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Receptor-derived peptides have played an important role in elucidating chemokine-

receptor interactions. For the inflammatory chemokine CXC-class chemokine ligand

8 (CXCL8), a site II-mimetic peptide has been derived from parts of extracellular loops

2 and 3 and adjacent transmembrane helices of its receptor CXC-class chemokine

receptor 1 (Helmer et al., RSC Adv., 2015, 5, 25657). The peptide sequence with a C-

terminal glutamine did not bind to CXCL8, whereas one with a C-terminal glutamate

did but with low micromolar affinity. We sought to improve the affinity and protease

stability of the latter peptide through cyclization while also cyclizing the former for

control purposes. To identify a cyclization strategy that permits a receptor-like interac-

tion, we conducted a molecular dynamics simulation of CXCL8 in complex with full-

length CXC-class chemokine receptor 1. We introduced a linker to provide an appro-

priate spacing between the termini and used an on-resin side-chain-to-tail cyclization

strategy. Upon chemokine binding, the fluorescence intensity of the tetramethylrhoda-

mine (TAMRA)-labeled cyclic peptides increased whereas the fluorescence anisotropy

decreased. Additional molecular dynamics simulations indicated that the fluorophore

interacts with the peptide macrocycle so that chemokine binding leads to its displace-

ment and observed changes in fluorescence. Macrocyclization of both 18-amino acid-

long peptides led to the same low micromolar affinity for CXCL8. Likewise, both

TAMRA-labeled linear peptides interacted with CXCL8 with similar affinities. Interest-

ingly, the linear TAMRA-labeled peptides were more resistant to tryptic digestion than

the unlabeled counterparts, whereas the cyclized peptides were not degraded at all.

We conclude that the TAMRA fluorophore tends to interact with peptides altering

their protease stability and behavior in fluorescence-based assays.
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1 | INTRODUCTION

Peptides derived from ligand-binding sites are useful tools to study

protein–protein interactions.1,2 They can be used to elucidate bio-

chemical pathways, detect proteins in diagnostic applications, or

inhibit protein functions involved in diseases.3–5 Chemokine recep-

tors, a class of G protein-coupled receptors, are involved in the migra-

tion of immune cells in inflammation and homeostasis of the immune

system.6 Peptides derived from respective receptor sequences have

been frequently used to investigate chemokine-receptor interactions.7

Chemokines bind to their receptor by a two-site mechanism, in which

the receptor's N-terminus (chemokine recognition site I) binds to the

chemokine and the chemokine's N-terminus binds to a region defined

by extracellular loops (ECLs) and transmembrane helices, referred to

as “site II”8,9 or chemokine recognition site 2.10 Peptides derived from

the receptor's N-terminus have played an important role in the eluci-

dation of this mechanism (see Szpakowska et al.7 for a review). Mim-

icking site II is more demanding considering its location on

discontinuous peptide sequences with essential amino acids located

in different ECLs and adjacent transmembrane helices of the GPCR.6,8

Synthetic peptides derived from the ECLs of CCR5, the receptor

of RANTES/CCL5 and coreceptor for HIV-entry into T-cells, inhibited

binding of HIV envelope glycoprotein gp120 to CCR5 and prevented

infection with HIV strains that recognize CCR5.11 A series of synthetic

peptide-based mimetics of receptor CXCR4 have been developed to

target gp120.12 It was shown by Eichler et al. that a fusion peptide of

ECL1 to ECL3 and derivatives thereof exhibit high affinity toward

gp120 and inhibit infection with X4 tropic strains of the human immu-

nodeficiency virus (HIV).12 Interestingly, a peptide derived from ECL2

not only inhibited viral entry at a moderate level but also inhibited

binding of chemokine CXCL12 to CXCR4. At the same time, Chevigne

et al. showed that a CXCR4–ECL2-derived peptide interacts with

CXCL12 with a dissociation constant of 22 nM and can be considered

a receptor mimetic.10 In our previous work, we developed a peptide

mimicking site II of the CXCL8 receptor CXCR1.13 This peptide,

IL8RP-Loops, comprises sequences from ECL2 and ECL3 and adjacent

transmembrane helices (TM5 and TM6), namely, A196 to I204 (ECL2/

TM5) and A264 to Q271 (TM6/ECL3). These two peptides were con-

nected by a flexible aminohexanoic acid (Ahx) linker that corresponds

to the distance between TM5 and TM6 measured between the

α-carbons of I204 and A264 (10.73 Å measured in protein data bank

(PDB) structure 2LNL; see Figure 1A). This peptide was able to bind

the chemokine ligand CXCL8 with �1-μM affinity and inhibited bio-

logical responses of CXCL8 such as receptor internalization and che-

motaxis.13 Further investigations by high-resolution mass

spectrometry16 revealed that glutamic acid had been incorporated as

the C-terminal residue instead of glutamine. We assumed that under

the alkaline conditions during cleavage of the peptide from the resin

in the previous work, a glutarimide formed at the C-terminal position

was subsequently hydrolyzed to glutamic acid.17 No affinity of IL8RP-

LoopsQ to CXCL8 could be detected by fluorescence polarization,

and IL8RP-LoopsE exhibited low micromolar affinity.16 Cyclization

leads to a more rigid structure and reduces the entropic penalty as the

peptide binds to its target protein and thereby lowers the free binding

energy.18–21 It is also a common approach to improve protease stabil-

ity of peptides.22–24 Therefore, we cyclized IL8RP-LoopsE to improve

its properties. IL8RP-LoopsQ was cyclized as a control.

2 | MATERIALS AND METHODS

All chemicals and materials used in this work were procured from the

companies below, if not stated otherwise: AB SCIEX (Framingham,

MA, USA), AppliChem GmbH (Darmstadt, DE), Carbolution

F IGURE 1 Distance of N- and C-terminus of CXC-class chemokine receptor 1 (CXCR1)-derived peptide. (A) NMR structure of CXCR1 as
reported by Park et al. (PDB-ID: 2LNL).14 (B) Final snapshot of CXCR1–CXC-class chemokine ligand 8 (CXCL8) complex from 11-μs molecular
dynamics simulation, started from reported atomistic model of CXCL8 bound to CXCR1.13 CXCR1 is shown in gray. The sequences constituting
the IL8RP-Loops peptide (A196-I204 and A264-Q271) are highlighted in orange. The chemokine CXCL8 is depicted in blue. (C) The new contacts
of CXCR1-K197 to CXCL8-E29 and CXCR1-Q271 to CXCL8-P32 are shown as dashed lines. Images were created with VMD developed by the
Theoretical and Computational Biophysics Group in the Beckman Institute for Advanced Science and Technology at the University of Illinois at
Urbana-Champaign (http://www.ks.uiuc.edu/Research/vmd/).15
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(Saarbrücken, DE), Corning (Kaiserslautern, DE), Ditabis (Pforzheim,

DE), Greiner Bio-One International GmbH (Kremsmünster, A), Iris

Biotech (Marktredwitz, DE), Macherey & Nagel (Dueren, DE),

Merck (Darmstadt, DE), Merck Novabiochem (Darmstadt, DE),

Orpegen (Heidelberg, DE), PL-Laboratories (Port Moody, CAN), Rapp

Polymers (Tuebingen, DE), Roche (Grenzach-Whylen, DE),

Roth (Karlsruhe, DE), TH Geyer (Renningen, DE), Sarstedt

(Nümbrecht, DE), Sigma Aldrich (Taufkirchen, DE), Tecan

(Maennedorf, CH), and VWR (Darmstadt, DE). Organic solvents in

high-performance liquid chromatography (HPLC) purity and for the

synthesis of peptides were purchased from VWR. Amino acids conju-

gated with protection groups as well as primary amines and protection

group derivatives were procured from Carbolution and Sigma Aldrich,

and coupling reagents for peptide synthesis from Iris Biotech, TH

Geyer, Carbolution, and Orpegen. CXCL8 was expressed as described

previously (see Supporting Information S1).13

2.1 | Molecular dynamics (MD) simulation

2.1.1 | MD simulation and analysis of the CXCR1:
CXCL8 complex

A fully atomistic MD system of the previously published CXCR1:

CXCL8 complex13 embedded in a POPC membrane (87 Å � 87 Å) was

constructed using CHARMM-GUI.25 The system was solvated with

TIP3P water molecules above and below the membrane, and a total

concentration of 0.15 M K+Cl� was added with ratio of positive/

negative ions adjusted accordingly (automatically during CHARMM-

GUI setup) in order to obtain net zero system charge. The MD simula-

tion was performed using the CHARMM36 force field26 with ACEMD

software27 on specialized GPU-computer hardware. CHARMM pro-

vides specialized lipid parameters and is frequently used for MD simu-

lations of GPCRs.28–30 Briefly, the complex was equilibrated for 20 ns

at 300 K (Langevin thermostat) and 1 atm (Berendsen barostat) using

a 4-fs time step and electrostatics cut-off of 9.0 Å. During the initial

8 ns of equilibration, harmonic restraints were applied to the protein

complex and progressively relaxed over 2-ns steps. During the final

12 ns of equilibration, no restraints were applied. The system was

then subjected to a production run of 11 μs without restraints under

the same conditions. Analysis of the MD trajectory was made using

VMD software15 v1.9.3 to calculate root mean square deviation

(RMSD) of Cα atoms of CXCL8 and CXCR1, and protein–protein inter-

action potential energies were estimated with the NAMD-energy plu-

gin31 using default parameters and a dielectric constant of 4.0.

2.1.2 | MD simulation setup of linear and cyclic
peptides

All MD simulations were performed using the GROMACS software

package (version 2018).32 For water molecules, we used the SPC/E

model,33 and the peptide interacts through the GROMOS 54A7 force

field,34 as it provides for parameterization of unusual peptide groups

and modified amino acids in aqueous environment. The fluorophore

(5-carboxy-tetramethylrhodamine [TAMRA]) was modeled via

Avogadro35 and also interacts through the GROMOS 54A7 force field.

Charges for the fluorophore were taken from Kyrychenko.36 The sys-

tems were first energy minimized and equilibrated for 2 ns in the

NVT-Ensemble at a temperature of 300 K and for 10 ns in the NPT-

Ensemble at a temperature of 300 K and a pressure of 1 bar. During

the equilibration, temperature was controlled using the velocity-

rescale thermostat (τT = 0.1 ps),37 and pressure was controlled using

the Berendsen barostat (τP = 0.5 ps).38 Isothermal compressibility

was set to 4.5 � 10�5 bar�1. The starting structures were assembled

with Avogadro,35 and a 100-ns simulation was performed to obtain

the starting structures. Production runs were performed for 500 ns.

The temperature was controlled using the Nosé–Hoover thermostat

(τT = 1 ps),39,40 and pressure was controlled using the Parrinello–

Rahman barostat (τP = 1 ps).41 Bond lengths were constrained using

the LINCS algorithm.42 A single cut-off of 1.4 nm was used for van-

der-Waals interactions. The PME algorithm was used for electrostatic

interactions with a cut-off of 1.4 nm. Long range corrections to

energy and pressure due to the truncation of Lennard–Jones potential

were accounted for. The equations of motion were integrated with a

time step of 2 fs.

2.1.3 | Analysis of MD simulation data

In order to analyze structural fluctuations, we used the root mean

square fluctuation (RMSF). The RMSF is defined as

RMSF ið Þ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1
T

XT
t¼1

xi tð Þ�xref,ið Þ2
vuut , ð1Þ

where T is the simulation time, xi(t) the position of particle i at time t,

and xref,i the position of the reference structure of particle i. All

RMSF values were calculated with the Biotite package.43 In order to

quantify structural differences and conformational changes for the

overall structure of the peptides, we used the RMSD. The RMSD is

defined as

RMSD t1,t2ð Þ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1
n

Xn
i¼1

xi t1ð Þ�xi t2ð Þð Þ2
vuut , ð2Þ

where n is the number of atoms, xi(t1) is the position of particle i at

time t1, and xi(t2) is the position of particle i at time t2. Here, we com-

puted the RMSD between the initial structure (t2 = 0) in all simula-

tions and all simulation frames. The RMSD was calculated with the

Biotite package.43

Boxplots

The lower end of the box is the 25th percentile, and the upper end of

the box is the 75th percentile. The band inside the box is the median.

The whiskers are the lowest value still within 1.5 interquartile range
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of the lower quartile and the highest value still within 1.5 interquartile

range of the upper quartile.

2.2 | Peptide synthesis and purification

2.2.1 | Synthesis of cyclic peptides

Linear precursors of peptides CycloopsE and CycloopsQ were synthe-

sized on AmphiSpheres 40 RAM resin (Agilent Technologies, Santa

Clara, CA, USA) with a resin loading capacity of 0.37 mmol g�1. The

resin was swollen in dichloromethane (DCM), and the first two amino

acids Fmoc-Lys (Mtt)-OH with a 4-methyltrityl (Mtt) side-chain pro-

tecting group and Fmoc-Lys (Alloc)-OH with an allyloxycarbonyl

(Alloc) side-chain protecting group were coupled manually. For subse-

quent coupling steps, a standard Fmoc/tBu SPPS protocol was used

on a peptide synthesizer (LibertyBlue, CEM, USA) equipped with

microwave reactor (Discover, CEM, USA). In this process, 3 eq. Fmoc-

protected amino acids were added as a 0.2 M solution in dimethylfor-

mamide (DMF). Amino acids were activated by addition of 5 eq.

Oxyma and 5 eq. diisopropylcarbodiimide. The Fmoc-protecting group

was removed with 20 vol% piperidine and 0.1 M Oxyma in DMF.

Prior to Fmoc deprotection of the N-terminus, the C-terminal

lysine residue was selectively deprotected by adding a solution of 1%

trifluoroacetic acid (TFA) and 5% triisopropylsilane in DCM and shaking

for 5 min to remove the Mtt-protecting group. This procedure was

repeated seven times, and the resin was washed three times with 2 mL

DCM and three times with 2 mL DMF. Deprotection was monitored

with the chloranil test. For labeling the peptides, 3 eq. of 5(6)-carboxy-

TAMRA, 3 eq. of 2-(1H-benzotriazol-1-yl)-1,1,3,3-tetramethyluronium

hexafluorophosphate (HBTU), and 6 eq. of N,N-diisopropylethylamine

(DIPEA) in DMF were added to the resin and shaken for 2 h at room

temperature. The resin was washed six times with 2 mL DMF.

For cyclization, the peptide N-terminus was deprotected with

20 vol% piperidine in DMF. The 3 eq. of succinic acid, 3 eq. of HBTU,

and 6 eq. of DIPEA in DMF were added to the resin and shaken for

2 h at 600 rpm. For the selective deprotection of the Alloc-protecting

group, 3 eq. of tetrakis (triphenylphosphine) palladium(0) were dis-

solved in a mixture of chloroform, acetic acid, and N-

methylmorpholine (37:2:1, v:v:v) under N2 atmosphere. Fifteen millili-

ters of this solution were added per gram of resin and shaken for 3 h

at 600 rpm. The resin was washed alternately with 0.5 vol% DIPEA in

DMF and 0.5% sodium diethyldithiocarbamate in DMF until the wash

solution remained colorless and six times with 2 mL DMF. For cycliza-

tion, 3 eq. of HBTU and 6 eq. of DIPEA in DMF were added, and the

mixture was shaken for 5 h. After washing six times with DMF, cycli-

zation was initiated by incubating the resin in a 1% TFA solution in

DCM overnight. The supernatant was collected and after cleavage

from the solid support pooled with the cleavage supernatant for fur-

ther use. Completion of cyclization and amine deprotection were

monitored with the chloranil test.

2.2.2 | Synthesis of linear peptides

Linear peptides LinloopsE and LinloopsQ were synthesized on

Fmoc-Rink Amide AM Polystyrene Resin (Iris BIOTECH GmbH) with

a resin loading capacity of 0.59 mmol g�1. The resin was swollen in

DCM, and the amino acids were coupled manually using a standard

Fmoc/tBu SPPS protocol on an orbital shaker. The Fmoc-protecting

groups were removed with 20 vol% piperidine in DMF for 5 and

20 min. Coupling of amino acids was carried out twice for 1 h by

using 3 eq. of Fmoc-protected amino acid activated with 3 eq.

HBTU and 6 eq. DIPEA. Washing steps were performed with DMF.

5(6)-Carboxy-TAMRA was manually coupled to the N-terminus of

the linear peptides after Fmoc deprotection. A solution of 2 eq. of

5(6)-carboxy-TAMRA, 2 eq. of HBTU, and 4 eq. of DIPEA was

added to the resin and shaken overnight at ambient temperature.

The resin was washed three times with 2 mL DMF, three times

with 3 mL of 20 vol% piperidine in DMF, and six times with 2 mL

of DMF.

2.2.3 | Determination of resin loading by Fmoc
cleavage

Approximately 3–5 mg of resin containing the first Fmoc-protected

amino acid were washed with DCM and methanol and dried in vacuo.

Beads were weighed and incubated for 30 min in 200 μL of a solution

of 2 vol% 1,8-diazabicyclo[5.4.0]undec-7-ene in DMF. Three hundred

microliters of acetonitrile were added, and after mixing, 25 μL were

transferred to a microfuge tube containing 475 μL of acetonitrile. One

hundred microliters of this solution were diluted in 1.15 mL of aceto-

nitrile, and absorption was measured at 304 nm against a blank solu-

tion prepared by the same procedure without resin. A correction

factor of 16.4 according to Gude et al.44 was calculated from the

molar extinction coefficient of dibenzofulvene in 1,8-diazabicyclo

[5.4.0]undec-7-ene/acetonitrile at 304 nm (7624 M�1 cm�1) and the

dilution factor. The resin loading capacity was calculated by

Equation (3):

loading capacity¼A304 nm �16:4
mbeads mg½ �

mmol
g

� �
: ð3Þ

2.2.4 | Chloranil test for free amino groups

A few beads of the synthesis resin were transferred into a microcen-

trifuge tube. Forty microliters of a 2% chloranil solution in DMF and

40 μL of a 2% acetaldehyde solution in DMF were added. Blue stain-

ing of the particles after approximately 5 min indicated the presence

of free amino groups.
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2.2.5 | Removal of side-chain protecting groups and
cleavage from the solid support

For removal of side-chain protecting groups and cleavage of peptides

from the polymeric support, a solution of 88% TFA, 5% dithiothreitol,

2% water, 2.5% anisole, and 2.5% triisopropylsilane was prepared.

Ten milliliters of this solution were added per gram of resin and

shaken for a maximum of 2 h (600 rpm) at ambient temperature. The

resin was washed with TFA, and the combined solutions were added

to a 10-fold volume of ice-cold methyl-tert-butyl ether. The solutions

were mixed thoroughly and cooled with liquid nitrogen. Precipitated

peptides were centrifuged and washed once with cold methyl-tert-

butyl ether, and the supernatants were discarded. The precipitates

were dissolved in 2 mL of a solution of 50% acetonitrile in water and

lyophilized.

2.2.6 | Peptide purification

Peptides were purified by C18 reversed-phase HPLC on a Shimadzu

LC20-AD system equipped with two pumps, SPD-M20A photodiode

array detector, and 250 � 10 mm Discovery HS C18 RP column

(Supelco, Sigma Aldrich) (Table 1). Solution of crude peptide in eluent

A (95% water, 5% acetonitrile, and 0.1% TFA) was injected onto the

column through a 2-mL injection loop. After washing with 1 column

volume (CV) of eluent A, eluent B (5% water, 95% acetonitrile, and

0.1% TFA) concentration was steadily increased from 0% to 75% over

5 CV at a flow rate of 2 mL min�1. Absorption was monitored at

280 and 550 nm for TAMRA-labeled peptides. Fractions were col-

lected and lyophilized manually.

2.3 | Peptide characterization

2.3.1 | Binding experiments

Binding experiments with the cyclic peptides were set up according to

an adjusted protocol by Moerke.45 Sixty-three microliters of a

1 mg mL�1 solution of CXCL8 in buffer C (40 mM Na2HPO4, 35 mM

NaCl, and pH 7.4) was prepared, and 14 consecutive 1:2 dilutions in

buffer C were produced by transferring 31.5 μL of solution from one

microfuge tube to another containing 31.5 μL of buffer C. The 3.5 μL

of 2-μM fluorescently labeled peptide solution were added to every

microfuge tube to give a final volume of 35 μL. Additionally, a nega-

tive control of peptide without CXCL8 and a blank with plain buffer

were prepared. After gentle mixing and centrifugation in a microcen-

trifuge, 10-μL triplicates of every solution were transferred to adja-

cent cavities of a 384-well low-volume black wall, transparent flat-

bottom microtiter plate (Corning, Kaiserslautern, DE). Samples were

measured on a Tecan Infinite M1000 microtiter plate reader (Tecan,

Switzerland). For fluorescence intensity, the excitation wavelength

was set to 545 nm and the emission wavelength to 579 nm. Fluores-

cence anisotropy was measured at 530 nm for excitation and 579 nm

for emission. For the linear peptides, the highest final concentration

of CXCL8 was 60 μM, and the final peptide concentration was

350 nM.

Binding data were evaluated by nonlinear regression in SigmaPlot

(Version 12.0; Systat Software, Inc.) by fitting to the sigmoidal dose–

response curve with variable slope, n:

y¼ min þ max�minð Þ
1þ CXCL8½ �

KD

� ��n ¼ minþ max�minð Þ� CXCL8½ �n
Kn
Dþ CXCL8½ �n : ð4Þ

Max and min are the maximum and minimum fluorescence inten-

sity or fluorescence anisotropy values, y is the measured fluorescence

intensity or fluorescence anisotropy, and n is the Hill slope. Best fits

were obtained with n = 2 for fluorescence intensity data and n = �2

for fluorescence anisotropy data of the cyclic peptides (inverted curve

shape) and n = 2 for the linear peptides.

2.3.2 | Protease resistance test

Protease stability was tested by comparing the degradation of fluores-

cently labeled cyclic and linear peptides in a concentrated trypsin

solution. Fifty microliters of a 25-μM peptide solution in buffer C was

added to 50 μL of a 1.25-μU solution of trypsin and incubated

TABLE 1 Peptides synthesized in this work with retention time and mass.

Peptide Sequence tR (min) M (g/mol)

TMR-CycloopsE 29.8 2950.8

TMR-CycloopsQ 30.0 2949.8

TMR-LinloopsE TMR-AKWRMVLRI–Ahx–ADTLMRTE 35.9 2615.3

TMR-LinloopsQ TMR-AKWRMVLRI–Ahx–ADTLMRTQ 36.0 2614.4

LinloopsE AKWRMVLRI–Ahx–ADTLMRTE 29.0 2202.1

LinloopsQ AKWRMVLRI–Ahx–ADTLMRTQ 30.0 2201.2

Abbreviations: Ahx, aminohexanoic acid; Suc, succinic acid; TMR, tetramethylrhodamine.
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overnight at 37�C and 600 rpm. Afterward, 50 μL of TFA were added

to precipitate the enzyme. The solution was centrifuged for 3 min at

2500 � g, and a 100-μL sample of the supernatant was analyzed by

RP18 HPLC in a linear gradient from 0% to 100% eluent B over 6 CV

at a flow rate of 0.4 mL min�1. HPLC was carried out at a Shimadzu

LC20-AD system equipped with two pumps, SPD-M20A photodiode

array detector, and RP18 column (100 � 2.1 mm, 5-μm Discovery HS

C18 RP Supelco, Sigma Aldrich). The TAMRA-labeled peptides were

detected at 550 nm; unlabeled peptides were detected at 280 nm.

The retention time was 18.5 min for TAMRA-labeled cyclic peptides,

20.1 min for TAMRA-labeled linear peptides, and 19.7 min for unla-

beled peptides. A reference sample without trypsin was prepared as

described above for every peptide. The area under the curve of the

peptide peaks was compared to estimate the amount of intact peptide

and thus a measure of protease stability.

2.3.3 | Circular dichroism (CD) spectroscopy

CD spectra were measured in 250 μL of a 25-μM peptide solution in

buffer C with a Jasco J-710 at 23�C in 0.1-cm fused silica cuvettes

between 200 and 260 nm. The scan interval was kept at 1 nm at a

rate of 100 nm min�1 with 10 scans per measurement.

3 | RESULTS AND DISCUSSION

3.1 | Design and synthesis of cyclic peptides

To develop an appropriate cyclization strategy for the CXCR1-derived

peptides, we considered the distance between Ala196 that corre-

sponds to the peptides' N-terminus and Q271 that forms the C-

terminus of IL8RP-LoopsQ to be key. In the reported NMR structure

(PDB: 2LNL),14 the Cα-atoms of these residues are separated by

25.9 Å (see Figure 1A). The previously reported computer-generated

full-length atomistic model of the CXCR1:CXCL8 complex13 was sub-

jected to an unbiased MD simulation of 11 μs. During this MD simula-

tion, several new contacts are formed between CXCL8 and CXCR1 as

the complex changes conformation to obtain an energetically more

stable interaction (Figure S1). These include the N-terminus of CXCL8

making an electrostatic interaction with E118, located in the core of

CXCR1 on transmembrane (TM) helix 3, and the flexible N-terminus

of the receptor wrapping around CXCL8 (Figure 1). Of special interest,

TM5 and TM6 of CXCR1 also move closer together.

This reduces the distance between amino acids selected as N-

and C-terminus of the IL8RP-Loops peptide ([A196-I204]-Ahx-

[A264-Q271] by 5.54 Å, and the distance between transmembrane

residues I204 and A264 is also reduced by 0.57 Å (see Figure 1B). In

the process, a new electrostatic interaction is formed between K197

in CXCR1 (located on ECL2) and E29 of CXCL8 (ε-amine-N-

carboxylate-C distance: 3.5 Å) that also interacts with R199 as previ-

ously reported.46 Additionally, a new H-bond between the side chain

of Q271 in CXCR1 (located on ECL3; facing outward in the original

NMR structure but pointing inward in the MD simulated complex) and

the backbone carbonyl group of P32 in CXCL8 (amine-N-carbonyl-C

distance: 3.2 Å; see Figure 1C) was observed. Our MD simulated com-

plex differs from the ones published by Liou et al.47 that were also

based on the NMR structure by Park et al.14 but which used a bovine

rhodopsin crystal structure to homology model the N-terminus of

CXCR1. In that work, rigid docking was used to propose different

binding poses of CXCL8, which led to a final binding pose with the

α-helix contacting the receptor and the N-terminus of the chemokine

residing on the receptor surface.47 This is in contradiction with the

more recently determined crystal structure of CXCR4 bound to a viral

chemokine (PDB id: 4RWS)48 and subsequent model of the CXCR4:

CXCL12 interaction proposed by Wescot et al.49 in which the chemo-

kine N-terminus is inserted into the opening formed by the ECLs and

the transmembrane helices of the receptor. A similar pose was pro-

posed by our MD simulation for CXCR1 and CXCL8 that belongs to

the same chemokine class and can therefore be considered plausible.

To allow for equivalent interactions between CXCL8 and a mac-

rocyclic receptor-derived peptide, a linker was needed between the

N- and C-terminus, as direct head-to-tail cyclization would bring the

N- and C-terminal residues too close together (d = 3.8 Å). Based on a

recently published strategy by Chandra et al., we decided to add an

additional C-terminal lysine residue and to create a succinimide moi-

ety at the N-terminus for side-chain-to-tail cyclization.50 The peptide

sequence contains an additional lysine that needed to remain pro-

tected during cyclization to avoid side reaction. Therefore, Alloc-

protected lysine was introduced at the C-terminus that could be

removed while leaving the Boc-protecting group on Lys2 intact. In

order to monitor binding by fluorescence spectroscopy, we added

another lysine at the C-terminus that was immediately deprotected

and functionalized with 5(6)-carboxy-TAMRA in a procedure recently

described for fluorescein51 and adopted by us to label cyclic pep-

toids.52 TAMRA is less prone to side reactions and more photostable

than carboxyfluorescein.53 It does not change its spectroscopic prop-

erties over a wide pH range and does not interact with CXCL8 as we

observed previously.52

After the synthesis of the peptide sequence, succinic acid was

coupled to the N-terminus affording a succinimide moiety. The Alloc

group was removed and cyclization proceeded under mild acidic con-

ditions on-resin. An on-bead chloranil test confirmed that all primary

amines had reacted during incubation overnight. The peptide was

then deprotected and cleaved off the resin under strong acidic condi-

tions (see Scheme 1 for details). As opposed to the report by

Chandra,50 cyclization is possible under mild acidic conditions. Our

variant bears the advantage that protecting groups are removed only

after cyclization so that lysines and other residues with reactive side

chains may be incorporated into the peptide sequence without caus-

ing side reactions. The additional lysine at the C-terminus and the N-

terminal succinic acid adds up to a total linker length of max. 17.7 Å

permitting sufficient flexibility to the former N- and C-terminal pep-

tide residues to interact with remote residues on CXCL8.

We synthesized two cyclic peptides based on the sequence of

the previously described receptor-derived peptides: IL8RP-LoopsQ
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corresponded to the original sequence of the CXCR1 ECDs and TMs

but showed no affinity in fluorescence polarization experiments16; in

IL8RP-LoopsE, the C-terminal glutamine was replaced with glutamic

acid and an affinity of 2 μM had been measured by fluorescence

polarization.16 With reference to the linear peptides, the new cyclic

derivatives were named TMR-CycloopsQ and TMR-CycloopsE. TMR

indicates the 5(6)-carboxy-tetramethyl rhodamine label.

3.2 | Binding properties of cyclic peptides

The affinity of the peptide macrocycles to CXCL8 was determined by

fluorescence intensity and fluorescence anisotropy measurements.

For TMR-CycloopsE, we observed a 3.5-fold increase in fluorescence

intensity indicating a change of the chemical environment of the

TAMRA label due to interaction with the protein. To our surprise, a

fourfold increase in fluorescence intensity was observed for the con-

trol peptide TMR-CycloopsQ (Figure 2). Both binding isotherms were

best fitted with a Hill slope of 2 indicating the involvement of two

molecules of CXCL8. This is in agreement with the dimerization of

CXCL8 in the low micromolar concentration range.54–56 Evaluation of

the binding isotherms yielded a KD of 0.61 ± 0.12 μM for TMR-

CycloopsE and 0.99 ± 0.15 μM for TMR-CycloopsQ.

The increase in fluorescence intensity upon the displacement of

a fluorophore from a protein is commonly exploited in biosensor

systems. Ueda et al. have introduced TAMRA-based biosensors

called “quenchbodies” or “Q-bodies” in which the dye is incorpo-

rated into single-chain variable region antibody fragments.57,58 Upon

antigen binding to Q-bodies, fluorescence intensity of TAMRA

increases as the fluorophore is displaced by the antigen. This dis-

placement upon target binding to the Q-body was demonstrated in

a subsequent study using fluorescence anisotropy as a measure of

fluorophore mobility.59

Fluorescence anisotropy measurements with both of our

TAMRA-labeled cyclic peptides revealed inverted binding isotherms

with unusually high anisotropy at low protein concentrations and

decreasing anisotropy for increasing protein concentrations (see

Figure 3). We have observed a similar phenomenon for

TAMRA-labeled cyclic peptoids, albeit with lower initial anisotropy

values.52 From these previous measurements and control experi-

ments, we know that TAMRA neither binds to CXCL8 nor to the

microtiter plate.52

SCHEME 1 Synthesis of TAMRA-labeled peptide macrocycles. After coupling of a first Alloc-lysine to RAM resin (orange sphere) and
modification of the deprotected side chain with 5(6)-carboxy-TAMRA (pink star), a second Alloc-lysine is coupled, and the full peptide sequence is
synthesized under standard Fmoc conditions. Succinic acid is coupled to the N-terminus yielding a succinimide moiety, the Alloc group is
selectively removed, and the lysine side chain reacts with the succinimide under mild acidic conditions. Finally, permanent protecting groups are
removed, and the peptide macrocycle is cleaved off the resin. DCM, dichloromethane; DIPEA, N,N-diisopropylethylamine; DMF, dimethyl
formamide; DTT, dithiothreitol; HBTU, 2-(1H-benzotriazol-1-yl)-1,1,3,3-tetramethyluronium hexafluorophosphate; rt, room temperature; TAMRA,
tetramethylrhodamine; TFA, trifluoroacetic acid; TIPS, triisopropylsilane; TPPP, tetrakis(triphenylphosphine) palladium(0).
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In our cyclic peptides, TAMRA is attached to a flexible linker, that

is, the side chain of an exocyclic lysine residue, so that an interaction

with the peptide macrocycle is possible. This would lead to high fluo-

rescence anisotropy. The same flexible linker would permit the fluoro-

phore to rotate freely upon displacement leading to low fluorescence

anisotropy similar to the free fluorophore. This effect is commonly

known as the “propeller effect.”45

To further support the hypothesis of TAMRA interacting with

cyclic peptides, we conducted MD simulations for both peptide

macrocycles. By computing the distance between the center of mass

(COM) of TAMRA and of the remaining peptide as a function of time,

we observed that TAMRA resides in close proximity to the peptide

COM. After 200 ns of simulation time, this was more pronounced for

TMR-CycloopsQ than for TMR-CycloopsE (see Figure 4).

To identify the position of the fluorophore, we computed the dis-

tance between the COM of TAMRA and of each amino acid of the

peptide sequence (see Figure 5). We found that TAMRA is in close

proximity to the former C-terminal residues M15 to E/Q18 as well as

to A1 and K2, which are closer to the attachment point of the label

due to cyclization. The distribution of COM distances for TMR-

CycloopsQ is narrower than for TMR-CycloopsE and the fluorophore

F IGURE 2 Fluorescence intensity
measurements for TMR-CycloopsE (gray
diamonds) and TMR-CycloopsQ (black
squares). Data were fitted in SigmaPlot
with sigmoidal dose–response curve with
Hill slope n = 2 (dashed lines). Error bars
represent standard deviation from
triplicate measurements. CXCL8, CXC-
class chemokine ligand 8.

F IGURE 3 Fluorescence anisotropy measurements of cyclic
peptides. Gray diamonds: TMR-CycloopsE; black squares: TMR-
CycloopsQ. Data were fitted in SigmaPlot with sigmoidal dose–
response curve with Hill slope n = �2 (dashed lines). Error bars
represent standard deviation from triplicate measurements. CXCL8,
CXC-class chemokine ligand 8.

F IGURE 4 Distance between centers of mass of
tetramethylrhodamine and the peptide macrocycle over the course of
the molecular dynamics simulation. Gray: TMR-CycloopsE; red: TMR-
CycloopsQ.
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F IGURE 5 Distance of center of mass of tetramethylrhodamine label and center of mass of each individual amino acid of the peptides. Gray:
TMR-CycloopsE; red: TMR-CycloopsQ.
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also seems to approach residues V6, L7, and R8 in TMR-CycloopsQ,

bridging opposite sides of the peptide macrocycle.

Additionally, we compared RMSD values for both compounds as

a function of time. Both peptides slightly change their conformation

(see Figure 6A) but the RMSD of TMR-CycloopsQ is generally lower,

which is in agreement with its smaller distances and narrower distribu-

tion between relevant COMs compared with TMR-CycloopsE

(Figures 4 and 5). In support of this, an evaluation of the RMSF shows

that TMR-CycloopsQ assumes a more rigid structure than TMR-

CycloopsE (see Figure 6B). However, over the course of their respec-

tive MD simulations, both peptides adopt a general conformation in

which the fluorophore resides in close proximity to the peptide

macrocycle (see Figure 6C,D).

The Ueda group attributed the low fluorescence intensity of their

Q-bodies in the antigen-free state to quenching of the TAMRA fluo-

rescence by nearby tryptophan residues via photoinduced electron

transfer.57 This explanation should also be valid for the cyclic IL8RP-

Loops peptides that contain a tryptophan residue in position 3. The

MD simulations show that the COM of TAMRA resides within a dis-

tance of 1–2 nm from the COM of Trp3 (see Figure 5) which would

be sufficient for electron transfer.60 The interaction of TAMRA with

the peptide macrocycles would account for the low fluorescence

intensity and high fluorescence anisotropy values observed for the

free peptide and at low chemokine concentrations.

Assuming this model is valid, the fluorophore should also be dis-

placed by nonspecific binders, detergents, or denaturing reagents. We

therefore investigated the fluorescence anisotropy of TMR-Cycloop-

sE/Q in the presence of buffer C, after addition of bovine serum albu-

min and Triton X-100 that are commonly used as inhibitors of

nonspecific interactions in binding experiments and in the presence of

8 M guanidinium hydrochloride as a denaturing agent. As shown in

Figure 7, none of these additives had an impact on the fluorescence

anisotropy of TAMRA, but the fluorescence anisotropy of both TMR-

Cycloops peptides was reduced almost to the level of free TAMRA

dye. Apparently, all agents are able to disrupt the interaction of

TAMRA with the peptide macrocycles.

Due to the increase in fluorescence intensity upon protein bind-

ing, fluorescence anisotropy values need to be corrected prior to eval-

uation. We used the corrections described by Dandliker61 and by

Lundblad62 that yielded slightly higher KD values compared with direct

evaluation (see Table 2).

For all evaluation modes, KD values were identical for TMR-

CycloopsE and TMRCycloopsQ within experimental error (see

Table 1). They were also identical to the affinity of linear IL8RP-

LoopsE13,16 within experimental error. Thus, cyclization seems to have

no impact on affinity for the LoopsE sequence, and the affinity of the

LoopsQ sequence, for which no affinity had been detected in previous

studies,13,16 exhibits the same affinity as LoopsE. We have also

F IGURE 6 Evaluation of molecular dynamics simulations for the TMR-Cycloops peptides. (A) RMSD (top, left) plotted against time and

(B) RMSF (top, right) for both peptides. Gray: TMR-CycloopsE; red: TMR-CycloopsQ. Molecular dynamics simulated structures for TMR-
CycloopsE (C) and TMR-CycloopsQ (D). Boxplot shows median values and interval between 25th and 75th percentiles (box). Whiskers indicate
the 1.5 interquartile range. RMSD, root mean square deviation; RMSF, root mean square fluctuation.
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observed different levels of fluorescence anisotropy for free and

bound species in the present and previous studies.52 This could imply

that the N-terminal fluorescein label used previously16 had resulted in

equal fluorescence anisotropy values for free and bound peptide.

Therefore, we synthesized the linear peptides TMR-LinloopsE and

TMR-LinloopsQ with an N-terminal TAMRA label. In binding experi-

ments with CXCL8, fluorescence intensity decreased with increasing

CXCL8 concentration (see Figure 8A). Due to the large standard devi-

ations, these data were not suitable for estimating KD values. Fluores-

cence anisotropy increased with increasing CXCL8 concentration up

to 3.7 μM. At higher CXCL8 concentrations, fluorescence anisotropy

decreased almost reaching the value of the free linear peptide (see

Figure 8B). Interestingly, fluorescence anisotropy values were almost

identical for TMR-LinloopsE and TMR-LinloopsQ, suggesting that the

linear peptides interact similarly with CXCL8.

The drop in fluorescence anisotropy at high concentrations could

not be attributed to the decrease in intensity as correction according

to Dandliker61 did not result in a plateau at high concentrations.

Absorption measurements revealed an increase in absorption at

increasing CXCL8 concentrations (see Figure S2a) and absorption

spectra showed a strong increase at short wavelengths typical of light

scattering (see Figure S2b). These findings suggest that a precipitate

forms at high CXCL8 concentrations. Therefore, fluorescence anisot-

ropy values for CXCL8 concentrations >3.7 μM were not included in

the evaluation. This way, KD values of 0.80 ± 0.06 μM for TMR-

LinloopsE and 0.71 ± 0.09 μM for TMR-LinloopsQ were obtained.

Thus, the affinity of the TAMRA-labeled peptides equals the affinity

reported for the fluorescein-labeled LinloopsE13,16 within experimen-

tal error. We assume that, for the fluorescein-labeled LinloopsQ

reported earlier,13,16 fluorescence anisotropy of the free peptide and

the protein-bound species were almost equal so that no affinity could

be measured by the fluorescence anisotropy experiment. This will

need to be confirmed by a label-free binding assay in future studies.

F IGURE 7 Effect of buffer additives on fluorescence
anisotropy. Bovine serum albumin (BSA), Triton X-100, and 8 M
guanidinium hydrochloride (GuHCl) reduce the fluorescence
anisotropy of both TMR-CycloopsE (gray) and TMR-CycloopsQ
(black) while having no impact on free TAMRA dye (white).
TAMRA, tetramethylrhodamine.

TABLE 2 KD values of TMR-CycloopsE and TMR-CycloopsQ
calculated from different experiments with different methods.

Method
KD (TMR-CycloopsE)
(μM)

KD (TMR-
CycloopsQ) (μM)

Fluorescence

intensity

0.61 ± 0.12 0.99 ± 0.15

FA direct evaluation 0.72 ± 0.09 0.77 ± 0.08

FA Dandliker

correction61
1.15 ± 0.23 1.21 ± 0.21

FA Lundblad

correction62
1.15 ± 0.23 1.22 ± 0.21

F IGURE 8 Binding characteristics of linear peptides. Gray diamonds: TMR-LinloopsE; black squares: TMR-LinloopsQ. (A) Fluorescence
intensity, due to the high standard deviation, data were not fitted. (B) Fluorescence anisotropy measurement. Data were fitted in SigmaPlot with
sigmoidal dose–response curve with exponent n = 2 (dashed lines) for CXCL8 concentrations up to 3.7 μM. Larger concentrations values were
not included in the evaluation due to the observed precipitation. Error bars represent standard deviation from triplicate measurements. CXCL8,
CXC-class chemokine ligand 8.
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Macrocyclization did not increase affinity. We assume that the

large ring size of 18 amino acids combined with the flexible Ahx linker

and the long lysine-succinate-linker employed for cyclization leaves

the macrocycle sufficiently flexible so that the difference in entropic

cost for binding to CXCL8 compared with the linear peptides may be

small. Displacement of the fluorophore comes at an enthalpic cost for

the overall binding process that could compensate for the potentially

small gain in entropy. The impact of the fluorophore on affinity will

have to be elucidated in subsequent studies with labeled and unla-

beled peptides in a label-free binding assay.

3.3 | Protease stability

The second goal of our macrocyclization project was the stabilization

of the IL8RP-Loops peptides against proteases. The interaction of the

TAMRA fluorophore with the peptide macrocycle might further

impede protease interaction. Interaction with the TAMRA label might

also convey some degree of protection against proteases for the linear

peptides. We therefore conducted trypsin digestion experiments with

the TAMRA-labeled cyclic and linear peptides as well as with the unla-

beled linear peptides. TAMRA was coupled to the N-terminus of the

linear peptides, and the C-terminal lysines for labeling and macrocycli-

zation were both omitted. The IL8RP-Loops sequence contains one

lysine and three arginine residues offering a total of four cleavage

sites for trypsin. The area under the HPLC peak representing the

intact peptide was compared with the area under the curve for the

same retention time interval of the sample after tryptic digestion (see

Table 3).

After incubation with trypsin overnight, the unlabeled peptides

were degraded by 51% (E) and 61% (Q), respectively, and no degrada-

tion could be detected for the cyclic peptides. Interestingly, the

TAMRA-labeled linear peptides were only degraded by 12% (E) and

18% (Q), suggesting a protective effect of the TAMRA label. In gen-

eral, the linear derivatives of IL8RP-LoopsE seemed to be somewhat

more stable with proteases than the corresponding IL8RP-LoopsQ

derivatives. The MD simulations for the cyclic peptides suggest that

the LoopsQ sequence is more rigid (see Figures 4 and 6A,B). If this

was also true for the linear sequences, this could explain the differ-

ences seen in protease stability.

To address both issues, we performed further MD simulations for

the TAMRA-labeled and unlabeled linear peptides. Analysis of the dis-

tances between the COMs of the peptide and fluorophore reveals

that the median distance is similar for linear and cyclic peptides (see

Figure 9A). The distribution of distances found over the course of MD

simulations was larger for the E variants compared with the respective

Q variants, indicating greater flexibility of the former.

In the linear IL8RP-LoopsQ peptide, the fluorophore seems to

preferentially reside closer to the hydrophobic residues M6, L8, and

Vl7 (see Figure S3). Analysis of the RMSD over the course of the

MD simulation of the cyclic and linear peptides shows no correla-

tion with the protease stability test (see Figure S4). As shown in

Figure 9B, CD spectra of all six peptides indicate that the Q variants

are less structured than the corresponding E variants, which exhibit

a strong minimum at 200 nm, indicative of quarternary structure as

seen for coiled coils,63 collagen triple helices,64 or quadruple helices

formed by certain α/β-peptides.65 The lesser propensity to assume

such structures could explain why Q variants are slightly more

prone to degradation than the E variants that appear to associate

into more ordered structures at the higher concentrations needed

for CD spectroscopy.

Apparently, TAMRA-labeled linear peptides are more stable than

unlabeled linear peptides, as their N-terminus is protected by the

fluorophore and the TAMRA label also hinders protease interaction by

spatial proximity to the rest of the peptide chain. In the cyclic pep-

tides, the N-terminus is protected due to head-to-tail macrocycliza-

tion and TAMRA residing in proximity to the macrocycle, preventing

TABLE 3 Peptide loss due to tryptic digestion for differently
labeled peptide variants.

Variant LoopsE (%) LoopsQ (%)

TAMRA, cyclic 0.26 0.69

TAMRA, linear 12.4 18.4

Unlabeled, linear 50.6 61.3

Abbreviation: TAMRA, tetramethylrhodamine.

F IGURE 9 Analysis of peptide
flexibility. (A) Distances between center of
mass of the cyclic or linear peptides and
center of mass of the fluorophore.
Boxplots show median values and interval
between 25th and 75th percentiles (box).

Whiskers indicate the 1.5 interquartile
range. (B) Circular dichroism spectra of all
peptides recorded at 25 μM in buffer C;
gray: TMR-CycloopsE, red: TMR-
CycloopsQ, green: TMR-LinloopsE, purple:
TMR-LinloopsQ, yellow: LinloopsE, and
blue: LinloopsQ.
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protease interaction and compensating for chain flexibility, making

the TMR-Cycloops peptides virtually immune toward trypsin diges-

tion. The tendency of the E variants to associate may explain why

they are somewhat more stable against trypsin digestion. This will be

subject to further investigation.

4 | CONCLUSIONS AND OUTLOOK

To improve the properties of the CXCR1-derived peptide IL8RP-

LoopsE by cyclization, we have performed an MD simulation of the

CXCL8–CXCR1 complex to identify a cyclization strategy that leaves

functional groups required for interaction with CXCL8 intact. Pro-

tected peptides with a TAMRA label on a C-terminal lysine residue

were cyclized on-bead via a second C-terminal lysine side chain and

an N-terminal linker. Not only the cyclic version of IL8RP-LoopsE was

found to bind to CXCL8 but also a cyclic version of the original

sequence featuring a C-terminal glutamine, for which no binding had

been detected in previous studies. In experiments with linear

TAMRA-labeled peptides, both sequences exhibited almost identical

binding to CXCL8, partly explaining the similar affinity observed

with cyclized peptides. In binding assays with the cyclic TAMRA-

labeled peptides, we found an increase of fluorescence intensity

and a decrease in fluorescence anisotropy with increasing target

protein concentration. These observations could be attributed to an

interaction of the fluorophore with the peptide macrocycle that is

displaced by interaction with its binding partner, CXCL8. This effect

could be exploited in peptide-based biosensors. For this purpose,

the interaction of TAMRA and other fluorophores with linear and

cyclic peptides of different ring sizes need to be studied systemati-

cally. Cyclization of the 18mer IL8RP-Loops peptides had no impact

on affinity with CXCL8, which may be due to the large ring size or

the free energy costs for displacement of the fluorophore from the

peptide macrocycle. This needs to be investigated in future studies

using label-free binding assays. To increase affinity, cyclization

strategies with more rigid linkers between the two peptide moieties

and the insertion of a second covalent bond to form a bicyclic sys-

tem will be tested. Interestingly, cyclization prevented trypsin

digestion, whereas an N-terminal TAMRA label turned out to

reduce proteolytic digestion. The described effects may be

exploited for biosensor development and peptide stabilization and

need to be kept in mind when choosing TAMRA as a fluorophore

for peptide labeling.
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