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ABSTRACT We have measured, using infrared spectroscopy, the hydrogen/deuterium exchange rates of the amide protons
in the photosynthetic antenna of Rhodospirillum rubrum. These measurements were made not only on the intact protein in
detergent solution but also on two dissociated forms (B820 and B777). We have, on the basis of our knowledge of the
structure of this protein, been able to assign the various groups of amide protons that exchange with different time constants
to distinct regions of the protein. The most protected group of protons that we observe exchanging with time constants near
6000 min we assign to the transmembrane helices. The slow exchange rates measured for the amide protons of the
transmembrane helices of this protein in detergent solution may indicate a destabilization of the helices in detergent solution
compared with the membrane. This group of protons is progressively destabilized by stepwise dissociation of the antenna
protein, and this destabilization is greater than we can account for by increases in solvent accessibility. We suggest that the
observed loss of amide proton protection in the transmembrane helices as they are dissociated might be due to an increase
in the helix flexibility and breathing motions as interactions between helices are reduced.

INTRODUCTION

The classical method for measuring amide proton/deuterophospholamban (Ludlam et al., 1996) again indicated a
exchange is NMR (Englander and Mayne, 1993). In its mostarge proportion of amide protons that were not exchanging
recent incarnations the usual approach is to measurand provided evidence that these were associated with the
changes in amide proton protection as a protein refolds. Thizansmembrane helical region, whereas faster exchanging
can now be done with impressive resolution both in time (lamide protons were associated with the cytoplasmic do-
ms) and space (individual amide protons). Unfortunately thenain. Notable exceptions to the rule of little exchange of
use of NMR methods is restricted to systems in whichamide protons in transmembrane helices are the studies of
various criteria are met. The protein must be soluble at théhe glucose transporter by Alvarez et al. (1987) and the
high concentrations needed for NMR in a nonviscous solCHIP28 protein by Haris et al. (1995) in which in each case
vent, and the protein must tumble rapidly. This effectively aimost all the amide protons exchanged very rapidly. This
restricts studies to small monomeric water soluble proteingyas attributed to high water accessibility to the interior,
available in relatively large amounts. Recently, two tech-membrane-spanning portion of the protein via the presumed
niques have been developed that allow measurements ghre This study differs in addition from those sited above in
amide proton exchange in samples ill adapted to NMRat the protein was extracted Mrlauryl sarcosine rather
measurements, mass spectrometry and Fourier transforfRan reconstituted into phospholipid vesicles in the case of
infrared spectroscopy (FTIR), which we use in this paper. spospholamban or in a native paracrystaline membrane for
Hydrogen/deuterium exchange measurements by FTIRcieriorhodopsin. The difference in the lipid environment
have previously been used to study a number of integraly, .4 pe important in that it is at least possible that in the
merr_]brane proteins in various lipid enwronmgnts. The‘?%onexchanging systems the lipid was in a gel rather than
studies have as a rule demonstrated a proportion of ami id phase. The p L,, phase transition of dimyristoylphos-
protons undergoing almost no exchange, which are assign atidyl choline useca in the measurements of phospholam-
to transmembrane helical regions, qu example_, "? the stud an made at roc;m temperature, is close to room temperature
by Earnest et al. (1990) of bacteriorhodopsin in purple Janiak et al., 1979). Similarly, at ambient temperatures the

membranes, 70—75% of the amide protons were resistant e .
exchanae. This value rouahly corresponds to the memE)urple membrane is in the gel phase (Ashikawa et al., 1994).
ge. gnly P The core antenna of the photosynthetic bacteriBm

brane-embedded part of the protein. A more recent study Orfubrum provides an ideal model for investigating factors

that affect the stability and structure of transmembrane
: — o helices. This protein is reasonably well characterized struc-
Tge;:;lved for publication August 11, 1997 and in final form November G'turally (Karrasch et al., '1995). (see below) anq Ca,” _be
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than are necessary for the complete dissociation into a form
called B777 containing individual polypeptides with their
associated pigment molecules (Sturgis and Robert, 1994).
The structural knowledge coupled with the ability to prepare
the protein in various different aggregation states makes this
protein an ideal sample for hydrogen/deuterium (H/D) ex-
change measurement using FTIR.

In this paper we present the first measurements of H/D
exchange rates in transmembrane helices in both an intact
isolated membrane protein and in various subunit forms of
the same protein. These measurements are interpreted in the
light of our current structural knowledge of these proteins in
which they allow the assignment of different exchange rates
to different structural regions of the protein.
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MATERIALS AND METHODS

R. rubrumcore antenna (B873) was purified from washed, reaction center-
depleted chromatophores (Cogdell et al., 1982) of the carotenoidless strain
G9", as previously described (Sturgis and Robert, 1994). Purified antenna
protein was dialyzed against 1 mM Tris-HCI, pH 8.0, buffer to reduce the
buffer ion and detergent concentrations, and this sample was used for the
acquisition of the B873 data. The two subunit forms of the antenna, B820
and B777, were prepared by incubation of the dialyzed-purified core
antenna with an appropriate amountrebctyl-B-p-glucopyranoside suf-
ficient to convert the B873 preparation into the desired spectral from. For 50
FTIR measurements, films containing approximately 3 of protein . I . I . I . I
were prepared by permitting the sample to dry on a germanium attenuated 1400 1500 1600 1700 1800
total reflection (ATR) plate (50< 20 X 2 mm) by slow solvent evapora-
tion. The absorption spectra of films prepared similarly by drying the same
solutions on quartz plates were taken to ensure the samples retained the
expected spectral form. FIGURE 1 Time-dependent spectra for B873, obtained as described in
Spectra were recorded on a Bruker IFS55 spectrophotometer, and tHdaterials and Methods from an essentially detergent-free antenna prepa-
internal reflection element was the germanium plate, described abovdation, were obtained at various times after the initiation of H/D exchange.
coated with the sample with an aperture angle of 45° yielding 25 internaSPectra were obtained at 30-s intervals frend min to 10 min and
reflections. H/D exchange was initiated by connecting the sample holder téhereafter at 11.5, 14, 19, 27.4, 40.3, 59.1, 85.7, 122, 173, 242, 334, 459,

a flow of D,O saturated nitrogen. Then for each time point, 16 scans weré25, 847, and 1142 min relative to the initiation of exchange. Certain
recorded and averaged with a resolution of 4 ¢mas described in  SPectra are labeled with the time in minutes. The spectra shown are those

Raussens et al. (1996). attributed to the polypeptide chain obtained after removal of contributions
After acquisition, the spectra were corrected for the contributions ofdue to atmospheric water and side chain contributions, as described in the

both atmospheric water (Goormaghtigh and Ruysschaert, 1994) and laterd@Xt.
side chains (Goormaghtigh et al., 1994a) to the spectra. For kinetic anal-
yses, the amide | and amide Il bands were integrated numerically between

1590 and 1710 cm and between 1500 and 1575 chrespectively. The is due mainly to CO stretching with some contributions
intensities of the amide Il band were normalized to those of the amide |, . . . .
band to compensate for changes in the protein film thickness due t(grom CN stretchlng and is sensitive i:‘O the protein Secondary
adsorption of QO. Then the data were scaled to give an initial signal Structure. Indeed, the shape of this band can be used to
before exchange of 100. Laplace transforms of the kinetic data were€stimate protein secondary structure (Goormaghtigh et al.,
calculated using the method of Provencher (1982), assuming at the end:994b for review). The amide Il band derives from in-plane
point no contribution from the amide Il band. This assumption seemsyH bending COUp|ed to the CN Stretching of the peptide
reasonable on the basis of the absence of an amide Il band in the FTIE% d. A b dilv ob d. the int ity of this band
spectra of antenna protein samples in which H/D exchange has continu ond. As can be rea 'y9 served, the intensity o . IS ban
over a period of several weeks (Gall, Sturgis, and Robert, personaflecreases markedly during exchange. Those peptide bonds
communication). in which the proton is exchanged for a deuteron no longer
contribute to this band but rather to the in-plane ND bending
RESULTS band, which appears near 1000 cmThe CN stretching
contribution moves to 1450 cnt in which it mixes with
In Fig. 1, we show how the ATR-FTIR absorption spectraother backbone modes to give the amidé band. The
change with time after initiation of the hydrogen deuteriumamide If band is thus responsible for the increase in ab-
exchange. In these spectra, there are three major bandsrption during the experiment and is clearly observable in
derived from the peptide backbone: the amide | band centhe 1460 cm* region.
tered near 1650 cnt, the amide Il band near 1550 crh Measurements of the time dependence of the infrared
and the amide lIband near 1460 cit. The amide | band absorption spectrum after starting deuterium exchange were

0.0

—

Wavenumber (cm™)
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equally made on the two subunit forms of tRe rubrum  a profound effect on the kinetics of deuterium exchange.
antenna complex (B820 and B777). The shape of the amid@ualitatively, these seem to be a reduction in the fast rates
| bands observed in each of the three samples we examined exchange on one hand and an acceleration of the slower
were all very similar and entirely consistent with our pre-rates of exchange. In order to perform a more quantitative
vious conclusions of little or no variation of helical content analysis of the data, it is necessary to obtain some idea of
with dissociation of the intact antenna to the subunit formshe various rate constants involved.
(Sturgis and Robert, 1994). For all samples, we verified that The kinetics that we show here result from many indi-
thin films prepared similarly to those for infrared spectros-vidual amide protons, including one for each of the 101
copy, but on quartz rather than germanium plates, remainegeptide bonds, each of which is expected to have its own
in the appropriate spectral form. characteristic first order exchange rate under the conditions
In Fig. 2, we show the observed development in the areased. Though we do not have sufficient data or resolution to
of the amide Il band with time for the three different forms assign 101 rate constants, it is possible to obtain an idea of
of the antenna protein studied. In panel A, we show ahe distribution of rate constants from the Laplace transform
portion of the data with a linear time scale, and in panel B,of the time-dependent exchange data (Goormaghtigh et al.,
we show the data with a logarithmic time scale in order to1994a). In Fig. 3 are shown the Laplace transforms of the
give a pseudo-linear representation. From the data in panélata shown in Fig. 2. In this method the figure shows the
A, it can be seen (especially in the intact system) that therenvelope of the rate constant distribution. This analysis
are a portion of the amide hydrogens that exchange rapidlynethod is somewhat prone to instability when applied to
over a few minutes and then others that exchange muchoisy data; however the transforms that we obtained were
more slowly. From a comparison of the different forms of reasonably stable and form a self consistent set. For the
the protein, it is clear that the dissociation by detergent hagtact complex we observe five groups of rate constants for
the exchange, and65% of the amide hydrogens exchange
slowly with time constants of~6000 min, whereas the
110 remaining 35% of amide protons are divided into four

100 T TR groups of approximately equivalent size (7—10%) with time
00 T\~ constants near 100, 10, 2, and 0.5 min. It should be re-
T 80 marked that this last group of quickly exchanging protons
& 703 T = exchange is within the maximum resolution of the measure-
é 60 —: ments, and thus 0.5 min is simply a lower limit for this time
E 50 - constant.
o 40 - — Comparison of the transforms for data from the three
g 30 . different structural forms allows us to quantify the effects of
® 20 o ] detergent induced dissociation on the exchange rates. In the
18 ENRTRERENEEEN n intermediate form (B820) there are three changes in the
e distribution of exchange rates. First, the slow exchange rates
0 2 4 6 81012141618202224 X T °
_ are slightly accelerated from 1610 *min *to 5x 10
110 time (mins) min~—*. Second, the two fastest series of exchange rates
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FIGURE 2 Normalized amide Il contributions as a function of time.
Upper pane| linear scaleslower pane] logarithmic time scale. Each point k (min")
represents the integrated area of the amide Il band in spectra like those in
Fig. 1 after the given time for H/D exchange relative to an initial area of FIGURE 3 Laplace transform of the data in Fig. 2 showing the distri-
100 before the start of the exchange. Data from three different states of theution of rate constants. The transformed data was normalized to an
antenna protein, prepared as described in Materials and Methods, aietegrated area of 10@olid ling B873; dashed line B820; dotted ling
shown:solid line B873; dashed line B820; dotted line B777. B777.
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appear to merge to give a single group of hydrogens with @n N-terminal cytoplasmic region, a transmembrasniee-
time constant of 2.2 min. Finally, the group initially ex- lical region, and a C-terminal periplasmic domain. Within
changing with a time constant of about 100 min, nowthe transmembrane region of each polypeptide, thatdm
exchange with a time constant nearer 40 min. Remarkablgf a histidyl residue acts as a ligand to the central magne-
the H/D exchange rate of those peptide bonds that initiallysium of a bacteriochlorophyll molecule. Each polypeptide
gave a rate of-0.1 min * appear to be virtually unaffected also provides a ligand to the,Qcetyl group of the bacte-
by the dissociation. In the fully dissociated form (B777), theriochlorophyll molecule that it binds from the C-terminal
various changes in the rate constants progress. Notably thregion, and it is believed that the 8Nhydrogen of the
slowly exchanging protons, which continue to representiganding histidines interact with the;&etone group of the
~65% of the total, now exchange still faster with a time other bacteriochlorophyll molecule (Olsen et al., 1997; Hu
constant of~1000 min; whereas the remainder of the pro-et al., 1997) so stabilizing the dimer. Th&polypeptide
tons now all exchange as a single group with a time constargrobably contains an irregularly structured short N-terminal
of ~20 min. region of residues 1-10, followed by a long transmembrane
helix from residue 11-44 nearly perpendicular to the mem-
brane, a short turn to bring tryptophan 46 within hydrogen
DISCUSSION bonding distance of the bacteriochlorophyll acetyl group,
It is of interest to consider the results for the accessibility ofand an irregularly structured C-terminal region for residues
the various amide hydrogens to deuterium exchange witd7-54. The structure of the-polypeptide is perhaps less
reference to the protein structure. Though there is no highvell defined in the N-terminal region since it is unclear
resolution structure of the protein used here either in itexactly where the transmembrane helical region should
native conformation or in the two subunit forms investi- start. However after an initial segment, possibly in g 3
gated, a certain amount of structural detail can be inferredtelical structure, the transmembrane helix runs from about
by combining information from the high resolution struc- residue 8—35. Then after a turn, there is an amphipathic
tures of a number of closely related proteins (McDermott ethelix from about residues 37—49. The transmembrane helix
al., 1995; Koepke et al., 1996), the low resolution structurgs very close to perpendicular to the membrane plane,
of the protein we have used in the present study (Karrascihereas the amphipathic helix probably lies along the mem-
et al., 1995), various spectroscopic studies of this andprane surface and includes tryptophan 39, which ligands the
closely related proteins (Sturgis et al., 1997, Olsen et al.second bacteriochlorophyll acetyl group. From comparison
1997), and the structural relationship between the variouwith the known structures, we can be reasonably certain of
subunit forms (Sturgis and Robert, 1994; 1995). the structures within the membrane and in the C-terminal
region as the protein we have studied has strong homology
in this region with that investigated by Koepke et al. (1996).
However, the accuracy of the description in the N-terminal
The basic building block of the core antenna protein wer€gions is less certain. The angle of the C-terminal amphi-
have studied here is a heterodimeric subunit containing tw#athic helix to the membrane surface deserves comment
polypeptides ¢ and B) of 52 and 54 amino acids, respec- because although helix is nearly parallel to the membrane in
tively and two bacteriochlorophyé molecules illustrated in  the Rhodopseudomonas acidophil&i2 structure (McDer-

Fig. 4. Each of the two polypeptides contains three regionsmott et al., 1995), it is at a considerable angle in e
molischianumstructure of Koepke et al. (1996). However,

in this structure this region is involved in a number of
N crystallographic contacts and is possibly orientated in the
membrane more or less parallel to the membrane surface, as
:%\ observed in théR. acidophilaLH2 structure.
. U The native antenna protein (B873) is formed from a
cyclic oligomer containing 16 repetitions of this het-
erodimeric subunit (Karrasch et al., 1995). This cyclic oli-
gomerization involves the creation of and is stabilized by a
number of contacts among adjacent subunits. In particular,
there are close contacts between the pigment molecules in
M adjacent helices. The transmembrane helices probably pack
Ciganitinig” together reasonably well. In addition, there are a few pos-
sible hydrogen bonds between subunits in the N- and C-
FIGURE 4 Schematic diagram of the structure of the heterodimericterminal regions between thepolypeptide of one subunit

subunit of the antenna protein discussed in the text. The diagram shows t%d theB-polvpeptide of the next subunit in the ring (Ko-
heterodimeric subunit with the- (right) and p- (left) polypeptides sand- pke etBaIp 1y9p9 6% g (Ko

wiching 2 Bchl a cofactor molecules. This structure shown is based on thg . . . .
work of Karrasch et al. (1995), McDermott et al. (1995), and Koepke etal. 1€ intermediate form (B820) is believed to be composed

(1996). of a head to tail dimer of the basic heterodimer (Sturgis and

Protein structure
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Robert, 1995) and thus contains four polypeptides and pigstabilization of certain regions of the protein in the viscous
ments. Though it is not immediately clear how the twodetergent-rich environment. It should be recalled that the
heterodimers are arranged on the basis of the spectral propffect is unlikely to be due to the detergent acting as a
erties that place the chromophore pairs far apart, it seemsarrier to D,O diffusion as even phospholipids are ineffec-
probable that the interaction involves the N-terminal re-tive as such a barrier (Goormaghtigh et al., 1994a)
gions. Finally, the dissociated form studied here is thought It is hard to assign the various groups of more quickly
to represent isolated polypeptides with bound pigment molexchanging protons, however the group that is progressively
ecules (Sturgis and Robert, 1994). Most importantly, thedestabilized by dissociation may well represent the peptide
secondary structure composition remains almost completelgonds in the C-terminal helical region of thepolypeptide.
unaffected by the dissociation as observed by infrared sped-his assignment is justified because this segment is ex-
troscopy (Sturgis and Robert, 1994; and this work) and irpected to be well structured from the known three-dimen-
agreement with earlier far ultraviolet CD spectroscopysional structures, thus showing a low exchange rate in the
(Chang et al., 1990). This dissociated form therefore reprenative form, and to change its environment substantially
sents the structurally stable helical units proposed as thduring dissociation both as it is expected to be involved in
intermediate state in the folding of helical membrane pro-intersubunit contacts and is involved in interactions with the
teins (Popot and Engelman, 1990) with each containing @igment molecules, which are known to be perturbed by
bound pigment molecule. dissociation (Sturgis and Robert, 1994). This would leave
the peptide bonds of the termini of tiepolypeptide, the N
terminus of thea-polypeptide, and the various loops and
turns to be assigned. It seems possible that the most stable
remaining group of peptide bonds, with an exchange time
constant of about 10 min insensitive to the dissociation, are
The major group of slowly exchanging protons, which in associated with one of the N-terminal regions perhaps of the
each form studied represents64% (63.8*= 3.1) of the  B-polypeptide, however any such assignment must remain
peptide bonds, were assigned to the transmembrane helidailghly tentative.
regions. The regions assigned to the transmembrane seg-As we assign the different regions of the protein to
ments represent60% of the amide nitrogens in the struc- different exchange rate ranges above, it appears that the
ture. Based on the description above, this corresponds wetlifferent aggregation states we examined differ in the ex-
with the size of the signal from the slowly exchanging change rates for amide groups within the transmembrane
protons. The slight underestimation might indicate that thehelical segments. Thus, we observe a rate of exchange six
a-polypeptide transmembrane helix extends slightly furthettimes faster in the fully dissociated (B777) form than in the
toward the N terminus than proposed above. Of coursenative (B873) form. It is probable that this difference re-
possible differences in extinction coefficient among thesults, to a large extent, from changes in helix accessibility to
various amide groups cannot be ignored (de Jongh et aldeuterium oxide as the forms differ in the presumed expo-
1996). sure of the helices. For example, we estimate the relative
The assignment and understanding of the changes in theolvent accessible areas for the transmembrane helices in
exchange rates of the other groups of protons is mor¢he different forms to be~75% in the fully dissociated
complex. We believe there are two possible effects. On€B777) form,~60% in the intermediate (B820) form, and
effect is a reduction in the effective kinetic resolution due to~25% in the native (B873) form. However, these values
the presence of relatively large amounts of detergent in thenust overestimate the accessibility as the detergent will to
two dissociated samples (B820 and B777). In addition tasome extent restrict D access. In addition to changes in
this effect, we would propose a progressive dissociationthe solvent accessibility, the exchange rate acceleration in
induced, or detergent-induced, destabilization of those 8—1the dissociated forms reflects differences in the stability of
protons that initially had exchange rates near 0.01 thin the transmembrane helices. Our results would appear to
and a remarkable insensitivity of the similar number ofsuggest that this effect is relatively restricted, thus providing
protons with exchange rates near 0.1 iito dissociation.  evidence that the detergent environment does not seriously
The mechanism whereby the detergent could reduce thgerturb the stability of the helical secondary structure of the
effective kinetic resolution is unclear. One possibility is thattransmembrane regions. However the sixfold exchange rate
the high concentrations of hydroscopic detergent slow théncrease is twice the estimated threefold increase in solvent
equilibration of the deuterium oxide vapor across the in-accessibility, implying a small effect of dissociation on
creasingly thick and hydrated protein/detergent film result-helix stability.
ing in a merging of all the exchanging groups faster than 2.2
min in the B820 form and about 14 min in the B777 form.
This effect would thus progressively amalgamate the groupg
of faster exchanging protons and reduce their apparent
exchange rate without necessarily stabilizing the structurdt is of considerable interest to note how the rates observed
Alternatively the loss of kinetic resolution might be due to compare with those previously observed in other proteins,

H/D exchange rates in different parts of
the structure

/D exchange rates for a membrane protein
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particularly membrane proteins and membrane-associateti/namics of the second of these stages, namely the packing
peptides. Previous work with membrane proteins has uswf transmembrane helices. It is presumed that this step
ally failed to assign exchange rates for the peptide groups imvolves a positive entropic effect arising from the restric-
transmembrane helices with the exchange of these groupg®mn of side chain motions compensated by enthalpic effects
being very slow. The exceptions to this is the CHIP28and possibly additional solvent entropic effects. Two of us
protein and the glucose transporter in which fast exchangmeasured a relatively large enthalpy change associated with
(minutes) was observed and attributed to high water accesne of the transitions in the system we study here, namely
sibility of these helices. We suspect that our observation ofthe formation of the tetrameric intermediate form (B820)
a slow but measurable exchange with a time constant dfrom the fully dissociated form (B777) of 175 kJ mol*
~6 X 10* min is aided by the use of a detergent-solubilized(Sturgis and Robert, 1994). However, to date estimations of
system rather than one embedded in a membrane andtle importance of the various assumed entropic effects in
system in which all the helices can be regarded as exteridhe aggregation of transmembrane helices are wanting. The
to some extent. The precise effect of the lipid environmentyesults that we present here suggest that there is probably a
detergent versus bilayer, and the bilayer phase remains to Isenall entropic effect opposing transmembrane helix aggre-
clarified. gation in addition to the effect of side chain conformational
Above we assign an exchange with a time constant ofestriction, namely the stabilization of the backbone confor-
between 100 and 25 min, depending on the dissociatiomation. This energetic component would result from the
state, to an amphipathic helix. Interestingly, previous meareduction in backbone conformational entropy visible as the
surements on phospholamban in dimyristoyl phosphatidyinhibition of H/D exchange as a result of the association of
choline bilayers (Ludlam et al., 1996) determined a timetransmembrane helices.
constant o~500 min for the amide proton exchange of the  The results here show a progressive deprotection of the
amphipathic helix. This is slightly slower than the valuesamide protons as the transmembrane helices of an integral
that we determine here and attribute to an amphipathic helimembrane protein, th®. rubrum antenna complex, are
but of a similar order of magnitude. Furthermore, the dif-dissociated. Such a deprotection would probably result on a
ference observed can be attributed almost exclusively to ptholecular level from an increase in helix flexibility and, in
effects. Our measurements are at pH 8.0 as opposed to ppérticular, breathing motions necessary for proton ex-
7.4, which is expected to give a fourfold increase in thechange. This influence of helix packing on stability is prob-
measured exchange rates. Any remaining difference in thably larger in other more compact membrane proteins with
time constants may well result from a small stabilization ofa well defined interior than in the protein that we have
this type of helix by phospholipid head groups or from studied, which lacks a well defined interior being toroidal.
differences in the helix lengths. The helix in the antenna
complex is somewhat shorter than that in phospholamban.
However, overall these very different amphipathic helicesREFERENCES

appear to have similar amide proton exchange rates an/£1varez J., D. C. Lee, S. A. Baldwin, and D. Chapman. 1987. A Fourier

inference stabilities. transform infrared spectroscopy study of the structure and conforma-
tional changes of the human erythrocyte glucose transpalteBiol.
Chem.262:3502—-3509.
Ashikawa, I, J. J. Yin, W. K. Subczynski, T. Kouyama, J. S. Hyde, and A.
Implications for thermodynamics of membrane Kusumi. 1994. Molecular organization and dynamics on bacteriorho-
: H dopsin rich reconstituted membranes: discrimination of lipid environ-
protein folding ments by the oxygen transport parameter using a pulse ESR spin labeling
We have observed above that the exchange rates of the'échnidueBiochemisty33:4947-4952.

; ; ; : ; ang M. C., P. M. Callahan, P. S. Parkes-Loach, T. M. Cotton, and P. A.
amide nitrogens aSSO_CIatEd with the transmembrane he“C_ggLoach. 1990. Spectroscopic characterization of the light-harvesting com-
of a membrane protein depend upon the degree of associa-plex of Rhodospirillum rubrumand its structural subuniBiochemistry
tion of these helices. This effect probably is due to both an 29:421-429.
increase in the solvent accessibility and to dissociationCogdell, R. J., J. G. Lindsay, J. Valentine, and I. Durant. 1982. A further

. e . _ characterization of the B880 light harvesting pigment protein complex
induced destabilization of the transmembrane helices. Inter- . Rhodospirillum rubrunstrain S1FEBS Lett 150:151-154.

actions among 'secondary 'structure units §taplllze thesge Jongh H. H., E. Goormaghtigh, and J. M. Ruysschaert. 1996. The
structural units is unsurprising. However, this is the first different molar absorptivities of the secondary structure types in the
indication that this might be the case for transmembrane amide | region: an attenuated total reflection infrared study on globular
a-helices. This is of considerable interest for considerations prmet'ni'A,:a'l]B:jCh‘:rTj“z'Zs;lg&R echild. 1660, Polarized Fouri
. . arnest, T. N., J. Herzfeld, and K. J. Rothschild. . Polarized Fourier

of th? thermodynamics of membrane protein assembly. Ac- transform infrared spectroscopy of bacteriorhodopsin: transmembrane
cording to the model of Popot and Engelman (1990), mem- alpha helices are resistant to hydrogen/deuterium exch&igghys. J.
brane protein folding and assembly in an initial series of 58: 1539-1546.
step independently stable transmembrane helices are ifnglander, S. W., and L. Mayne. 1993. Protein folding studied by using

ted into th b dth b fl K .thhydrogen-exchange labeling and two dimensional NMfRnu Rev.
serted into the membrane, and these subsequently pack withgiqpnys  Biomol. Struce1:243-265.
each other to form native multihelical membrane prOtemSGoormaghtigh E., V. Cabiaux, and J.-M. Ruysschaert. 1994a. Determina-

To date, very little information is available on the thermo- tion of soluble and membrane protein structure by Fourier transform



994 Biophysical Journal Volume 74 February 1998

infrared spectroscopy. Il. Experimental aspects, side chain structure, andudlam, C. F. C., I. T. Arkin, X.-M. Liu, M. S. Rothman, P. Rath, S.
H/D exchangeSubcell. Biochen23:363-403. Aimoto, S. O. Smith, D. M. Engelman, and K. J. Rothschild. 1996.
Goormaghtigh E., V. Cabiaux, and J.-M. Ruysschaert. 1994b. Determina- Fourier transform infrared spectroscopy and site directed isotope label-
tion of soluble and membrane protein structure by Fourier transform ing as a probe of local secondary structure in the transmembrane domain

infrared spectroscopy. Ill. Secondary structur@sbcell. Biochem23: of phosopholambarBiophys. J.70:1727-1736.

405_450j . McDermott G., S. M. Prince, A. A. Freer, A. M. Hawthornthwaite-
Goormaghtigh, E., and J.-M. Ruysschaert. 1994. Subtraction of atmo- | ayless, M.Z. Papiz, R. J. Cogdell, and N. W. Isaacs. 1995. Crystal

spheric water contribution in Fourier transform infrared spectroscopy of = gtrcture of an integral membrane light-harvesting complex form pho-
g%(;glgimmembranes and proteinSpectrochim. Acta, Part A50: tosynthetic bacteriaNature 374:517-521.

Goormaghtigh, E., L. Vigneron, G. A. Scarborough, and J.-M. Ruyss_Olsen, J.D.,J.N. _Sturgis, G. Fowle_r‘, W_. Westerhu_is, C. N. Hunter, and_B.
chaert. 1994c. Tertiary conformational changes of the neurospora crassa Robert. 1997. Site-directed modification of the ligands to the bacterio-
plasma membrane HATPase monitored by hydrogen/deuterium ex-  chlorophylls of the light-harvesting LH1 and LH2 complexes of
change kineticsJ. Biol. Chem269:27409—27413. Rhodobacter sphaeroides. Biochemis$:12625-12632.

Haris, P. 1., D. Chapman, and G. Benga. 1995. A Fourier transform infraredopot, J.-L., and D. Engelman. 1990. Membrane protein folding and

spectroscopic investigation of the hydrogen-deuterium exchange and oligomerization: the two stage mod@iochemistry29:4031-4037.
secondary structure of the 20-kDa channel forming integral membran . - ) )
protein (CHIP28)Eur. J. Biochem233:659—664. %rovencher S. W. 1982. A constrained regularization method for inverting

. : ) . . dat ted by li Igebrai int | tiGosnput
Hu, X., T. Ritz, A. Damjanovic, and K. Schulten. 1997. Pigment organi- aa represente . y Inear algebraic or integral equat puter
: . S ; Phys. Commur27:213-227.

zation and transfer of electronic excitation in purple bacteliaPhys

Chem.101: In press. Raussens, V., V. Narayanaswami, E. Goormaghtigh, R. O. Ryan, and J.-M.
Janiak, M. J., D. M. Small, and G. G. Shipley. 1979. Temperature and Ruyssc_haert_. 1996. Hydrogen/deute(iqm exchange kinetics of _apoli-

compositional dependence of the structure of hydrated dimyristoyl lec- Pophorin-Iil in lipid-free and phospholipid bound states: an analysis by

ithin. J. Biol. Chem254:6068—6078. Fourier transform infrared spectroscopy. Biol. Chem.271:
Karrasch S, P. A. Bullough, and R. Ghosh. 1995. The 8.5A projection map 23089-23095.

of the light-harvesting complex I from Rhodospirillum rubrum reveals a Sturgis, J. N., and B. Robert. 1995. A kinetic study of the reassociation of

ring composed of 16 subunittMBO J.14:631-638. the antenna complex &hodospirillum rubrunin detergent solutiorin
Koepke J., X. Hu, C. Muenke, K. Schulten, and H. Michel. 1996. The Photosynthesis: From Light to Biosphere, Vol. 1. P. Mathis, editors.

crystal structure of the light-harvesting complex Il (B800—850) of  Kluwer Academic Publishers, Dordrecht. 255-258.

Rhodospirillum molischianum. Structure (Londoa}581-597. Sturgis, J. N., J. D. Olsen, B. Robert, and C. N. Hunter. 1997. The functions

Loach, P. A., P. S. Parkes, J. F. Miller, S. Hinchigeri, and P. Callahan. - ¢ ¢onserved tryptophan residues of the core light harvesting complex of
1985. Structure function relationships of the bacteriochlorophyll protein o o1 o sphaeroides. Biochemis36:2772—2778

light-harvesting complex oRhodospirillum rubrumIn Molecular Bi-
ology of the Photosynthetic Apparatus. C. Arntzen, L. Bogorad, S.Sturgis, J. N., and B. Robert. 1994. Thermodynamics of membrane
Bonitz, and K. Steinback, editors. Cold Spring Harbor Laboratory Press, polypeptide oligomerization in light-harvesting complexes and associ-
Cold Spring Harbor, NY. 197-209. ated structural changed. Mol. Biol. 238:445—454.



