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ARTICLE INFO ABSTRACT

Keywords: Chloroquine (CQ) and hydroxychloroquine (HCQ) show good efficacy in the treatment of SARS-CoV-2 in the
COVID-19 early stage, while they are no longer recommended due to their side effects. As an important drug delivery
Chloroquine ) carrier, serum albumin (SA) is closely related to the efficacy of drugs. Here, the affinity behaviour of chloroquine
;Iey:lr;ix;’ft)}:};ri;qume and hydroxychloroquine with two SA were investigated through the multispectral method of biochemistry and
Photochemistry computer simulation. The results showed that the intrinsic emission of both SA was quenched by CQ and HCQ in

a spontaneous exothermic entropy reduction static process, which relied mainly on hydrogen bonding and van
der Waals forces. The lower binding constants suggested weak binding between the two drugs and SA, which
might lead to differences in efficacy and possibly even to varying side effects. Binding site recognition demon-
strated that CQ preferred to bind to the two sites of both SA, while HCQ tended to bind to site I of SA. The results
of conformational studies demonstrated that CQ and HCQ could affect the structure of both SA by slightly
increasing the a-helix content of SA. Finally, we combine the results from experimental start with molecular
simulations to suggest drug modifications to guide the design of drugs. This work has important implications for
guiding drug design improvements to select CQ derivatives with fewer side effects for the treatment of COVID-19.

Molecular docking

1. Introduction

So far in 2019, severe acute respiratory syndrome (SARS-CoV-2)
induced “Coronavirus Disease 2019” (COVID-19) has severely impacted
most countries' public health and regional economies worldwide [1].
The novel coronavirus and its mutant strains have more than 300 million
cumulative infections worldwide and possess a high lethality rate [2,3].
Due to the novel coronavirus's variability and complex clinical symp-
toms, it is impossible to find clinical treatments and develop specific
drugs quickly [4,5]. Therefore, the primary treatment method is
choosing available antiviral drugs in clinical medicine.

In early clinical treatment, remdesivir, lopinavir/ritonavir, arbidol,
ribavirin, chloroquine (CQ) and hydroxychloroquine (HCQ) have
demonstrated therapeutic efficacy in patients with COVID-19. They can
rapidly turn negative by reducing the viral load in the patient through
different routes [6]. Among them, CQ and HCQ have excellent clinical
and pathological results in patients with COVID-19. Therefore, they
were urgently approved by the US Food Safety Administration in 2020
as drugs for the treatment of COVID-19 [7,8]. Chloroquine and
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hydroxychloroquine are derivatives of quinoline and have been used for
70 years for many different types of autoimmune diseases because of
their excellent broad-spectrum antiviral activity [9]. Therefore, some
researchers have suggested that quinolines, which are structurally
similar to chloroquine drugs, are potential COVID-19 therapeutic
agents, and they have used computer simulation techniques to suggest
that some quinoline derivatives such as saquinavir, elvitegravir, etc.
may be effective COVID-19 inhibitors [10]. The structure of CQ and
HCQ are shown in Fig. 1. The only structural difference between them is
an additional -OH group at the end of the HCQ branched chain, which
made HCQ more effective than CQ in treatment [11]. Related studies
have shown that CQ/HCQ interferes with the glycosylation process of
ACE2 protein to block the association of SARS-CoV-2 with receptors on
the membrane, thereby suppressing in vitro replication of SARS-CoV-2
[12,13]. Clinical trials point to potential safety problems with the
long-term use of CQ/HCQ, such as increase in the risk of diarrhoea and
nausea/vomiting in patients, and may further lead to hypovolemia
disorders, hypotension and acute kidney injury [13,14]. Many experi-
ments have shown that the use of CQ and HCQ leads to a prolongation of
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the post-correction ventricular systolic interval (QTc) in patients, QTc
during treatment is a simple risk indicator of death that reflects the state
of myocardial inflammation in patients with COVID-19[15]. QTc pro-
longation may be related to the blood concentration of drugs in patients
[16]. Therefore, research and refinement of chloroquine drugs are
highly necessary.

As one of the essential plasma proteins in living organisms, serum
albumin (SA) is involved in regulating acid-base balance and catalyzing
metabolic reactions and is an indispensable transporter and drug-
binding protein in the body [17,18]. Human serum albumin (HSA),
which accounts for approximately 60% of human plasma proteins, is a
carrier of exogenous and endogenous drug small molecules in humans
[19,20]. Bovine serum albumin (BSA) has high homology with HSA and
is often used to compare with HSA [21,22].

It is inevitable that CQ and HCQ drugs will come into contact with SA
during transport in the organism. Additionally, as a common transport
protein, SA plays an essential part in the transport of drugs to their site of
action, and some extent related to the efficacy of the drug [23,24].
Therefore, it is essential to study the affinity interaction between chlo-
roquine and hydroxychloroquine with SA [25]. In this work, we
explored the affinity binding behaviour of CQ and HCQ with SA. Using
variety of techniques including steady-state fluorescence, UV-vis spec-
troscopy transient fluorescence spectroscopy, circular dichroism (CD)
spectroscopy and Fourier transform infrared (FT-IR) spectroscopy were
used to study the interaction mechanisms, intensity, site, main forces
and structural changes of SA.

2. Materials and Experiments
2.1. Materials

CQ and HCQ were purchased from Aladdin and dissolved in ultra-
pure water. Warfarin (War), Ibuprofen (Ibu), BSA and HSA were pur-
chased from Sigma-Aldrich. SA were dissolved in phosphate-buffered
saline (PBS) buffer with pH = 7.40. Analytical purity of all chemicals
and components were used in experiments.

2.2. Experiments

2.2.1. UV-vis Spectroscopy

UV-vis spectroscopy experiments were conducted with UV-9000
spectrophotometer from Source West, Shanghai, China. The recording
range was set as 220 nm to 400 nm with PBS solution as background.
The final concentration of SA was made to be 10.00 pM, and the con-
centrations of CQ/HCQ were from 0.00 pM to 40.00 pM. CQ/HCQ were
added to the sample cell at 25 °C, stirred for 30 s and stood for 1 min, and
then the absorption spectra were scanned.

2.2.2. Fluorescence Spectroscopy

Fluorescence spectroscopy experiments were performed with LS-55
spectrometer from Perkin Elmer, USA. The Ex wavelength was 280
nm, and each curve was the average of three consecutive scans. In the
binding site recognition experiments, the concentrations of War and Ibu

(A) ,/
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Chloroquine phosphate (CQ)
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were kept consistent with those of SA. In the synchronous fluorescence
spectroscopy experiments, the wavelength difference (A1) was chosen to
be 60 nm or 15 nm, and scan range was set as 220 nm to 500 nm. In the
above three fluorescence experiments, the final concentrations of SA
were made to be 10.00 puM, and the concentrations of CQ/HCQ were
from 0.00 pM to 40.00 pM. CQ/HCQ were added to the sample cell at
25 °C and then stirred for 30 s. After stabilization for 1 min, the spectra
were scanned. In the experiments of 3D fluorescence, the emission range
was set as 195 nm to 550 nm, the excitation range was set as 195 nm to
450 nm and acquisition interval was set as 3 nm. The experiments were
designed with a final concentrations of 5.00 pM for both SA and CQ/
HCQ, and each group was deducted against the background of the three-
dimensional fluorescence pattern of CQ/HCQ in PBS. The FS5 steady-
state FL fluorescence spectrometer (Edinburgh, UK) was used to mea-
sure the fluorescence lifetime of SA in the absence and presence of CQ/
HCQ. 260 nm EPLD light source was selected as the light source and the
excitation wavelength and emission wavelength were set as 280 nm and
347 nm, respectively. The final concentrations of SA and CQ/HCQ were
made to be 10.00 pM, and after scanning the fluorescence lifetime curve
of pure SA, CQ/HCQ were added to the original solution and then stirred
for 30 s to stabilize for 2 min before scanning.

2.2.3. FT-IR Spectroscopy

FT-IR spectroscopy was performed with Thermo Nicolet iS5 iD1
spectrophotometer. The test scope was setas 1750 em™! to 1500 ecm ™!
and the spectral resolution was set as 2 em L. Fourier deconvolution and
second-order derivatives were done using pikefit-v4.12. The concen-
tration of SA used in the experiment was 500.00 pM, and make the
concentration of CQ/HCQ added to the system with SA was 1: 1. The SA
used in the experiment was mixed with CQ/HCQ at 25 °C and incubated
for 30 min before use.

2.2.4. CD Spectroscopy

CD spectroscopy was performed with Applied Photo-205 physics
Limited at 25 °C. The cuvette optical path used was 0.1 cm and the range
of scanning was set as 200 nm to 330 nm with a pitch of 0.5 nm. The final
concentration of SA was 5.00 pM and the concentration gradient of CQ/
HCQ were both set as 5.00 pM, 15.00 pM and 30.00 pM.

2.2.5. Computer Simulation Combination

The computer simulation software used for the simulations was
SYBYL-X 2.1.1 (Tripos, USA). The three-dimensional spatial structure of
SA was downloaded from the protein database from the RSCB, PDB
(Protein Data Bank) numbers 40RO and 1H9Z. Pymol open source
version was used for visual analysis.

3. Results and Discussion
3.1. Fluorescence Quenching Mechanism
As a sensitive and straightforward method, steady state fluorescence

has been extensively applied to the analysis of drug-biomacromolecule
interactions [26]. Due to the existence of tryptophan (Try) and
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Fig. 1. Molecular plane structural formula of CQ (A) and HCQ (B).
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tyrosine (Tyr), SA exhibits intrinsic fluorescence that can be used for
research [27]. As shown in Fig. 2, both CQ and HCQ could regularly
quench the fluorescence of SA, indicating that there were interactions
between both drugs and SA. With the increasing concentration of CQ
and HCQ, the emission peak position of both serum proteins had a red-
shift, indicating that CQ and HCQ could affect the polarity of the
microenvironment of Try and Tyr. An isoemission point appeared near
389 nm, in which the concentration of bound and free drugs in the so-
lution reached a balance.

Fluorescence quenching mechanism is normally classified into two
modes: namely static mode and dynamic mode. To further study the
quenching mechanism of CQ and HCQ to the emission of serum proteins,
we studied the influence of two drugs on the fluorescence lifetime of SA.
Normally, the fluorescence lifetime of fluorophores during dynamic
quenching will decrease with the addition of quenching agent, while in
the static quenching process, it is not affected by the quenching agent
[28]. The fluorescence lifetime was calculated with Eq. (1):

T=T11A + 1A, (€D)]

where 77 and 7, were the decay time, A; and A, were the pre-exponential
factors; these parameters are listed in Table S1. As shown in Fig. 3, with
the addition of CQ and HCQ, the fluorescence lifetime of the two serum
proteins were not obviously changed, suggesting that the fluorescence
quenching mechanism of CQ and HCQ to the two SA were both in static
mode. The minor change in fluorescence lifetime might arise from the
energy transfer [29].

We conducted UV-vis absorption spectroscopy experiments to verify
above results. The Tyr and Try of SA could cause significant absorption
at 222 nm and 280 nm owing to 7n-t* and n-n* transitions [30]. In
general, the dynamic quenching mechanism will not affect the excited
state of fluorescent group and has no obvious effect on the absorption
spectrum. Conversely, the complex produced by the static quenching
will cause significant perturbation of the spectrum of the fluorescent
group [31]. As shown in Fig. S1, the peaks around 252 nm and 345 nm
were absorption of CQ and HCQ itself (red dotted line in Fig. S1), and
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with the addition of CQ and HCQ, the characteristic absorptions of the
two SA at 280 nm were significantly enhanced, further indicating that
there were interactions between the two drugs and SA. We subtracted
the absorption value of the drugs from that of the SA-drug complexes at
280 nm, and found that they were not equal to the absorption value of
SA (insets of Fig. S1) indicating that the quenching mechanism of two
drugs to the emission of SA were both in static mode.

The change rules of the quenching constants between drugs and
proteins at different temperatures are often used to judge the quenching
mechanism. Generally, dynamic quenching is induced by intermolecular
collision, and the probability of collision at high temperatures will in-
crease, resulting in the increase of quenching constant. On the contrary,
in static mode, a ground state complex will be formed between the
quenching agent and the fluorescent group, and high temperature will
reduce the stability of the complex, thus reducing the quenching con-
stant [32]. The quenching constants were calculated with classical
Stern-Volmer equation (Eq. (2)) [33]:

R_ 1 + Ksv[Q] @
F

where Fj and F were the fluorescence intensity of SA in the absence and
presence of drugs, respectively. [Q] represented the concentration of the
drug. Ksy represented the quenching constant. The quenching constants
of CQ and HCQ to the emission of SA were listed in Table S2. The order
of magnitude of Kgy were both in the third power of ten, indicating that
the interactions between the two drugs and SA were very weak. With the
increasing temperature, the quenching constants of both drugs to SA
decreased, indicating that the quenching mechanisms of CQ and HCQ to
SA were both in static mode, which was consistent with the conclusions
above.

3.2. Binding Intensity, Site and Main Forces

Binding constants are often used to measure the binding capacity
between drugs and biomacromolecules. For obtaining the bonding
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Fig. 2. Fluorescence emission spectra of BSA at different concentrations of CQ (A) and HCQ (B); Fluorescence emission spectra of HSA at different concentrations of
CQ (C) and HCQ (D). The concentrations of SA were 10.00 uM and the final concentrations of CQ and HCQ were both 40.00 pM.
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Fig. 3. (A) Fluorescence lifetime fitting curve of BSA in the absence and presence of CQ and HCQ; (B) Fluorescence lifetime fitting curve of HSA in the absence and

presence of CQ and HCQ.

strength of CQ and HCQ to SA, the emission quenching data were pro-
cessed by double logarithmic (Eq. (3)) [34]:

. (F(, —-F
og
F

where Fj and F were the same as Eq. (2). n represented the combined
proportion and K}, represented binding constant. The binding constants
of CQ and HCQ to the two kinds of SA were listed in Table S3. From the
value of K, the binding capacity of the two drugs with BSA were greater
than that with HSA, and the binding capacity to SA of HCQ was stronger
than that of CQ. The order of magnitude of Ky, were both in the second
power of ten, which once again indicated that the interactions between
the two drugs and SA were very weak. It is well known that the binding
capacity is an essential parameter that should be considered in phar-
macokinetics. Generally, drugs with low binding rates tend to be
released early or metabolized more quickly, while drugs with high
binding rates are not easily metabolized and excreted, both of which
may have side effects on the body [35]. Pharmacokinetic studies of CQ/
HCQ in the literature showed that they were mainly bound to plasma
albumin with a binding rate of 50% ~ 60%, and they were widely
distributed in the tissues of the human body [36]. The binding constants
we obtained confirmed that the binding between CQ and HCQ to SA
were very weak, which might lead to releasing in advance and causing
negative impact on the human body. Meanwhile, we believe that the
difference in the binding capacity of these two drugs may affect the
efficacy of the drugs and even exhibit different side effects.

It has been documented that drug molecules are mainly bind to the
hydrophobic cavity of serum albumin, with the central regions locate at
sub-structural domains IIA (Site I) and IITA (Site II) [37]. Hence, we used
classical site probes, namely warfarin and ibuprofen, which could label
site I and site II, respectively, to perform fluorescence competition ex-
periments and determine the specific binding sites of CQ and HCQ to SA.
The quenching constants of both drugs to the emission of SA in the
absence and presence of warfarin and ibuprofen were still obtained by
fitting the data with Eq. (2) and were listed in Table S4. For CQ, with the
addition of Ibu and War, the quenching constants decreased to some
extent, indicating that CQ tended to bind to the two sites of SA, and bond
more strongly to site I. For HCQ, the quenching constants significantly
decreased with the addition of War, which suggested that HCQ was
mainly bound to the site I of SA. Molecular docking has also been used as
a common approach to investigate the binding sites between drug
molecules and biomacromolecules [38]. In order to further study the
binding sites between the two drugs and SA, we conducted molecular
docking experiments and the results were shown in Fig. 4 and Table S5.
CQ and HCQ docked with amino acids in the 4 A range in site I and site II
of both SA after semi-flexible docking in a simulated physiological
environment (Fig. 4). From the results of scoring function (Table S5), CQ
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Fig. 4. Molecular docking of CQ and HCQ to the site I and site II of SA in 3D
conformation within 6 A. CQ (A) and HCQ (B) to the site I of BSA; CQ (C) and
HCQ (D) to the site I of HSA; CQ (E) and HCQ (F) to the site II of BSA; CQ (G)
and HCQ (H) to the site II of HSA.

tended to bind to the two sites of BSA, while HCQ tended to bond to the
site I of BSA. With respect to HSA, CQ tended to bind to the site II, while
HCQ tended to bond to the site I. Based on the results of experiments and
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theoretical calculations, we found that CQ tended to bond to the two
sites of SA, and HCQ tended to bond to the site I of SA.

The amino acid sequences of BSA and HSA have 76% identity and
88% similarity, showing high homology. Therefore, researchers can
predict the binding behaviour of drugs and HSA from that of BSA [22].
However, some studies have shown that the same drugs may have
different binding behaviours to BSA and HSA [39]. In this work, we also
found that in the interactions between two drugs and SA, there were
small differences between the two SA, such as binding capacity, which
might be related to the different amino acid sequences of the hydro-
phobic binding cavities of BSA and HSA [40]. We compared the possible
conformation of CQ and HCQ in the two sites of SA with molecular
simulations. It demonstrated that CQ and HCQ could exhibit a more
flexible folding conformation in the binding cavity of BSA, while showed
a fixed linear conformation when bound to HSA (Fig. 5). Hence, we
believed that the hydrophobic cavity of BSA was more suitable for
insertion and binding of CQ and HCQ than HSA, which could be a reason
for the difference in drug binding behaviour.

Thermodynamic parameters play important roles in judging the
interaction direction and main forces between drugs and bio-
macromolecules. To obtain the direction and thermal effect of the in-
teractions between two drugs and SA, we calculated the thermodynamic
parameters depending on the binding constants at various temperatures
obtained above with Egs. (4) and (5) and listed in Table 1 [41]:

AH AS

InK, = —— +— 4
nk, TR (©)]
AG = AH — TAS (5)

where AH, AG, and AS represented the change values of enthalpy, Gibbs
free energy and entropy, respectively. The values of AG, AH and AS were
all less than zero, indicating that the interactions between two drugs and
SA were both spontaneous with exothermic and entropy reduction
processes. From the absolute values of AH, we found those of HCQ were
larger than CQ, indicating that it emitted more heat in the interactions
between HCQ and SA, which might be related to the stronger
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interactions between HCQ and SA than CQ (Table S3).

Binding forces between drugs and biomacromolecules are divided
into four main types: hydrogen bonding, electrostatic forces, hydro-
phobic forces and van der waals forces [28]. Based on the classical Ross
theory, the AH and AS of the interactions between two drugs and SA
were all less than zero, indicating that hydrogen bonding and van der
Waals forces were the major forces of interaction [41]. We further
verified whether there were hydrogen bonds between the two drugs and
SA with molecular docking, and the hydrogen bonds between CQ and
HCQ with amino acids in the 4 A range at site I and site II of BSA and
HSA were shown in Fig. 4 and Table S5. We found that CQ formed
hydrogen bonds with TYR 149 (2.221 A) and ARG 198 (2.684 A and
2.860 A) at site I (Fig. 4A), while failing to form hydrogen bonds at site IT
of BSA (Fig. 4E). In terms of HSA, CQ formed a hydrogen bond in the site
I with HIS 242 (2.036 A) (Fig. 4C) and four hydrogen bonds with ASN
391 (2.333 A), ARG 410 (2.616 A and 2.613 A) and SER 489 (2.06 A) in
the site II (Fig. 4G). HCQ formed hydrogen bonds with TYR 149 (1.948 A
and 2.065 A) and ARG 256 (1.899 A) in Site I (Fig. 4B) and ASN 390
(2.678 [D\) and LEU 429 (2.395 f\) in Site II of BSA (Fig. 4F). In terms of
HSA, HCQ formed a hydrogen bond with ARG 257 (1.944 A) in site I
(Fig. 4D), while failing to form hydrogen bonds at site II (Fig. 4H).
Overall, the main forces of the interactions between two drugs and SA
were hydrogen bonds and van der Waals forces.

3.3. Perturbation of SA Structure

The structure destruction will affect the physiological function of
protein, so it is essential to elucidate the perturbation of drug on the
structure of proteins. Synchronous fluorescence techniques enable to
explore the effect of drugs on the polarity of the microenvironment of
amino acid residues of proteins [42]. Generally, we can set A1 =15 nm
or A1 = 60 nm to study the influence of drugs on the polarity of the
surrounding environment of Tyr and Try residues, respectively. Results
shown in Fig. S2, both drugs made the emission peak position of Try
residues have varying degrees (4.5-6.0 nm) red-shift for both SA
(Fig. S2-D), indicating that CQ and HCQ could enhance the polarity and

(A) BSA: Site I

2 —co Lo —nco

(B) HSA: Site I
g

{—CQ )’W—HCQ

(D) HSA: Site IT

S ¢ o 7 —nea

Fig. 5. Possible conformations of CQ and HCQ binding to the site I of BSA (A) and HSA (B); Possible conformations of CQ and HCQ binding to the site II of BSA (C)

and HSA (D);
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Table 1
Thermodynamic parameters of the interactions between two drugs and SA at 298 K, 304 K and 310 K.
System BSA HSA
T (K) AH (kJ-mol ™) AG (kJ-mol ™) AS (J-mol 1K) AH (kJ-mol ™) AG (kJ-mol ™) AS (J-mol 1K)
298 —13.58 —11.60
CQ 304 —25.98 -13.33 —41.62 —44.54 —10.94 —110.56
310 —13.08 -10.27
298 —14.41 —13.49
HCQ 304 -36.27 —13.97 —73.35 —64.33 —12.47 —170.62
310 —13.53 —11.44

weak the hydrophobicity of the surrounding environment of Try resi-
dues for both SA. On the contrary, they made a slight blue-shift in
emission peaks of Tyr residue (Fig. S2-H), indicating that both drugs
could reduce the polarity and increase the hydrophobicity of the
microenvironment of Tyr residues for both SA. As shown in Fig. S3, the
peaks at 325 nm (A1 = 60 nm) and 345 nm (A4 = 15 nm) were derived
from the emission of CQ and HCQ itself. We found that the addition of
SA also made the emission peak positions of CQ and HCQ shift to a
certain extent (Fig. S2) indicating that SA also changed the polarity of
the environment around drugs, that was, the drug-protein action process
is a mutual influence process.

CD spectroscopy can be used as an accurate method for examining
the structure effect of drugs on proteins. Owing to n-n* transition of
a-helix, both SA have two characteristic downward peaks at around 208
nm and 222 nm in CD spectral curve [43]. The main second-order
structure of the protein is a-helix, which can be calculated with Egs.
(6) and (7) [341]:

( — MRE,s — 4000)

— heli = 1 6

a — helix(%) 33000 — 2000 < 00% (6)
CD(mdeg)

MREy)§ = ———= 7

2% 710 x nlCy @

where MRE (g was the average residual ellipticity at 208 nm, and Cp was
the molar concentration of protein. The path length was a value of 0.10
cm for [, and n was the number of amino acid residues. Through calcu-
lation, with the increasing concentrations of CQ and HCQ, the a-helix
contents of the two SA were slightly increased (Fig. S4 and the signal
peaks of SA at 208 and 222 nm had also moved slightly (Insets of Fig. S4
indicating that CQ and HCQ could slightly tight the structure of protein
peptide chain [43]. Meanwhile, we found that HCQ increased the a-helix
of both SA (BSA: 2.24%, HSA: 2.20%) slightly more than those of CQ
(BSA: 1.63%, HSA: 1.52%), which might also be related to the stronger
interactions between HCQ and SA than CQ (Table S3).

FT-IR spectroscopy is also usually used in investigating the effect of
drugs on the structure of biomacromolecules [44]. As shown in Fig. 6,
the FT-IR spectroscopy of both SA exhibited amide I band (C=0) be-
tween 1700 and 1600 cm™ ! and amide II band (N-H and C-N) between
1550 and 1500 cm™!. Both SA showed a significant change in amide I
band with the addition of CQ and HCQ, indicating that the two drugs
might affect the secondary structure of SA by influencing the amide I
band. The specific content of the secondary structure of SA was obtained
by fourier deconvolution and second derivative of the amide I band
[45]. When CQ and HCQ were present, the content of a-helix in both SA
were increased, which were converted from p-sheet or random coil
(Fig. 7C-H), indicating that the architecture of SA became more compact
and ordered, which was in accordance with the findings of CD.

3D fluorescence technique can directly observe the structural effects
of drugs on proteins [46]. As shown in Fig. 7, peaks A and B were ray-
leigh scattering peaks of SA, the peak 1 (Ex = 278 nm) represented the
fluorescence information of amino acid residues of SA, and the peak 2
(Ex = 230 nm) represented the information of polypeptide backbone
structures of SA [46]. With the addition of CQ and HCQ, the intensity of
peak 1 of BSA was reduced from 2143.0 nm to 1837.0 nm (CQ) and

1815.0 nm (HCQ), respectively, and that of HSA was reduced from
1658.0 nm to 1561.0 nm (CQ) and 1349.0 nm (HCQ), respectively. This
phenomenon indicated that both drugs could effectively quench the
intrinsic fluorescence of amino acid residues in SA, which was consistent
with the previous conclusion. Additionally, Peak 2 of BSA was quenched
from 676.3 nm to 481.6 nm and 482.2 nm, respectively, while peak 2 of
HSA was quenched from 662.7 nm to 601.0 nm and 443.8 nm by CQ and
HCQ, indicating that both drugs had effected on the protein skeleton of
SA [47].

Overall, the results of conformational studies demonstrated that CQ
and HCQ could affect the structure of both SA by increasing the a-helix
content of SA. However, this effect was relatively weak, meaning that
CQ and HCQ have less impact on the functionality of the protein.

3.4. Molecular Simulation of Other CQ Derivatives and SA

According to the above results, the additional hydroxyl group made
it exhibited a greater binding ability and structural influence with SA,
indicating that the extra group had a remarkable influence on drug-
protein interactions. However, many derivatives of CQ have not yet
appeared, so we used molecular simulations to evaluate the effect of
different groups on the binding capacity of CQ derivatives to SA. Since
the hydrogen bond was the one of force in the interactions between CQ/
HCQ and SA, on the basis of CQ (S1) and HCQ (S2), we selected -CHO
(S3), -COOH (S4) and -NH; (S5), which were easy to form hydrogen
bonds with amino acids as additional groups to study the effect of
groups. As shown in Fig. S5 and Table S6, the introduction of hydrogen
bond donor or acceptor groups, the scoring function of CQ derivatives
and SA could be improved to a certain extent. When combined with BSA,
-NH;3 (S5) group obtained the highest score after docking, while the
structure containing -COOH (S4) groups had the highest score when
combined with HSA, indicating that the hydrophilic groups might make
CQ have stronger binding capacity with SA and less side effects, which
should be further verified by experimental method.

4. Conclusion

In summary, to better elucidate the affinity interaction of COVID-19
drug candidates (CQ and HCQ) in the level of protein, a variety of
techniques were used to study their interactions with BSA and HSA. The
results showed that the intrinsic emission of both SA could be quenched
by CQ and HCQ, and the quenching process were both spontaneous
exothermic entropy reduction static process. The order of magnitude of
binding constants were both in the second power of ten, and the binding
capacity of the two drugs with BSA was greater than that with HSA, and
the binding capacity to SA of HCQ was stronger than that of CQ. Dif-
ferences in binding constants may be responsible for the efficacy and
even for the different side effects. Binding site recognition demonstrated
that CQ preferred to bind to the two sites of both SA, while HCQ tended
to bind to the site I of SA. In the interactions between two drugs and SA,
hydrogen bonds and van der Waals forces were the main force, which
was verified by thermodynamic functions and molecular simulation. CQ
and HCQ had weak effects on the structure of SA, which was mainly
manifested in increasing the a-helix content of SA. The weak effects



L.-Y. Hu et al.
(A)
—— BSA-HCQ
@ Atk 1538.92
2 |—BSA-CQ
3
=
2 ! E
% |—Bsa
1645.46 1537.93
1700 1600 1500
Wavenumber (cm™)
©)
——BSA —— f-sheet: 20.12%
~ —— a-helix: 47.13% Random coil: 5.03%
g |[—pturn: 25.23% f-antiparallel: 2.49%
2
ot
S
w»
=
<
1620 1640 1660 1680
Wavenumber (cm™)
(E)
—— BSA-CQ —— f-sheet: 18.20%
o a-helix: 47.93% Random coil: 3.95%
2 |—p-turn: 27.38% f-antiparallel: 2.55%
2
ot
2 1648.43
£
<
1670:
624,
16412 1683.36
1620 1640 1660 1680
Wavenumber (¢cm™)
(G)
—— BSA-HCQ —— p-sheet:18.44%
. —— a-helix: 48.40% Random coil: 3.23%
g —— p-turn: 25.86% p-antiparallel: 4.07%
2
Tt
o
174
2
«

1680

1640 1660
Wavenumber (cm™)

1620

(B)
— HSA-HCQ
o 1647.25 539.8
5 —— HSA-CQ
£ 1646.43
2 1539.45
< |—HSA
1645.9:
1539.4
1700 1600 1500
Wavenumber (cm™)
(D)
—— HSA —— p-sheet: 22.51%
o —— a-helix: 44.92% Random coil: 5.29%
2 |—pturn: 25.37% f-antiparallel: 1.91%
2
™
]
w
=
<
16I20 16I40 16|60 l6l80
Wavenumber (cm™)
(F)
—— HSA-CQ —— f-sheet: 20.45%
. —— a-helix: 46.06% Random coil: 4.03%
g — p-turn: 27.77% f-antiparallel: 1.68%
2
-
2
2
«
1620 1640 1660 1680
Wavenumber (cm™)
(H)
—— HSA-HCQ —— f-sheet: 20.31%
o —— a-helix: 46.41% Random coil: 4.89%
g —— p-turn: 22.42% p-antiparallel: 2.24%
2
o
5]
w
=
<

Journal of Photochemistry & Photobiology, B: Biology 240 (2023) 112667

1640 1660 1680

Wavenumber (cm™)

1620

Fig. 6. FT-IR spectra of BSA (A) and HSA (B) in the absence and presence of CQ and HCQ; Fitting results of FT-IR spectra of BSA in the absence (C) and presence of
CQ (E) and HCQ (G); Fitting results of FT-IR spectra of HSA in the absence (D) and presence of CQ (F) and HCQ (H). [SA] = [CQ] = [HCQ] = 500.00 pM.

could not cause side effects on the level of protein. The results of opti-
mizing functional groups of CQ with molecular docking showed that the
carboxylation and amination of CQ could make it bind strongly with SA
and may have less side effects, which should be further verified by
experimental method. We found that CQ/HCQ and its analogue 4-(4’-
cyanophenoxy)-2-(4"-cyanophenyl)-aminoquinoline exhibited similar
binding sites, binding forces and quenching mechanisms in the inter-
action with SA [48], indicating that the interaction between drugs and
SA is largely influenced by the structure of the subject. This work

provides guidance for functional group selection and drug efficacy
improvement of chloroquine analogues.
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