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ABSTRACT The structure of a membrane-embedded a-helical reference protein, the M13 major coat protein, is characterized
under different conditions of hydrophobic mismatch using fluorescence resonance energy transfer in combination with high-
throughput mutagenesis. We show that the structure is similar in both thin (14:1) and thick (20:1) phospholipid bilayers,
indicating that the protein does not undergo large structural rearrangements in response to conditions of hydrophobic mismatch.
We introduce a ‘‘helical fingerprint’’ analysis, showing that amino acid residues 1–9 are unstructured in both phospholipid
bilayers. Our findings indicate the presence of p-helical domains in the transmembrane segment of the protein; however, no
evidence is found for a structural adaptation to the degree of hydrophobic mismatch. In light of current literature, and based
on our data, we conclude that aggregation (at high protein concentration) and adjustment of the tilt angle and the lipid structure
are the dominant responses to conditions of hydrophobic mismatch.

INTRODUCTION

The interaction between integral membrane proteins and cell

membranes is dominated by hydrophobic forces (1). For this

reason, it is energetically favorable for integral membrane

proteins to have a transmembrane segment with the same

hydrophobic length as the hydrophobic thickness of the lipid

bilayer. However, in certain cases the hydrophobic length of

the membrane protein and of the surrounding lipids does not

match, a phenomenon called ‘‘hydrophobic mismatch’’.

Hydrophobic mismatch has been shown to modulate the

function and structure of different membrane proteins,

including the BK channel, the M2 proton channel, and

various types of ion-transporting ATPases (2–5). However,

despite the tremendous progress that has been made in

understanding protein-lipid interactions, the detailed molec-

ular mechanisms by which membrane proteins respond to

conditions of hydrophobic mismatch remain unknown.

Several structural mechanisms have been proposed by which

an a-helix can alleviate hydrophobic mismatch. For exam-

ple, Fourier transform infrared experiments on a-helical

polyleucine peptides suggested distortions of the a-helix in

the N- and C-termini in response to hydrophobic mismatch

(6). However, in the case of polyleucine-alanine (KALP)

peptides, similar experiments indicated that the peptide

backbone structure is not significantly affected by mismatch,

even if the extent of the mismatch is large (7). Recently, it

was proposed that transmembrane helices might flex around

a well-defined kink in response to hydrophobic stress (8).

Moreover, it was suggested that transmembrane a-helices

can reduce their hydrophobic length by the formation of a

p-helix. Alternatively, an a-helix could increase its hydro-

phobic length by the formation of a 310-helix (9,10).

Recently, low-level quantum mechanical calculations con-

firmed that an a-helix can undergo such a structural

transition to a 310 or p-helix if a force is exerted along the

helix axis (11).

To fully grasp the concept of hydrophobic mismatch, new

information on the structural response of proteins to

conditions of hydrophobic mismatch is crucial. However,

because of the difficulty involved in studying the structure of

membrane proteins in bilayers, this represents an enormous

biophysical challenge. Conventional techniques for structure

determination of water-soluble proteins, such as NMR

spectroscopy and x-ray crystallography, require meticu-

lously tuned experimental conditions. We believe that a

systematic structural study of membrane proteins in bilayers

of different hydrophobic thickness using these techniques is

currently unfeasible. Alternatively, circular dichroism and

infrared spectroscopy have been successfully applied to

study the structure of model peptides under conditions of

hydrophobic mismatch (6,7). However, although, undeni-

ably, powerful techniques exist for the overall characteriza-

tion of secondary structure of proteins and peptides (12,13),

these approaches are not suitable for obtaining site-specific

information.

Here, we present an approach based on high-throughput

mutagenesis in combination with site-specific labeling to ob-

tain low-resolution, but site-specific, information on a mem-

brane protein under conditions of hydrophobic mismatch.

For our purpose, we produced several cysteine mutants of
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M13 major coat protein, a 50-residue-long a-helical model

protein, and specifically labeled them using the fluorescence

probe AEDANS. Following our own approach, described in

the literature (14–16), we perform FRET experiments from

the natural Trp-26 to AEDANS to monitor the conformation

of the coat protein in bilayers of different hydrophobic

thickness, i.e., 14:1PC and 20:1PC.

M13 major coat protein was selected as a model protein

because it has been the subject of a plethora of biophysical

studies in bilayers of matching and mismatching thickness,

making it ideally suited as a reference protein (for a review,

see Stopar et al. (35)). Moreover, under the experimental

conditions used for the FRET experiments, the coat protein is

a single membrane-spanning monomeric a-helix, which

implies that our findings will not be complicated by protein-

protein interactions. Depending on the environment, different

conformations of the coat protein have been observed. In

sodium dodecyl sulfate and dodecylphosphocholine micelles,

U-shaped, L-shaped, and extended structures have been

found (17). In some of these structures, the transmembrane

helix has a strong curvature. In dehydrated oriented bilayers,

the protein forms an L-shaped structure. In this structure, the

transmembrane helix shows a distinct kink near residue 39

(18). In fully hydrated vesicles, the coat protein forms an

almost straight helix except for the N-terminal hydrophilic

anchor, which is unstructured (16). No deviation in the

transmembrane helix was observed in the latter case. Thus, the

coat protein can be considered as a flexible protein that can

adapt to a multitude of environments (19), and we therefore

expect it to be particularly sensitive to hydrophobic mismatch.

To analyze our FRET data, we use a ‘‘helical fingerprint’’

to identify 310 or p-helical domains in the coat protein under

conditions of hydrophobic mismatch. Surprisingly, the

conformational features or the coat protein in thin and in

thick membranes are similar, indicating that the protein does

not undergo large structural rearrangements in response to

hydrophobic mismatch.

METHODS

Sample preparation

Single cysteine mutants A3C, A7C, A9C, A10C, F11C, N12C, L14C,

Q15C, A16C, S17C, A18C, T19C, Y21C, I22C, G23C, Y24C, A27C,

V29C, V30C, V31C, I32C, V33C, A35C, T36CA27S, I37C, G38CA27S,

I39C, L41C, F42C, K43C, K44C, A49CA27S, and S50C of the M13 major

coat protein were prepared, purified, and labeled with 1,5-I-AEDANS, as

described previously (20). Protein reconstitution was carried out as

described in previous studies (14,21). The phospholipids 14:1PC and

20:1PC were purchased from Avanti Polar Lipids (Alabaster, AL). For

experiments at high (;1500) L/P ratio, the concentration of protein in all

samples was ;1 mM. In the case of titration experiments, the concentration

of labeled protein was kept constant at ;1 mM. The concentration of

optically inert mutant (i.e., acetamide-labeled mutant Y21A/Y24A/W26A/

T46C) was varied—0, 0.5, 2.0, 6.5, and 14 mM—and the amounts

corresponded to total L/P ratios of 1500, 1000, 500, 200, and 100,

respectively. This optically inert mutant exhibited behavior similar to that of

the wild-type protein in preparation, isolation, and gel electrophoresis.

Fluorescence measurements

Fluorescence emission and fluorescence excitation spectra were recorded on

a Fluorolog 3.22 (Jobin Yvon Spex, Edison, NJ) at 20�C, as described

elsewhere (14). The energy transfer efficiency was calculated from the

fluorescence intensities in the excitation spectra of AEDANS-labeled

mutants, given by (14)

E ¼ Fð290Þ
Fð340Þ �

e290

AEDANS

e340

AEDANS

� �
e340

AEDANS

e290

Tryptophan

: (1)

In this equation, F(290) and F(340) are the fluorescence intensities in

the excitation spectrum at 290 and 340 nm. e290
AEDANS and e340

AEDANS are the

extinction coefficients of AEDANS at 290 and 340 nm, respectively, and

e290
Tryptophan is the extinction coefficient of tryptophan at 290 nm. The values of

1200, 6000, and 4800 M�1 cm�1, respectively, for e290
AEDANS; e340

AEDANS; and

e290
Tryptophan were taken from the literature (22,23).

Molecular modeling

The energy transfer efficiencies for helices composed of both a-helical and

p-helical domains, and for helices composed of both a-helical and 310-

helical domains, were calculated based on modifications of analytical

expressions for an a-helix, as described in the text using PERL-scripts,

which can be obtained from the authors upon request. The energy transfer

efficiencies in the case of an unstructured helix were calculated using the

computer program FRETsim (15,16,24), which also can be obtained from

the authors upon request.

RESULTS AND DISCUSSION

Titration experiments

From the literature, it is known that membrane proteins and

peptides can respond to hydrophobic mismatch by aggrega-

tion. For example, the b-helical peptide gramicidin A9

aggregates at a high concentration in the membrane under

conditions of hydrophobic mismatch (25). It has also been

suggested that a-helical polyleucine-alanine peptides (KALP

peptides) can form oligomers (10,26). However, bacterio-

rhodopsin, consisting of multiple transmembrane a-helices,

can accommodate large differences between protein and lipid

hydrophobic thickness without protein aggregation (27).

At low lipid/protein ratios, M13 coat protein is known to

aggregate in bilayers of mismatching lipids (28). To assay

possible protein aggregation of the coat protein embedded

in lipid bilayers, the intermolecular energy transfer of

AEDANS-labeled mutant A3C was investigated upon titra-

tion with an acetamide-labeled mutant Y21A/Y24A/W26A/

T46C. This mutant is an optically inert coat protein because

of the absence of tryptophan and tyrosine residues, and will

not contribute to the energy transfer processes. M13 coat

protein mutant A3C was selected, because the AEDANS

label is expected to be far away from the lipid-water

interface, thus avoiding possible specific interactions with

the lipid membrane. The energy transfer efficiencies for

different L/P ratios were determined using Eq. 1 and are

depicted in Fig. 1. At high L/P ratios (L/P¼ 1000 and 1500),

the energy transfer efficiencies level off at a value of ;0.3 in
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the case of the thin 14:1PC lipids, and ;0.2 for the thick

20:1PC lipids. This suggests that the resulting energy

transfer is related to intramolecular effects and that the

protein is essentially monomeric and randomly distributed

under these conditions.

However, upon decreasing the L/P ratio below these

values, the energy transfer efficiency increases for both thick

and thin lipids. Because the protein that is titrated in is

optically inactive, this increase can only arise from a

decrease of protein-protein distances, indicating that oligo-

mers are being formed. This conclusion is in good qualitative

agreement with results from previous studies (28), although

slightly different lipids were used in the work described here.

Based on this analysis, all further FRET experiments were

carried out at L/P 1500, where the intermolecular energy

transfer is negligible. This avoids complications in the

interpretation of the energy transfer efficiencies in terms of

intramolecular structural effects.

Intramolecular energy transfer efficiencies

To monitor the conformation of membrane-embedded M13

coat protein under conditions of mismatch, the intramolecular

energy transfer efficiencies for different mutant positions at

L/P 1500 in 14:1PC and 20:1PC bilayers were determined

from the excitation spectra of AEDANS-labeled mutants (14)

(see Fig. 2). Overall, the energy transfer efficiencies in thin

14:1PC and thick 20:1PC membranes are similar. For both

lipid systems, on going from mutant position 1 to the tryp-

tophan residue at position 26, the energy transfer efficiency

gradually increases. As expected, the energy transfer de-

creases gradually again on going from mutant position 27 to

position 50, i.e., when the distance from the AEDANS

acceptor label to the tryptophan donor at position 26 is

increased. In both lipid systems, some local fluctuations are

visible, which could arise from a helical protein conformation.

For reference, we display the theoretical energy transfer

efficiencies in the case of a straight a-helix calculated as de-

scribed in our previous work (14,16). Especially for mutant

position 3 in the N-terminal domain and position 37 in the

transmembrane domain, relatively large deviations from a

straight a-helix are observed. These deviations are consis-

tently observed in multiple experiments.

In a previous study, an increase in energy transfer

efficiency in the N-terminus was attributed to the presence

of an unstructured domain arising from the N-terminal

hydrophilic anchor of the protein (16). The set of experi-

mental energy transfer efficiencies in Fig. 2 provides an

opportunity to test this idea. To monitor the effect of an

unstructured domain in the N-terminus, we define a FRET

quality parameter Q1–15, given by

Q1�15 ¼ +
15

i¼1

x
2

i : (2)

Here, i runs over the mutants, and x2
i is defined as

x
2

i ¼
ðEtheory;i � EiÞ2

s
2

i

; (3)

FIGURE 1 Energy transfer efficiencies of AEDANS-labeled M13 mutant

coat protein A3C at different lipid/protein ratios for 14:1PC ()) and 20:1PC

membranes (d). The concentration of AEDANS-labeled mutant protein was

kept constant at 1 mM. Error bars were calculated based on an uncertainty of

6200 M�1 cm�1 in the extinction coefficient.

FIGURE 2 Energy transfer efficiencies of various AEDANS-labeled M13

mutant coat proteins incorporated in 14:1PC ()) and 20:1PC membranes

(d). For reference, the theoretical efficiencies in the case of an a-helix are

indicated by a black line that interconnects the theoretical efficiencies per

mutant. The shaded line represents the theoretical efficiencies in the case of

an a-helix with a p-helical segment at residues 38–50. Error bars were

calculated based on an uncertainty of 6200 M�1 cm�1 in the extinction

coefficient.
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where Ei is the experimental efficiency and si is the standard

deviation calculated based on an uncertainty of 6200 M�1

cm�1 in the extinction coefficient (14). With this definition

of parameter Q1–15, a low value implies that the structure is

in good agreement with our FRET data. The theoretical

intramolecular energy transfer efficiency for each mutant,

Etheory,i, is calculated from the distance between the donor

and acceptor:

Etheory ¼ R
6

0=ðR
6

0 1 r
6Þ: (4)

In this equation, r is the distance between the donor

(tryptophan at position 26) and acceptor (AEDANS). R0 is

the Förster radius, which was determined in previous work to

be 24 6 1 Å, assuming a dynamic averaging of the donor and

acceptor within the lifetime of the donor excited state for all

mutant positions (14). The distance r between donor and

acceptor in the molecular model is readily calculated using a

formalism that was derived previously, taking the size of the

donor and acceptor labels as 6.5 Å and 8.0 Å, respectively (29).

The quality parameter Q1–15 will be specifically sensitive

to structural changes of the N-terminal protein domain. We

define the unstructured region of the protein as domain U.

This domain starts at residue 1 and ends at residue nU. In this

analysis, the remaining part of the protein is assumed to be

an a-helix. So, for a value of nU ¼ 6, residues 1–6 are

unstructured and residues 7–50 are a-helical. For our

analysis, we use the previously described computer program

FRETsim to calculate the efficiencies in the case of an

unstructured domain (16). This computer program models

the unstructured region as a chain of vectors joining the Ca

atoms. To calculate the efficiency of each mutant, a structure

was randomly generated. Structures with clashing Ca atoms

(i.e., with an interatom distance of ,1.54 Å, twice the Van

der Waals radius of the carbon atom) were rejected, and a

new random structure was generated until 1000 iterations

were reached. This procedure was repeated for increasing

lengths of the unstructured domain, for values of nU¼ 1–15.

The resulting quality parameters Q1–15 are depicted in Fig. 3.

Clearly the introduction of an unstructured domain in the

N-terminus leads to a reduction in the quality parameter Q1–15.

In both 14:1PC and 20:1PC bilayers, the value Q1–15 is

minimal for an unstructured domain of nine residues. We

therefore conclude that in the N-terminal domain, amino acid

residues 1–9 are unstructured. This is in excellent agreement

with previous findings (16,19).

The deviating efficiency of residue 37 of the coat protein in

Fig. 2 suggests that the a-helix (Fig. 2, black line) is distorted

in this region, for instance via the formation of a kink or the

formation of a 310- or p-helix. Previous work showed no

evidence for a kink in the transmembrane protein domain

(15,29), and therefore we do not take into account flexing of

the a-helix in our further analysis. Instead, we allow the

a-helix to adapt its helical structure to a 310- or p-helix. To

this end, we introduce a protein model of a mixed helix,

composed of an a-helical domain and a 310- or p-helical

domain (see Fig. 4). Hydrogen bonding in an a-helix is

strongly cooperative (30), and for this reason a helix with

alternating short stretches of a- and p-helix, or with short

stretches of a- and 310-helix is expected to be energetically

unfavorable. We therefore assume that only a single, contin-

uous 310- or p-helical domain is formed, and that the re-

maining part of the protein forms an a-helix. To describe the

parameters for the different helical regions, we use known

values for the rotation and rise/residue (31). Because the first

nine amino acid residues are unstructured, this analysis is

performed on the remaining amino acid residues 10–50.

For this purpose, we define a FRET quality parameter

Q10–50 similar to that given by Eq. 2. The resulting quality

parameters are plotted in Fig. 5. The plots in Fig. 5 can be

FIGURE 3 Quality parameters Q1–15 for an increasing unstructured

region in the N-terminal domain of AEDANS-labeled M13 mutant coat

protein for 14:1PC ()) and 20:1PC (d).

FIGURE 4 Membrane-embedded M13 coat protein model used to calcu-

late the energy transfer efficiencies in a mixed helix. In the N-terminus,

amino acid residues 1–9 are unstructured. The a-helix is indicated as a dark

shaded ribbon. The 310- or p-helical domain is depicted as a black rectangle.

The starting and ending positions of this domain vary between 10 and 50

(see Fig. 5).
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seen as helical fingerprints, i.e., given by the shape of the

colored domains. Each pixel represents a unique structure,

with the starting and ending position of the 310- or p-helix

indicated on the y and x axes, respectively. The helical

fingerprint indicates the ability of an a-helix to form domains

of 310- or p-helices. The diagonal in the panels of Fig. 5

gives the values for a full a-helix from residues 10–50. The

value Q10–50 for a full a-helix is 185 in the case of thin

14:1PC bilayers, and 249 in the case of thick 20:1PC bi-

layers. In the case of thin 14:1PC bilayers, the introduction of

a p-helical fragment leads to a reduction in the value Q10–50

from 185 in the case of a full a-helix to 123 in the case of an

a-helix with a p-helical domain in the transmembrane helix

from residues 38–50. For thick 20:1PC bilayers, the intro-

duction of a p-helix also leads to a reduction in Q10–50 from

244 for a full a-helix to 190 for an a-helix with a p-helical

domain in the transmembrane helix from residues 38–50.

The introduction of a 310-helix does not lead to a reduction in

the value Q10–50 with respect to a full a-helix in the case of

thin 14:1PC bilayers. In the case of thick 20:1PC bilayers,

the introduction of a 310-helix does lead to a reduction in the

value Q10–50, from 244 for a full a-helix to 228 for an a-helix

with a 310-helical segment from residue 19 to residue 24.

Clearly, the largest decrease in the value Q10–50 is seen on

introducing p-helical domains in both thin and thick bilay-

ers. It is therefore tempting to conclude from the helical

fingerprint analysis that the coat protein forms an a-helix

with a p-helical domain in the transmembrane helix at resi-

dues 38–50 in both thin and thick bilayers. For reference, the

theoretical energy transfer efficiencies in the case of an

a-helix with a p-helical segment for residues 38–50 is also

displayed in Fig. 2 (shaded line). We note, however, that the

model of an a-helix with a p-helical segment and an

unstructured N-terminus performs only slightly better than

the model of a full a-helix with unstructured N-terminus. For

instance, in the case of thin 14:1PC bilayers, the introduction

of an unstructured domain leads to a decrease in the value

Q1–15 of 85, as compared to a decrease in value Q10–50 of 62.

The effect of the introduction of an unstructured domain is

much larger than the effect of the p-helix given the fact that

Q1–15 only runs over eight mutants whereas Q10–50 runs over

26 mutants. Likewise, the introduction of an unstructured

domain in the case of thick 20:1PC bilayers leads to a

decrease in value Q1–15 of 52, compared to a decrease of 54

for the value Q10–50.

Although the appearance of p-helical domains in trans-

membrane helices is rare, it has been reported in both

theoretical (32) and experimental (33) studies. It has been

noted previously that the presence of a metastable p-helix

indicates that the system has a high propensity for confor-

mational transitions (34). In the case of the M13 major coat

protein, a p-helix between residues 38 and 50 could also

indicate that this part of the protein has a high propensity for

helical deformation. In an earlier work, it was shown that the

phenylalanine residues at positions 42 and 45 and the lysine

residues at positions 40, 43, and 44 are implicated in the

anchoring of the coat protein on the C-terminal interface

(35). It is possible that the ability of the protein backbone to

undergo small helical deformations in this region allows

efficient incorporation into the phage particle when these

residues are detached from the C-terminal interface.

In summary, the presence of a p-helix slightly increases the

performance of our model. However, both the model of an

a-helix with an unstructured end and the model of an a-helix

with an unstructured end and a small p-helical fragment

between residues 38 and 50 are acceptable based on the

FIGURE 5 Quality parameters Q10–50 for an a-helix with

a 310- or p-helical segment of variable length in 14:1PC and

20:1PC membranes. The color coding indicates the level of

the quality parameter. (A) p-helical segment in 14:1PC. (B)

310-helical segment in 14:1PC. (C) p-helical segment in

20:1PC. (D) 310-helical segment in 20:1PC.
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helical fingerprint analysis. Our analysis shows that the

general characteristics of the protein are the same in both thin

and thick bilayers, but the values of the quality parameters

Q10–50 in thin 14:1PC bilayers are slightly lower than those in

thick 20:1PC bilayers. This could indicate that there are still

small structural differences between the coat protein in thin

and thick bilayers that are not accounted for in our models.

Our results show that the overall conformation of the M13

coat protein does not respond to hydrophobic stress. We do

not find any evidence for a disturbance of the helical

structure in the termini in response to hydrophobic stress.

Furthermore, no evidence is found for a structural adaptation

of the backbone to a 310- or p-helix due to interaction with

the bilayer or with the lipid-water interface. Clearly, the

uniaxial mismatch force is not large enough to induce

structural transitions between different types of helices, i.e.,

from an a-helix to a 310- or a p-helix, or from a combined

a-helix/p-helix to an a-helix or 310-helix. The question arises

why the uniaxial force is insufficient to induce structural

transitions of the transmembrane helix. The uniaxial force

depends on multiple factors, such as the anchoring of the

helix in both lipid-water interfaces, the ability of the protein

to tilt, the rigidity of the helix, and the magnitude of the

forces due to hydrophobic mismatch. The anchoring of the

coat protein is different from that of other model peptides,

such as lysine-flanked polyleucine peptides, in that the

anchoring is not symmetric. In the C-terminal interface, the

coat protein is strongly anchored by a combination of

phenylalanine and lysine residues, whereas it is more weakly

anchored in the N-terminal interface. Because of the weak

anchoring in the N-terminal interface, the coat protein can

adapt its tilt angle with relative ease, as was shown in

previous work on fluorescent-labeled coat protein (29). In

this way, the forces due to hydrophobic mismatch are exerted

partially along the helix axis, and partially along the

membrane normal, exerting a force on the surrounding

phospholipids. Possibly, this force deforms the lipid bilayer,

analogous to the ‘‘mattress model’’ of Mouritsen and Bloom

(36). The rigidity of the a-helix does not seem to play a

crucial role, as the coat protein and other a-helical model

peptides behave alike under conditions of hydrophobic

stress. Apparently, in general, a-helices have an intrinsic

rigidity along the helix axis, even if they are interrupted by a

more compressed p-helical structure. This is consistent with

findings from theoretical calculations, showing that an

a-helix can support a large uniaxial load without yielding (11).

CONCLUDING REMARKS

In conclusion, membrane-embedded M13 major coat protein

forms an almost uniform a-helical structure when incorpo-

rated into lipid membranes of varying hydrophobic thickness,

with a few unstructured residues in the N-terminus and a

small tendency to form p-helical domains in the transmem-

brane domain. The conformational features of the coat pro-

tein in thin and thick membranes are similar, indicating that

the protein does not undergo large structural rearrangements

in response to hydrophobic mismatch. Most likely, aggrega-

tion (at high protein concentration) (28) and adjustment of the

tilt angle (29) are the main responses of a transmembrane

helix to conditions of hydrophobic mismatch.
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