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Abstract The use of paramagnetic constraints in protein

NMR is an active area of research because of the benefits

of long-range distance measurements ([10 Å). One of the

main issues in successful execution is the incorporation of

a paramagnetic metal ion into diamagnetic proteins. The

most common metal ion tags are relatively long aliphatic

chains attached to the side chain of a selected cysteine

residue with a chelating group at the end where it can

undergo substantial internal motions, decreasing the accu-

racy of the method. An attractive alternative approach is to

incorporate an unnatural amino acid that binds metal ions

at a specific site on the protein using the methods of

molecular biology. Here we describe the successful

incorporation of the unnatural amino acid 2-amino-3-(8-

hydroxyquinolin-3-yl)propanoic acid (HQA) into two dif-

ferent membrane proteins by heterologous expression in

E. coli. Fluorescence and NMR experiments demonstrate

complete replacement of the natural amino acid with HQA

and stable metal chelation by the mutated proteins. Evi-

dence of site-specific intra- and inter-molecular PREs by

NMR in micelle solutions sets the stage for the use of HQA

incorporation in solid-state NMR structure determinations

of membrane proteins in phospholipid bilayers.

Keywords Membrane protein � UAA � PRE � Protein

structure � CXCR1 � p7

Introduction

Many analogies can be drawn between the earliest protein

NMR studies and present day studies of proteins in biological

supramolecular assemblies, such as membrane proteins,

amyloid fibrils, chromatin, etc. Both were severely limited

by resolution and sensitivity of the spectra, and the ability to

interpret the data in terms of the three-dimensional structures

of the proteins, which has always been the major goal of

protein NMR spectroscopy. Starting with the initial NMR

spectrum of a protein in solution (Saunders et al. 1957),

which consisted of four broad, overlapping signals, it was

clear that additional steps were needed to extract the

underlying spectroscopic and structural information. Some

gains resulted from increasing the 1H resonance frequency

and the introduction of signal averaging of the continuous

wave signals (Meadows et al. 1967). Nonetheless, the early

demonstrations of protein NMR were limited to a few resi-

dues whose resonances could be resolved in the spectra of the

most favorable globular proteins available in large quantities

at the time, for example ribonuclease and lysozyme. The

introduction of isotopic labeling of proteins was a major step

forward in attaining both improved spectral resolution and

resonance assignments (Markley et al. 1968) but was

restricted to selected examples, such as Staphylococcal

nuclease because heterologous expression of proteins was

not yet feasible. The only available spectral parameters were

the isotropic chemical shift frequencies, which varied among

amino acid residues because of the differences in environ-

ment resulting from protein folding, and resonance line

widths that reflected protein dynamics. The first spectra of

membrane proteins were not reported for another ten years

(Cross and Opella 1979, 1980; Hagen et al. 1978, 1979).

In the early 1970s the addition of directly bound para-

magnetic species made a substantial difference in the
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prospects for NMR of proteins. Two similar, parallel paths

were introduced. McConnell et al. (Morrisett et al. 1973;

Wien et al. 1972) exploited the stable paramagnetic center

of 1-oxyl-2,2,6,6-tetramethyl-4-piperidinyl (TEMPO) to

covalently label lysozyme and then measure the broaden-

ing effects on resonances of bound ligands. The goal then,

as now, was to make direct distance measurements between

the electron spin-label and nuclei at covalently bonded sites

on the protein. However, this was not possible because the

studies were limited by the experiments being performed at

the relatively low field strength corresponding to a 1H

resonance frequency of 100 MHz and other technical

issues. Around the same time, Campbell et al. (Campbell

et al. 1973) were able to convincingly demonstrate the

ability of a lanthanide ion (Gd3?) bound to lysozyme to

selectively broaden resonances from residues proximate to

the binding site, aided in large part by performing the

experiments at the significantly higher 1H resonance fre-

quency of 270 MHz. These early experiments that

exploited the broadening effects of paramagnetic species,

whether TEMPO-containing spin labels or lanthanide ions

bound to protein ligands, were key predecessors for the

current activity in paramagnetic NMR of proteins.

Solution NMR of proteins has advanced significantly

over the past 40 years based on improvements in instru-

mentation, implementation of new spectroscopic tech-

niques, and the application of sophisticated computational

methods to both the processing of experimental data and

structure calculations. Nonetheless, limitations remain for

structure determination of several important classes of

proteins, especially large proteins in complexes in aqueous

solution and membrane proteins in various detergent/lipid

environments. Both classes of proteins present difficulties

for the resolution of individual resonances that result from

both the number of overlapping resonances and the broad

line widths of the resonances associated with slowly

reorienting proteins. Even as these problems have been

incrementally addressed, there remains the problem of

resolving and assigning a sufficient number of 1H/1H NOEs

for structure determination with conventional approaches

that measure inter-proton distances of \5 Å. Membrane

proteins with multiple trans-membrane helices have the

additional problem of identifying the correct alignment and

relative positioning of the helices, which is difficult to do

with only measurements of short-range distances. Further

progress in NMR spectroscopy of these classes of proteins

would be greatly aided by the ability to measure relatively

long-range ([10 Å) distances. Such long-range distance

constraints have many benefits, including improving the

resolution of protein structure determination, defining the

overall folding topology, and identifying residues in

binding sites. They are especially advantageous in offering

a method for positioning multiple trans-membrane helices

in membrane proteins (Chen et al. 2011; Ganguly et al.

2011).

This Perspective focuses on membrane proteins, in par-

ticular the use of paramagnetic metals attached by tags to

otherwise diamagnetic proteins. Our primary research interest

is in structure determination of membrane proteins in their

native environment of phospholipid bilayers (Opella 2013;

Radoicic et al. 2014). However, on the path towards this goal,

aspects of membrane protein sample preparation and, to some

extent, experimental methods are first worked out with micelle

(Mesleh et al. 2003), bicelle (Son et al. 2012), or nanodisc

(Park et al. 2011a) samples that are tractable for solution

NMR. This is the situation for the examples described here, as

we demonstrate the applicability of the genetically incorpo-

rated unnatural amino acid (UAA) 2-amino-3-(8-hydroxy-

quinolin-3-yl)propanoic acid (HQA) (Fig. 1c) (Lee et al.

2009) as a metal-binding tag to enable the use of paramag-

netic ions to provide long-range paramagnetic relaxation

enhancements that serve as intra- and inter- molecular dis-

tance measurements in membrane proteins.

Paramagnetic protein NMR

The unpaired electron on a paramagnetic ion has spectro-

scopic effects that are several orders of magnitude larger

Fig. 1 Paramagnetic probes attached to a protein for site-specific

incorporation of protein labeling. a Nitroxide spin label.

b Ethylenediaminetetraacetic acid (EDTA). c 2-amino-3-(8-hydroxy-

quinolin-3-yl)propanoic acid (HQA). Nitroxide spin labels and EDTA

tags are mobile, containing multiple rotatable bonds and are

incorporated by chemical reaction at a surface exposed cysteine

residue, while HQA is approximately the size of tryptophan and is

incorporated genetically at any position in the protein of interest
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than those of the spin S = 1/2 nuclei (1H, 13C, 15N) that are

commonly observed in NMR studies of proteins (Liu et al.

2014a; Otting 2010; Bertini et al. 2008; Clore 2013;

Sengupta et al. 2013; Knight et al. 2013; Ganguly et al.

2011; Zhuang et al. 2008). Briefly, paramagnetic ions

induce three effects on the diamagnetic spectra of proteins,

only two of which are generally observed and incorporated

into the experiments—paramagnetic relaxation enhance-

ments (PREs) and pseudocontact shifts (PCSs). In addition,

there are through-bond contact shifts; however, because

they only occur in close proximity to the metal ions, their

effects are typically overwhelmed by strong PRE broad-

ening of the resonances. In general, both PREs and PCSs

are widely used in paramagnetic NMR studies of proteins.

Their occurrence and properties can be controlled by the

selection of the metal ions, the ligands, and other factors.

The magnetic susceptibility tensor is a key parameter. The

two metals used here, Mn2? and Gd3?, have isotropic

magnetic susceptibility tensors and therefore induce only

PRE effects. Nitroxide spin labels also only induce PRE

effects (McConnell and McFarland 1970). Many other

metals, especially the lanthanides (with the exception of

gadolinium) and Co2? have highly anisotropic suscepti-

bility tensors (Abragam and Bleaney 2012). This gives rise

to PCSs, which can result in large changes in chemical

shifts at distant sites.

There are other beneficial effects of adding paramag-

netic metals to the samples in a controlled manner. They

can reduce the longitudinal relaxation times so that data

can be acquired much more quickly (Inubushi and Becker

1983; Parthasarathy et al. 2013; Ullrich et al. 2014; Ward

et al. 2014), and they can weakly align proteins in solution

(Prestegard et al. 2000; Tolman et al. 1995), providing an

alternative to conventional alignment media for the mea-

surement of residual dipolar couplings (RDCs).

Much of the groundwork for the use of paramagnetic

ions in protein NMR was laid by Bertini et al. on metallo-

proteins, which contain a natural paramagnetic center

(Balayssac et al. 2007; Bertini et al. 2008). For conve-

nience, in appropriate cases, the metal ion can be exchanged

for one with more favorable properties for the studies of

interest. As an example, Bertini and Pintacuda have used

metal ions in structural studies of superoxide dismutase

(Knight et al. 2012). They were able to measure many 15N

and 13C PREs based on the high-resolution two-dimen-

sional heteronuclear correlation ‘fingerprint’ spectrum of

the protein. These paramagnetic constraints significantly

reduced the RMSD of the calculated protein structure.

However, most proteins, especially the membrane pro-

teins of interest, are not metalloproteins. Because of the

advantages of introducing a paramagnetic ion, there has

been a great deal of activity in the design and implemen-

tation of tags that attach a paramagnetic ion to proteins.

There are three main approaches to specifically attaching a

paramagnetic metal to a protein. One is to attach residues

corresponding to a natural or engineered metal binding site

to the C- or N- terminus or a loop of the protein. The

second is to attach a chemical linker to a reactive site,

almost universally a surface cysteine side chain, which can

bind a metal ion. The third is to incorporate an unnatural

metal-binding amino acid into the sequence at a specific

location. The incorporation of an unnatural metal-binding

amino acid into membrane proteins is the principal subject

of this Perspective.

In the first case, twelve amino acid residues corre-

sponding to an ‘‘EF-hand’’ calcium-binding site were

added to the N-terminus of the membrane protein Vpu

from HIV-1 (Ma and Opella 2000). This provided a

covalently attached lanthanide ion binding site. The protein

itself was not altered by the added residues, as evidenced

by a lack of perturbation of the chemical shifts, and it was

possible to observe long-range paramagnetic effects in the

spectra. In addition, the added lanthanide served to weakly

align the protein for measurement of residual dipolar

couplings. Imperiali and Schwalbe designed seventeen

residue lanthanide binding tags (LBTs) for proteins with

improved properties over native calcium binding sites

(Wohnert et al. 2003). Subsequently, they inserted LBTs

into protein loops (Barthelmes et al. 2011), which were

shown to give complementary results. In a similar vein,

Gaponenko et al. (2000) fused zinc fingers to the N- and C-

termini of a protein and demonstrated that they could be

substituted with paramagnetic cobalt and manganese.

Most paramagnetic NMR studies of proteins have placed

the metal ion on the surface of the protein with a covalent tag

(Keizers and Ubbink 2011). Generally this has been done

through a linkage to a selected cysteine side chain. In many

cases this requires the removal of competitive reactive sites

through mutation. It has also become a very active area of

research with the development of linkers to two cysteine

residues to reduce the local dynamics of the metal ion in

order to increase the precision of the measurements. There

have also been examples where other protein functional

groups are involved in the chelation for the same reason. As a

result of this activity, this area has been the subject of a

number of reviews, including by Hass and Ubbink (2014)

and Otting (2010). The tables and figures of these reviews

provide a thorough listing of the wide variety of tags that

have been utilized to tag proteins with paramagnetic ions.

Figure 3 of the review by Otting (2010) is particularly

helpful in understanding and planning paramagnetic NMR

experiments. It shows the relative paramagnetism and

asymmetry of the magnetic susceptibility tensors in a way

that facilitates direct comparisons.

Using covalent paramagnetic tags, Otting and coworkers

have utilized pseudocontact shifts in their studies (Yagi
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et al. 2013). They discussed how the assignment problem

caused by the large shifts could be addressed. One way is to

take advantage of the shifts for two bonded nuclei, e.g., 1H

and 15N, which shift along parallel frequencies from the

same metal ion. Fast exchange between diamagnetic and

paramagnetic species enables titration of the protein and

the resulting paramagnetic ion-induced chemical shifts.

Pseudocontact shifts can be used as constraints for calcu-

lations of protein structures. With the use of multiple tags,

significant improvements in the precision of structures

result from the measurement of PCSs.

Ubbink et al. have also focused on the use of PCSs in the

structure determination of protein complexes (Liu et al.

2014a). Their results have been facilitated by the devel-

opment of metal binding tags. The magnetic properties of

lanthanides are relatively insensitive to variations in the

coordination. However, since many tags are more flexible

than a typical chemical coordination site, it is essential to

restrict their dynamics. This has been achieved with bulky

tags, including peptide tags as discussed above, two-point

attached tags (Liu et al. 2014b), and tags that interact with

protein side chains (Su et al. 2008). With dynamically

restricted lanthanide tags, significant PCSs can be observed

over very large distances, perhaps beyond 100 Å (Hass and

Ubbink 2014).

The groups of Jaroniec and Huber have used a variety of

tagged mutants of the protein GB1 as a model polycrys-

talline protein (Jaroniec 2012; Sengupta et al. 2013; Li

et al. 2013). Jaroniec et al. observed substantial PRE

effects in well resolved magic angle spinning spectra by

comparing samples with and without free electrons on the

nitroxide moiety. Significantly, some of the strong signals

in the control sample are missing in the corresponding

spectrum of the spin-labeled protein. A key feature of their

experimental samples is that the spin-labeled protein was

diluted with unlabeled protein to enable the intramolecular

effects of interest to be separated from any intermolecular

effects of nearby protein molecules. Although clearly

beneficial in certain applications, the use of nitroxides as

relaxation agents suffers from a major draw-back, namely

the presence of large transverse PREs, which leads to

severely attenuated signal intensities for numerous resi-

dues; this precludes quantitative PRE and distance mea-

surements. They overcame this problem by using tags

containing a more rapidly relaxing paramagnetic center,

namely Cu2? (Nadaud et al. 2009), that do not elicit sig-

nificant paramagnetic shifts due to its effectively isotropic

magnetic susceptibility tensor. The longitudinal PREs

could be used to determine the global fold of GB1. They

were able to calculate the backbone fold of GB1 based

solely on PREs using only six mutants.

Paramagnetic NMR has been applied to a number of

membrane proteins. Building on the structure of the

Anabaena sensory rhodopsin (ASR) (Wang et al. 2013)

Ladizhansky et al. employed nitroxide spin labels and PRE

data to map the oligomerization interface of the receptor

(Wang et al. 2012). Gottstein et al. (2012) have summarized

the alpha helical membrane proteins whose structures have

been determined with the aid of PREs. Other notable studies

of membrane proteins using paramagnetic NMR include:

protein-lipid interactions of outer membrane protein X

(OmpX) and DHPC using various nitroxide spin labels

(Hilty et al. 2004), improvements of the outer membrane

protein A (OmpA) backbone structure via ‘parallel spin

labeling’ (Liang et al. 2006), characterization of the Influ-

enza M2 proton channel (Su et al. 2012), topology deter-

mination in DPC micelles of SCO3063 and YbdK, two

bacterial histidine kinase membrane proteins (Yeo et al.

2010), DsbB (Tang et al. 2011), structural studies of the M.

tuberculosis RV1761C protein (Page et al. 2009), and the

characterization of an 80 residue region of the GPCR Ste2p

using PREs in solution NMR (Cohen et al. 2011).

Perhaps the most powerful approach to introducing tags

into proteins is unnatural amino acid incorporation (Liu

and Schultz 2010; Noren et al. 1989). This very promising

method for paramagnetic NMR will be discussed in more

depth in the following section along with a sampling of

recent studies performed in our laboratory using membrane

proteins and unnatural amino acid incorporation of a novel

paramagnetic tag. The best currently available metal-

binding unnatural amino acid, HQA, is shown in Fig. 1c,

which we used in our studies.

Experimental section

Synthesis of HQA

The synthesis of 2-amino-3-(8-hydroxyquinolin-3-

yl)propanoic acid dihydrochloride (HQA) was carried out

as previously reported (Lee et al. 2009) with a few minor

changes. The synthesis of the first intermediate, 8-meth-

oxy-3-methylquinoline, was carried out according to Patent

DE 3719014 C2, and all silica flash column chromatogra-

phy solvent systems used ethyl acetate and hexanes rather

than dichloromethane.

Protein preparation

Interleukin-8 (IL-8), a monomeric construct with the 6

C-terminal residues of IL-8 removed, was expressed and

purified as previously described (Rajarathnam et al. 1997).

For 1TM-CXCR1 and p7 constructs, an original pET-

31b(?) vector (Novagen, www.novagen.com) was modi-

fied by including a thrombin cleavage site with a 6-Gly

linker between the KSI fusion partner and the polypeptide

188 J Biomol NMR (2015) 61:185–196
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of interest to facilitate enzymatic cleavage (Fig. 2b). They

were purified and refolded as described previously for

similar constructs of the proteins (Casagrande et al. 2011;

Cook et al. 2011).

For expression of HQA-incorporated p7 and 1TM-CXCR1

constructs, the pEVOL vector (chloramphenicol resistant,

arabinose inducible) encoding the orthogonal tRNA/amino-

acyl-tRNA synthetase pair specific for HQA (Young et al.

2010) (Fig. 2a) and the modified pET31b(?) vector (ampi-

cillin resistant), isopropyl b-D-1-thiogalactopyranoside

(IPTG) inducible) encoding the target mutant were co-trans-

formed into BL21(DE3) cells. Uniformly 15N-labeled HQA-

incorporated 1TM-CXCR1 and p7 constructs were prepared

using a media exchange method (Marley et al. 2001; Venditti

et al. 2012): 500 mL Luria–Bertani (LB) media with chlor-

amphenicol/carbenicillin was inoculated with 10 % over-

night LB starter culture and grown in a shaker/incubator at

37 �C. At OD600 * 0.4 the cells were induced with a final

concentration of 0.02 % L-arabinose and grown for 2 h at

37 �C. They were then spun down by centrifugation at

1,3509g. The cell pellets were gently re-suspended in

500 mL minimal media with 15N-labeled ammonium sulfate

as the sole nitrogen source, induced with 0.02 % final con-

centration of L-arabinose and grown at 37 �C for one more

hour following which 1 mM HQA and 100 lM IPTG were

added. Cells were grown for 4 h, after which they were har-

vested via centrifugation at 6,2009g and stored at -80 �C

prior to further purification. Purification and refolding pro-

cedures of HQA-incorporated 1TM-CXCR1 and p7 con-

structs were identical to those of their wild-type counterparts.

Fluorescence experiments

The fluorescence experiments were performed on a Flu-

oroMax-4 spectrofluorometer (Horiba Scientific, New

Jersey, NY) at room temperature with excitation at 400 nm.

Fluorescence of the wild-type and HQA-incorporated pro-

teins at 20–50 lM (200 lL) was measured in 300 mM SDS

or 150 mM DPC detergent micelles, 20 mM HEPES (pH

7.0) and different concentrations of ZnCl2 (0, 50, 100, 150,

and 200 lM). Fluorescence quenching experiments were

performed on Zn2?-bound W48HQA p7 by titrating EDTA

to final concentrations of 0, 200, 400, and 600 lM.

NMR experiments

NMR samples were prepared by dissolving the lyophilized

proteins in a solution containing 150 mM DHPC, 20 mM

HEPES, pH 7.0 at a final protein concentration of

50–100 lM. For the PRE experiments, aliquots of stock

solutions of 10 or 100 mM MnCl2 were added to the protein

samples at final Mn2? concentrations of 0.1 mM for 1TM-

CXCR1 samples and 0.5 mM for p7 samples. For the IL-8

and 1TM-CXCR1 binding experiments, unlabeled

W10HQA 1TM-CXCR1 was complexed with uniformly
15N-labeled IL-8 in a 1:1 molar ratio. The NMR experiments

were performed on a Bruker Avance 600 MHz spectrometer

equipped with 5-mm triple-resonance cryoprobe with a

z-axis gradient. One-dimensional 15N-edited 1H NMR and
1H-15N HSQC (Bodenhausen and Ruben 1980) NMR spectra

were obtained at 50 �C for the 1TM-CXCR1 and p7 samples,

and at 40 �C for IL-8-containing samples.

Results and discussion

Metal-chelating unnatural amino acid

Although the use of fusions with cysteines and metal-

binding peptides for site-specific paramagnetic labeling of

Fig. 2 Vector maps for unnatural amino acid incorporation into

proteins in E. coli. a The pEVOL vector optimized for efficient

expression of orthogonal pairs of tRNA/aminoacyl-tRNA synthetase

(Young et al. 2010). b Modified pET31b(?) vector for HQA-

incorporated membrane protein expression as a KSI-fusion protein

containing a thrombin cleavage site between KSI and the target

membrane protein
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proteins has helped protein structure determination, ana-

lysis of protein–ligand binding, and descriptions of

molecular dynamics, their use is limited by their bulk, local

dynamics, and potential sample heterogeneity. Large con-

formational spaces for the paramagnetic center lead to

observed PRE measurements whose properties may be

influenced by the flexibility of the probe itself. Rigid

paramagnetic probes have been introduced into proteins to

counter this problem (Liu et al. 2014c; Loh et al. 2013), but

the location of anchoring cysteine residues in the protein

limit their placement and their often-bulky structure can

also affect native protein structure. The incorporation of

unnatural amino acids (UAAs) addresses both the issues of

bulk and local dynamics and allows for homogeneous

protein samples. They can be placed anywhere in the

protein without being limited by disulfide bonds, cysteine

residues, and attachments to the protein termini (Otting

2010). In addition, a paramagnetic metal ion can be

introduced anywhere in the protein with minimal protein

structure perturbation (Jones et al. 2010) due to a single

amino acid substitution with a UAA with high metal

affinity in the protein sequence.

Site-specific genetic incorporation of HQA involves an

orthogonal aminoacyl-tRNA/tRNA synthetase pair specific

to the HQA that reads the amber TAG codon (Lee et al.

2009). Under normal circumstances, E. coli would recog-

nize TAG as a stop codon. With the addition of the

orthogonal pair, however, HQA is added to the growing

protein chain. The orthogonal tRNA synthetase is not

recognized by endogenous tRNA/amino acid and vice

versa (Noren et al. 1989). Of the more than 100 unnatural

amino acids incorporated successfully, a small fraction is

useful for NMR. These include isotopically labeled

p-methoxy-phenylalanine and its fluorinated analogs (Cel-

litti et al. 2008; Deiters et al. 2005), photocaged unnatural

amino acids for site-specific labeling (Jones et al. 2010),

metal-chelating unnatural amino acids (Lee et al. 2009;

Loh et al. 2013; Nguyen et al. 2011), and an amino acid

that ligates with a lanthanide tag (Liu and Schultz 2010).

Incorporation of isotopically labeled amino acids at spe-

cific residues have helped identify ligand binding sites and

conformational changes of large proteins (Deiters et al.

2005). Aside from these, to date, only six unnatural amino

acids that have been successfully incorporated into proteins

can be used as paramagnetic probes. Of these, four are

metal chelating and have been used for NMR studies

(Jones et al. 2010). It is also possible to use unnatural

amino acids (Zhang et al. 2013) to incorporate electron

spin-lables in specific sites (Fleissner et al. 2009; Schmidt

et al. 2014).

The use of lanthanides for PRE studies are of particular

interest because of their varying magnetic properties; dif-

ferent lanthanides can be incorporated into the same metal-

chelation site. Previous lanthanide tags could only be non-

covalently bound to the N- or C- termini of a protein,

resulting in flexibility of the tag and poor measurements.

While the lanthanide-p-azido-L-phenylalanine (AzF) fusion

allowed for placement of the tag independent of the loca-

tion of other residues in the protein, there are limitations

that hinder its widespread application (Loh et al. 2013).

The lanthanide tag is also limited by the need for known

structural data for tether optimization. Using metal-che-

lating unnatural amino acids, on the other hand, provides a

straightforward way to introduce a paramagnetic ion for

PRE measurements (Nguyen et al. 2011). For example, the

UAA bipyridylalanine (BpyAla) was successfully incor-

porated into the West Nile virus NS2B-NS3 protease and

bound to cobalt (II) to obtain PCS measurements. Of the

three metal-chelating unnatural amino acids, only HQA

chelates to lanthanides (Jones et al. 2010; Lee et al. 2009),

making it the best candidate for PRE studies. Moreover,

HQA is the smallest of the three UAA, making it a

favorable replacement for the similarly sized aromatic

canonical amino acids, in particular tryptophan. It is also

fluorescently active, allowing for easy detection of metal-

bound protein.

Successful efforts to obtain NMR spectra of HQA-

incorporated protein have not been reported previously

(Jones et al. 2010). Here we show by solution NMR the

successful incorporation of HQA into two membrane pro-

teins: the cytoplasmic N-terminal region of the G-protein

coupled receptor (GPCR) CXCR1 and the second trans-

membrane helix of viroporin p7 from the hepatitis C virus.

We were also able to successfully obtain NMR data

showing specific binding of a paramagnetic ion to the

HQA-incorporated proteins, offering powerful insight to

protein–ligand binding and protein structure.

Genetic incorporation of HQA into membrane proteins

Genetic incorporation of the unnatural amino acid

2-amino-3-(8-hydroxyquinolin-3-yl)propanoic acid (HQA)

was done via amber codon suppression as demonstrated by

Schultz et al. (Lee et al. 2009). For the 1TM-CXCR1

construct the tryptophan at position 10 in the amino acid

sequence was chosen as the site of mutation due to its

location in the binding region of the receptor and its ligand,

interleukin-8 (IL-8). For the p7 construct, the tryptophan at

residue 48 in the sequence was chosen as the site of

mutation due to its location in the second transmembrane

helix, with the primary goal to obtain intramolecular PRE

data.

The pEVOL vector encoding the orthogonal tRNA/

aminoacyl-tRNA synthetase pair for HQA (Young et al.

2010) and the modified pET31b(?) vector encoding our

target mutant (Fig. 2) were co-expressed in minimal media
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and we were able to obtain high yields of mutant, HQA

incorporated, membrane protein for both the 1TM-CXCR1

and p7 constructs. Growth and incorporation protocols for

both the orthogonal pair and target genes were optimized

and included testing various growth temperatures, induc-

tion times and concentrations, as well as optimizing the

growth media itself (data not shown). Following growth

and induction both the truncated and incorporated forms of

the p7 protein were produced, as can be seen in Fig. 3, lane

1. The truncated form, which is the result of the presence of

the amber stop codon at the mutation site, was also

observed in HQA-incorporated 1TM-CXCR1 expression

(data not shown). Due to the presence of a C-terminal

histidine tag, which is only present in the full-length

mutant and not in the truncated form (Fig. 3, top), the two

could be successfully separated via Ni-immobilized metal

affinity chromatography (IMAC). Further purification by

HPLC resulted in high yields of pure protein (Fig. 3).

In the 15N HSQC spectra obtained at 600 MHz for both

W10HQA 1TM-CXCR1 and W48HQA p7 in DHPC

micelles at pH 7 (Fig. 4) it was observed that the reso-

nances from the tryptophan indole nitrogen sites, which

were mutated at positions 10 and 48, respectively, were

noticeably absent in the spectra of the mutant proteins,

indicating that the unnatural amino acid was successfully

incorporated into the proteins and at the correct positions.

Furthermore, the overlap between the spectra of the wild-

type and mutant proteins is very significant for both

mutants (Fig. 4), indicating that incorporation of the

unnatural amino acid did not cause significant chemical

shift perturbations in the spectra, and that the native

structures and conformations are retained.

Fluorescence induced by HQA-metal chelate

8-hydroxyquinoline forms chelate compounds with many

metal ions including lanthanides, and Cd2?, Mg2?, and

Zn2? form a strong fluorescent complex with 8-hydroxy-

quinoline (Soroka et al. 1987). In order to investigate site-

specific fluorescence from binding of metal ions to HQA-

incorporated membrane proteins in detergent micelles,

W10HQA 1TM-CXCR1 and W48HQA p7 proteins were

titrated with Zn2? ions and fluorescence was measured

(Fig. 5). No fluorescence of the HQA-incorporated proteins

was observed in the absence of Zn2?, but the fluorescence

increased with increasing concentrations of Zn2?, and was

saturated at about 5:1 (Zn2?:HQA) molar ratio. As a con-

trol, the fluorescence of the wild-type proteins was exam-

ined; however they showed no fluorescence in the presence

of 200 lM Zn2? (data not shown).

In Fig. 5b, complete quenching of fluorescence of

Zn2?–HQA chelates was observed at a 3:1 (EDTA:HQA–

Zn2?) molar ratio, suggesting that Zn2? forms stable che-

lates with HQA in the transmembrane region of p7 in

micelles. These results prove that genetic incorporation of

the unnatural amino acid HQA into membrane proteins can

serve as a powerful site-specific biophysical probe for

studies of the structures and dynamics of membrane pro-

teins in membrane environments.

Intramolecular PREs by HQA-metal chelate

In Fig. 6, the comparison of HSQC spectra of p7 constructs

demonstrates the different PRE effects on the wild-type

and HQA-incorporated p7 samples. All of the p7 reso-

nances, except for the first three N-terminal residues, were

observed and assigned in DHPC micelles at pH 7 (Fig. 6a).

When paramagnetic Mn2? ions were titrated to the solution

containing wild-type p7, several resonances (residues 4, 17,

18, and 63) were significantly broadened, indicating these

residues are located in the solvent accessible regions of the

molecular surface of p7 in detergent micelles (Fig. 6b).

When Mn2? ions were titrated in the W48HQA p7

sample at an approximately 5:1 (Mn2?:W48HQA p7)

molar ratio, many more signals were broadened or disap-

peared compared to the wild-type p7 (Fig. 6c). This result

suggests that Mn2? can specifically bind to the HQA

located in the second transmembrane helix of p7 in deter-

gent micelles, and therefore yields intramolecular PREs.

Many of the missing resonances (residues 41–47 and res-

idues 50–52) are near the mutated position of the residue

48 as expected. However, it is noteworthy that the residues

21, 22, 24–26 were also significantly broadened or disap-

peared, indicating that these residues, which are located in

the first transmembrane helix, are in close proximity to

residue 48 which is located in the second transmembrane

Fig. 3 Schematic drawings of the proteins prepared by using the

expression vectors shown in Fig. 2 (top) and a SDS-PAGE showing

the purification of a HQA-incorporated membrane protein p7

(bottom): lane 1, inclusion bodies solubilized in detergents; lane 2,

flow through of the Ni-affinity chromatography; lane 3, elution from

the Ni-affinity chromatography; lane 4, HPLC pure W48HQA p7

after CNBr cleavage. Note that the His-tag attached to the C-terminus

of the target protein facilitates the separation of the fully transcribed

proteins from the early-terminated proteins using Ni-affinity

chromatography

J Biomol NMR (2015) 61:185–196 191

123



helix of p7. These intramolecular PREs are very helpful in

structure determination of membrane proteins, since they

provide long-range distance restraints that are very chal-

lenging to obtain by conventional NOE experiments.

1TM-CXCR1 consists of the ligand binding N-terminal

domain, which is mobile and solvent accessible, and the

first transmembrane helix of CXCR1, which is buried in the

membrane environment (Park et al. 2011c). Therefore, the

resonances of the N-terminal domain of wild-type 1TM-

CXCR1 and several C-terminal residues were broadened

beyond detection in the presence of Mn2? or Gd3?, while

only 7 residues near the HQA mutation site of W10HQA

1TM-CXCR1 were broadened by the titration of paramag-

netic ions due to site-specific HQA and metal ion interac-

tions at approximately 1:1 (Zn2?:HQA) molar ratio (data

not shown). Although successful efforts to obtain NMR

spectra of HQA-incorporated protein have not been repor-

ted previously due to metal mediated protein oligomeriza-

tion (Jones et al. 2010), we do not observe any evidence of

oligomerization or aggregation of HQA-incorporated

membrane proteins in detergent micelles. Optimization of

experimental conditions was straightforward.

Fig. 4 Comparison of 1H-15N

HSQC spectra of uniformly
15N-labeled membrane protein

constructs in DHPC micelles.

a Wild-type 1TM-CXCR1.

b W10HQA 1TM-CXCR1.

c Wild-type p7. d W48HQA p7.

Absence of Trp indole NHe
signals shown in red boxes

indicates complete

incorporation of the unnatural

amino acid HQA into residue

Trp 10 in 1TM-CXCR1 and into

residue Trp 48 in p7. The

mutation site is colored in red in

the amino acid sequences and

schematic drawings of proteins.

Note that the amide chemical

shifts for wild-type and HQA-

incorporated proteins are

identical except in the vicinity

of the mutated site

Fig. 5 Fluorescence spectra of HQA-incorporated membrane pro-

teins in detergent micelles. a W10HQA 1TM-CXCR1 complexed

with varying concentrations of ZnCl2. b W48HQA p7 complexed

with 200 lM ZnCl2 and with varying concentrations of EDTA.

Protein concentration was approximately 50 lM
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Intermolecular PREs by HQA-metal chelate

The N-terminal domain of the chemokine receptor CXCR1

contains the major binding site of the ligand IL-8 (Park

et al. 2011b). Figure 7 shows that the HQA in 1TM-

CXCR1 serves as an excellent probe for intermolecular

PREs, providing crucial long-range distance restraints for

structure determination of the IL-8 and 1TM-CXCR1

Fig. 6 Expanded region of the 1H-15N HSQC spectra of uniformly
15N-labeled p7 in DHPC micelles. a Wild-type p7 alone. b Wild-type

p7 in the presence of 0.5 mM MnCl2. c W48HQA p7 in the presence

of 0.5 mM MnCl2. The resonances broadened by solvent PREs or

intramolecular PREs are indicated by red circles. Note that glycine

residues 15, 18, 34, and 46 do not lie in the expanded region

Fig. 7 Expanded region of the
15N-edited 1H spectra of

uniformly 15N-labeled IL-8 in

DHPC micelles. a IL-8 alone.

b IL-8 bound to unlabeled

W10HQA 1TM-CXCR1. c IL-8

bound to unlabeled W10HQA

1TM-CXCR1 in the presence of

MnCl2. Close proximity

between residues K20 and

W52e of IL-8 and the

paramagnetic HQA-Mn2? group

at residue 10 of CXCR1 is

shown by observation of select

intermolecular PREs
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complex. The binding sites of IL-8, identified by chemical

shift perturbation upon interaction with W10HQA 1TM-

CXCR1 (Fig. 7b), were identical to those of the IL-8

interaction with wild-type 1TM-CXCR1. Adding Mn2?

ions to the complex selectively broadened the residues of

the binding sites (e.g., residues K20 and W52e) beyond

detection because of the site specific intermolecular PREs

(Fig. 7c), providing the distance restraints between IL-8

and 1TM-CXCR1 that are essential for structure determi-

nation of the ligand-receptor complex.

Conclusions

The research described here is a prelude to the use of

paramagnetic tags on membrane proteins in phospholipid

bilayers. This involves the use of solid-state NMR because

the membrane proteins are immobilized by their interac-

tions with the phospholipids in the bilayer environment.

Thus, significant background comes from prior solid-state

NMR studies of paramagnetically tagged proteins.

The in vivo incorporation of unnatural amino acids into

proteins is a well-established technique requiring an

orthogonal tRNA/aminoacyl-tRNA synthetase pair specific

for the unnatural amino acid that is incorporated at a

position encoded by a TAG amber codon. Recently

developed metal-chelating unnatural amino acid 2-amino-

3-(8-hydroxyquinolin-3-yl)propanoic acid (HQA) forms

highly stable complexes with various transition metal ions

and lanthanides, serving as an excellent probe for para-

magnetic relaxation enhancement NMR experiments.

Optimization of the expression of orthogonal aminoacyl-

tRNA synthetases/suppressor tRNA pairs from the pEVOL

vector and target proteins from the KSI-fusion expression

system provided high yields of HQA-incorporated proteins,

essentially equivalent to those for wild-type proteins. NMR

spectral comparisons of the wild-type and HQA-incorpo-

rated mutants demonstrate complete incorporation of HQA

into the membrane proteins. Zn2?–HQA induced fluores-

cence confirms a stable metal chelation.
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