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Abstract: Lanthanide complexes are used as convenient
spectroscopic probes for many biomolecules. Their binding
to proteins is believed to be enhanced by the presence of
histidine, but the strength of the interaction significantly
varies across different systems. To understand the role of
peptide length and sequence, short histidine-containing
peptides have been synthesized (His-Gly, His-Gly-Gly, His-GlyGly-Gly, Gly-His, Gly-His-Gly, His-His, and Gly-Gly-His) and circularly polarized luminescence (CPL) induced at the
[Eu(dpa)3]3@ complex has been measured by means of a
Raman optical activity (ROA) spectrometer. The obtained

Introduction
Luminescent labels of living cell components attract attention
because of many applications in analytical biochemistry and
imaging.[1] Many of them are based on europium and other
lanthanides as these metals exhibit extremely rich luminescence spectra, which are very dependent on the environment.[1g, 2] Circularly polarized luminescence (CPL), that is, different emission of left- and right-circularly polarized light, is even
more sensitive to the probed structure than the total luminescence (TL) alone.[3]
Lanthanide compounds are thus used to label protein molecules to study their structure, function, and dynamics.[4] Quite
often, however, the actual mode of the lanthanide–protein
binding is not known, or the interaction is not sufficiently specific. Combinations of lanthanide tags and proteins have therefore been investigated by X-ray crystallography, fluorescence
spectroscopy, and NMR spectrometry.[5] Lanthanide CPL can
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data indicate relatively weak binding of the histidine residue
to the complex, with a strong participation of other parts of
the peptide. Longer peptides, low pH, and a histidine residue close to the N-peptide terminus favor the binding. The
binding strengths are approximately proportional to the CPL
intensity and roughly correlate with predictions based on
molecular dynamics (MD) simulations. The specificity of lanthanide binding to the peptide structure and its intense luminescence and high optical activity make the ROA/CPL
technique suitable for probing secondary and tertiary structures of peptides and proteins.

also be used in this context, whereby the chirality in the lanthanide radiation is induced by the environment.[6]
In the present study, we focus on interaction with the histidine residue, which is believed to exhibit exceptional affinity
towards heavy metals. Raman optical activity (ROA) spectroscopy has been used to detect TL and CPL. ROA is normally exploited to measure differences in Raman scattering of rightand left-circularly polarized light caused by vibrational transitions.[7] Because the luminescence bands of europium are as
narrow as the vibrational bands and appear within the operational range of ROA spectrometers, CPL can be measured as
well. In addition, the strong laser radiation source makes it
possible to observe quite weak signals, which would be undetectable on more common CPL spectrometers.[8] For example,
the strongest EuIII signal that can be measured on our ROA
spectrometer is attributable to the 5D0 !7F1 transition[3e, 9] and
appears as a (“false”) Raman band shifted by around 1700–
2100 cm@1 from the 532 nm laser excitation.
Recently, we showed that CPL spectra of the complex
[Eu(dpa)3]3@ offer highly specific insight into the amino acid
content of aqueous solutions.[3c] Similar CPL induction has also
been observed for a larger protein.[3c] Histidine residues gave
rise to a particularly strong signal, most probably because of
ion pairing, p-p stacking, and electrostatic interactions between the histidine side chain and the dpa ligand. The dpa
complex itself exists in two chiral forms (traditionally referred
to as “L” and “D”), which are normally present in equal
amounts. Perturbation of the LÐD equilibrium in the presence of a chiral component has been suggested as the primary
mechanism of chirality induction, although the presence of
more than two spectral components indicates other contribu-
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tions as well. Other mechanisms of chiral CPL discrimination
may include selective luminescence quenching or enhancement, especially for weakly bound complexes.[10]
To better understand the binding mode and the role therein
of the main peptide chain, we have synthesized a series of
seven histidine-containing model peptides (Figure 1). As a
result, we have identified some general trends that provide insight into the interactions between the peptides and the lanthanide probe, which can be at least partially rationalized by
molecular dynamics (MD) simulations. In particular, we have
correlated the CPL intensity with the binding strength, and
have investigated factors affecting the chirality recognition
and induction.

Figure 2. TL and CPL spectra of [Eu(dpa)3]3@ (4 mm) chelated with His-(Gly)n
(n = 1, 2, and 3, 20 mm, pH 4).

Table 1. Assignment of observed europium luminescence bands in solutions of [Eu(dpa)3]3@ and His-(Gly)n, Raman shifts from the 532 nm laser
frequency (d, in cm@1), and corresponding wavelengths (l, in nm).

Transition

[Eu(dpa)3]3@
d
l

with His-Gly
d
l

5

> 2450 615

> 2450 615

5

1976 594
1864 591

D0 !7F2
D0 !7F1

Figure 1. Structures of the [Eu(dpa)3]3@ complex and the investigated model
peptides.

5

D1!7F2

Results and Discussion
Effect of peptide length for His-(Gly)n (n = 1, 2, 3)
The TL and CPL spectra obtained for this series of peptides
when mixed with Na3[Eu(dpa)3] solution at pH 4 are plotted in
Figure 2. They are dominated by the strong Eu3 + 5D0 !7F1 luminescence band[3c, 11] at around 1900 cm@1. A weaker signal at
around 850 cm@1 can be ascribed to the 5D1!7F2 transition[11]
and is only visible in the differential (CPL) spectrum. On the
other hand, invisible in CPL, a TL signal is apparent at the extremity of the spectrometer operational range, close to
2450 cm@1, attributable to the 5D0 !7F2 transition. The center
band frequencies are summarized in Table 1. Vibrational
Chem. Eur. J. 2018, 24, 8664 – 8669
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2118
1999
1976
1950
1885
1866
1816

600
595
594
594
591
591
589

887 558
846 557

with His-(Gly)2
d
l
> 2450

615

1982
1976

595
594

1866
1848

591
590

with His-(Gly)3
d
l
2400
2263

610
605

1976
1966
1887
1866

594
594
591
591

884
843

558
557

Raman and ROA intensities are much weaker than the luminescence and almost undetectable under these conditions.
Addition of the peptides leads to a decrease of around 30–
70 % in the total luminescence compared to that of the pure
Na3[Eu(dpa)3] complex. For CPL, the differences are even more
dramatic. Only the His-Gly CPL is rather weak at around
1900 cm@1 and hidden in noise at 850 cm@1. Note that this may
mean that the interaction with the complex is weak and/or
does not lead to chiral discrimination. His-(Gly)2 provides a
much stronger negative CPL band at 1982 cm@1, a weaker one
at 1848 cm@1, and a very weak signal at around 850 cm@1.
Judging from the CPL intensities, the interaction with the complex is strongest for the longest His-(Gly)3 peptide, providing
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the strongest signal in both the 5D0 !7F1 and 5D1!7F2 regions.
However, the 5D0 !7F1 bands have nearly opposite sign compared to those of His-(Gly)2. Although the CPL shapes for His(Gly)2 and His-(Gly)3 are not exact “mirror images”, as a first approximation we may interpret the results in terms of perturbation of the LÐD complex enantiomeric equilibrium by the
chiral peptide matrices.[12] For His-(Gly)3, the absolute CPL intensity is greater than that for His-(Gly)2, as is the ratio of the
polarized and total luminescences (CID = 5.0 V 10@3 at
1976 cm@1). CID values for other systems at selected wavenumbers are listed in Table 2.

Table 2. CID (CPL/TL) ratios for the bands at 1976 and 1864 cm@1 (5D0 !
F1) of [Eu(dpa)3]3@–peptide complexes.

7

Peptide
His-Gly
His-(Gly)2
His-(Gly)3
Gly-His
Gly-His-Gly
Gly-Gly-His
His-His

1976 cm@1

CID

@9.1 V 10@5
@4.1 V 10@3
5.0 V 10@3
1.6 V 10@3
2.7 V 10@3
2.2 V 10@3
6.3 V 10@3

1864 cm@1
2.3 V 10@4
@1.2 V 10@3
3.2 V 10@3
7.6 V 10@4
1.3 V 10@3
8.8 V 10@4
3.8 V 10@3

Figure 3. TL and CPL spectra of [Eu(dpa)3]3@ (4 mm) chelated with Gly-His,
Gly-His-Gly, Gly-Gly-His, and His-His (each 20 mm, pH 4).

Note that, using the ROA terminology, we measure the ratio
as the circular intensity difference, CID = (IR@IL)/(IR + IL), where IR
and IL are the intensities of the right and left circularly polarized light, respectively. In CPL spectroscopy, the dissymmetry
factor is often used instead, g = 2(IL@IR)/(IL + IR), that is, CID =
@g/2.
To summarize, the longer peptide binds the europium complex much better than the shorter ones, that is, parts other
than the histidine residues are also important for the binding,
and the chirality discrimination and induction is determined by
the peptide as a whole, not only by the l-histidine moiety.
Position of the histidine in the peptide chain: Gly-His, GlyHis-Gly, Gly-Gly-His, and His-His
Interestingly, few prominent spectral differences are apparent
within this series of peptides (Figure 3). As before, the total luminescence of the complex is partially quenched, but only
one-sign CPL in the region 1700–2000 cm@1 appears upon
mixing with the peptides. Nevertheless, the spectra do exhibit
significant differences, allowing discrimination between different peptide species. His-His clearly provides the strongest CPL
signal and a large CID (6.3 V 10@3, Table 2), which confirms the
importance of the histidine residue for binding. The other
three peptides of this series provide rather weak CPL, although
with comparable CID ratios (CIDs as functions of the wavenumber over a broader range are plotted in Figure S1).
Compared to His-(Gly)2 from the previous series, placing the
histidine residue in the middle (Gly-His-Gly) or at the C-terminus (Gly-Gly-His) induces the opposite CPL sign for the 5D0 !
7
F1 signal. The latter two peptides most probably stabilize the
Chem. Eur. J. 2018, 24, 8664 – 8669
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opposite enantiomer of the complex, but the binding
strengths, as judged from the absolute CID ratios, are weaker.
As for the CPL, in the sequence His-Gly-Gly, Gly-His-Gly, and
Gly-Gly-His, the total luminescence intensity gradually decreases. We can speculate that in His-(Gly)2 the NH3 + charge
strengthens the binding potency of histidine, whereas in GlyHis-Gly and Gly-Gly-His the C-terminal COO@ group weakens it.
This concept is seemingly not applicable for the His-Gly and
Gly-His pairs, both providing weak CPL, although this may be
caused by a strong, but not chirality-sensitive interaction.
Other factors, such as dissociation equilibria and van der Waals
interactions, are also likely to contribute to the electrostatic effects. One also has to realize that “binding” is in all cases very
weak and the resultant assembly may not have a rigid geometry.[3b] Strong complexation of europium with a product of
fixed geometry would have led to much larger CID values than
those observed in the present study, up to the order of one.[8a]
CPL of the 5D1!7F2 transition (around 850 cm@1) is consistent with the results for the main 5D0 !7F1 bands in that the
sign pattern does not change in the second series of peptides,
and the “@/ + ” couplet shape (if viewed from lower to higher
wavenumbers) always accompanies the positive 5D0 !7F1
signal.
pH dependence of the spectra
As has been previously shown for individual amino acids, the
predominantly positive charge of the peptides at pH 4 favors
the interaction with the complex.[3c] Indeed, the TL and CPL
spectra induced by His-Gly, His-(Gly)2, and His-(Gly)3 at three
pH values (4, 7, and 10), as plotted in Figure S2, document
that the interaction is significantly weakened at higher pH.
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More detailed inspection reveals further differences, which
may allow better understanding of the interaction with the
complex. The CPL intensity of His-Gly, which is already weak at
pH 4, further decreases to about 20 % (at 1885 cm@1) at pH 7,
and changes sign at pH 10. This confirms that the electrostatic
interaction itself is not solely responsible for the chirality induction. For the (relatively) strong binders His-(Gly)2 and His(Gly)3, the situation is simpler in that the CPL more or less vanishes at higher pH. Moreover, at the two higher pH values, no
CPL is observed for the 5D0 !7F2 (> 2200 cm@1) and 5D1!7F2
( & 850 cm@1) transitions. The total luminescence remaining
about constant at pH 7 and 10, but decreasing by about 30–
60 % at pH 4, is more consistently observed within the three
peptides than the CPL.
We verified that, under the experimental conditions employed (pH > 4), the luminescence of the pure [Eu(dpa)3]3@
complex does not change. However, slight dissociation may
still occur at around pH 4,[13] which could also contribute to
the observed changes, such as the decrease in TL at low pH
(Figure S2).

ratios of around 4–7. One may speculate that more peptide
molecules become bonded to the complex; however, the
actual cause of the concentration dependence will likely be
quite complicated, including luminescence quenching by the
peptide[2b] and possible binding and decomposition of the
complex by peptide impurities (mostly trifluoroacetic acid from
the synthesis) at very high peptide concentrations.
Theoretical analysis
In spite of the complexity of the lanthanide complex–peptide
interactions, molecular dynamics simulation can provide at
least a qualitative understanding of the observed data. Calculated dependences of the free energy on the [Eu(dpa)3]3@–
His(Gly)n distance (between Eu and aC of His) are plotted in
Figure 5. Free-energy profiles for the other peptides at other

Titration curves
So far, spectra obtained at 5:1 peptide/complex ratios have
been reported, around which signals are maximized. TL and
CPL intensities obtained for different ratios of the complex and
His-(Gly)2 and His-His peptides, as plotted in Figure S3, confirm
that the interaction is rather weak, because the titrations cause
only gradual changes in the spectra. As an alternative view,
maximum Raman, ROA, and CID intensities at 1976 cm@1 are
plotted in Figure 4. It can be seen that the spectral intensities
do not stabilize at higher peptide concentrations, that is to
say, the dependences differ from “classical” two-system titration curves. Instead, the Raman intensities almost exponentially vanish with increasing peptide concentrations, while the
ROA/CID values exhibit maxima at optimal peptide–complex

Figure 4. Dependences of the maximal Raman, ROA, and CID signals (at
1976 cm@1) on the peptide/complex molar ratio.
Chem. Eur. J. 2018, 24, 8664 – 8669
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Figure 5. Dependence of the calculated free energy on the Eu–His-(Gly)n
peptide distance corresponding to pH & 4, and example of an energy-minimized structure for His-(Gly)3.

pH values were fairly similar (Figures S4 and S5). The stabilization energies are rather low (ca. 2 kcal mol@1), corresponding to
the experimental observations, in particular the nonspecific titration curves discussed above. For His-Gly and His-(Gly)2, no
favoring of the L or D enantiomer within computational accuracy is apparent. For His-(Gly)3, however, the D binding seems
to be more energetically favorable than that of the L form.
Thus, the simulation does not readily reproduce the chirality
inversion observed for His-(Gly)2 and His-(Gly)3, but does corroborate the stronger binding observed for His-(Gly)3.
In all cases, however, the energy “well” is quite broad and
shallow. Inspection of geometries obtained close to the energy
minima (such as the structure in Figure 5) suggests a significant role of the histidine charge and perhaps a p-p interaction
of the histidine ring with the ligand of the complex. In some
MD snapshots, interaction of the glycine residues with the
complex is also apparent, which is consistent with the relatively high CPL observed for the longest His-(Gly)3 peptide.
8667

T 2018 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim

Full Paper
Binding strengths, as defined on the basis of the MD simulations, are compared for more peptides and pH values in
Figure 6. The environmental pH (2, 4, 7, and 10) was simulated
by different charges on the peptides (+ 2, + 1, 0, and @1, re-

Conclusions
We have synthesized a series of histidine-containing peptides
and have monitored their interactions with a racemic EuIII complex through circularly polarized luminescence measurements.
The results show that both the length of the peptides and the
histidine position therein profoundly affect the binding modes.
The acquired data could be very well rationalized by molecular
dynamics simulations, although these were not sufficiently accurate to unambiguously provide the absolute configurations
of the preferred complex forms. The data and simulation indicate that the interaction of the complex with the peptides is
rather weak and non-site-specific in terms of interaction energies and product geometries, although the resultant luminescence and CPL patterns are still quite characteristic for individual peptides. This is promising for future design of similar
“smart” probes of peptide, protein, and other biomolecular
structures.

Experimental Section

Figure 6. Calculated binding strengths of the peptides s, obtained as the
ratio (NB/NF) of bonded and free complex molecules in the simulation box.

spectively). At around pH 4 (charge + 1), for example, the computation predicts strong binding for His-(Gly)3 and His-His,
nicely corroborating the data in Figures 2 and 3. In addition,
the D form of the complex is most stabilized, which again is
most probably reflected in the same CPL sign.
As noted above, the CPL chirality inversion observed for His(Gly)2 and His-(Gly)3 is not unambiguously supported theoretically; nevertheless, it can be seen that at pH 4 the L and D
forms of His-(Gly)2 are predicted to be adopted with about the
same probability, whereas at higher pH the L form is preferred. The inversion can thus be at least partially explained by
a residual presence of the neutral species in the sample. However, the theoretical preference for the L enantiomer of GlyGly-His is inconsistent with the observations. Thus, the simulations at the present level do not seem to be sufficiently reliable to be applied for chirality determination. Nevertheless,
they adequately explain many aspects of the binding, including some general trends, and at least suggest that the quite attractive idea of determination of the absolute configuration of
a complex through a combination of theory and experiment is
possible.

Chem. Eur. J. 2018, 24, 8664 – 8669
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Synthesis: Na3[Eu(dpa)3] (dpa = dipicolinate = 2,6-pyridinedicarboxylate; Figure 1) was obtained by the reaction of europium(III) carbonate and pyridine-2,6-dicarboxylic acid (1:3 molar ratio) in water;
pH 7 was adjusted with 1 m sodium carbonate solution.[3c] The peptides were synthesized by the Fmoc/tBu strategy on 2-chlorotrityl
resin. The volume to mass ratio of the agent solution to the 2chlorotrityl resin was 10 mL g@1. The synthesized peptides were
then cleaved with a 20 % solution of 2,2,2-trifluoroethanol in
CH2Cl2 ; the trityl group protecting the histidine side chain was
cleaved with a mixture of TFA, triisopropylsilane (TIS), and water
(9.5:2.5:2.5, v/v). The volatiles were then removed by evaporation,
and the residual solid was dissolved in water. Insoluble by-products
were removed by filtration. Water was evaporated and the peptide
products were recovered by a combination of vacuum evaporation
and lyophilization. The products were characterized by TLC on
silica-gel-coated aluminum plates, whereby the compounds were
visualized by ninhydrin spraying. 1H and 13C NMR spectra were
measured at ambient temperature from solutions in 5 mm diameter NMR tubes (see the Supporting Information for further details).
CPL measurement: Back-scattering Raman and scattered circular
polarization (SCP) ROA spectra (dominated by Eu TL and CPL) were
acquired on a BioTools ROA spectrometer operating with laser excitation at 532 nm and a resolution of 7 cm@1. For the lanthanide
CPL measurement, the laser power at the sample was 150–
400 mW, and accumulation times were 1 h (for solutions at pH 4),
8 h (pH 7), or 12 h (pH 10). pH was adjusted with 0.1 m HCl or
NaOH. Concentrations were 20 mm for peptides and 4 mm for the
[Eu(dpa)3]3@complex. In the presented spectra, the intensities were
normalized to the 1650 cm@1 band, and a broad luminescence
background attributable to sample impurities was subtracted from
the Raman signal.
Computations: The initial geometry of the [Eu(dpa)3]3@ complex
was obtained using the Gaussian 09 program,[14] adopting the
B3LYP functional and the 6-31G(d,p) basis set (MWB28 pseudopotential and basis set for Eu). By titration, we found that the
Na3[Eu(dpa)3] CPL spectra do not change within the interval pH 4–
12. We therefore suppose that the charge (@3) of the complex is
not changed in our experiments. The solvent was modeled by the
conductor-like polarizable continuum solvent model (CPCM).[15]
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The interactions of all seven peptides (Figure 1) with the L and D
forms of the complex in aqueous solution were investigated using
Amber 14[16] MD software. To model mild acidic conditions (pH & 4,
corresponding to most experiments), the histidine aromatic ring
and the amine group were protonated (-NH3 + ) and the carboxyl
group was deprotonated (-COO@). For lower pH (< 2), the carboxyl
group (-COOH) was also protonated, and for His-(Gly)2 the neutral
and basic forms were considered as zwitterionic and deprotonated
peptides. For the other peptides, only structures corresponding to
acidic conditions (pH < 2 and pH & 4, with peptide charges of + 2
and + 1, respectively) were investigated. The peptides were inserted into a cubic (30 a)3 box containing 880 water molecules and
one [Eu(dpa)3]3@ ion, initially separated from the peptide by about
12 a. Separate simulations were performed for the L and D forms
of the complex. MD simulations were run for NVT ensembles using
a 1 fs integration step, a temperature of 300 K, and GAFF[17] (dpa ligands), Amber 14SB[18] (His and Gly), or TIP3P6[19] (water) force
fields.
After an equilibration (1 ns), constrained MD simulations were run
for 8 ns. A harmonic penalty function (restraint constant of 4 kcal a@2 mol@1) was applied to the distance (r) between the europium
atom of the complex and Ca of histidine; the distance was
changed from 12 to 9 a in 1 a increments and from 9 and 4 a in
0.5 a increments. From individual distance distributions, the potential of the mean force F(r) was calculated by the weighted histogram analysis method (WHAM)[20] using the Amber 14 scripts.
The simulations indicated rather weak peptide–complex associates
with flexible geometries. Therefore, to better evaluate effective
relative binding strengths (s), equilibrium ratios of the numbers
of bonded (NB, r < 10 a) and free (NF, r > 10 a) europium
complexes R for
each
box
were
calculated
as
R
s ¼ NB =NF ¼ 010 expð@F=kTÞr 2 dr= 1012 expð@F=kTÞr 2 dr.
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