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Temperature Jump-Induced Secondary Structural Change of the
Membrane Protein Bacteriorhodopsin in the Premelting Temperature
Region: A Nanosecond Time-Resolved Fourier Transform Infrared Study

Jianping Wang and Mostafa A. El-Sayed
Laser Dynamic Laboratory, School of Chemistry and Biochemistry, Georgia Institute of Technology, Atlanta, Georgia 30332-0400 USA

ABSTRACT The secondary structural changes of the membrane protein, bacteriorhodopsin, are studied during the pre-
melting reversible transition by using laser-induced temperature jump technique and nanosecond time-resolved Fourier
transform infrared spectroscopy. The helical structural changes are triggered by using a 15°C temperature jump induced from
a preheated bacteriorhodopsin in D,O solution at a temperature of 72°C. The structural transition from «- to o-helices is
observed by following the change in the frequency of the amide | band from 1667 to 1651 cm™" and the shift in the frequency
of the amide Il vibration from 1542 cm™" to 1436 cm~" upon H/D exchange. It is found that although the amide | band
changes its frequency on a time scale of <100 ns, the H/D exchange shifts the frequency of the amide Il band and causes
a complex changes in the 1651-1600 cm™ ' and 1530-1430 cm ™" frequency region on a longer time scale (>300 ns). Our
result suggests that in this “premelting transition” temperature region of bacteriorhodopsin, an intrahelical conformation
conversion of the ¢, to ¢, leads to the exposure of the hydrophobic region of the protein to the aqueous medium.

INTRODUCTION

Bacteriorhodopsin (bR) is the protein found in the cytoplasdength is slightly longer than that ia,. Vibrational normal

mic membrane ofHalobacterium salinarium(Oesterhelt mode analysis for polyalanine (Krimm and Dwivedi, 1982)
and Stoeckenius, 1974). The purple membrane (PM) conpredicts significant frequency differences between the stan-
sists of a two-dimensional, hexagonal lattice of proteindard o,- and the modifieda,-helical conformation. This
trimer structure that organizes the individual bR moleculesresults in an increase ef10 cm * in the amide | mode at

It has only one polypeptide chain of 248 amino acid resi-1658 cm* (essentially &=O stretching) in a,-helical
dues with known sequence (Henderson et al., 1990) and @ructure (Krimm and Dwivedi, 1982). Indeed, infrared
retinal chromophore that binds to tkeamino group Lys-  spectroscopic studies of bR substantiate the appearance of a
216 through a protonated Schiff base. The secondary Strugrigh frequency amide | mode at 1667 ¢ A number of

ture of bR is well characterized with a peptide sequence thadther spectroscopic data also strongly support the existence
traverses the membrane seven times in the formloélices a,-helices in bR, e.g., Raman (Vogel and Gartner, 1987),
(Henderson et al., 1990). The photochemistry of bR hagtraviolet-circular dichroism (UV-CD) (Gibson and
been_extenswely studied in _the past decades (Birge, 199¢55sim, 1989), an&*C-nuclear magnetic resonance study
Mathies et al., 1991; Lanyi, 1993; Ebrey, 1993). Upon 1y etal., 1994). In addition, it has been suggested that the
absorbing light, bR undergoes a photocycle and pumps gared hand at 1665 cnt shows up only when bR mono-

proton across its membrane, creating an electrochemicale s jnteract with each other to form trimers (Torres et al.,
proton gradient. The electrochemical energy resulting frorrhg%)

the proton gradient is used for the synthesis of adenosine
5'-triphosophate.

It has been proposed by Krimm and Dwivedi (1982) that
the bR transmembrane helices arghelical in nature, in
contrast to the normal,-helical structure found in polypep-
tides and proteins. In the,-helical structure, theb and s
dihedral angles are different from those dfrhelical con- . L o . D
formation, leading to an outward projections of the=O and a main transition at-96°C. The 80°C transition is

groups from the helix axis accompanied by an inward tiItingfound to be hlg_hly reV(_erS|bIe, whereas the main transition
of the N-H groups. Ina,-helical structure, the H-bond appears to be irreversible (Jackson and Sturtevant, 1978).

The reversible transition is associated with a cooperative
disordering of the paracrystalline lattice distribution of bR

Received for publication 13 November 1998 and in final form 10 Februarymolecules (Jackson and Sturtevant, 1978; Hiraki et al.,
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Aqueous bR is susceptible to thermal denaturation. The
melting temperature () of native bR is~96°C. Differen-
tial scanning calorimetry (DSC) experiments show the pres-
ence of two thermal transitions for native purple membrane
(Jackson and Sturtevant, 1978; Brouillette et al., 1987;
Cladera et al., 1988), a small transition centered-80°C




2778 Biophysical Journal Volume 76 May 1999

bR by DSC and circular dichroism (CD) spectroscopy. All pension in BO was prepared by washing the membrane 6-8 times with
these perturbations were shown to lower thg &xcept in D,0 through the centrifugation-resuspension cycle and was handled under

the case when bR is delipidated. However. the influence Oﬁn argon atmosphere to eliminate contamination from humid air. The initial
P ) ! pH of the concentrated suspension befog®@xchange was typically 6.8.

the thermal stability is less significant than that on thea 5o.,m path-length IR cell with two Cafplates and a Teflon spacer was
proton pumping efficiency. It is also found that adding used for bR. Samples with Qg ., = 0.8 in the IR cell were studied as
Mngr to deionized bR does not restore the thermal stabilitya function of temperature in the range of 30-97°C by using a thermostated
of native bR, although it restores the photocycle of pRPath system (RET-100, NESLAB Instruments, Inc., Union City, CA). After
the desired temperature was stabilized, the steady-state spectrum was taken

(Kresheck et al., 1990). A given pathway of thermal dena_as the average of 100 scans at a resolution 2'crA melting curve was

turation of bR in RO has been Squesmd based on th%btained by plotting the absorbance change in the amide | band at 1667
results of a Fourier transform infrared spectroscopy (FTIRm™ as a function temperature.
study (Taneva et al., 1995). These authors conclude that the
thermal denaturation of bR is a kinetically controlled pro-
cess. T-jump apparatus
Understanding the folding mechanism of a protein is Ve€lYThe 1064-nm output of a Nd-YAG laser (YAG 660, Quantel International,

important to determine the connection, if any, between theanta Clara, CA) was focused into a Raman cell (stainless steel tube with
biochemical synthesis of the protein and the variety of itsquartz windows, 85-cm length and 32-mm diameter, filled with 160 psi
biological functions. How the secondary and tertiary struc-Hz). This produced the heating pulse at 1. (10-ns pulse width, 2-10
tures of proteins are formed from the nonnative conformaMY/Pulse at 5 Hz) for the Tjump experiment. This heating pulse was
tional state is still not fully understood. In addition, the absorbed by the overtone of thio'D_S"etCh'T? vibration 0 [ weak

! absorption centered at5500 cm * (e = 10 cm ). The sample heating
unfolding processes, especially the fast events (shorter thagjume was~2 mn? x 50 um. This resulted in a T-jump ofT = T —
10 ms), are drawing much attention recently. Laser T-jumpr, = 15°C at T, = 72°C.
(Phillips et al., 1995; Ballew et al., 1996; Williams et al.,
1996) is one of the useful techniques to initiate the fast
secondary structure change. Time-resolved fluorescencdime-resolved FTIR spectroscopy
single wavelength time-resolved IR as well as other techrhe step-scan FTIR system was an IFS 66/S system (Bruker, Billerica,
nigues have been used as dynamic approaches to followA). An MCT detector with a 10-ns response time was used. The ac-
secondary or tertiary conformational changes in proteinscoupled signal was amplified by a factor of 125 before inputting it to a
Refolding of cold denatured apomyoglobin by laser T_jumpzoo-MHz digitizer. The dc output of the detector was first adjusted to

. - . . remove the offset and then amplified to approach-V peak to peak
has uncovered 250 ns to ps kinetics associated with amplitude before introducing it to the digitizer. Fourier transform of the

secondary St.rUCtU.re an(_j_ core formatipn (Ballew et_ ?—l-ac-coupled signal used the phase obtained from the dc-coupled signal for
1996); the helix-coil transition in the peptide suc-21 exhibitSphase correction. The time-resolved FTIR spectrum for a certain time

a time constant of~160 ns and a few milliseconds relax- domain was calculated based on the dc and ac coupled single channel
ation to the initial condition as the temperature in thespectra:AAbs: Log,(ac/dc+ 1). An anti-reflecting-coated germanium

. . A band-pass filter was used to give a narrow spectrum window of 750-2000
medium decays after the jump (Williams et al., 1996). cm . Ten to 15 coadditions were used for better signal/noise ratio. In the

FTIR spectroscopy is one of the most powerful tech-present study, data were taken with a temporal resolution ranging from 20
nigues to obtain information about the secondary structur@s to 10us and a spectral resolution of 4—8 ¢
of a protein. In addition, time-resolved techniques are useful The sample was incubated in the IR cell at 72°C (unless stated other-
in gaining insight into the dynamics of protein unfolding wise) for vgrious times before equsing it to the LB laser heating
and folding. By using time-resolved FTIR spectroscopy, the:)eam. Stgtlc FTIR spectr_a an_d UV/VIS- spectra were taken‘before and after

. . ; . he experiment with no significant optical density change in bR observed

dynamical conformational changes occurring during thesger the T-jump experiment.
fast events can be obtained. In the present study, the fast
structural changes are initiated by a short infrared laser
pulse that generates a transient rise in temperature of up BESULTS
15°C. The step—sqan tlme—resqlved FTIR teqhnlque is usegtatic FTIR study on bR in D,0
to follow the protein conformational change in the spectral
region of amide | and amide Il modes. It is found that theln order to monitor the thermal-induced structure changes of
T-jump-induced protein secondary structural transition frombR under thermodynamic control and to aid the interpreta-
oy~ to o-helices, occurs in the nanosecond time domaintion of the time-resolved FTIR spectra, static FTIR spectra
The recovery process from to «,, structure occurs within  were measured in the 30-97°C temperature range. Fig. 1
a few milliseconds as a direct or indirect result of thegives the FTIR spectra of concentrated bR igODat dif-

temperature relaxation after the T-jump. ferent temperatures (from 72-97°C, as indicated by arrows)
in the spectral region of 1800 to 1300 ¢ From Fig. 1A,

MATERIALS AND METHODS it can be seen that as the temperature increases, the amide |
band shifts from 1667 to 1652 cm, whereas the amide II

Sample band at 1542 cm' gradually decreases in intensity, and a

Purple membrane was isolated from tHe salinariumstrain ET1001 as  Proad b?-nd around 1436 crh i.ncrefases-. The_ spectral
described previously (Oesterhelt and Stoeckenius, 1974). Membrane sushange is shown more clearly in Fig.B, in which the
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A Torres et al., 1995). The positive band at 1651 ¢nis
assigned tay, C=0 stretching mode because it is located in
the region of commorny-helix (Fraser and MacRae, 1973;
Surewicz and Mantsch, 1988). The new band appearing at
1651 cm ! after heating the bR solution has also been
reported previously (Cladera et al., 1992; Taneva et al.,
1995). The positive band at 1623 cfin(and 1682 cm* as
well) at high temperature is associated with protein dena-
turation (Arrondo et al., 1994), resulting from the=©
vibration in the random-coil, a characteristic of disordered
protein secondary structure, as has been previously ob-
. . . served and assigned for bR (Cladera et al., 1992; Taneva et
1800 1700 1600 1500 14|oo ' 1300 al., .1995)'
4 Fig. 2 A shows the absorbance change of the 1667%cm
Wavenumber, cm band intensity as a function of temperature from 30 to 97°C.
B This gives a complete melting curve of bR ip®. It should
be noted that at least two transitions are shown, a premelting
transition (T}, ~ 76°C) and the main transition (T =
96°C). It has been proposed that only the pretransition is
reversible (Shnyrov and Mateo, 1993). FigBZhows the
absorbance change of the 1623 ¢nband under similar
conditions as in Fig. ZA. There is only one transition shown,
i.e., the main transition with J of 96°C. This indicates that
the band at 1623 cnt is associated with protein denatur-
ation. Fig. 2,C and D show the change of absorbance at
] 1542 and 1436 cm', respectively. The intensity changes
o3 1542 . ' are temperature dependent and no distingtv@lue can be
1800 1700 1600 1500 1400 1300 found in the temperature range from 70 to 97°C. This
reflects the H/D exchange behavior upon heating: the higher
the temperature, the more the H/D exchange.
FIGURE 1 () FTIR spectra of concentrated bR in®@as a function of Our results agree leh the previous finding that heatlr.]g at
temperature. The J® background has been subtracted at each temperatempera‘tl'”‘(:"S UP to 70°C har.dly produces any change in the
ture. The temperature increases along the arrow: 72, 75, 78, 80, 82, 85, s&@mide | and amide Il bands in the FTIR spectra (Taneva et
90, 92, 95, 97°C.§) FTIR difference spectra with the lowest temperature al., 1995), i.e., no bR secondary structure change observed,
(72°C) spectljum as background. Arrows indicate the absorption change a5 shown previously in CD spectra (Shnyrov and Mateo,
temperature increases above 72°C. 1993). Because only the first transition is reversible (Shny-
rov and Mateo, 1993), in the following sections, we focus
on this transition by time-resolved FTIR study. The irre-
difference spectra are obtained by subtracting the lowestersibility of the melting transition at 96°C also prevents us
temperature (72°C) spectrum from spectra at higher temfrom performing time-resolved studies of this transition.
peratures. At higher temperature, two new bands appear at
1651 and 1623 cit as the band at 1667 cm decreases.
There is also a minor band at around 1682 ¢proverlap-
ping with the negative band at 1667 ¢ The decrease of
the 1542 cm? band and the increase of the broad band afig. 3 shows the time-resolved FTIR spectra in the region of
~1436 cm * can be explained as the isotopic substitution 0f1800—1300 cm* obtained at different delay times as shown
protons with deuterons (from N-H to N-D) (Taneva et al., after the T-jump heating beam pulse. Delay times ranging
1995). In addition, in the course of the temperature changéom ns to ms are used. It can be seen that withBD ns
from 72 to 97°C, the band shape, peak position, and relativérace (a)), the transient spectrum shows similar band fea-
band area of these difference spectra are temperature-deewes to that with smalAT in Fig. 1 B with the amide | band
pendent, as shown in Fig.B. shifting to lower frequency (from 1667 to 1651 ch).

The amide | mode arises predominately from the collec-Although the estimated T-jump reaches its maximum at
tive polypeptide carbonyl £-0O stretching vibrations. The approximately the same time as the heating pulse width, the
negative bands at 1667 and 1542 Cnare attributed to  T-jump induced conformation change is somewhat delayed.
vibrations of amide | and amide Il in the,—helical struc- At ~100 ns (trace (b)), the band changes from 1667 to 1651
ture, respectively. The band assignment is made here acm * are significant, and the bands at 1542 and 1436%tm
cording to previous reports (Krimm and Dwivedi, 1982; (resulting from H/D exchange) begins to change.~A300

1.00

1667 = 1652

0.75

0.50

Absorbance

0.25

0.00

AAbsorbance

Wavenumber, cm™

Time-resolved FTIR study
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i ¥ FIGURE 3 The time-resolved FTIR spectra obtained in the region of
-0.10 |- » 1800-1300 cm' at different delay times after the T-jump pulse: 0-50 ns
015 [ (a), 100 ns b), 300 ns €), 500 ns ¢), 10 us (€), 500 us (), 6 ms @), and
Raad | % difference FTIR spectrurmhf (X0.5 of original spectrum witAT = 15°C
020 | shown in Fig. 1B). These results show the change in the transient FTIR
§ L * spectra upon a laser-induced T-jump. See detailed explanation in text.
§ 025 (C)1542 em’’! %
8 I T NP N TR MR RN
< [ 4
< 025 (D) 1436 cm " ery in the amide | band region. It should be noted that at
0.20 300-500 ns (traces (c) and (d)), two small bands are ob-
01 - X served at~1635 and~1625 cm X. Within this time do-
5 [ * main, the transient absorption bands in the region of 1651—
0.10 | * 1600 and 1530-1430 cm change in a complex fashion as
0.05 i * a result of the exposure of hydrophobic to aqueous medium
L « * ¥ * (e.g., H-bonding breaking, solvent shifts, as well intensity
0.00 |- . * ’:‘ . . . | . enhancement). Our time-resolved FTIR results indicate that

the transition fromy,, to o, occurs on the nanosecond time
scale. In addition, from the correspondence of the transient
spectrum obtained at certain time delays upon T-jump and
FIGURE 2 Absorbance changes at 1667 ¢rd), 1623 cm* (B), 1542 the dlﬁerenc? spe_ctrum_obtamed at Eermm a maximum
cm~1(C), and 1436 cm* (D) as a function of temperature from 30 to 97°C AT of the T-jump is estimated as15°C (i.e., from 72 to
(A andB) and from 70 to 97°CC andD). The absorbance change in 1667 ~87°C). The highest T-jump we use here is below the
cm~ ! serves as the melting curve of bR with a premelting transitiop, & irreversible melting temperature, T
76°C) and a main transition (J= 96°C). The absorbance change at 1623  The transient absorption change of the amide | band of
cmfl_ §hows the denaturing process that is associated vyith the mairehe a,-helical feature at 1651 crit during the T-jump is
transition.C andD show the H/D exchange effect upon heating. . . . .
shown in Fig. 4. Fig. A shows the rise curve of thg band
intensity (obtained as an integral in the frequency region
that covers the 1651 cnt band) in the nanosecond time
ns (trace (c)), the spectral features (band shape, band posegion, which can be fitted to a double exponential function
tion, and relative band area) become more or less equivalemiith apparent time constants of65 and 394 ns. This
to the difference FTIR spectrum witkiT = 15°C (trace (h), indicates that the structural change occurring in bR is rela-
T, = 72°C, taken from Fig. 20.5 of original). At~6 ms tively delayed with respect to the heating beam (pulse width
(trace (Q)), the transient spectrum shows a complete reco\t0 ns). We believe this is probably caused by the intrinsic

70 75 80 8 90 95 100

Temperature,°C
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0.05 H-bond interactions around the protonated Schiff base and a
L (A) Rise of o, few amino acid side chains such as Asp, Tyr, and Arg
_ 004 (Henderson et al., 1990; Otto et al., 1990). It seems that such
'g - H-bonding interactions are more significant than the hydro-
o 003 | t1=65.2ns  (60%) phobic interaction in stabilizing the bR structure (Cladera et
£ - 12=394.4 ns (40%) al., 1992). The main transition of bR as revealed by DSC
‘g 0.02 - and IR spectra indicate the disruption of such H-bonding
% - interactions.
0.01 - The fully reversible pretransition occurring near 80°C has

. been attributed to structural reordering of the PM crystal
0.00 p—o—= lattice and is supported by the x-ray studies of Hiraki et al.
(1981). This could also be related to the protein tertiary

0 200 Time :SOO 600 §tructure change thgt is_ rever_sik_)Ie, as shown by the change
' in fluorescence emission within this temperature range
0.05 (Shnyrov and Mateo, 1993). In our study, a secondary
6 © 0 (B) Decay of o structural change is observed in this temperature range, i.e.,
& 004 | an interconversion betweem,- and «-helical structures.
S s From room temperature to higher, a slow color change from
g 0.03 purple to reddish is observed (Hiraki et al., 1981), as indi-
% s cated by the blue shift of,,. However, A, Shows a
9 002 | sharp change at-80°C (Jackson and Sturtevant, 1978;
< - Hiraki et al., 1981). Shnyrov and Mateo (1993) believe that
0.01 | a molecular rearrangement (such as a decrease in the pro-

tein-lipid packing that allows for the exposure of some
0.00 residues) occurs in this temperature range. That retinal is
located across several helices, its color change suggests a
change in the intrahelical geometry when increasing tem-
Time, ms perature. These two transitions and the secondary or tertiary
structure change might be reflected in our time-resolved
FIGURE 4 T-jump induced absorbance change at 1651'aas a func- FTIR spectra. As shown in Fig. 4, the initial T-jump

) fti - ) ina th ) 1651 | . . )
tion of time, obtained by integrating the transient band at 1651°0#) 4 e process has two components with rise times of 65
The rising process in nanosecond time rangg The decaying process in

millisecond time range. The rising phase has two-exponential kinetics Witfﬁlnd 394 ns, respectively. A discussion of the processes to
rise times of 65 and 394 ns, indicating that two processes are involved itvhich these rise times might correspond is presented later.
the transition frome,,-helix to «,-helix structure. The decay phase shows

single exponential kinetics with a lifetime 1.8 ms.

Secondary structure of bR, interconversion
properties of they, to o, transitional behavior of bR. The between «, and «,, and premelting transition
structural recovery process is in the millisecond time rangel_

and can be fitted with a single exponential decay (lifetime he reason.that bR has am-hghcal instead of commonly
found o,-helical structure is still unknown. In addition, the

~1.8 ms, Fig. 4B). This process is associated with the .~ ™" ¢ d th hani f the int )
temperature decrease in bR suspension either as a dirdpfrinsic nature an € mechanism of the Interconversion

result of the heat diffusion within milliseconds or because of°'°¢€SS betweem, and «, is not yet understood. One

the temperature-dependent kinetics of the back transitioﬁOSSibiIity is that the proton pumping function of bR might
from o 1o e related to the weaker interhelical H-bonding interactions
| -

in «,-helices. There are two aspects of conformational

difference between the, - and ;- helices proposed previ-

DISCUSSION ously by Krimm and Dwivedi (1982), resulting from the
- difference in thep and ¢ dihedral angles in theis-helical

bR thermal stability conformation. First, that the=5O" - - H-N H-bond length in

It has been shown that the melting temperaturg,changes o, (N-*- O distance is 3 A) is slightly longer than thatdp

in native bR as a function of pH (Kresheck et al., 1990) andN--- O = 2.86 A), results in a slight weakening of the

that it changes from native bR to its various regeneratedd-bond and therefore an increase in the=O and N-H

forms (Cladera et al., 1988; Kresheck et al., 1990). Twostretching force constants im,-helix. Second,, and ¢,

aspects are important for folding the seweielices in bR have different transition dipole coupling effects for two

with its retinal chromophore: 1) hydrophobic interactionshelices because of their structure difference. These two

between the retinal and several residues, such as Tmgffects account for the observed frequency increase in

(Cladera et al., 1992) and 2) a network of electrostaticamide | mode iny,, (Krimm and Dwivedi, 1982).
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