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Abstract

The amide I spectrum of multimers of helical protein segments was simulated using tran-

sition dipole coupling (TDC) for long-range interactions between individual amide oscillators

and DFT data from dipeptides (la Cour Jansen et al. 2006, J. Chem. Phys. 125, 44312) for

nearest neighbor interactions. Vibrational coupling between amide groups on different he-

lices shift the helix absorption to higher wavenumbers. This effect is small for helix dimers

(1 cm−1) at 10 Å distance and only moderately affected by changes in the relative orienta-

tion between the helices. However, the effect becomes considerable when several helices are

bundled in membrane proteins. Particular examples are the 7-helix membrane proteins bacte-

riorhodopsin (BR) and rhodopsin, where the upshift is 4.3 and 5.3 cm−1, respectively, due to

inter-helical coupling within a BR monomer. A further upshift of 4.0 cm−1 occurs when BR

monomers associate to trimers. We propose that inter-helical vibrational coupling explains the

experimentally observed unusually high wavenumber of the amide I band of BR.

Introduction

Helices are the most abundant secondary structure in proteins. The α-helix structure was defined

by Pauling in 19511 and has since then been found to manifest great structural variation.2 Helices

play fundamental roles in protein functionality and specificity, e.g., by contributing to binding

and catalytic sites, and by forming channels through membranes and thereby providing transport

routes for ions.3–6 Bundles of α-helices constitute one out of two most important structural motifs

in membrane proteins together with β -barrels.7,8

Determining the structure of peptides and proteins, particularly of membrane proteins, that

are difficult to crystallize or too large for NMR is an important challenge for the life science

community. Infrared (IR) spectroscopy is a classical spectroscopic method that has proven its

value as a tool for protein investigation over the past decades including investigations of secondary

structure content, catalytic reactions, folding and misfolding processes among others.9–11

The strong amide I band of IR spectra is predominantly caused by absorption of the backbone



carbonyl groups. It reflects the protein conformation as it is influenced by the coupling of transi-

tion dipole moments on different amide groups of the polypeptide backbone.12,13 The interactions

within a helix have been well characterized during the past decades.13–19

Several recent studies have instead focused on the IR spectral features of transition dipole

coupling (TDC) between secondary structure elements, such as those between β -sheets20–22 or

α-helices in a helix-dimer.23,24 This coupling is important to consider as it influences the band

positions associated with the secondary structure absorption and therefore the interpretation of the

IR spectra. Recently, the 1D and 2D-IR spectra of the helix dimer pair have been investigated

both experimentally and theoretically and it was found that there is an exciton coupling interaction

between the amide I transitions of the respective helices.23,24 The ability to measure such coupling

interactions could enable 3D structure determination by providing important constraints. Studies of

the predominantly helical globular protein myoglobin have also concluded that it is not possible to

accurately replicate the spectra of a many-helix protein without including long-range interactions

between helices.25

To explore in further detail how helix-helix interactions manifest in IR spectra, we have per-

formed a systematic study where the amide I band of different structural configurations of a helix

pair as well as the resulting impact of helix bundling was simulated. The amide I band is here

simulated using transition dipole coupling for long range electrostatic effects and parameterized

ab initio data for short range interactions. The study focuses on the spectral changes that arise as a

result of interactions between the individual helices and discusses in particular the IR spectrum of

bacteriorhodopsin (BR) and rhodopsin.

Like many membrane proteins, these two proteins contain closely packed bundles of helices

particularly in their transmembrane (TM) region. Bacteriorhodopsin (BR) is an integral ion pump-

ing membrane protein that performs light-induced proton transport across the plasma membrane

of Halobacterium Salinarum.26–28 It has been intensively studied over more than 40 years due

to being an important prototype for α-helical membrane transporters and particularly for seven

transmembrane (TM) helix proteins. The seven helix bundle is a structural motif that is common
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for a large group of G-protein coupled receptors (GPCRs),29 which in turn includes many highly

important drug target receptors in humans.

BR has been extensively investigated using FTIR spectroscopy since long before atomic reso-

lution structures were available, as reviewed in.30,31 FTIR measurements show that BR exhibits an

unexpectedly high IR absorption maximum.32,33 Experimental measurements show that the maxi-

mum is around 1664 cm−1 in H2O and 1662 in D2O cm−1 32,34,35 rather than in the typical range

of helix absorption 1645-1660 cm−1.16,36 This is, however, not the case for all proteins with simi-

lar structure. Rhodopsin,37,38 a GPCR retinal protein that is structurally very similar but performs

a different biological function, has an amide I absorption maximum around 1657 cm−1.35,39 Sev-

eral tentative explanations for this unusual IR spectral characteristic of BR have been proposed in

literature,33,40 e.g., the occurrence of αII-helix structures that have other dihedral angles as well as

longer hydrogen bonds.41

None of these hypotheses have, however, yet been conclusively confirmed. Based on the find-

ings for model helix systems as well as simulations of the BR and rhodopsin structures presented

in the Results section, we propose that the high frequency amide I maximum of BR could, at least

partially, be attributed to TDC between the TM helices and between subunits. This proposal is in

line with experimental IR data from unfolding studies.40,42–44

Theoretical Methods

Structural Information

The helix data used for simulations are extracted from the Protein Data Bank (PDB)45 files of real

protein structures as specified in Table Table 1. The included helices are all more than 20 residues

long TM helices that were selected to represent a variation of structural details present in naturally

occurring helices.

In order to investigate coupling between α-helices, the respective single-helix structures were

duplicated, resulting in two identical helices. The two helices were subsequently translated and
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rotated with respect to each other. The z-axis is defined as parallel to the helix axis and was found

by a fit of the Cα positions of each helix. The fit was carried out using least-squares minimization

of the perpendicular distance between the Cα positions and a line intersecting the average position

of all Cα atoms. Together with the z-axis, the x- and y-axes form an orthonormal basis. The

coordinate frame convention is defined in Figure 1. Translation along the x-axis by 8-20 Å, rotation

around the x-axis by ξx ∈ [0◦,180◦], y-axis ξy ∈ [0◦,14◦] and ξz ∈ [0◦,360◦] around the z-axis were

simulated.

Helix bundle structures were generated by positioning two, four and seven duplicates of a sin-

gle helix equidistantly with a center-to-center distance of 10 Å, a typical distance in helix packing

in proteins.46,47 For BR and rhodopsin simulations, the PDB structures 1C3W48 and 1HZS49 were

used as input, respectively. The helical residues as specified in the original papers were retained,

whereas all other residues were deleted for the simulations of the structures indicated as "helix

only". For BR (rhodopsin), helical residues A104-127, A133-155 (A34-64, A71-100), were in-

cluded in the simulation of the spectrum with two helices and with four helices also A81-101,

A164-191 (A106-139, A286-309) were included. Finally, in the simulated seven helix spectrum

A9-31, A36-63, A200-225 (A150-172, A200-225, A244-276) were included as well. The struc-

tures for the biological units were generated using the transformations specified in the PDB files.

Control simulations were performed using PDB coordinates found in older structures, 1FBB50 and

1F8851 for BR and rhodopsin.

Amide I Simulations

To selectively investigate structure-spectra correlations of only the backbone conformation sensi-

tive amide I mode, only a representation involving the amide units is required. A protein structure

can then be reduced to N harmonic amide I oscillators where N is the number of peptide groups.

The Hamiltonian for a system of amide I oscillators has been found to be well described using

exciton theory, a theory traditionally used for describing delocalized electron states in molecular

aggregates.19,52,53 Exciton theory is applicable to systems with similar, repeating units that can
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be considered uncoupled from other modes, thereby making it highly suitable for describing the

interactions of the polypeptide backbone.19,54 The form of the exciton coupling is furthermore well

described using transition dipole coupling, which is the main effect determining the shape of the

amide I band of polypeptides.13

The transition dipole coupling Fjk between amide I oscillators j and k is

Fjk =
0.1
ε

δ µµµ j ·δ µµµk−3(δ µµµ j ·n jk)(δ µµµk ·n jk)

R3
jk

Here, δ µµµ j and δ µµµk are the transition dipoles for oscillators j and k whereas R jk and n jk are the

distance and unit vector between the transition dipoles, respectively. ε is the dielectric constant.

The interactions between helices presented in the Results section have been modeled using

transition dipole coupling to describe long-range interactions12,13 together with previously pub-

lished parameterized ab initio coupling maps for describing coupling between nearest neighbors in

sequence.55 Diagonalization of the Hamiltonian matrix yields the N normal modes of the protein,

in a procedure analogous to that of normal mode analysis.56,57

Computational Details

The amide I absorption spectra of the different helix geometries extracted from PDB-files were

simulated using theoretical methods as described in the amide I simulation section. All simulations

were performed using MATLABTM (R2010a, The Mathworks, CA). The simulated spectra were

generated by assigning a Gaussian function with a FWHM of 8 cm−1 to each normal mode. The

simulations do not incorporate dynamical fluctuations and all intrinsic frequencies were set to an

identical value of 1675 cm−1, i.e., all residues were treated equally.

TDC requires parameterized values for the transition dipole magnitude, direction and location.

the simulations presented used a transition dipole moment of 3.70 D/Å located on the C=O bond,

0.868 Å away from the carbon atom and rotated by 20◦ towards the nitrogen atom.56 The dielectric

constant ε was set to 1. All simulations were performed using two other different TDC parame-
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ter sets,58,59 which yielded similar qualitative results and in all cases the same observed trends.

Simulations using a different ab initio map60 for nearest neighbor couplings also provided almost

identical results.

The infrared intensity Ik of the respective modes is calculated from the eigenvector associated

with that mode according to61

Ik =
3

∑
i=1

(
∂ µi

∂Qk

)2

=
3

∑
i=1

∣∣∣∣∣ N

∑
j=1

(
∂ µi

∂q j

)(
∂q j

∂Qk

)∣∣∣∣∣
2

Here, ∂q j/∂Qk is the vibrational amplitude of a local amide I mode of group j to collective

mode k, ∂ µi/∂q j is the ith component of the transition dipole for peptide group j and N is the

number of peptide groups in the polypeptide.

All spectral intensities were divided by the number of peptide groups to facilitate comparison

between systems of different size. For each helix system, spectra were calculated at several dif-

ferent inter-helix distances with a step length of 1 Å. Rotations around the respective axes were

performed at 5◦ (x, z-axes) or 2◦ (y-axis) intervals. Band positions were calculated as the posi-

tion of mean intensity in a frequency range defined by the band width at 80% of maximum band

intensity. Simulated absorption spectra are shown in the interval 1640-1710 cm−1, no significant

absorption was present outside this spectral range.

Results and Discussion

We modeled the effect of inter-helix coupling on the IR amide I spectrum using transition dipole

coupling for long-range interactions and ab initio coupling maps for short range couplings (see

Methods). TDC has been found inappropriate for describing short range electrostatic effects,58,62

but predicts correct qualitative trends for the long range interactions that are at the focus of this

study. More complex methods for simulating the amide I band including effects such as hydro-

gen bonding, solvation and structural dynamics have been developed17,18 but are not necessary
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to include in the simulation protocol for the present purpose. However, due to the simplicity of

the modeling approach, it does not predict correct absolute band positions. Instead, the analy-

ses focuses on the relative differences in amide I maximum position as a function of long range

interactions between helices.

Section A presents the simulations with pairs of helices which depend on the inter-helix dis-

tance and on their relative orientation. Within this section, spectra for a helix pair constructed

from a 23 residue long helix from BR are shown first. Then simulation results are presented for

10 TM helices from different proteins to demonstrate that the trends and spectral impact found are

generally valid and independent of the specific structural details.

In section B, the effects from interactions between an increasing number of helices, here

grouped as bundles of four and seven identical helices, were simulated using the helices from

different proteins as a starting point. Finally, section C discusses the amide I spectra of two real

seven TM helix proteins, BR and rhodopsin, that were investigated and compared in order to ex-

plore whether helix-helix interactions provide an explanation for the unusually high wavenumber

IR amide I maximum experimentally observed for BR.32

A. Helix-helix interaction effects on amide I spectra

A1. Amide I band position depends on inter-helix distance

Simulated amide I absorption spectra of a pair of α-helices at inter-helix distances ranging from

8-20 Å are shown in Figure 2A. The two-helix system structure was constructed using a helix from

BR (1FBB) as specified in Table 1. IR amide I spectra were simulated for configurations with

increasing separation distance along the x-axis. The thin black line spectrum shows the absorption

spectrum of a single helix, with the main amide I maximum at 1653 cm−1 and two smaller bands

at 1668 cm−1 and 1678 cm−1. The spectrum is typical of non-ideal finite α-helices with intensity

almost over the full wavenumber range shown.

For the helix pair the amide I maximum shifts 1.4 cm−1 to higher wavenumbers upon decreas-

ing the distance from effectively uncoupled helices to an inter-helix distance of 10 Å (0.9 cm−1
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at 15 Å). The amplitude of the bands is not significantly altered when the inter-helix distance

changes. Figure 2B shows the change in the amide I maximum band position with inter-helix

separation for all helices. The average band shift upon decreasing the inter-helix distance from

effectively uncoupled to 10 Å is 1.7 cm−1 and 1 cm−1 when going from uncoupled to 15 Å. The

trend in terms of shift of the main band position is the same for all helices independent of structural

variation in the test set such as slight variation in length, curvature or tightness of coil.

A2. Effect of inter-helix orientation

The change in inter-helix coupling as a result of changing the inter-helix orientation at a fixed

distance around all three symmetry axes was systematically investigated for all helices in the test

set. The center-to-center inter-helix distance was 10 Å in all simulations.

Rotation around the x-axis in the 0-180◦ range yielded very small impact on the position of the

amide I maximum. The shift with respect to the uncoupled case depends on inter-helix orientation

in periodical manner, with the average shift for all helices of about 0 cm−1 occurring at a rotation

angle of 90◦, indicating that perpendicular helices are essentially uncoupled. This is expected from

the dipole arrangement as the distance between dipoles is maximal and several of the terms that

contribute to the TDC coupling now approach zero.

Rotation around the y-axis, that is tilting of the helices toward each other (Figure 1C) is ster-

ically hindered due to the two helices colliding. This allows only for investigation of a rotation

angle ξy ∈ [0◦,14◦]. Within this range, the effect of the rotation on the position of the amide I

maximum was approximately zero. Finally, full rotation around the helical z-axis was simulated

and was found to yield a shift of ±0.5 cm−1 with respect to the case where the duplicated helix

was merely translated.

The main influence on the position of the amide I maximum is thus the distance between

helices, the respective rotations play only a minor role in determining the band position at least

under symmetrical conditions such as those discussed. The small changes due to rotation around

the x- and y-axes at a 10 Å distance may not be experimentally detectable, but should still be
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considered when analyzing the amide I spectra of helix bundles with heterogeneous structure. No

spectral changes in addition to the shift of the amide I maximum were observed as a result of

inter-helix coupling.

B. The effect of helix bundling on IR spectra

In membrane proteins, helices can frequently occur in bundles of four or seven helices. Helix

bundles with 2, 4 and 7 helices (as illustrated in Figure 1D) were created to investigate how the

amide I band is influenced by an increasing number of helices that interact with each other. Fig-

ure 3A shows simulated amide I spectra for increasingly large helical bundles based on a helix from

BR (see Table 1). The spectra show a shift of the amide I maximum to higher wavenumbers when

the number of helices increases. The amide I maximum shifts 2.4 cm−1 to higher wavenumbers

when increasing the number of helices from two to four and 4.5 cm−1 when considering the differ-

ence between the spectra of two and seven helices. Simulations were performed at an inter-helix

distance of 10 Å.

Figure 3B demonstrates that the trend is the same for all structures in the test set, the amide I

maximum shifts to higher wavenumbers with an increasing number of helices. The average band

shift for all structures upon increasing the number of helices from two to four and from two to

seven helices is 2.6 cm−1 and 4.7 cm−1, respectively. As noted earlier in this section, the effect

of inter-helix coupling is distance dependent. The distance dependence of the shift of the amide I

maximum as a function of the number of helices relative to that of a single helix is visualized in

Figure 3C.

Inter-helix coupling has previously been observed experimentally23 in experiments with iso-

topically labeled amide groups at a specific site on each helix of a helix dimer. This further supports

our simulation results presented here.
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C. Application to bacteriorhodopsin and rhodopsin

Two structurally similar proteins built up from seven TM helices are BR and rhodopsin (illustrated

in Figure 4). Here, we have simulated amide I spectra based on fragments of the protein structures

to demonstrate to what extent the trend in amide I band shift is retained despite structural hetero-

geneity, as compared to the more ideal model bundles created through copy and translation of a

single helix described in the previous section.

BR is a 248 residue integral membrane protein with a bundle of seven α helices that traverse

the membrane connected by short loops.48 The α-helical residues in the bundle, varying in length

from 20-28 residues each, constitute 79% of the protein secondary structure content. Three of them

are approximately perpendicular to the membrane whereas four of them are tilted on average 20◦

to the membrane normal.33

Bovine rhodopsin is also a seven TM helix protein, consisting of 348 residues distributed on

seven helices that are 19 to 34 residues long (60% of all residues) as well as connecting loops.49

The helices are irregular in terms of kinks and bends around Pro-Gly residues and are to different

extent tilted with respect to the membrane normal, with a tilt angle ranging from only a few degrees

to 25-33◦. Comparing the structures of BR and rhodopsin, it is evident that the rhodopsin structure

has longer and more unstructured helices both in terms of tilt and regularity. The tilts and kinks

result in shorter inter-helix distances between parts of the helices and thereby coupling interactions

somewhat different from those in BR. A superposition of the two protein structures reveals that

there are substantial differences. For instance, helices I-III match comparatively well, whereas

helices IV and V cannot be overlaid.49

BR is known to form trimers in the membrane as visualized in Figure 4 that can subsequently

associate into a hexagonal lattice.26 Rhodopsin is generally considered to form dimers in a mem-

brane environment.37 Dimerization of GPCRs has been widely accepted,37,63 but there is also

evidence that the monomer can perform the biological function.64

Figure 5 shows amide I spectra of the helical components of BR (A) and rhodopsin (B), analo-

gous to the helix bundle spectra presented in the previous sections. In the case of BR, the amide I
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band maximum shifts 1.8 cm−1 toward higher wavenumbers upon comparing the spectrum from

four helices to that of only two and 3.2 cm−1 when increasing the number of helices to seven.

This is slightly less than for the model bundles and is explained by the extent of structural het-

erogeneity such as variations in inter-helix distance, tilt, length and curvature as compared to the

model bundle where the helices are identical, equidistantly spaced and aligned along the z-axis.

For rhodopsin, the amide I maximum shift is more comparable to that of the model helix bundles

and shows a shift of 1.7 cm−1 and 5.2 cm−1 toward higher wavenumbers between the spectra of

the two helix systems and the four and seven helix systems, respectively. Different combinations

of helix bundles gave similar results for both proteins.

C1. Inter-helix coupling is an explanation for high wavenumber absorption of bacteriorhodopsin

Also, the amide I spectra of the biological units of BR and rhodopsin were investigated and com-

pared to the subunit spectra as well as the sum of the absorption spectra of the uncoupled helix

components of the respective proteins. Figure 6A shows the spectra of the sum of the individual

uncoupled helices, the helix monomer and trimer spectra, as well as the full absorption spectrum

of the trimer including non-helical residues. The band shift between the uncoupled helices and the

monomer with only helices is 4.3 cm−1 whereas the corresponding difference for the biological

trimer unit of BR is 8.3 cm−1.

Figure 6B shows the corresponding simulated amide I spectra for rhodopsin and its component

helices. The band shift for rhodopsin is 5.3 cm−1 between amide I maxima of spectra of uncoupled

helices and the structure with seven helices. There are two potential monomer structures, corre-

sponding to the two chains in the PDB file, as well as two dimer structures that have been proposed

as biological units for rhodopsin as specified in the PDB file. The amide I spectrum correspond-

ing to the asymmetric unit (equivalent to one the biological units) was simulated and is shown in

Figure 6. The amide I band shift between the dimer and the uncoupled helices is 5.64 cm−1, that

is only another 0.35 cm−1 as compared to the monomer unit. This is attributed to high degree of

irregularity of the structure. The simulated amide I spectrum of the second dimer structure showed
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an amide I maximum very similar to that of the monomer, the band is shifted ∼0.5 cm−1 to lower

wavenumbers as compared to the monomer spectrum.

Comparison of the amide I spectra of the full protein amide I spectra to spectra of structures

with only helical residues retained shows that this reduction does not impact the band position

significantly, the difference is less than 1 cm−1 for both proteins. This supports the approach and

results presented in earlier sections, where all but helical residues have been neglected. Simulations

using older, less refined structures of BR and rhodopsin (1FBB and 1F88) yielded spectra that

displayed the same trends in terms of band shifts, but showed less features and a slightly higher

wavenumber position of rhodopsin.

C2. Inter-helix coupling is present between subunits

Investigation of mode delocalization in the BR trimer revealed that the strongest absorbing modes

are delocalized and couple over all helices of the trimer. The 21 residues that contribute most to

the strongest mode (top left panel) are visualized in the bottom panel of Figure 7. The extent of

contribution is further detailed in the top right panel, which shows the square of the eigenvector

elements for all residues in the BR trimer for the strongest mode. The most contributing residues

are distributed symmetrically over the three subunits of BR. The extent of delocalization can also

be quantified in terms of the inverse participation ratio (IPR) value, which describes how many

oscillators participate in a given mode.25,65 For the strongest mode in the BR trimer, the IPR value

is 197, i.e., 197 oscillators (corresponding to 37% of all oscillators) participate in this mode. For

the BR monomer, the corresponding IPR value is 30 (17% of all oscillators).

The extent of localization is highly dependent on heterogeneity of the amide I oscillators, both

in terms of intrinsic frequency as well as structure.25,66 A fully homogeneous set of amide I os-

cillators in a symmetric environment, allows in theory for a mode to be completely delocalized

over all residues. Here, the heterogeneity in individual oscillator frequencies is neglected, as is

dynamics, which could impose localization of the instantaneous normal modes due to structural

fluctuations. The intrinsic frequencies of amide I oscillators in regular transmembrane helices such
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as those used in the present simulations can be expected to be rather constant because of the de-

fined hydrogen bonding interactions and the absence of interaction with solvent. This mitigates

the effect of assigning all oscillators the same intrinsic frequency, which of course is a crude ap-

proximation. Diagonal disorder of the intrinsic frequencies has previously been shown to result in

a symmetrical broadening of the spectrum,25 which could here in practice result in less prominent

shifts than predicted. A more realistic system including diagonal disorder would generally also

have more localized modes and thus lower IPR values.The above concerns do, however, not cloud

the general conclusion from the analysis.

Our results convey that inter-helix coupling plays a greater role in determining the position

of the main band for BR than rhodopsin and that there is coupling between practically all helices

within a BR subunit as well as between units in the trimer. The predicted higher wavenumber

position of BR is due to the extensive coupling between the helices in the trimer. This provides an

explanation for the unusually high experimental amide I band position of BR. The same proposal

has been made before, in a conference abstract by Hunt in 198867 without further proof.

C3. Unfolding experiments support simulation results

The folding and unfolding properties of BR have been extensively investigated over the years,68–70

including studies using IR spectroscopy where unfolding has been induced through heat-induced

denaturation or through detergent solubilization.40,42–44,71,72 It has been shown that there are two

main temperature dependent transitions, one reversible pre-melting transition around ∼78 ◦C and

an irreversible transition at ∼97 ◦C.73 The pre-melting transition has been shown to be associated

with gel to liquid transition of the hexagonal BR lattice74 and a partial unfolding of the helices69

using X-ray diffraction measurements.

Upon heating BR just above the pre-melting point, IR studies show that there is a shift of the

amide I maximum from 1665 cm−1 to a more typical α-helix absorption of 1652 cm−1.42 This

spectral change was found to be accompanied by the appearance of a band around 1623 cm−1,

characteristic of polypeptide aggregation.75 Another IR study, where the effect of BR solubiliza-
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tion on IR spectra was investigated, yielded similar results and demonstrated that the exception-

ally high wavenumber band is only present when the trimer is intact.43 The observed band shift

upon unfolding of the protein has been proposed to originate from an α to αII helix conversion,

as reviewed by Heyes.40 There has, however, not been found any evidence for the existence of

αII-helices in the crystal structures.40,48

Our simulation results are consistent with the tertiary and quaternary structure and not a particu-

lar secondary structure being responsible for the high amide I maximum of BR. There is reasonable

quantitative agreement between the experimental data by Torres et al.43 and our simulations. Ex-

perimentally, the trimer to monomer transition leads to a 7 cm−1 downshift, in our simulations the

downshift is 4 cm−1. Further loss of intra-molecular helix interactions leads to a further downshift

by 3 cm−1 experimentally and by 4.3 cm−1 computationally. Our simulations underestimate the

effects of trimer formation, which might be due to vibrational coupling between different trimer

units enabled by the close packing in the membrane. This would manifest in the experimental

spectra but was not simulated by us.

C4. Experimental tests for inter-helix coupling

At present it is too early to conclude whether an amide I wavenumber that is larger than a certain

threshold number (for example 1660 cm−1) is indicative for inter-helix coupling. Therefore, the

following section discusses experimental tests to prove or disprove inter-helix coupling. We con-

sider two different cases: inter-molecular coupling between different monomeric units of a protein

complex and intra-molecular coupling within a monomeric protein.

If inter-molecular coupling between helices in different units is assumed, this hypothesis can

be tested for example by (i) solubilization of membrane proteins, (ii) reconstitution of membrane

proteins with high lipid/protein ratios and (iii) mixing of unlabeled protein with uniformly labeled

(13C or 13C and 18O) protein. The former two tests reduce the inter-molecular coupling due to

an increase in distance between the monomers and are similar to the experiments described above

for BR. Option (ii) requires that the monomer-monomer interactions are rather weak and that the
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oligomers dissociate when the lipid/protein ratio is high. Test (iii) reduces the spectral effects of

coupling due to the different vibrational frequencies in the labeled and unlabeled proteins. In all

cases, our simulations predict that the measures lead to a lower amide I wavenumber. For the latter

case, 2D-IR spectroscopy provides an additional proof of the coupling, since cross peaks between

the vibrations of the labeled and unlabeled proteins can be observed.

Intra-molecular coupling between helices within a protein monomer is more difficult to prove.

If a molten globule state of the protein in question can be generated, the coupling is expected

to be reduced due to an increase in distance between the helices. In consequence, the amide I

wavenumber will decrease. An unequivocal proof of inter-helix coupling within monomeric units

can be obtained by selective labeling of amide groups. If single residues in adjacent helices can be

labeled, the coupling leads to a splitting of the absorption band of the labeled groups that can be

detected by FTIR spectroscopy,23 or to the appearance of cross peaks in 2D-IR spectra when the

two residues are differently labeled, e.g., 13C=16O and 13C=18O.23 While this approach is readily

applicable for peptides, it is considerably more difficult for proteins. Here the labeling of entire

helices by native chemical ligation seems to be a more straightforward option. In this case, inter-

helix coupling will manifest in cross peaks in the 2D-IR spectrum between labeled and unlabeled

helices.

Conclusions

Our simulations showed that inter-helix coupling influences the amide I absorption of proteins.

The inter-helix distance is the main parameter that determines the strength of coupling between

helices, whereas the relative orientation only moderately influences the coupling strength. What

was found to be significantly more relevant for the position of the amide I maximum was the

number of helices bundled together, coupling to each other. The results showed that the amide I

maximum was shifted to higher wavenumbers as the number of helices increased.

The fact that an increase in the number of bundled helices can be followed in an IR spectrum
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is interesting and might be useful for several reasons. It could for instance provide a marker for

the oligomeric state of membrane proteins or it could be used to monitor the folding of a protein,

in particular when combined with isotope labeling for enhanced structural resolution.

This study also highlights that tertiary quaternary interactions between secondary structure el-

ements influence the band positions that are traditionally used for as structure-spectra correlations

for assigning secondary structure absorption in IR spectra. This fact has recently been recognized

for the case of β -sheet structures.20–22 The effect of coupling between secondary structure ele-

ments such as helices could be so large that the resulting band position falls outside the typical

band assignment ranges. This could for instance be the case for BR, where a large number of

helices in the biological trimer unit couple and shifts the band position to higher wavenumber. The

experimentally observed high wavenumber IR amide I absorption has mystified spectroscopists

for decades now, and several explanations have been provided as to its origin. This paper pro-

vides a foundation for a compellingly simple explanation for the unusually high wavenumber band

position of BR.
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Tables and Figures

Table 1: Structural data for α-helices used for simulations

PDB ID Name Residues
1FBB Bacteriorhodopsin A104–126
1F88 Rhodopsin A149–169
1SU4 Ca2+-ATPase A54–79
2ZXE Na+/K+-ATPase A282–313
2ZXE Na+/K+-ATPase A99–121
1VF5 Cytochrome C A115–137
2BG9 Acetylcholine A212–239
3NY8 Adregenic receptor A146–171
3PBL Dopamine receptor A34–57
1PV6 Lactose permease A165–186
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Figure 1: Helix systems used in simulations to investigate the effect of inter-helix coupling on
amide I spectra. All helices are identical and based on a helix structure from a PDB-file that was
copied, translated and rotated to create configurations with several helices. (A) Helices translated
along the x-axis. (B) Helix rotated ξx degrees around the x-axis. (C) Rotation around the y-axis by
ξy degrees. (D) Helix bundles with 2, 4 and 7 helices.
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Figure 2: (A) Simulated amide I spectra for a two-helix system at different inter-helix distances
constructed from a helix from BR (1FBB). (B) Shift of the amide I maximum relative to the band
position of a pair of uncoupled helices as a function of the inter-helix distance for two-helix systems
as specified in Table 1.
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Figure 3: (A) Simulated amide I spectra for bundles of 2, 4 and 7 helices based on a helix extracted
from BR (1FBB). (B) Band shift of the amide I maximum relative to the band position of the one-
helix spectrum for bundles of 2, 4 and 7 helices at an inter-helix distance of 10 Å for all helices in
the simulation set. Color code same as in Figure 2B. (C) Band shift of the amide I maximum as a
function of the number of helices in a bundle relative to that of a single helix at different inter-helix
distances.
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Figure 4: Structures of BR and rhodopsin displaying only helical residues for clarity. The monomer
(A) and the biological trimer structure (B) of BR (1FBB). The monomer (C) and dimer (D) struc-
tures of rhodopsin (1F88).

Figure 5: Simulated amide I spectra of bundles consisting of 2, 4 and 7 helices from BR (A) and
rhodopsin (B) as specified in Structural Details.
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Figure 6: Comparison between simulated spectra of BR and rhodopsin structures and the sums of
the respective uncoupled constituent helices. (A) Simulated amide I spectra for the monomer unit
of BR with only helical residues, the biological trimer unit with only helical residues as well as the
full trimer structure and the sum of the spectra of the individual uncoupled helices. (B) Simulated
spectra of the rhodopsin monomer and dimer structures including only helical residues, the full
dimer structure and the sum of all individual uncoupled helices.
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Figure 7: Delocalization of the largest amide I mode in the BR trimer. Top left: Amide I absorp-
tion spectrum of the BR trimer. Top right; the largest modes and the extent of participation per
oscillator, expressed as square of the eigenvector element per residue. Bottom: Visualization of
the coupling between amide I oscillators in the strongest amide I mode in the BR trimer, the 21
oscillators that participate most are highlighted in pink. The monomer units of BR are colored in
different shades for clarity.

Figure 8: Table of Contents image.
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