maximum is shifted upward 2.3 thn
derived from the curve fit to the deconvoluted spectrum and the amide Il maximum downward 0.7 chwith respect
(number of bands, position, width) were used as the startingto that of solution. These shifts are in agreement with
point of the curve fitting procedure. The fitting was carried differences generally observed between solution samples and
out as described in Materials and Methods, but the last fitting film samples 15). The amide I/amide Il intensity ratio was
step was omitted and band positions were kept fixed. This 1.68, suggesting that some water may be present in the dry
was done because the standard deviation of the residual wadilm. This could not be directly checked at 3400 chas
7 x 107° AU, already lower than the noise standard deviation DM absorbs between 3500 and 3200 énfsugar G-H
calculated at 16661630 cm?® (1.5 x 104 AU), and stretching). Taking into account the DM acyl integrated
therefore further reduction of the residual was meaningless.absorption coefficient and the DM-to-protein ratio (9:1 w/w),

Table 1 presents the parameters obtained from the curveit was possible to determine the amount of protein (0.€84
fit to the deconvoluted as well as to the original spectra, 0.004 mg cm?) and the peptide bond absorption coefficient
together with the proposed assignments. The 1744 and 1726or the amide | (37Gt 30 M~ cm™1) and the amide Il (220
cm! bands were assigned to the=O stretching from the ~ + 20 M™! cm™?) bands. The amide Il coefficient is in
ester group of phospholipids. Using the integrated absorptionagreement with that of solution, but the amide | coefficient
coefficient of G=0O phospholipid vibration (for egg PC) and is significantly higher, indicating that remaining water is
the protein concentration, it was concluded than13 present in the film. The amino acid side chain absorption
molecules of phospholipid kept bound per Anc2pHis dimer spectrum was subtracted with a factor derived from the
in the presence of DM. The 1618 cfband was assigned calculated amount of protein.
to tyrosine. The rest of the bands were assigned according Figure 3B shows the deconvoluted spectrum of Figure 3A.
to reviewed data7, 34). Since under the optimal conditions of deconvolution the

The estimated secondary structure composition for the spectrum appears less defined than the spectrum of the liquid
solubilized Anc2pHis-carboxyatractyloside complex in ague- sample, two different sets of deconvolution parameters were
ous buffer (HO) averaged for two independent samples is used; one (top trace) was used to determine the number of
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Table 2: Summary of the Curve Fit to the Deconvoluted Spectrum
of a Dry Film of the Solubilized Carboxyatractyloside-Inhibited
Anc2pHis (Figure 3B) and the Curve Fit to the Original Spectrum
Shown in Figure 3C, Together with the Proposed Assignments for
the Bands

deconvoluted original

positior? % area positioh FWHH? %L 9% area assignment

1743.9

Absorbance

1732.8

i 1695.5
i ! ) ) 1682.2
1800 1700 1600 1500 1669.6

Wavenumber (cm™) 1657.6

L
1900

1640.5
1628.4

1614.8
B

1743.7

1731.6

1696.1
1682.5
1669.6
1657.7

1641.1
1628.4
1614.8

19.1

27.2

12.2
19.7
20.5
271

27.9
23.8
11.7

40

35

10
10
75
95

90
85
100

phospholipid
C=0
phospholipid
C=0
0.83-sheets
5.2 reverse turns
5.3 reverse turns
64.60-helix +
unordered
16.54-sheets
7.4 3-sheets
tyrosine

Wavenumber (cm’)

1700
Wavenumber {(cm’)

FiGurRe 3: (A) (—) Transmission absorption spectrum of a dry film
of the solubilized carboxyatractyloside-inhibited Anc2pHis at 25
°C. No buffer subtraction was performed. The noise standard
deviation was 2x 105 AU at 1850 cnt. At the amide | maximum

aln cm~L. P The Voigt function used to fit the original spectrum,
described by the parameters Lorentzian width and Gaussian width, is
presented as its equivalent mixed Gaussiaorentzian profile with
two parameters: FWHH in cm and the percentage in height of the
Lorentzian character (%).

bands, while the other (down trace) was curve fitted. The
best fitted bands are displayed in the same figure, and their
parameters are presented in Table 2. Figure 3C presents the
curve fit to the original spectrum, using as initial values those
obtained from Figure 3B. Table 2 presents the results of the
curve fit, together with the proposed assignments. The 1744
and 1732 cm® bands were assigned again to phospholipid.
From the integrated absorption coefficient of the@ group
from egg PC, it was calculated that # 6 molecules of
phospholipid remained bound per Anc2pHis dimer. The band
at 1615 cm* was assigned to tyrosine following the results
of Rahmelow et al.45) and Chirgadze et al3@). These
authors reported an integrated absorption coefficient »f 5
10> mmol~* cm™2, whereas using the area of the curve fit in
Figure 3C and taking into account 11 tyrosines per monomer,
an integrated absorption coefficient 08610> mmol-* cm~2

was calculated. This good agreement for such a small band,
although it is not fundamental in our study, shows the
accuracy gained on working with dry film.

Table 4 collects the secondary structure estimation for the
dry Anc2pHis film derived from curve fit of the deconvoluted
spectra and curve fit of the original spectra. These data
closely compare with the data from the sample in solution,

(0.3 AU in the recorded spectrum) the calculated noise standardpresented in Table 4 as well. The estimation based on the

deviation was 4x 1075 AU, and the S/N was 7000:+¢) Same

original spectra agrees within-3%, whereas the estimation

spectrum after the synthetic amino acid side chain absorption hased on the deconvoluted spectra agrees withi89%3.

spectrum was subtracted. (B} Deconvolution of the spectra
shown in (A) once the amino acid chain contribution, except that
of tyrosine, has been removed. Top trace (shifted up for clarity):
y' =18 cml, k = 2.5, and Bessel apodization, giving a nominal
resolution of 7.6 cm!. This spectrum was used to determine the
number of bands. Down trace” = 12 cnrt, k= 2.5, and Bessel
apodization, giving a nominal resolution of 5.0 thiThis spectrum

was curve fitted as described in Materials and Methods. The results

of the fit are presented in Table 2:4) Curve fit residual shifted
down for a clearer display (at the same scale). (€) Curve fit of

the original spectrum shown in (A) once the amino acid side chain
contribution (except that of tyrosine) has been removed. The fit

was performed as described in Materials and Methods, giving as

initial values the parameters from the spectra showed in (B). The
results are presented in Table 2:) Curve fit residual multiplied
by 20 and shifted down for a clearer display.

Furthermore, when individual bands are compared (Tables
1 and 2), the similitude is still remarkably good. It can be
concluded that the structure of the carboxyatractyloside-
inhibited Anc2pHis is well preserved in the film state. This
is not surprising since some water always remains bound to

the protein, even in a dry film. Moreover, DM has a sugar

moiety, and sugars are often used to protect proteins against
dryness 88).
Dry Film of the Reconstituted Anc2pHighe good

conservation of the secondary structure in the dry film of
the solubilized Anc2pHis encouraged the extension of the
work to dry films of the carrier reconstituted in phospholipids

(egg PC/PA). The dry film of the reconstituted protein was
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measured by FTIR-ATR spectroscopy, which facilitates
sample preparation and H/D exchange experiments. How-
ever, FTIR-ATR can complicate the quantitative analysis of 0.12} A
the spectra, since the spectra depend on film thickrieg)s (
and sample orientatior29). First, we investigated if the film

of the reconstituted Anc2pHis follows the thin or the thick
film hypothesis. The ratio of the lipid<€0 band (area over
1770-1710 cnT?) to the acyl band (area over 3062800
cm 1) obtained from the ATR spectrum was compared with
a transmittance one. The resulting proportion, close to 1.0,
indicates that the film follows the thin film hypothesis. 0.00
Moreover, from the lipid-to-protein ratio and the integrated L R —_—
absorption coefficients of the egg PC acyl and carbony! 1900 1800 1700 1% 1500
groups, the effective path length was calculated to be 0.5 Wavenumber (cm”)

um for both bands. In contrast, the thick film hypothesis
predicts a different path length for both bands (2.5 and 4.2
um, respectively), supporting the conclusion that the sample
is described by the thin film hypothesis.

Figure 4A shows the absorption spectrum of a dry film of
the reconstituted carboxyatractyloside-inhibited Anc2pHis.
This spectrum presents some differences with respect to that
of Figure 3A, as the amide | and Il maxima are shifted 1
cm ! up and 0.3 cm! down, respectively, and the amide
I/amide Il intensity ratio is 1.81, higher than in the presence
of detergent. These differences could be assigned to a
different structure in the solubilized and reconstituted state,
and/or a higher amount of residual water. It should be pointed
out that an orientation effect, due to the alignment of the
phospholipid bilayers parallel to the ATR crystal surface,
with the roughly perpendicular orientation of the transmem-
braneo-helices, cannot explain the higher amide I/amide I
intensity ratio for a thin film, as is the case (see Materials
and Methods). Then, the contribution of remaining water to C
the spectrum was carefully examined. The amide A (3295
cm1) and remaining water (at 3550 c#) can be observed
without interferences. A wet film of egg PC was used to
obtain the absorption from water molecules that remain
bound in a film sample, concluding that the water band at
3400 cm?! displayed the same width as in solution, and
therefore the same absorption coefficient at the maximum
can be expected (100 Mcm™1). From this, an approximated [T
absorption coefficient for water at 3550 cinof 60 M~* - ' s :
cm™! was used. Takingamiget= 370+ 30 Mt cm™! and 180 1900 170 1700,1 100 100
€amiden = 220+ 20 Mt cm 2, 400-600 molecules of water Wavenumber (cm )

; e di FiGure 4: (A) (—) ATR spectrum of a dry film at 26C of the
were calculated to remain bound per Anc2pHis dimer (0.15 carboxyatractyloside-inhibited Anc2pHis reconstituted in egg PC/

g of H,O/g of Anc2pHis) in the dry film. This amountis  pa “The S/N at the amide | band maximum was 17 006) Same
enough to ensure hydration, even for many soluble proteinsspectrum after the synthetic amino acid side chain absorption spectra
(15). The water band at 1645 crhwas estimated to have a  was subtracted. (B){) Deconvolution and curve fit of the spectra

height of only 0.006 AU (5% of amide | maximum) with an ~ shown in (A) once the amino acid side chain contribution (except

80 cnT! FWHH. After this correction the amide I/amide II that of tyrosilmla() has beendremoveld. Todp trace (shifted for clarityl):
. . S . . y' = 18 cn1l, k = 3.0, and Bessel apodization, giving a homina
intensity ratio became 1.73, suggesting structure differences;ogoiution of 6.3 cm. This spectrum was used to determine the

with respect to the solubilized form. number of bands. Down trace” = 14 cnt?, k = 2.5, and Bessel
Lipid—Protein Interactions in the Reconstituted Protein. apodization, giving a nominal resolution of 5.9 tinThis spectrum
Several spectroscopic tests were carried out to determingVas curve fitted as described in Materials and Methods. The results

L of the fit are presented in Table 3:+) Curve fit residual shifted
whether the reconstitution was successfully performed. The 4.~ so, clarity (at the same scale). (G} Curve fit of the

starting reconstitution mixture was prepared at a lipid-to- spectrum shown in Figure 3A once the amino acid side chain
protein ratio (w/w) of 3.0. From the lipid €0 band area  contribution (except that of tyrosine) has been removed. The fit

and the amide | and amide Il height, it was determined that was performed giving as initial values parameters derived from (B).
the lipid-to-protein ratio was between 3.0 and 2.5 (300 Fit results are presented in Table 3:)Curve fit residual multiplied
240 phospholipids per Anc2pHis dimer) so no significant by 10 and shifted down for a clearer display.

amount of protein was lost during the purification, as this We can also conclude that the protelipid mixture was
would give rise to an increase of the lipid-to-protein ratio. preserved in the film attached to the ATR germanium surface.

-1738.1
-1658.5

0.08

Absorbance

2
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To k,nOW if the protein was interacting With the lipids, we Table 3: Summary of the Curve Fit to the Deconvoluted Spectrum
studied how the presence of the protein affects the phos-of a Dry Film of the Reconstituted Carboxyatractyloside-Inhibited
pholipid IR bands. Two phospholipid regions were investi- Anc2pHis (Figure 4B) and the Curve Fit to the Original Spectrum
gated: the phospholipid antisymmetric and symmetrig CH Shown in Figure 4C, Together with the Proposed Assignments for
stretching, which are sensitive to the gel-to-liquid crystal ¢ Bands

phase transition of the lipid, and the=@® stretching, deconvoluted original

sensitive to the hydrogen bonding and thus to the hydration positior? % area positioh FWHH %L 9% area assignments
state. Pure egg PC/PA in aqueous suspension is (at room 1698.5 0.6 1699.4 9.8 0 0.4 p-sheet
temperature) in the liquid crystal phase, but it shifts to the 1691.0 24 16917 129 0 1.2 reverse turns

gel phase when dried (gel-to-liquid transition in dry films ig%-g 1g-f %g%-f %g-g 138 ;g :gzg::gim:
occurs around 42C). We observed that, although the sample  7ge9's 58 16591 252 100 '

. . 61.7a-helix +
was dry, the CH stretching bands corresponding to the unordered
sample in Figure 4A appear at 2923.4 and 2853.2%cm  1648.1 123 16483 257 100 11.8a-helix+
which are similar to those found for pure egg PC/PA in unordered

: i _ 1640.1 6.8 1640.3 21.1 100  6.8B-sheets
solution at room temperature: 2923.3 and 28.53.1. em  Js089 70 16291 250 100  7.6f-sheets
(spectra not shown). This can be explained considering that 1615.8 1616.1 12.3 90 tyrosine

the imer_aCt_ion with the protein is dr_iVing the phospholipid aln cmL. P The Voigt function used to fit the original spectrum,
to the liquid crystal phase, even in a dry film at room described by the parameters Lorentzian width and Gaussian width, is
temperature. On the other hand, the phospholip®QC presented as its equivalent mixed Gaussiaorentzian profile with
stretching appears at 1738.1 ciysimilar to the value found }_WO paf,amEtﬁrS: FW"LE in cm and the percentage in height of the
for pure egg PC/PA in the dry state. However, deconvolution -0rentzian character (%).
of this band (see Figure 4B) reveals at least three compo-
nents, at 1740.4, 1727.6, and 1717.9 énwhen deconvo- Tabkl)e 4: EStimlate?j Secr?gdaéy Structure COT}DOSitiOIQ for the

; ; i ; Carboxyatractyloside-Inhibited Anc2pHis in Three Different
1;thlgﬂr\(;\”tehg;h(;:‘:’(S;/ilglp\e %?‘r';a/rgifriaﬁgs(isggeg_g;nZn%ryaﬁlm Physical States: Solubilized, Solubilized in Dry Film, and

! [ 8 3 Reconstituted in Dry Film
shoulder £1730 cnt?) were apparent, while a wet film gave ubilized ubilized fituted
two broad bands (1741.9 and 1730.2 &r(not shown). It S0 ;’%')Lze S(%fy)'('oz/s re(%?;)s ([,z)e
can be concluded than the 1727.6 and 1717.9'dpands secondary decon decon decon
ﬁpgea”ngbm ;[jhe refct?‘]nslt_ltl_J(;eéJOAnCZgHtlj ft"m cgme f'_'gm structuré voluted original voluted original voluted original
ydrogen bonding of the lipi , probably to amino aci

side chain residues of the protein, since some of thesere\;ﬁﬁg 1r+2 187+13 256 214 217 226
interactions (those giving rise to the 1717.9érhand) were B-sheets 18-4 19.7+06 152 16.4 8.9 9.5
very strong. a-helix+ 65+2 61.6+0.7 592 622 634 679

Secondary Structure Analysis of Dry Reconstituted Film: unordered
. . . a ili i
Curve Fit and Decorolution. Figure 4B shows the results ~_° For the solubilized form the data refer to two independent samples
. . . . with its standard deviatior?.It was considered that the different
of th(:j‘ deconvolution of the Sp_ectrum in Figure 4A using structures have different integrated absorption coefficients in the amide
two different sets of deconvolution parameters; the top trace| region, following the relation reported by de Jong et &85)((3:c:
was used to determine the number of bands, and the dowrturns 1:0.69:0.33), where unordered structures were included with
trace was curve fitted (fitted bands are also presented). Figure‘"'hel'x structures. Results are presented from two data sources:

4C shows the curve fitting of the original spectrum. The deconvoluted and original spectrum (see TableS)l

results of both curve fittings are presented in Table 3, of Anc2p, considering that they are predicted to account for
whereas the secondary structure estimation is presented imQos, of the secondary structure, the results presented in Table
Table 4. Two effects could reduce the quality of secondary 4 for the secondary structure estimation from the original
structure estimation: the remaining water and sample spectrum should change to the following: reverse tuns
orientation. The effect of the remaining water in the curve 210p; -sheets= 8.5%; a-helix + unordered= 70.5%; that

fit results was analyzed for the deconvoluted spectrum shownmeans only slight differences.

in Figure 4B (down trace) by introducing in the fit a synthetic  Two important changes are visible in the dry film of the
band representing the water contribution with all parameters reconstituted carboxyatractyloside-inhibited Anc2pHis, com-
fixed (see above). Only minor differences were observed pared to the dry film of the solubilized protein: a shift of
when area results are compared band to band to those irthe main band from 1657.7 crhin the solubilized to 1659.1
Table 3. The secondary structure estimation changes to thecmin the reconstituted form and a new band at 1648cm
following: reverse turns= 26.2%; f-sheets= 8.6%; with the 1640 cm? band reducing significantly its area and
a-helix + unordered= 65.2% (see Table 4 for a compari- its width. The secondary structure estimation (Table 4) also
son). With respect to the orientation effect on the secondaryreflects these differences, with reductiorfe¢heet structures
structure estimation, only transmembranbelices are prone  and increase ofi-helix and/or unordered structures. The
to be significantly oriented in dry film. From the literature, reconstituted spectrum showed a much higher S/N, allowing
the order parameter for the amide | dipole transition moment a higher narrowing factor (and final nominal resolution) than
of transmembrane-helices of proteins with respect to the that used for the solubilized sample=t 3 vsk = 2.5). These
crystal surface normal usually obtained for an oriented differences in the deconvolution parameters might be the
sample ranges fromp = 0.35 top = 0.2 (34, 39—42). If reason for resolving a new band at 1648 émWhen
this orientation is accepted for the transmembrane helicesapplying to the reconstituted sample the narrowing factor
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1680 1660 1640 1620

Wavenumber (cm™)

Ficure 5: Amide | of the carboxyatractyloside-inhibited Anc2pHis
in (--+) dry solubilized form and-{) dry reconstituted form, after
nonlinear deconvolution using a maximum likelihood algorithm

1700 1600

with ' = 20 cm! (Lorentzian). Both spectral areas were
normalized between 1710 and 1600 ¢m
0.015
o 0010
Q
c
3]
£
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7]
< 0005
0.000
1900 1800 1700 1600 1500
Wavenumber (cm™)
Ficure 6: (—) ATR spectrum of a wet film of reconstituted

carboxyatractyloside-inhibited Anc2pHis after 15 h of H/D ex-
change. The S/N at the amide | maximum was 2260) Same
spectrum after the amino acid side chain spectrum and #& D
contribution were subtracted. (- - -) Synthetic deuterated amino acid

side chain absorption calculated from the data reported by Chirgadze

et al. 25).

originally used with the solubilized one, the 1648 ¢rband
was not completely resolved, appearing only as a faint

shoulder. To solve this problem, both spectra were decon-

voluted with a nonlinear deconvolution algorithm (maximum
likelihood restoration) in which the differences in S/N are
not as critical as in Fourier self-deconvolution and identical

Loérenz et al.

Table 5: Summary of the Curve Fit to the Deconvoluted Spectrum
and to the Original Spectrum of the Deuterated Reconstituted
Carboxyatractyloside-Inhibited Anc2pHis Shown in Figure 6

deconvoluted original
% %

positiort area positioh area assignmerits

1680.0 1.6 1679.9 2.9 2.5% D-reverse tuiins
0.4% Df-sheets

1669.0 8.4 1668.6 7.3 7.3% D-reverse turns

1659.2 135 1659.1 13.7 11.8%ddhelix +
1.9% D-reverse turns

1650.3 30.3 1650.3 30.9 30.9%dhelix (from 1659)

1640.7 21.2 1640.7 20.7 19% D-unordered (from 16569)
1.7% H{-sheets

16325 17.3 16325 17.4 11.8% D-unordered (from 1648)
5.6% D{-sheets

1623.4 7.7 1623.3 7.1 7.1% Psheets

1612.5 1612.7 tyrosine

aln cmL P The D prefix refers to a deuterated structure and the H
prefix to a hydrogenated one (nonexchanged). For more information
about how the assignments were performed, see the text.

In the exchanged spectrum the amidenlaximum was
shifted 10 cm* down, and the amide Il intensity was strongly
reduced, showing extensive exchange of the amide hydrogen
atoms. The synthetic deuterated amino acid side chain
spectrum was subtracted, being the scaling factor that needed
to eliminate the tyrosine band (highly resolved in the
deuterated form). After this operation the residual amide I
became apparent. The maximum of residual 1l (1546%m
suggests that nonexchanged amide hydrogens ardelix
structures. The percentage of nonexchanged amide hydrogens
was determined from the relation between the amide Il to
amide | area ratio after and before deuteration, once the
amino acid side chain contribution was subtracted. Notice
that as both amide 1l and amide | bands come from the same
chemical group and are close together in the spectrum, the
amide Il to amide | ratio corrects itself for any swelling of
the film (15). It was determined (testing two different
integration intervals for the amide 1) that £20% of the
amide hydrogens remained not exchanged after 15 h in the
presence of BD vapor. We want to stress that amino acid
side chain absorption was previously subtracted before the
level of exchange was determined; otherwise, nonsense
results would be obtained, since the area integrated under
the amide Il interval would gave negative values, leading to
apparently more that 100% exchange.

The amide | of this corrected spectrum was analyzed by
deconvolution and curve fit, as those spectra of Figure 3A

parameters for both spectra could be used. Both deconvolutecand 4A (not shown). First, bands were identified in a
spectra are presented in Figure 5, where it can be confirmedspectrum deconvolved wit)f = 18 cnt! andk = 2.6, and

that the appearance of a new band at 1648cis not a
noise-induced difference, thus confirming the structural
differences between reconstituted and solubilized samples
Hydrogenr-Deuterium Exchange of Reconstituted Anc2pHis
in Wet Film.Figure 6 shows the ATR spectrum of a wet
film of the reconstituted carboxyatractyloside-inhibited
Anc2pHis after 15 h of H/D exchange. The water concentra-
tion in the DO wet film and the path length can be calculated
from the 2500 cm! D,O band ézs00= 74.5 M~* cm™?) and
the G=0 lipid band (see above). The effective path length
was 1.2um at 1740 cm?, water concentration 40 M, and
Anc2pHis concentration in the film around 80 mg/mL. These
values show that the film is well hydrated.

these bands where fitted in a spectrum deconvolved with
y' = 14 cm! and k = 2.2. The obtained results about

.number, position, and width of bands were used as initial

values for a curve fit in the original amide I. Table 5 shows
the curve fit results. The assignments were done following
four premises: when completely deuterated, amide | bands
should be shifted down about 5 cifor 5-sheets 10), about

10 cm? for a-helices 0), and between 15 and 20 cfn

for unordered structure§); the secondary structure assign-

ments must show coherence to those pHabout 15% of

the amide | area should not be shifted (as is not exchanged)
being this area mainly imt-helix bands; and unordered
structures and reverse turns should be completely exchanged.
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The assignments in Table 5 fulfill the criteria we imposed: third and one-half of the topological loops to adopt helix
the areas assigned ¢ohelix + unordered, tg-sheets, and  and/or unordered structures. For the reconstituted protein,
to reverse turn structures are the same as.;Hhe area  spectra deconvolution after H/D exchange experiments
assigned to nonexchanged structures represents 14% of thallows discriminating betweea-helix and unordered struc-
amide | area; 90% of the nonexchanged structures belonggures. Thus, it can be concluded that the band at 1659 cm
to a-helix; and the exchangetthelix shifted about 9 cn, accounts for 56.5 transmembrane helices. Although this
the exchanged-sheets shifted 7:55.5 cnT?, and unordered  result does not indicate exactly the number of helices, it is
structures shifted between 18.5 and 15.5trReverse turns  in keeping with the predicted six transmembrane helices.
showed an exchange-induced shift between 14 and 11.cm Starting from the solubilized state (studied by transmit-

Table 5 assignments allow discriminating betweehelix tance), we found very small changes in the amount of
and unordered contributions; thus the amide | area assignedgsecondary components on drying the protein. Moreover, the
to the different secondary structures becomes 4414%lix, individual bands determined by deconvolution showed only

29.1% unordered, 14.8%sheets, and 11.7% reverse turns. small differences. This suggested to us to work with dry films
When the extinction coefficients proposed for the different for the reconstituted sample. The possible sources of errors
secondary structures are us@®)( the secondary structure  on working with films, such as changes of structure upon
estimation becomes 33.1€6helix, 39.3% unordered, 7.6%  dehydration, remaining water contribution to the amide |,
p-sheets, and 20.0% reverse turns. Bhbelix percentage  and sample orientation, were carefully analyzed. It can be
is in this case lower than expected for the proposed 6 concluded that these errors do not significantly alter the
spanning membraner-helices. A 44.4% percentage is secondary structure estimation. The preservation of the
consistent with up to 6.5 spanning membrankelices, but essential secondary structure of the Anc2p carrier in dry films
33.1% is consistent with a maximum of 5 spanning mem- is an important observation. This finding supports the
brane a-helices. This last value could be increased if an extension of the structural studies to film preparations and
orientation of the transmembrareehelix similar to that controlled dry systems to investigate more subtle interactions,
described in the literature was considered, to a final percent-like H/D exchange, substrate binding, or the role of lipid
age ranging between 40% and 36%, and thus approachingenvironment.

the proposed 6 spanning membranéelices. When the amide | band for the reconstituted and the

The structure assignment done with thegOPexchanged ~ Solubilized carboxyatractyloside-inhibited Anc2pHis is com-
film allows discriminating between both bands assigned to pared, some differences can be observed: first, some changes
a-helix + unordered structures in Table 3. Thus, most likely in the bands assigned to turns, second, the main band appears
the 1648 cm! band comes completely from unordered at different positions (1659.1 and 1657.7 chrespectively),

structures and the 1659 cicomes mainly fromo-helix, and third, the main difference is the appearance of one band

although with an important unordered contribution. at 1648 cm?, with the concomitant decrease of the band at
1640 cm’. Using a nonlinear deconvolution algorithm to

DISCUSSION confirm these observations, we were able to discard any

fictitious origin of these changes that could be due to

We present in this paper an infrared spectroscopy study differences in the parameters used in deconvolution. As-
of the Carboxyatractyloside-inhibited mitochondrial ADP/ Signing the 1648 cmt band to unordered structures, then
ATP transporter purified from the yeaSt cereisiae The  the structural differences caused by the change from a
carboxyatractyloside is noncovalently bound to the trans- detergent to a lipid environment are a decreasg-sheets
porter with very high affinity, blocking it into a defined and  with an increase of unordered structures. This change
probably functionally important conformation of the trans- jnvolves 6-10% of the amino acids (2630 residues). It
porting cycle (). Indirect evidence of an actual binding of can be concluded that the presence of phospholipids around
the inhibitor to the protein was obtained from intrinsic the Anc2p po|ypept|de modulates the Secondary conforma-
fluorescence and FTIR studies (data not shown). When thetjon of the carrier, at least as compared with the conformation
solubilized inhibited form was heated, an intrinsic fluores- found in the detergent_so|ubi|ized form. Moreover' the ||p|d-
cence transition was observed in which the f|UOFeSC€nC€induced changes were accompanied by protein-induced
strongly increased. Because binding of the inhibitor to the changes into the lipid environment. On one hand, the lipids
solubilized protein decreases the intrinsic fluorescet@ (  present in the dry film of reconstituted Anc2pHis were in
we interpreted that the fluorescence transition is caused bythe gel state, whereas those of a dry film of pure egg PC/
the release of the inhibitor from the protein. More impor- pA mixture were in the liquid crystal state. Additionally,
tantly, this transition was not present when the Anc2pHis the lipids in the reconstituted sample showed a stronger
was isolated in the absence of inhibitor. Moreover, the free hydrogen bonding in the €0 groups, probably to some
protein showed in the FTIR spectra very intense aggregationresidues of the protein. These findings indicate that, after
bands, not evident in the inhibited form. reconstitution and film preparation, an extensive contact

The carboxyatractyloside-inhibited Anc2pHis has been between the transporter and the lipid molecules is achieved.
studied in three states: solubilized in solution and in dry Moreover, it can be suggested that the phospholipid environ-
film and reconstituted in dry film. For all of these states, a ment has some role in the maintenance of the native
minimum of 60% and a maximum of 70% of the protein conformation of the carrier in the mitochondrial membrane.
are predicted to be in a helix conformation and/or adopting  Hydrogen/deuterium exchange experiments were carried
unordered structures. This percentage is consistent with theout in the reconstituted carboxyatractyloside-inhibited
predicted six transmembrane helices that would account forAnc2pHis. Most of the amide hydrogens were exchanged
40% of the secondary structurgdj and allow between one- in 15 h (85%), and the remaining (about 50 amino acids)
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were in a-helix structures, probably in transmembrane 11.Venyaminov, S. Y., and Kalnin, N. N. (1998)jopolymers
helices. This high percentage of exchange is roughly similar 30, 1259-1271.
to the observed exchange of otlehelical transmembrane 2. Bandekar, J. (199Biochim. Biophys. Acta 112023-143.

carriers of hydrophilic substrates such as the glucose 3'g_aUGPp(TSg'lS]Agﬂ.Ms(.)pf)f:étt'rc?s;é]_ 3“5/;26;”;2@6'4 H., and Cameron,

erythrocyte carrier (85%)4@), the lactose permease from 14 Byler, D. M., and Susi, H. (198®iopolymers 25469-487.

E. coli (100%) @4), or the melibiose permease frdin coli 15. Goormaghtigh, E., Raussens, V., and Ruysschaert, J. M. (1999)
(80%) @5). These values are in clear contrast with those Biochim. Biophys. Acta 142205-185.

reported for aqueous channels asfkstructured porin from 16. Klingenberg, M., Winkler, E., and Huang, S. (199&thods

E. coli (35%) @6), the transmembrane-helix aquaporin-1 Enzymol. 260369-389.

. 17. Brandolin, G., Le Saux, A., Treguet, V., Vignais, P. V., and
from human erythrocyte (40%37), and the aerolysin from Lauquin, G. J.-M. (1993)3iocr$3m. Biophygs. Res. Commun.

=

Aeromonas hydrophil§30%) @8), and for the transmem- 192 143-150.
braneao-helix retinal proteins, which show less than 33% 18. Le Saux, A., Roux, P., Tzéguet, V., Fiore, C., Schwimmer,
exchange 47, 49). However, it should be mentioned that C., Dianoux, A.-C., Vignais, P.-V., Brandolin, G., and Lauquin,

for the Anc2pHis the percentage of exchange has been ﬁJdkM (199§)B'i\?_glhe”:/i3tﬁ’ ?51611316&1612;}('_ )

calculated after correction for a full exchange of side chain 7|,/ <R Ben, U., Ve, V-, 'we:son, &. =, and Klingenberg,
. . M. (1996) Biochemistry 3516144-16152.

protons,_and many of the cited papers did not do so. For the 5q Figre, C., Treeguet, V., Roux, P., Le Saux, A., NbeF.,

Anc2pHis, this correction reduced the apparent observed Schwimmer, C., Arlot, D., Dianoux, A.-C., Lauquin, G. J.-

exchange from about 100% to 85% and should be taken into M., and Brandolin, G. (2000protein Expression Purif. 19

account when comparing the degree of accessibility of _ 57—65. _ _

different proteins. Assuming that the six transmembrane 21-Paum. G., Bohni, P.C., and Schatz, G. (1982iol. Chem.

) . . 257, 13028-13033.
helical model is correct, the 85% exchange means that, in 55 krzmer R.. and Klingenberg, M. (197Biochemistry 18

the carboxyatractyloside-inhibited form of Anc2p, not only 4209-4215.
the loops going out of the membrane but most of transmem- 23. Smith, P. K., Krohn, R. I., Hermanson, G. T., Mallia, A. K.,
brane helix peptide bonds (about 60% of them) are ex- Gartner, F. H., Provenzano, M. D., Fujimoto, E. K., Goake,

changed. This result implies that, even in that functionally ’I'é('lv';sc_)'ssg“’ B. J., and Klenk, D. C. (1988al. Biochem.
blocked cpnformatlon qf the carrier, most of the transmem- ,, Venyaminov, S. Y., and Kalnin, N. N. (1998jopolymers
brane helices are readily accessible to water molecules and 30 1243-1257.
show enough conformational flexibility to allow the observed 25. Chirgadze, Y. N., Fedorov, O. V., and Trushina, N. P. (1975)
amount of exchange. Biopolymers 14679-694.

Finally, it should be noted that, to carry out the secondary 26 Rahmelow, K., and Faner, W. (1997)Appl. Spectrosc. 51
structure estimation, we introduced for the first time to our 160-170.

. . 27. R. O., lll, Li N. E. Beduhn, D. (1 l.
knowledge the use of Voigt bands to fit the deconvoluted g;gg’oscahll’ulfﬁg{’. - and Beduhn, D. (198pp

spectra. This provides a close approximation to any band 28, Venyaminov, S. Y., and Prendergast, F. G. (1987hl.
shape distortion caused by deconvolution. Tests made with Biochem. 248234-245.

synthetic amide | composed of pure Lorentzian bands showed 29. March, D. (1999Biophys. J. 772630-2637.

the suitability of this approach to recover close estimations 30- Kauppinen, J. K., Moffatt, D. J., Mantsch, H. H., and Cameron,

2 - . . D. G. (1981)Anal. Chem. 531545-1457.
of area, position, and original width of the underlying bands 31. Griffihs, P. R., Pierce, J. A, and Hongin, G. (1987) in

(t(_) be published). For synthetic amide | composed of bands 'Computer-Enhanced Analytical Spectroscolguzelaar, H.
with Lorentzian-Gaussian character, good results were L. C.,, and Isenhovic, T. L., Eds.) pp 2%4, Plenum Press,

obtained by performing a final fit to the original spectrum, New York.
starting from the parameters obtained by fitting a decon- 32.Cameron, D. G., and Moffat, D. J. (198%)Test. kal. 12,

78—85.
volved spectrum. 33. Rahmelow, K., Honer, W., and Ackermann, T. (1998al.

Biochem. 2571—11.
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