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Conformational movements play an important role in enzyme catalysis. Res-

piratory complex I, an L-shaped enzyme, connects electron transfer from

NADH to ubiquinone in its peripheral arm with proton translocation through

its membrane arm by a coupling mechanism still under debate. The amphi-

pathic helix across the membrane arm represents a unique structural feature.

Here, we demonstrate a new way to study conformational changes by intro-

ducing a small and highly flexible nitrile infrared (IR) label to this helix to

visualize movement with surface-enhanced IR absorption spectroscopy. We

find that labeled residues K551CL and Y590CL move to a more hydrophobic

environment upon NADH reduction of the enzyme, likely as a response to

the reorganization of the antiporter-like subunits in the membrane arm.
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The NADH ubiquinone oxidoreductase, most com-

monly known as respiratory complex I, is a large

membrane-bound enzyme that contributes to the elec-

trochemical potential by coupling electron transfer

from NADH to ubiquinone with translocation of four

protons across the membrane, vital for the synthesis of

ATP and the exchange of solutes and nutrients across

the membrane and for motility [1].

Complex I has an L-shaped structure first seen by

negative stain electron microscopy [2,3], with a mem-

brane arm and a peripheral arm that extends at an

angle of � 120° into the aqueous medium. The

peripheral arm contains all the prosthetic groups,

including one flavin mononucleotide (FMN) and 8–10
iron–sulfur (Fe-S) clusters, as well as the NADH bind-

ing site [4].

Oxidation of NADH is catalyzed at the FMN bind-

ing site at the distal end of the peripheral arm, while

the reduction of ubiquinone occurs at cluster N2 close

to the intersection of the two arms [5–7]. Proton

translocation takes place in the membrane arm, and

the coupling of this process to electron transfer is still

under debate. The structural arrangement of the mem-

brane arm of the complex has been visualized at low

resolution by cryo-electron microscopy [8] and at

higher resolution by X-ray diffraction [9–11]. Bacterial

complex I is constituted by 13–16 subunits adding to a

molecular mass of ~ 550 kDa. Generally, the subunits

are named NuoA to NuoN. NuoL, M, and N are

involved in proton translocation and are homologous

to subunits of monovalent cation/proton antiporters

[12,13] (Fig. 1A). Each of NuoL, M, and N contains

14 transmembrane (TM) helices [13]. It was proposed

that quinone reduction induces concerted long-range

conformational changes in the antiporter-like subunits

controlling proton translocation [14]. NuoL is located
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at the distal end of the membrane arm with a C-termi-

nal domain that extends to a unique 110 �A long

amphipathic helix parallel to the membrane [15]. The

horizontal helix is located between TM helix 15 and

TM helix 16 of NuoL and was first revealed by crys-

tallographic analysis by Efremov et al. in 2010 [9]. The

attractive hypothesis that electron transfer induces a

piston-like movement of the horizontal helix to open

and close proton pathways in NuoL, M, and N was

refuted by mutagenesis studies indicating that the helix

acts more like a clamp to tighten the structure of the

membrane arm [16–18]. Zhu and Vik [19] proposed

that the horizontal helix might transmit conforma-

tional changes opening the quinone binding site.

The movement of the helix was probed with fluores-

cence and nitroxide labels. Slight conformational

changes of the helix during the reduction of the com-

plex by NADH became evident but not a large rear-

rangement [20]. However, it is possible that the size of

the fluorophore and the nitroxide label influenced the

conformational flexibility of the helix. In order to

address this question, we used a smaller probe the

SCN group that can be detected by means of infrared

(IR) spectroscopy. Nitrile- and thiocyanate-derivatized

amino acids are particularly attractive IR probes due

to their smaller size and the frequency of the stretching

mode being in a relatively clear region of the IR spec-

trum (mC�N ~ 2100–2240 cm�1) [21,22].

The thiocyanate moiety is generated by chemical

modification of the free thiol of an accessible cysteine

residue and can thus be inserted at any cysteine site

either being a natural residue or resulting from muta-

genesis [23]. Previous studies on the influence of the

microenvironment on the signature of the SC�N

stretching frequency in proteins showed typical signals

at about 2160 cm�1 for labeled ribonuclease S [24] and

for the protein calmodulin [25].

In the IR spectrum, the CN stretching frequency is

a balance of two different types of hydrogen-bonding

interactions, r-H-bonding and p-H-bonding water

molecules. Cho and coworkers [26] discovered that the

C�N stretching frequency of cyanomethane (CH3CN)

is determined by the water molecules surrounding the

C�N group. The bond of the water molecule (r-bond-
ing with nitrogen lone pair) will result in a blueshift,

whereas interactions of water molecules with the p-or-
bital of the nitrile moiety (termed p-bonding) will lead
to a redshift. Also, the hydrophobicity of the environ-

ment will influence the signature. In a study using the

label bound to POPC phospholipid bilayers, for exam-

ple, a more hydrophobic environment induced a shift

of 6 cm�1 [27]. Another factor that is discussed for the

interpretation of the potential shifts is the electric field.

It is noted, however, that in contrast to the well-

known effects on carbonyl stretching vibrations, the

effect on the CN frequency is rather weak, due to their

ability to accept hydrogen bonds [28,29].

In this work, we labeled respiratory complex I with

SCN residues and studied the changes of the probe

in situ by the addition of NADH. The variants studied

were selected on the basis of the structural studies pre-

viously reported [20] with the aim to further investi-

gate changes in the membrane after reduction of the

enzyme with NADH. Our approach included the use

of surface-enhanced IR absorption spectroscopy

(SEIRAS) giving access to the data by using just a

monolayer of protein and therefore only a very small

amount of protein in the micromolar range [30].

Materials and methods

Sample preparation

Complex I was prepared as previously described in Steimle

et al. [18]. Variants with cysteine mutations at positions

Fig. 1. (A) Structure of the membrane arm of Escherichia coli

complex I and the positions of the residues under investigation

(PDB: 3RKO), (B) cysteine cyanylation protocol, and (C) absorbance

spectrum of potassium thiocyanate dissolved in THF (2044 cm�1;

black), DMSO (2057 cm�1; red), ethanol (2061 cm�1; blue), MOPS

buffer pH 7.0 (2064 cm�1; pink), and methanol (2066 cm�1; green).
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K551L and Y590L (Fig. 1A) in the amphipathic helix of the

membrane arm were generated as described in [20]. Protein

samples were purified and stored in 50 mM MES/NaOH,

50 mM NaCl, 5 mM MgCl2, and 0.005% MNG-3, pH 6.0.

Cyanide labeling of complex I and the K551CL

and Y590CL variants

The strategy for converting the thiol group of the cysteine

residue (PSH) into thiocyanates was adapted from Fafar-

man et al. (Fig. 1B) [23]. The protein reacts with 5,50-
dithiobis-(2-nitrobenzoic acid) (DTNB or Ellman’s reagent)

to form the mixed protein–thionitrobenzoic acid disulfide

(PS-TNB), followed by displacement by cyanide (CN�), to
form the protein–thiocyanate (PS-CN) [24].

Ten micromolar complex I and the variants were incu-

bated at 4 °C with dithiothreitol (DTT) for 30 min to

reduce the cysteine residues, followed by removal of excess

DTT with two consecutive Sephadex G50 columns. The

protein was incubated at 4 °C with a 44-fold molar excess

of DTNB for 1 h, and excess DTNB was also removed by

two consecutive Sephadex G50 runs. Finally, 6 mM potas-

sium cyanide (KCN) was added to the protein solution.

The spectrum of complex I treated with this procedure did

not show any significant thiocyanate signature, demonstrat-

ing that the wild-type complex contains no accessible

cysteine residues (Fig. S1A).

Potassium thiocyanate solutions

A solution of 30 mM potassium thiocyanate (KSCN) was

prepared in the following solvents, respectively: DMSO,

THF, ethanol, methanol, and MES buffer pH 6.0. The

spectra were normalized to the same intensity.

IR spectroscopy

A configuration allowing the acquisition of FTIR spectra

in the ATR mode was employed, including a silicon crystal

with a 3 mm surface diameter as a single reflection ATR

unit. IR spectra were measured on a Vertex 70 FTIR spec-

trometer from Bruker, Karlsruhe, Germany (Globar source,

KBr Beamsplitter, mercury cadmium telluride detector) with

40-kHz scanner velocity, 256 scans, and 4 cm�1 resolution.

Typically, 12 spectra were averaged. A baseline correction

was performed.

Surface-enhanced FTIR spectroscopies

A nickel–nitrilotriacetic acid (Ni-NTA) self-assembled

monolayer was adapted from techniques reported before

[30–33]. First, a gold layer was formed on the Si crystal.

The plating solution is a 1 : 1 : 1 mix (vol/vol/vol) of (A)

15 mM NaAuCl4, (B) 150 mM Na2SO3 + 50 mM Na2S2O3 +
50 mM NH4Cl, and (C) 2% HF (wt/vol: 1 mL). Crystal

and the plating solution were heated at 65 °C for 10 min

together. The silicon prism was covered with the solution

for 40 s, and deposition was stopped by washing the crystal

surface with water, followed by drying the surface with a

stream of argon.

The solution dithiodipropionic acid di(N-hydroxysuccin-

imide ester) (DTSP) in DMSO was allowed to self-assemble

for 1 h. The self-assembled monolayer was immersed in

Na,Na-bis(carboxymethyl)-L-lysine for 3 h and rinsed with

water. Finally, the surface was incubated with Ni(ClO4)2
for 1 h. Complex I was incubated with 50 lM NADH for

4 h on ice before immobilization of the protein onto the

Ni-NTA surface.

Deconvolution of the amide I signal of WT and

mutants

The amide I signal of the protein was used to confirm the

structural integrity of the complex after labeling and immo-

bilization. Deconvolution was performed after calculation

of the fourth derivative to estimate the number and

position of the components of amide I band, followed

by deconvolution using the Gaussian profile of each com-

ponent.

Results

A stable monolayer of complex I immobilized through

an N-terminal His-tag on NuoF to a modified gold

layer was obtained as described before [30]. Figure 2A

shows the absorbance spectrum of K551CL variant

after reacting with DTNB and KCN to form the pro-

tein–thiocyanate. The spectrum includes characteristic

signals of amide I and amide II and of the thiocyanate

bond.

The amide I band of all samples studied was highly

comparable, confirming that there are no detectable

differences in the conformation of wild-type and

mutants (Fig. S2). Due to the SEIRAS approach used,

the SCN signal can be directly evidenced from the

absorbance spectra in the spectral region characteristic

for triple bonds, between 2200 and 2000 cm�1.

The K551CL variant in the oxidized state shows a

thiocyanate band at 2128 cm�1. After reduction with

NADH, the band is shifted to lower wavenumbers at

2123 cm�1 (Fig. 2B). The difference spectrum high-

lights the changes in the spectral signature, and the

observed change of 18 cm�1 reveals a movement of

the residue at position 551L toward a more hydropho-

bic microenvironment upon reduction by NADH and

thus toward the membrane. K551L is part of a regular

a-helical structure, pointing away from the membrane

arm toward the cytosol, at the level of the interface

between NuoL and NuoM [14].
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The second residue in variant Y590CL is found at

the end of the amphipathic helix close to the hinge

leading to the most C-terminal TM helix 16. It is

located in close proximity to NuoN at the interface

between the membrane bilayer and the cytosol [14].

Figure 2C shows the mSCN signal of the label at

2129 cm�1 in the oxidized state of the variant, and

after reduction by NADH, the thiocyanate band is

shifted to lower wavenumbers as observed with the

K551CL variant. The difference spectra highlight a

change of 15 cm�1 for the mutation at position 590L,

a little smaller compared to that of position 551

(Fig. 2C). However, both samples point toward a

slight movement of the helix after treatment with

NADH, indicating that these positions of the helix

turn toward the hydrophobic phase of the mem-

brane arm.

Discussion

The placement of nitrile labels to cysteine residues of

Escherichia coli respiratory complex I allowed to mon-

itor minor movements of the amphipathic horizontal

helix of NuoL in the membrane arm upon reduction

by NADH. When subtracting the spectra before and

after addition of NADH, differences of 15–18 cm�1

for the signals of the label visualize experimentally a

reorganization of distinct positions within the helix

toward a more hydrophobic environment. Previous

EPR and fluorescence spectroscopy studies by Steimle

et al. [20] pointed to a nearly imperceptible movement

of the helix upon reduction by NADH.

Even if the studied residues are pointing away from

the protein in the oxidized state, the reduction may

induce a change in position, which would be hindered

by a too large label. So, in contrast to these studies, the

nitrile label will show a higher sensitivity to the confor-

mational changes due to the smaller size of the label.

The effect of the environment on the vibrational

mode of KSCN, including hydrogen bonding and polar-

izability, can be seen from the data obtained in different

solvents (Fig. 1C). When bound to a cysteine residue,

the SCN vibrational mode upshifts and the broadness

or more specifically the FWHM (full width at half maxi-

mum) changes. The study in different solvents helps to

evaluate the effect of a more or less hydrophilic environ-

ment on the probe, when comparing, for example, two

states of a protein during a reaction [34].

The significance of the shifts is derived from com-

parison to similar experiments on other proteins.

Indeed, shifts below 5 cm�1 have been found to be rel-

evant [27]. Tucker et al. studied the membrane-binding

amphipathic peptide, mastoparan x (MPx peptide) by

infrared spectroscopy using a PheCN probe. The

peptide MPx-CNy in water showed a CN stretching

vibration at 2235 cm�1. When bound to POPC phos-

pholipid bilayers, the CN stretching vibration shifted

by 6–2229 cm�1 indicating a more hydrophobic and

less solvent accessible environment for the CN probe

[27]. A change of the hydrogen-bonding environment,

or the presence or absence of water molecules after

addition of NADH, may also influence the spectral

signature. As described in the introduction, the red-

shift can also be attributed to a weaker interaction of

the hydrogen bonds with the r-bonding with nitrogen

lone pair [28].

Conclusion

So, the shifts observed here correspond to a movement

toward a significantly more hydrophobic environment

Fig. 2. (A) Absorbance spectrum of labeled complex I, spectra of

the m(SC�N), and amide I and amide II band of Escherichia coli

complex I K551CL immobilized onto a Ni-NTA SAM. The intensity

of the m(SC�N) band was increased for better visibility. (B) Spectra

of m(SC�N) of labeled K551CL and (C) Y590CL incubated with (red

line) and without (black line) NADH and the difference spectra after

normalization of the thiocyanate band.
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or an environment with weaker hydrogen bonds upon

NADH addition. It was proposed that the enzyme

cycles between an ‘open’ conformation (NADH-re-

duced state) and a ‘closed’ conformation (oxidized

state) [35]. The three antiporter-like subunits NuoL,

M, and N are involved in proton translocation most

likely driven by a rearrangement of the hydrophilic

loops and the position of TM helices within the mem-

brane. Mamedova et al. [35] predicted that upon

NADH binding, the peripheral arm of the complex

adopts a more open conformation, with increased dis-

tances between subunits, and single-particle analysis

showed that the membrane domain also expands. The

most likely explanation of our observation is that the

movement of the positions on the amphipathic helix is

an indirect effect that results from a structural com-

pensation of the movement of the membrane arm dur-

ing reduction [36] that would be in line with the

conformational change suggested above to occur after

NADH addition.
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Fig. S1. Absorbance spectrum of E. coli complex I

immobilized onto a Ni-NTA SAM of (A) wild type,

(B) labeled K551CL and (C) labeled Y590CL
.

Fig. S2. Deconvolution of amide I band of E. coli

complex I prepared in 50 mM MES/NaOH, 50 mM

NaCl, 5 mM MgCl2 and 0.005% MNG-3 (pH 6.0)

immobilized onto a Ni-NTA SAM of (A) wild type,

(B) labeled K551CL and (C) labeled Y590CL
.

496 FEBS Letters 594 (2020) 491–496 ª 2019 Federation of European Biochemical Societies

Monitoring the membrane arm in complex I by IR labels A. F. Santos Seica et al.


	Outline placeholder
	feb213620-aff-0001
	feb213620-aff-0002
	feb213620-aff-0003
	feb213620-fig-0001
	feb213620-fig-0002
	feb213620-bib-0001
	feb213620-bib-0002
	feb213620-bib-0003
	feb213620-bib-0004
	feb213620-bib-0005
	feb213620-bib-0006
	feb213620-bib-0007
	feb213620-bib-0008
	feb213620-bib-0009
	feb213620-bib-0010
	feb213620-bib-0011
	feb213620-bib-0012
	feb213620-bib-0013
	feb213620-bib-0014
	feb213620-bib-0015
	feb213620-bib-0016
	feb213620-bib-0017
	feb213620-bib-0018
	feb213620-bib-0019
	feb213620-bib-0020
	feb213620-bib-0021
	feb213620-bib-0022
	feb213620-bib-0023
	feb213620-bib-0024
	feb213620-bib-0025
	feb213620-bib-0026
	feb213620-bib-0027
	feb213620-bib-0028
	feb213620-bib-0029
	feb213620-bib-0030
	feb213620-bib-0031
	feb213620-bib-0032
	feb213620-bib-0033
	feb213620-bib-0034
	feb213620-bib-0035
	feb213620-bib-0036


