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ABSTRACT. Bacteriorhodopsin (bR) is the light-driven proton pump found in the purple membrane of
Halobacterium salinarium In this work, structural changes occurring during the bR photocycle in the
core structure of bR, which is normally inaccessible to hydrogen/deuterium (H/D) exchange, have been
probed. FTIR difference bands due to vibrations of peptide groups in the core region of bR have been
assigned by reconstituting and regenerating delipidated bR in the preseng®.off@posure of bR to

D,0 even after long periods causes only a partial shift of the amide Il band due to peptide NB
exchange only of peripheral peptide structure. However, the amide Il band completely downshifts when
reconstitution/regeneration of bR is performed in the presence©f ddicating that almost the entire

core backbone structure of bR undergoes H/D exchange. Peripheral regions can then be reexchanged in
H,0, leaving the core backbone region deuterated. Low-temperature FTIR difference spectra on these
core-deuterated samples reveal that peptide groups in the core region respond to retinal isomerization as
early as the K intermediate. By formation of the M intermediate, infrared differences in the amide |
region are dominated by much larger structural changes occurring in the core structure. In the amide Il
region, difference bands appear upon K formation and increase upon M formation which are similar to
those observed upon the cooling of bacteriorhodopsin. This work shows that retinal isomerization induces
conformational changes in the bacteriorhodopsin core structure during the early photocycle which may
involve an increase in the strength of intramoleculanelical hydrogen bonds.

Bacteriorhodopsin (bR)is the light-driven proton pump  retinal isomerization couples to protein structural changes
found in the purple membrane éfalobacteria salinarium and subsequent proton transport. In this regard, FTIR
(3, 4). Itconsists of a 26 000 Da integral membrane protein difference spectroscopy has been shown to be an effective
and a retinylidene chromophore covalently linked through a method to monitor conformational changes in receptors and
Schiff base to Lys-2165). Upon light absorption, bR other membrane proteinsl@-14). In the case of bR,
undergoes a photocycle consisting of a series of intermediatesstructural changes of the retinylidene chromophore and

with different visible absorption: protonation and/or hydrogen-bonding changes of specific
Asp, Tyr, Trp, Pro, Lys, and Thr residues have been detected
PRses — Kezo ™ Lsso ™ Ma1o ™ Nsso— Ogao— DRses at different stages of the photocyclg, @, 15—-17). These

) studies along with other spectroscopic approaches have led
Vectorial proton transport through the membrane results from 1 an increasingly detailed picture of how specific residues

the ejection of a proton into the extracellular medium during 4re involved in proton translocation during the photocycle
M 12 formation and uptake of a proton from the cytoplasmic ).

medium during @ formation. Other major steps in the

photocycle include the all-trans to 13-cis retinal isomerization h ide backb b . p heral
during Ksso formation and retinal reisomerization back to the Peptide backbone of bR. BR consists of a periphera

an all-trans configuration during & formation 6—8). region where H/D exchange of backbone amide peptide

Although the three-dimensional structure of bR has 9roups occurs rapidly and a core region where the backbone
recently been solved with a resolution of 2.5¢, (mportant ~ @mide peptide groups are largely inaccessible to H/D
questions still remain about the molecular basis for proton €xchange8, 19). Polarized FTIR spectroscopy combined
transport. Perhaps the most important is how light-driven with H/D exchange has shown that this core region consists

primarily of a-helical structure oriented predominantly

* This work was supported by a grant from the NSF (MCB9419059) PErPendicular to the membrane plane and buried largely
to K.J.R. within the lipid bilayer (9, 20). However, until now,
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1 Abbreviations: PM, purple membrane; bR, bacteriorhodopsin; IR, St€pS in the photocycle. Part of the difficulty is that amide
infrared; FTIR, Fourier transform infrared; OD, optical density; H/D, | and amide |l difference bands which reflect conformational

hydrogen/deuterium; HH-bR, HD-bR, DH-bR, DD-bR, H/D exchange changes in the backbone region of bR overlap with bands
state of peptide groups in the core and peripheral structure of the .
reconstituted sample, where the first letter stands for the state of the dU€ to other proteinl1) and chromophore group&3) and

core region and the second letter for the state of the peripheral region.thus have been difficult to assign. In addition, thus far, there
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Much less is known about structural changes occurring in
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has been no systematic method to separate vibrational
contributions of peptide groups in the peripheral and core
backbone regions of bR.

In this work, we have selectively probed backbone
structural changes in the core and peripheral regions of bR
during its photocyclé. This has been accomplished by
removing lipids and retinal from bR, partially denaturing it
in detergent, and then reconstituting/regenerating bR in native
H. salinariumlipids. This approach has previously been
shown to result in reconstituted bR with properties similar
to bR in the native purple membrar3(24). As discussed
below, when reconstitution/regeneration is performed in the
presence of BD, the entire peptide backbone of bacterio-
rhodopsin undergoes H/D exchange. Peripheral regions can
then be reexchanged in,8, leaving the core region fully
deuterated. FTIR difference spectra on such samples reveal
that the core region of bacteriorhodopsin responds to retinal
isomerization as early as during the BRK transition with
the amide | and Il bands undergoing frequency shifts similar
to those observed upon lowering the temperature of purple
membrane. Even larger changes in the core region occur
by formation of the M intermediate, as indicated by the
appearance of a more intense set of bands which undergo
frequency shifts in the amide | and amide Il region.

MATERIALS AND METHODS

Delipidation, Regeneration, and Reconstitution of bl y ' ' , ' ' I

: ’ - ’ . . 1750 1600 1550 1500 1450

chemicals were obtained from Sigma (St. Louis, MO). 1800 1700W<;€/52numbers (crﬁ])

Purple membrane was isolated from culturebloalinarium ) ) ) )
Ficure 1: FTIR absorption spectra of bR reconstituted in native

(.St.ram S9) and purified as described preVIOUQ@(.TOtal H. salinarium lipids. Samples were refolded and regenerated
lipids from whole cells were extracted as describ@6).(  according to the procedure of Pop@sy in either HO or D,O
Delipidation/denaturation of purple membrane was carried puffer and prior to measurement exposed to eithg br D,O for

out by a solvent extraction procedure as described by the purpose of hydration (see Materials and Methods). The resulting
Bralman et al 27) Refoldlng and regeneratlon was SampleS, HH'bR, HD'bR, DH'bR, and DD'bR, where the first letter

; : . specifies the refolding/regeneration medium and the second the
performed acco.rdlng to F_’oponQ). I_:qr refolding m a . _hydration/deuteration medium, were measured at 250 K with2 cm
deuterated medium, solutions of delipidated bacterioopsin resolution (solid traces). Dashed traces reproduce the HD-bR

(bO) in SDS were repetitively freeze-dried from@ All spectrum which is superimposed on the HH-bR spectrum for
buffers used were deuterated by repetitive evaporation with comparison (top) or DD-bR spectrum which is superimposed on
D,O. Finally, refolded bR was washed several times with the DH-bR spectrum (bottom). The scale bar refers toytseale
D,O. of HH-bR.

Low-Temperature FTIR Difference SpectroscojmR —
K and bR— M FTIR difference spectra were recorded using
previously reported method28—30). Samples were pre-
pared by air-drying approximately 16@00 ug/cn? of

The samples were cooled to 250 or 80 K in order to measure
the bR— M or bR — K FTIR difference spectra, respec-
tively. Spectra were recorded at 2 chresolution using a

sample on a AgCl window and then rehydrating prior to Nicolet Analytical Instruments 740 spectrometer (Madison,

insertion into a sealed transmittance cell which was mountedWI)'

in a Helitran cryostat (Air Products, Allentown, PA). For RESULTS

the purpose of peripheral deuteration, the sample was . ) .
exposed to a drop of D inside a drybox for approximately Hydrogen/Deuterium Exchange in the Core Region of
1 h, which allows H/D exchange of most peptide groups Bacteriorhodopsin.Figure 1 compares the FTIR absorption
directly exposed to the external mediu®l), The HO spectra of the four reconstituted samples HH-bR, HD-bR,
(D,0) content of the sample was checked by monitoring the DH-bR, and DD-bR recorded at 250 K. The infrared
intensity of the 3400 crri (2600 cntl) band relative to the ~ SPectrum of bR reconstituted id. salinarium lipids and
amide | and amide Il bands. All samples, except where measured at 250 K in the presence @bHHH-bR) is similar
noted, were light-adapted at room temperature prior to t0 previously published spectra of native purple membrane
cooling by illuminating the sample for at least 15 min with measured under similar condition31f. For example, an

a 150 W tungsten light source (Dolan-Jenner Industries, Inc., @mide | band appears near 1657¢rand an amide Il band

Lawrence, MA) equipped with a 505 nm long-pass filter. near 1548 cm' in both cases. However, HH-bR also
displays a more prominent shoulder near 1630 cwhich

2 Peripheral and core are used here to describe bR structure which
is available for H/D exchange during exposure to the external medium 2 The amide Il band shifts in frequency from 1545 to 1548 &m
(peripheral) or when exposed during reconstitution/regeneration (core). upon cooling from RT to 250 K.
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is normally associated with-structure 81—33). This most x
likely arises from incomplete refolding of bR in the
membrane during reconstitution. For example, a similar
effect is observed for samples of bR expressedt.ircoli
and reconstituted using a similar procedu&’)( One
interesting possibility is that this effect is associated with
the G-helix, which forms g-sheet structure when it is
chemically synthesized as a separate helix fragment and
reconstituted into phospholipid vesiclesl). The amide I/
amide | ratio is also lower in the reconstituted sample (HH-
bR) compared to bR in native purple membrane. This effect
most likely arises from a lower degree of orientation of the |
reconstituted membranes (e.g., higher mosaic spread) with
respect to the sample plan20( 35).

A major effect of H/D exchange on the infrared absorption
of native bacteriorhodopsin is to lower the absorption of the 1
amide Il band near 1548 crhand increase the absorption
in the region near 1456 crh (amide Il mode) @1). This
effect occurs due to the NH> ND exchange of peptide |
backbone groups which causes a downshift in the vibrational
frequency of the amide Il vibration of approximately 100
cm 1 (36). In bacteriorhodopsin, the effect is relatively small
because of the existence of a core region which is inacces- -
sible to H/D exchange. The total extent of H/D exchange
in bR peptide groups was estimated on the basis of infrared
measurements as 20% afgeh of exposure to BO and only
27% after 48 h at room temperatui@l).

As seen in Figure 1, a similar amide Il downshift occurs
in delipidated bR, which is refolded/reconstituted isCHand
deuterated in BO (HD-bR). However, as in the case of
purple membrane, the exchange is still incomplete due to
the inaccessibility of the core region of bR. In contrast, 1
delipidated bR refolded/reconstituted in the presence;6f D Wavenumbers (Cm')
and subsequently exposed tein the external medium  Fgure2: bR— K FTIR difference spectra of bR reconstituted in
(DD-bR) shows almost complete disappearance of the amidenative H. salinariumlipids. Difference spectra were recorded at
Il band with the appearance of a new band corresponding to80 K at 2 cn* as described (Materials and Methods) on the four
the amide 11 mode at 1456 cmi. This demonstrates that different reconstituted samples HH-bR, DH-bR, HD-bR, and DD-

o bR (solid traces). Dashed traces reproduce the DH-bR spectrum
the delipidated/denatured bR undergoes complete H/Dich is superimposed on the HH-bR spectrum for comparison (top)

exchange of all peptide groups in the core region during the or DD-bR spectrum which is superimposed on the HD-bR spectrum
refolding/reconstitution procedure. The reexposure of this for comparison (bottom). The tick marks on ti#@xis are 0.008

core-douerated sample 0:01 (DHER) then catees & 00 e et o o
r(a,appearance of Fhe amide I.l band and decrease of the amid ine) and DH-bR (dashgd line) and bo?tonq traces the superposition
II"” band intensities, reflecting the D/H exchange of the o jp_pR (solid line) and DD-bR (dashed line).

peripheral structure of bR.

Several other conclusions can be drawn from the absolute1528 cm* from the G=C stretch mode of the all-trans retinal
absorption of core-deuterated bacteriorhodopsin (DH-bR andchromophore42), 1516 cn* due to the aromatic ring mode
DD-bR). First, core deuteration causes only a small isotope of tyrosines 43), and 1577 cm! due to the asymmetric
downshift in the amide | band from 1657 to 1654 dm  C—O" stretch mode of carboxylate groups present in Asp
consistent with the assignment of this bandotédnelical and Glu groupsZl).
structure 87, 38). In contrast, as previously noted1], the Structural Changes in the K IntermediateFigure 2
major change induced by peripheral H/D exchange (HH-bR compares the bR> K FTIR difference spectra in the region
to HD-bR) is a drop in absorption near 1685 ¢preflecting from 1400 to 1800 cmt for the four reconstituted samples.
a higher frequency subcomponent of the amide | band The HH-bR spectrum is very similar to the corresponding
assigned tg-structure or reverse turn8%, 39—41). This bR— K spectrum of native bR (e.g., bR in purple membrane)
indicates that nom=helical structure is present mainly in in H;O in this region and other regions of the spectrum below
regions of the bR backbone accessible to H/D exchange, mosttl400 cm? (not shown). For example, a weak pair of bands
likely corresponding to surface loop regions. The amide Il appears at 1740/1731 cin(—/+), assigned to the carbonyl
frequency for this structure, which is reflected in the (C=O0) stretch mode of Asp-112). As expected, negative
DH-bR spectrum, is also downshifted 5 chto 1543 cm’?, bands due to the all-trans retinylidene chromophore of light-
again indicating the presence of narhelical structure. We  adapted bR (bR appear at 1640 cm (C=N stretch of
also note that almost complete disappearance of the amideprotonated Schiff base) and 1530 c¢hiethylenic G=C
Il band in DD-bR unmasks much smaller bands such as atstretch 44)], while positive bands characteristic of the 13-
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cis retinylidene chromophore in the K intermediate are found
at 1609 cm* (C=N stretch of protonated Schiff base?9)

and 1515 cm! (ethylenic G=C stretch). A similar agree-
ment is also found between the HD-bR and native bR
measured in BD, including a downshift of the Asp-115
carbonyl stretch bands to 1727/1720 én{—/+) and a
downshift of the G=N vibration to 1628 cm! due to
deuteration of the Asp-115 carboxylic acid group and the
Schiff base, respectively. A splitting of the positive band
near 1515 cm' also occurs as previously note2ld.

To assign bands in the bR K difference spectra, spectra
recorded with and without core deuteration were compared,
e.g, HH-bR and DH-bR (samples exposed tgH and HD-
bR and DD-bR (samples exposed tgd). Previous studies
on the effect of H/D exchange on the bR K difference
spectrum of native bR revealed changes mainly due to the
effects of Schiff base deuteratioRq 44). In contrast, the
major effect of core deuteration is to cause a shift in the
frequency of several bands in the amide | and Il regions -
which arise from the vibrations of protein groups, leaving
bands assigned to the chromophore vibrations unaltered
(Figure 2 and inset).

In the amide | region, a pair of weak negative/positive
bands at 1666/1661 crhis downshiftec~5 cm™ to 1661/ 1
1657 cmt upon core deuteration, indicating that this pair is
assignable to the amide | mode of one or more peptide groups
which are located in the core region of bR. A second effect

~
o
w
—

of core deuteration is the apparent reduction in the intensity | fm : : | : |

of the negative band at 1640 cfassigned to the €N 0 75 m R 50 50 1450 "
stretch of the protonated Schiff base. However, this is most ;

likely due to a frequency shift of one or more amide | bands Wavenumbers (cm )

into th? re_giqn of t_he 1640 cm band, there.by par“a”Y Ficure 3: bR— M FTIR difference spectra of bR reconstituted in
canceling its intensity. For example, the pair of negative/ native H. salinarium lipids. Difference spectra were recorded at
positive peaks in DD-bR at 1649/1640 chwould act to 250 K at 2 cmi* as described (Materials and Methods) on four
partially cancel the intensity of the 1640 chband in DH- different reconstituted samples HH-bR, DH-bR, HD-bR, and DD-
bR. The absence of a similar reduction in intensity upon bR (solid traces). Dashed traces reproduce the DH-bR spectrum

o - which is superimposed on the HH-bR spectrum for comparison (to
core deuteration in the case of the 1628 ¢ipand assigned  ,; pp_pR s%ectn?m which is superimpopsed on the HD-t?R spect(rupr)n
to the C=N stretch of the deuterated Schiff ba9)(is a for comparison (bottom). The tick marks on thexis are 0.01
further indication that this effect is not due to an intrinsic OD spacing for the HH-bR spectrum. (Inset) Expansion in the
change in the &N mode. Spectral changes are also region 1706-1600 cn* with top traces the superposition of HH-
observed at lower frequency upon core deuteration with gspésrgggitlilgr?)o? ’;,dD_Ef)"FL"ZSROﬁg‘ﬁ,@?dal:Se.)gé‘.r‘bdpgb((étgs’?eéﬁﬁﬁg the
positive/negative bands at 1622/1618 émownshifting 4-5 '
cm™1. Although this is in the range of a tyrosine ring mode,
the assignment to tyrosine is unlikely since isotopic labeling

of tyrosines has little effect on the bR- K difference

the corresponding bR~ M difference spectra of native
purple membrane recorded in® and DO, respectively
o ) (30).* For example, several major bands appear above 1700
spectrum in this regiordg). L cm~* which are assigned to the=D stretch mode of Asp/
One of the clearest effects of core deuteration is the 5, carboxylic acid groups including the Asp-85—O
disappearance of a pair of positive/nega_ltive bands.at 1555/stretch at 1760 and 1750 cinfor COOH and COOD,
1547 cml in DH-bR ‘and DD-bR. T.h.'s change is ac- respectively , 2, 14). Major bands assigned to vibrations
companleq by the appearance of a positive band near1466 of the bR retinylidene chromophore include the negative
1468 cnt in both spectra, although the expected appearancey, s at 1640 cm (1628 e in the case of HD) assigned

of a negative band at lower frequency is not clearly seen. to the C=N stretch mode of the Schiff base and at 1527
Overall, these changes are consistent with the assignmenEm_l due to the ethylenic €C stretching mode

of the 1555/1547 cmt difference bands to the amide Il mode o L

of backbone peptide groups with at least the positive . In general, core deuterat|'on mduc_es S|gn|f!cant changes

component downshifting approximately 90 chadue to core in both the amide | and amide Il regions, vyh|ch are much

deuteration. As described below, a similar but much larger more pronounced compared to changes in the-bRc

effect is observed in the bR~ M difference spectrum.
Structural Changes in the M |ntermediatd:igure 3 4 Small differences are found with native bR in purple membrane

compares bR~ M FTIR difference spectra of the four including a less intense pair of negative/positive bands at 1742/1748
cm! corresponding to a change of hydrogen bonding in Asp-96 at

reconstituted samples. Overall, spectra of the non-core-his stage of the photocycld), These differences are also found in
deuterated samples (HH-bR and HD-bR) compare well to bR expressed iiE. coli (2) and refolded using a similar procedure.
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difference spectrum (Figure 2). The major effect in the the dichroism difference spectrum reflecting mainly oriented
amide | region is the downshift of a set of negative/positive a-helices (9). The small frequency shift we observe of the
bands of approximately-210 cnt?, consistent with their ~ amide | band £3 cm) upon core deuteration is also
assignment to the carbonyl stretch of peptide groups (i.e., characteristic ofx-helical structure 38) and, hence, agrees
amide | mode). For example, in both DH-bR and DD-bR, with this conclusion. In contrast, the higher frequency
negative/positive bands at 1691/1685 ¢éndownshift ap- shoulder on the amide | band near 1685 ¢mvhich drops

proximately 6 cmt. A small negative band at 1673 cfn in intensity when bR is exposed taO (31), is not sensitive
also downshifts 23 cm’. The largest effect is the-3% to core-deuteration and, hence, most likely reflects structure
cm! downshift of the negative/positive bands from 1659/ which is present in peripheral regions of the protein.

1650 to 1653/1644 cm. As in the case of bR~ K, the In this paper, we have examined whether the H/D resistant

apparent reduction in intensity of the negative€ band at core structure in bR undergoes structural changes during the
1640 cmtis most likely due to the downshift of the positive bR photocycle. This is an important question since a
band at 1650 to 1644 crhin DH-bR. A new positive band  complete elucidation of the bR proton pump mechanism will
also appears at 1631 cin core-deuterated samples. most likely require an understanding of the role of the bR

Since these downshifts are consistent with those expecteddeptide backbone. Earlier studies on bR were not able to
for amide | bands upon peptide deuteration (e_g_7 CONH address this question directly since bands in the region from
COND), the results indicate that most of the bands in the 1500 to 1700 cm' had not been definitively assigned to
region between 1640 and 1700 charise from structural ~ amide | and Il modes. This requires either NH ND
rearrangements in peptide groups located in the core regionexchange of core peptide groups, which are normally resistant
of bR, which are normally inaccessible to H/D exchange. to H/D exchange, or isotope labeling of specific peptide
The 1691/1685 cri bands deserve special mention, since groups in the core regiorbQ, 51).

H/D exchange could also cause a downshift of theQC Our results clearly establish that many of the prominent
stretch of carboxylic acid groups. However, this is unlikely bands detected in the amide | and amide Il region of the bR
since3C labeling of the carboxylic acid group of Asp or — K and bR— M difference spectra are directly attributable
Glu residues does not produce significant frequency shifts to structural changes in the core of bR. Furthermore, since
in this region 46). We cannot exclude, however, the these changes occur as early as the-bK transition, they
possibility that this band arises from the=O stretch mode ~ must reflect the response of the core to light-driven isomer-
of the amide group on the side chain of Asn. However, such ization of the chromophore. In the amide I region, weak
an assignment would require that these side-chain residuedands are found in the bR K difference spectrum (1666/
are buried in the core region of bR and not accessible for 1661 cnt*) which increase in magnitude upon formation of
H/D exchange. M (1659/1650 cm?). The frequency and small downshift

Large changes are also observed in the amide Il region (™5 cnT*) of these bands is within the range expected of

upon core deuteration. Most dramatic is the drop in intensity a-helical structure in bR 20, 37)'. On th? other_ hand,

of a positive band near 1557 cfalong with a negative  CNanges are also seen in the amide | region which are not
shoulder located near 1544 chn The loss of the former  tyPical of a-helices, including negauve(posnwe features at
unmasks the band at 1567 chdue to the ethylenic stretch 1649/1640 cm' and 1622/1618 crt |n_ the bR— K
mode of the M intermediate (1572 cfin the case of HD- difference spectrum and at 1691/1685 énin bR — M

bR). Deuteration of peptide groups should cause the amide ' hese frequencies are more typicaffeétructure and might

Il bands to downshift as is observed in the absolute €Present several core residues, which do not participate in
absorption of bR (Figure 1). In agreement, a pair of positive/ ¢Nelical hydrogen bonding3g).

negative bands appears in the DH-bR and DD-bR spectra at ON€ of the most important results of this study is the
1470 and 1438 crt. Although, theAv splitting between assignment of positive/negative bands near 1557/1544 cm

the positive and negative components in the amidegjion to the amide Il mode of the core peptide backbone structure
is larger than that observed in the amide Il region (32m  Which appear upon formation of the K intermediate and
vs 13 cnm?), the H/D exchange induced frequency downshift INCrease in magnitude up to at least formation of the M

may depend on the degree of coupling with the amide 1| intermediate. This is a highly congested region of the
mode which in the case af-helices is in the 12751300 difference spectrum which can contain contributions from

cm! region @7). Note also that a positive band appears both protein and chromophore group modes. The assignment
near 1425 cm® due to core deuteration, although its of these positive/negative bands to the amide Il mode is

assignment is not clear. consistent with a frequency upshift of this mode during the
early bR— M portion of the bR photocycle. Recent time-
DISCUSSION resolved FTIR measurements of core-deuterated bR show

that these amide Il changes continue to increase in magnitude

A number of studies have shown that bacteriorhodopsin upon formation of the N intermediate (Kluge, T., Smilowitz,
contains a core structure which is resistant to H/D exchangeL., Olejnik, J. and Rothschild, K. J., unpublished data) and
(18, 19, 48). It was concluded on the basis of FTIR correspond to the appearance of an intense positive band at
dichroism measurements on oriented samples of purple1556 cn?, which was previously identified as a character-
membrane 31) that this core structure corresponds to the istic feature of the N intermediaté2—55). Since this band
orienteda-helical structure buried in the interior of the purple does not shift in the bR—~ N difference spectrum upon
membrane 49). For example, although H/D exchange prolonged exposure of bR to,D, it was concluded that it
produces shifts in the amide | and amide Il bands similar to reflects peptide structural changes in the core structure of
those observed here (Figure 1), almost no changes occur irbR (56).
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Interestingly, a similar frequency upshift of the amide I
band also occurs when bacteriorhodopsin is cooled, with
bands appearing at 1558-) and 1543 ) cm! in the
temperature-induced difference spectrum of bR (#8380
K) (57). A cooling-induced downshift in the amide |
frequency from 1665 to 1654 crhalso occurs in bRY7),
similar to the amide | band shifts we observe during the bR
— K and bR— M difference spectra (1666/1661 ctand
1659/1650 cm?, respectively). One possibility is that both
phenomena reflect an increase in the strength of intramo-
lecular hydrogen bonding in some regions of kfelices.

In particular, an increase in hydrogen-bonding strength is
generally correlated with a decrease in frequency of the
amide | mode and increase in the amide || mdafg).( Other
effects should also be considered including alterations in the
dipole—dipole coupling between neighboringhelical seg-
ments B9) and tilting of transmembrane-helical segments

in bR which can lead to dichroism effectSg). Spectro-
scopic evidence for tilting of polypeptide segments between
bRsss and formation of the M intermediate has also been
reported on the basis of CD studi€®). It is interesting to
note that similar temperature-induced shifts in the amide |
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