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Abstract
Biliverdin (BV) structure was analyzed by using NMR techniques and unrestricted density function theory simulations to explain
the incapacity of BV to build coordination complex(es) with Cu2+ in dimethyl sulfoxide, which was confirmed by UV-Vis, EPR
and NMR spectroscopy. NMR showed that N atoms are protonated in all four pyrrole rings. The structure is stabilized by two
hydrogen bonds between NH moieties and carbonyl oxygens from opposite terminal pyrrole rings, and by the bending of
propionyl chain with carboxyl group out of the plain toward central position of BV. The simulations of deprotonated BV, which
builds copper complexes in water and chloroform as described previously, showed a different conformation and organization of
hydrogen bonds. Taking into account that deprotonation represents a critical step in coordinate bonds formation, the protonation
of an additional N atom may represent a key difference between the interactions of BV with copper in different solvents.
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Introduction

The change of solvent may be a dramatic event for some mole-
cules [1]. Solvents may affect protonation, hydrogen bonding,
conformation and, as a result, physico-chemical properties, and
biochemical/pharmacological performance, such as in the case of
solvent-induced isomerization and molecular switching of tetra-
pyrroles [2, 3]. Biliverdin (BV) is a naturally occurring
tetrapyrrolic bile pigment with two propionic acid side chains.
BV is produced by degradation of heme-iron protoporphyrin IX
complex, and it is further reduced to bilirubin by biliverdin re-
ductase [4, 5]. In aqueous media, BV has two deprotonated

carboxyl groups (pKa values at 3.9 and 5.3), and tends to acquire
a distorted helical conformation that is stabilized mainly by in-
tramolecular hydrogen bonding between unprotonated and pro-
tonated N atoms in pyrroles [6–9]. On the other hand, BV is
usually solvated in dimethyl sulfoxide (DMSO), an aprotic polar
solvent [10], for the purposes of stock preparation, extraction,
and coordination complexes synthesis [11–13]. It has been
shown that the interaction of DMSO with bile pigments and
other porphyrins may be as follows: (i) affect pK values of car-
boxyl groups [14–17], (ii) interfere with hydrogen bonds [8, 18,
19], and (iii) change redox properties [10, 20]. Importantly, dif-
ferent solvents may impact on the interactions of BVand related
compounds with transition metals [5, 21]. It has been shown that
a BV analog and Cu2+ in chloroform build a ferromagnetically
coupled S = 1 Cu2+/BVradical cation system or a S = 1 Cu3+ BV
trianion system [22]. On the other hand, we have shown recently
that BVand Cu2+ in phosphate buffer form an S= 0 complex that
is composed of either Cu1+ and BV radical cation or Cu3+ and
BV radical anion [5]. Finally, it has been proposed that BV can-
not form a complex with Cu2+ in DMSO and in aqueous solu-
tions with low pH, most likely because Cu2+ cannot replace the
NH protons [12].

Herein, we applied 1H NMR spectroscopy and unrestricted
density function theory (UFDT) simulations to elucidate the pro-
tonation and conformation of BV in DMSO, and to explain the
lack of capacity of BV to build Cu complex(es) in this solvent.
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Experimental

Chemicals

BV · HCl (purity ≥ 97%), CuCl2, DMSO, and DMSO-d6 (deu-
terated DMSO, 99.9% D atom) were purchased from Merck
(Kenilworth, NJ, USA). Special care was taken to protect
DMSO from atmospheric water. All experiments and stocks
(BV (20 mM) and Cu2+ (100 mM)) were prepared in DMSO.

NMR spectroscopy

NMR experiments were recorded on a Bruker Avance 500
spectrometer, equipped with 5 mm cryoprobes. 1D experi-
ments were collected with 64 scans, using 1.1 s and 3.0 s as
acquisition and recycle delays, respectively. Residual DMSO
signal was suppressed using selective saturation during the
recycle delay. A 1-Hz exponential multiplication was applied
to free induction decay (FID) signals prior to Fourier
Transformation. NOESY experiment was performed using a
2048 × 440 data point matrix. Sixteen scans were collected for
each FID; 90 ms, 300 ms, and 4 s were used as acquisition,
mixing, and recycle delays, respectively. TOCSY experiment
was acquired using a 2048 × 512 data point matrix, with eight
scans each fid and using a 8-kHz spin lock field. 90ms, 80ms,
and 4 s were used as acquisition, mixing, and recycle delays,
respectively. Natural abundance 13C-1H HSQC spectrum was
acquired with 48 scans for each FID, using a 2048 × 220 data
point matrix. All the 2D experiments were processed by ap-
plying squared cosine bell weighting functions in both dimen-
sions prior to Fourier transformation.

UDFT simulations

The optimizations of geometry of BV with four or three pro-
tonated N atoms - BVH+ and BV in their ground states were
performed using UDFT with M06-2X density functional and
6-31G(d) basis set, starting from closed ring conformations.
To account for solvent effects, all computations were per-
formed using the polarized continuum model and DMSO as
a solvent. The absence of computed imaginary frequencies
confirmed that the optimized structures corresponded to rela-
tiveminima on potential energy surfaces. All simulations were
performed with Gaussian 09 (Rev. D.01) program suite
(Gaussian, Inc. Wallingford, CT, USA).

UV-Vis spectroscopy

UV-Vis spectra were recorded for BV and BV/Cu2+ = 1 sys-
tem in DMSO during the period of 12 h, using a Jenway
Genova Plus Spectrophotometer (Staffordshire, UK).
Samples were freshly prepared and scanned at wavelengths
from 250 to 950 nm with a scan interval of 2 nm at room

temperature. Each scan was performed on a 1-mL aliquote
of the sample to prevent potential effects of photo-
degradation.

EPR spectroscopy

Low-T EPR spectra of Cu2+ were recorded on a Bruker
Elexsys II E540 spectrometer operating at X-band
(9.4 GHz), using the Bruker N2 Temperature Controller
ER4131VT to maintain T at 110 K. The experimental param-
eters were as follows: microwave power, 3.17 mW; scan time,
80 s; modulation amplitude, 0.5 mT; modulation frequency,
100 kHz; and number of accumulations, 4. Samples were
placed in quartz cuvettes (Wilmad-LabGlass, Vineland, NJ,
USA), and frozen in cold isopentane after 5 min incubation
period. Concentrations of copper and BV were 40 μM.

Results and discussion

Biliverdin structure—NMR

This is the first study presenting a detailed assignment of 1H
NMR signals of BV in DMSO (Fig. 1; Table 1). The assign-
ment was performed by 2D NMR techniques—13C-1H
HSQC, 1H-1H TOCSY (presented in Elec t ronic
supplementary material Fig. S1; Table 2), and 1H-1H
NOESY, and by comparison to previous work on BV in other
solvents and on bilirubin in DMSO [23, 24]. The broad, down-
fielded signal at 12.29 ppm was assigned to the two protons of
propionyl carboxyl groups (H8). The two pairs of singlets at
11.98 and 11.90, and at 10.75 and 10.64 ppm were assigned to
amino protons in inner (C and B) pyrrole rings, and in terminal
(A and D) pyrrole rings, respectively. The difference in δ was
larger for A and D (0.11 ppm) than C and B (0.08 ppm). Signal
at 7.58 ppm is frommethyne proton—H5,which is not present
in bilirubin structure (and in its 1H NMR spectrum) [25]. The
assignment was confirmed by 13C-1H HSQC showing that H5
is positioned on C atom with δ = 119.36 ppm, a chemical shift
that has been related to methyne group [26]. The intensity of
H5 peak was further used as a reference integral intensity for
one proton. The comparison of intensities showed that H8
signal comes from two protons, while peaks A-D arise from
one proton each. This means that both carboxyl groups and all
four N atoms are protonated in BVin DMSO. The pH value of
BV solution in DMSO was around 4, i.e., below or near pKa
values for carboxyl groups in BV that have been previously
determined in water [7]. In addition, it has been shown that
DMSO affects pKa values of propionic acid side chains [16,
17]. Theory suggests that the pKa should be inversely propor-
tional to the dielectric constant of the medium (εr = 46.7 for
DMSO, and εr = 80.1 for water) [27]. In line with this, a steep
rise of pKa value for carboxyl groups has been observed to
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take place with increasing fraction of DMSO in water-DMSO
mixture [16]. Further, BV showed protonation of an additional
N atom/pyrrole (and one positive charge) in DMSO, com-
pared to three NH groups in BV in water solution [7, 8]. The
extra proton came from HCl which is present in BV prepara-
tion. This is also suggested by the pH value of a 2 mM BV ·
HCl (pH = 4) compared to the pH of a 2 mM HCl (pH = 3.4);
i.e., the higher pH of BV HCl solution compared to equimolar
HCl implies that there are less free H+ in the first solution since
they are bound to BV.

The next two signals at 6.91 ppm and 6.69 ppm represent
doublets of doublets, which identified these signals as CH
protons from pyrrole D and pyrrole A—H3d and H3a, which
are coupled with non-equivalent methylene protons from the
vinyl groups (refer to structure in Fig. 1). NOESY spectrum
showed that H3d is close to H4 (Fig. 2), which is possible only
for pyrrole D. The intensities of signals at 6.35, 6.32, and
6.31 ppm, and at 5.83, 5.81, 5.79, and 5.78 ppm, correspond
to three and two protons, respectively. It is important to note
that H4 and H4’ atoms in two methyne bridges show different
shifts (6.32 and 6.31 ppm). 13C -1H HSQC spectrum shows

that the peak at 6.35 ppm, together with a doublet at 5.58 ppm,
correlate with 13C resonance at 122.10 ppm. This indicates
that there are two diastereomeric protons from the CH2 group.
The HSQC experiment also showed a correlation in the region
ca. 6.31/95 ppm; a close-up of the peak indeed shows that two
independent correlations are observed for 1H singlet and
methyne carbons, corresponding to positions 4 and 4’.
1H-1H TOCSY clearly showed that protons at 5.79 and
5.82 ppm correlate with H3d, suggesting that these signals
originate from the vinyl group from pyrrole D—H2d and
H2d’. This further means that the doublet at 5.58 ppm comes
from one of two CH2 protons in pyrrole A (i.e., H2a), which is
also implicated by NOESYand HSQC experiments. The trip-
let at 3.06 ppm and the signal at 2.51 ppm showed similar
intensities and come from four protons in CH2 groups in pro-
pionyl side chains. The peak of H7 protons is positioned
downfield because of direct binding to carbonyl group. The
most upfield shifted signals (in the range 2.02–2.27 ppm),
show intensity of three protons each and were assigned to
methyl groups. According to NOESY, signal at 2.27 ppm is
from H1a protons that are close to H2a and H3a, i.e., pyrrole

Chemical shift (ppm)

C B                 A D

5

3d       3a             

2a’,4,4’    
2d, 2d’

2a

OO

OHOOHO

HNNH+

HNNH

13            12            11                 10         7.5      7.0               6.5           6                      3.0              2.5              2.0

8 7                      6     1a  1b1c 1d

1d

2d
2d’

3d

2a
2a’3a

1a

4’4

A D

B C
c1b1

5
6 6

77

8 8

/8

Fig. 1 1H NMR spectra of biliverdin in DMSO at 500 MHz and 298 K. The pH of the solution ([BV] = 2 mM) was ~ 4. The vertical intensity of the 3–
2 ppm region is divided by a factor 8
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A. Also, the spatial vicinity is observed between H2a’ and the
proton with δ = 2.19 ppm, which was attributed to H1b. The
assignment of H4 and H4’ peaks was performed according to
NOESY data: H4 (6.32 ppm) is connected with H1c
(2.16 ppm) and H3d (6.92 ppm), whereas H4’ (6.31 ppm) is
connected to both, H1a (2.27 ppm) and H1b (2.19 ppm).

NOESY delivered information on the conformation of BV
in DMSO (Fig. 2). Probably, the most interesting result is that
one carboxyl proton is placed in the vicinity of NH protons
suggesting the bending of propionyl chain out of the plain
toward central position of BV. The vicinity of H5 and H7
according to NOESY supported this hypothesis. NOE effect
was significantly stronger for NH in one of the rings, most
likely pyrrole C. This assignment is given by NOE effects
between H1c and H4, and H1c and H7. H7 did not show
detectable NOE effects for analogous protons in other three
pyrrole rings (H1a, H1b, and H1d). It is noteworthy that this
implies that the line at 11.98 ppm in 1H NMR spectrum of BV
comes fromNH in pyrrole C (and δ = 11.90 is from pyrrole B).
NH in pyrrole C was closer to NH in pyrrole A or D than in
other two rings. The latter is more probable taking into ac-
count the presence of NOE effect between H3d and H4 (H2d
and H2d’ are probably pointed away from position 4), as well
as H1c and H4. Therefore, in the 1H NMR spectra, δ =
11.75 ppm comes from NH in pyrrole A, whereas δ = 11.64

is from pyrrole D. Protons on at least one of two H7 positions
are close to H5. Cross peak intensities suggests that H2a’ is
closer to H3a than H2a, whereas H3a is closer to H2a’ than
H2a and H1a. Finally, the exchange peaks observed in the
NOESY experiment between the pyrrole HN signals A-D
and two minor peaks at 10.2 and 10 ppm suggest the presence
of a minor species, probably due to a deprotonated form of BV
present with a relative intensity of about 10%.

Biliverdin structure—simulations

Geometry and charge distributions of BV in DMSO were
further established using UDFT. In addition, the structure
of BV with all four protonated N atoms was compared to
BV with an unprotonated N atom (Fig. S2). BV conforma-
tion with the lowest energy according to UDFT (Fig. 3) was
in good agreement with NOESY data. The deprotonated and
fully protonated BV structures are both stabilized by two
intramolecular hydrogen bonds. The particularly strong
one, with a length of ~ 2.0 Å is formed between bare nitro-
gen and hydrogen (from the -NH group) from the adjacent
inner pyrrole ring (Fig. S2). The second hydrogen bond,
formed between nitrogen and H from another terminal pyr-
role ring, is significantly weaker, with a length of ~ 2.5 Å.
The formation of these hydrogen bonds is in line with pre-
vious reports [5–9]. The protonation of N atom in pyrrole A
alters BV conformation significantly (Fig. 3). Fully

Table 1 Chemical shifts and multiplicity of 1H NMR peaks of
biliverdin in DMSO

δ H
(ppm)

Hydrogen
type

Group Multiplicity (J in
Hz)

12.29 8 Propionyl carboxyl group Broad

11.98 C
B

Amino protons of pyrrolic
rings

2 singlets
11.90

10.75 A
D

Amino protons of lactam rings 2 singlets
10.64

7.58 5 Methyne bridge Singlet

6.92 3d CH non-equivalent methylene
protons of vinyl groups

Doublet of doublets
(18.38; 11.85)

6.69 3a CH non-equivalent methylene
protons of vinyl groups

Doublet of doublets
(18.06; 11.61)

6.35 2a’ Vinyl group Doublet (12.62)

6.32 4 Methyne bridge Singlet

6.31 4’ Methyne bridge Singlet

5.82
5.79

2d, 2d’ Vinyl group Two doublets
(10.87; 3.32)

5.58 2a Vinyl group Doublet (11.75)

3.06 7 Propionyl chain Triplet (12.87)

2.51 6 Propionyl chain Triplet (5.44)

2.27 1a Methyl group Singlet

2.19 1b Methyl group Singlet

2.16 1c Methyl group Singlet

2.02 1d Methyl group Singlet

Table 2 Connectivities observed, for each 1H atom, in 1H-13C HSQC
and 1H-1H TOCSYexperiments for biliverdin in DMSO

Hydrogen type δH (ppm) HSQC δC (ppm) TOCSY δH (ppm)

8 12.29

C 11.98
B 11.90

A 10.75
D 10.64

5 7.58 119.36

3d 6.92 126.67 2.02; 5.79

3a 6.69 126.67 5.58

2a’ 6.35 122.10 2.27

4 6.32 95.09

4’ 6.31 95.47

2d, 2d’ 5.82
5.79

124.46 2.02; 6.92

2a 5.58 122.08 2.27; 6.69

7 3.05 20.19

6 2.51 35.02

1a 2.27 10.03

1b 2.19 9.95

1c 2.16 9.95

1d 2.02 10.44

Struct Chem (2019) 30:2159–21662162



protonated BV is characterized by hydrogen bonds between
hydrogen (from the -NH group) from one terminal pyrrole
ring and carbonyl oxygen from the opposite terminal pyrrole
ring. These bonds are enabled by a prominent out-of-plane
bending of two terminal -NH groups with respect to pyrrole
rings. The N–H bonds in the inner pyrrole rings are almost
co-planar with those rings (dihedral angle between N-atom
and adjacent C-atoms in terminal pyrroles is ~ 135°, whereas
in the case of inner rings, it is ~ 160°, Fig. 3), and do not
show hydrogen bonding. Also, torsions of pyrroles with re-
spect to the CH groups (that connect pyrroles) are more

pronounced for terminal rings. These two effects induce
for -CO and -NH groups from the opposite terminal pyrrole
rings to be directed one to another. These bonds are weaker
than the strong H-bond in deprotonated BV, with lengths of
~ 2.25 and ~ 2.4 Å (Fig. 3). Simulations also showed bend-
ing of propionyl chain with carboxyl group out of the plain
toward central position of BV. The down-field positions of
A and C peaks compared to that of D and B in NMR spectra
(Fig. 1), may be explained by the formation of a stronger
hydrogen bond (for A), or closer proximity of carboxyl
group (for C). The computed Mulliken charges are given
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Fig. 2 500MHz 1H-1HNOESY spectrum of biliverdin in DMSO. Cross-
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in Fig. S3. According to the Mulliken charges, there is a
significant charge redistribution upon protonation. The
Mulliken charges of hydrogens are significantly affected,
contrary to heavy elements that experience negligible chang-
es. The inserted proton receives charge of about 0.65 e,
resulting that all four atoms bonded to nitrogen become

charged with ~ + 0.3 e. The charges of the other hydrogens
decrease (in range from 0.01 to 0.08 e) maintaining the total
+e charge of the molecule. This means that BV in DMSO is
nominally BVH+. It is important to stress out that the redis-
tribution of charge and additional positive charge may im-
pact the interactions with transition metals.
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Fig. 4 The lack of coordinate
interactions between biliverdin
(BV) and Cu2+ in DMSO. a UV-
Vis spectra of BVand BV/Cu2+ =
1 system. [BV] = 40 μM; pH=
4.5. b 110 K EPR spectra of Cu2+

(40 μM), in the absence and the
presence of BVat equimolar con-
centration. c 1H NMR spectrum
of BV in the presence of Cu2+ at
equimolar concentration in
DMSO at 298 K. The pH of the
solution ([BV] = 2 mM) was ~ 4.
The vertical intensity of the 3–
2 ppm region is divided by a fac-
tor 8
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The lack of coordinate interactions of biliverdin
with Cu2+

UV-Vis spectrum of BV in DMSOwas not affected by Cu2+ at
equimolar concentration, even after prolonged incubation un-
der aerobic conditions (Fig. 4a), implying that BVand Cu2+ do
not build a complex in DMSO. This was further confirmed by
low-T EPR spectra of Cu2+ and 1HNMR spectra of BV, which
remained practically unaltered in the presence of BVor Cu2+,
respectively (Fig. 4b, c). It is noteworthy that Cu2+ exhibited
an anisotropic EPR signal in DMSO, with a strong g⊥ = 2.078
line, and four weak lines coming from hyperfine coupling
with 63Cu/65Cu nuclei (I = 3/2, S = 1/2) along g‖ = ~ 2.402
(Fig. 4b). The g values (g‖ > g⊥ > ge (g value for free electron
= 2.0023)), and the spectral shape imply that Cu2+ in DMSO is
in octahedral coordination environment with tetragonal distor-
tion [28, 29]. This is in line with previous studies showing that
Cu2+ builds coordination complexes with DMSO and Cl−

ions, such as Cu(DMSO)3Cl
+, Cu(DMSO)Cl3

−, and
Cu(DMSO)2Cl2 [30, 31]. The coordination of Cu2+ by the
solvent may (at least partially) be responsible for the lack of
formation of BV–Cu2+ complex in DMSO. On the other hand,
the peaks of all four protons on N atoms could be observed in
the 1H NMR signal of BV in the presence of Cu2+ (Fig. 4c).
This confirmed the previously proposed inability of Cu2+ to
replace the NH protons in BV in this solvent [11].

Taking into account that deprotonation represents a critical
step in coordinate bonds’ formation, it may represent a key
difference between the interactions of BV with copper in dif-
ferent solvents. BV contains an unprotonated N in solvents
that Ballow^ the formation of BV-Cu complex - water and in
chloroform [5, 7, 22]. In DMSO, all four protonated N atoms,
as well as additional positive charge and altered charge redis-
tribution, may hinder cooperation in the formation of multiple
coordinate bonds [32, 33]. It is noteworthy that Belusive^ ef-
fects of DMSO in buffered mixtures with water on experimen-
tal measurements of pK values of tetrapyrroles represent a
long-standing question of biochemistry [8, 34]. Pertinent to
this, we have noted that even small amounts of water in
DMSO may significantly alter the interactions of BV and
Cu2+ [5]. It appears that a caution has to be exerted to prevent
artifacts that may be induced by traces of water in DMSO.
Finally, it is worth mentioning that BV and its derivative—
bilirubin, do not share the same sensitivity to solvents. It has
been proposed that bilirubin maintains conformation which is
stabilized by intramolecular hydrogen bonds between carbox-
yl groups and -NH and -CO groups in pyrroles, across a vari-
ety of solvents—DMSO, chloroform, and phosphate buffer
[35]. The instability of conformation of BV, in different envi-
ronments and the potential presence of two forms of BV—
deprotonated and protonated cationic, may be one of the
Breasons^ for the investment of two electrons form NADPH
into reduction of BV to more Bpredictable^ bilirubin [4].

Conclusions

The key features of BV conformation in DMSO are as fol-
lows: (i) protonation of all four N atoms, (ii) hydrogen bonds
between hydrogen (from -NH group) from one terminal pyr-
role ring and carbonyl oxygen from the opposite terminal
pyrrole ring, (iii) bending of propionyl chain out of the plain
toward central position of BV, and (iv) additional positive
charge and altered charge redistribution. This may hinder co-
operation in the formation of multiple coordinate bonds and
the formation of complex with copper. The presented results
may shed a new light on the importance of protonation, hy-
drogen bonds, and solvents in coordination chemistry.
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