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A B S T R A C T

Background: HIV-1 N-peptide inhibitor (NPI) derived from N-terminal heptad-repeat region (HR1) of gp41 can 
target C-terminal heptad-repeat region (HR2) or the HR1 to interfere with the formation of endogenous six-helix 
bundle (6HB). However, the NPI is less active than the C-peptide inhibitor. In this study, we reported three HR1- 
derived NPIs designed by adding fusion peptide proximal region (FPPR) of gp41 or a trimeric motif MTQ into the 
N36 peptide and then evaluated their anti-HIV-1 activities.
Methods: Molecular modeling was performed using Swiss Model. The inhibitory activity of NPIs on HIV-1 was 
assessed by Env-pseudovirus infection assays and cell-cell fusion assays. Interaction between NPIs and HR2 
peptides was evaluated by circular dichroism and Native PAGE.
Results: The three newly designed NPIs, FPPR-N36, MTQ-N36, and MTQ-FPPR-N36, exhibited higher anti-HIV-1 
activity than N36. The stability of the coiled-coil core formed by three designed NPIs or the 6HB formed by C34 
and these NPIs were significantly higher than those of corresponding monomer N36 or isoleucine zipper- 
engineered trimeric N36 (IZN36). The 50 % inhibitory concentrations (IC50) of MTQ-N36 against HIV-1 infec
tion were at a nanomolar level, lower than those of other tested NPIs. The FPPR-N36 could also inhibit infection 
of HIV-1 strains that were resistant to N36 and IZN36.
Conclusions: The three newly designed NPIs had inhibitory activity against HIV-1 infection. Among them, MTQ- 
N36 exhibited a higher potential to inhibit HIV-1 entry than other peptides, and FPPR-N36 might be a promising 
candidate NPI for suppressing HIV-1 strains that are resistant to conventional NPIs.

Abbreviations
Env Envelope protein
gp41 HIV envelope transmembrane subunit
gp120 HIV envelope surface subunit
HR1 N-terminal heptad repeat
HR2 C-terminal heptad repeat
FPPR fusion peptide proximal region
6HB six-helix bundle
CD circular dichroism
Native PAGE native polyacrylamide gel electrophoresis
Tm transition mid-point temperature

1. Introduction

The envelope glycoprotein (Env) of human immunodeficiency virus 
type 1 (HIV-1) consists of surface subunit gp120 and transmembrane 
subunit gp41, with noncovalent association in the viral membrane 
(Wyatt et al., 1998). The HIV-1 entry process offers numerous possi
bilities for preventing viral infection. Gp120 binds to CD4 molecules in 
target cells and then interacts with a chemokine receptor, CCR5 or 
CXCR4, to further bring the virus membrane and the cell membrane 
closer together (Pancera et al., 2010, Huang et al., 2005, Zhou et al., 
2007). The triggered conformational changes allow the fusion peptide, 
which is composed of approximately 20 residues at the hydrophobic 
N-terminal region of gp41, to insert into the membrane of target cells, 
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forming a transiently pre-hairpin intermediate (Kwong et al., 1998, 
Pancera et al., 2014, Buzon et al., 2010). Subsequently, the gp41 
N-terminal heptad-repeat (HR1) forms a coiled-coil core, and the 
C-terminal heptad-repeat (HR2) refolds and interacts with HR1 in an 
antiparallel manner to form a thermostable six-helix bundle (6HB) 
(Chan et al., 1997, Lu and Kim, 1997, Caffrey, 2001, Markosyan et al., 
2003). This process draws target cells and viral membranes closely and 
facilitates fusion pore formation to allow viral genes to penetrate into 
cells (Eckert and Kim, 2001). The fusion peptide inhibitors targeting 
HR1 or HR2 can interrupt this process, thereby blocking virus entry 
(Nelson et al., 2007, Caffrey, 2011).

Fusion peptide inhibitors against HIV-1 are synthetic peptides that 
are derived from the gp41 HR1 or HR2 (Wild et al., 1993, Jiang et al., 
1993, Moore and Doms, 2003, He, 2013). HR2-derived C-peptide in
hibitor (CPI) binds to the pre-hairpin intermediate of HR1 and forms a 
heterogenous 6HB to hinder the formation of endogenous 6HB. T20 
(enfuviride or Fuzeon) was the first approved CPI that was applied to the 
clinic (Baldwin et al., 2004, Joly et al., 2010, McGillick et al., 2010). 
However, the rapid appearance of HIV-1 resistant mutations and the 
short half-life of T20 limited its widespread applications. Further, the 
modified CPIs with increased binding ability, bioavailability, and inhi
bition effect were developed (AIDS et al., 2004, Dwyer et al., 2007, 
Nishikawa et al., 2008, Chong et al., 2012, Chong et al., 2012, Chong 
et al., 2014, Zheng et al., 2014, Chong et al., 2015, Chong et al., 2015, 
Chong et al., 2016, Chong et al., 2017, Ding et al., 2017, Xue et al., 
2022), and one of them, Albuvirtide, was approved for clinical use in 
China (Chong et al., 2012). The common escape mutations from CPIs 
were found in the specific residues of HR1, resulting in low or no binding 
of CPIs to the HR1 trimer. Besides, additional mutations in gp41 HR2 
can adapt to the change of HR1 residues to increase viral endogenous 
6HB formation (Greenberg and Cammack, 2004, Wild et al., 1994, De 
Feo and Weiss, 2012, Liu et al., 2011, Lu et al., 2006).

HR1 sequences from HIV isolates worldwide are highly conservative 
across HIV subtypes and were used for designing monomeric and 
trimeric N peptide inhibitors (NPIs). However, the poor solubility and 
low bioavailability (with the 50 % inhibitory concentration, IC50, at the 
micromolar level) of N36 (corresponding to residues 546–581 in HXB2 
Env) are still the major problems to be solved (Eckert and Kim, 2001, 
Izumi et al., 2010). IZN36, which is composed of the monomeric N36 
and a trimer motif, isoleucine zipper (IZ), exhibited a significant 
improvement in solubility and inhibitory potency (with the IC50 at 
nanomolar level), than N36 (Eckert and Kim, 2001, Izumi et al., 2010). 
The pathways of HIV resistance to N36 revealed that HR1-derived NPIs 
target two sites of gp41 (Zhuang et al., 2019, Zhuang et al., 2012, Shu 
et al., 2000, He et al., 2008). It can interact with gp41 HR1 to form a 
heterotrimeric coiled-coil core, or can also spontaneously form an NPI 
trimer to bind to HR2, thereby interfering with the formation of an 
endogenous 6HB (Bewley et al., 2002). Although the NPIs, such as N36 
Mut(e, g), N35CCG-N13, and covNHR3 (Bewley et al., 2002, Louis et al., 
2003, Crespillo et al., 2014), modified by amino acid mutation(s), 
chemical bonds, or linker, increased inhibition potency than N36, the 
inhibitory effects of these peptides on the resistance stains to N36 and 
trimeric N36 inhibitors were not evaluated. Therefore, the optimization 
of NPIs to improve their solubility and bioavailability, thereby 
increasing their inhibitory effects on HIV-1 infection is the current main 

research direction in this field.
In the previous study, we found that HIV-1 X 4 and R5 tropic viruses 

can use a similar resistance mechanism (improving the thermostability 
of 6HB) to escape from NPIs, but use different gp120-gp41 interactions 
to regulate Env conformational changes (Zhuang et al., 2019, Zhuang 
et al., 2012). Both resistant viruses selected two genetic pathways that 
contain an early mutation in HR1 or HR2 with equal probability to 
escape from N36 and preferentially selected the HR1 pathway to escape 
from IZN36. We found that among these mutations, E560 in HR1 is a 
mutation hotspot to escape NPIs and CPIs (Yuan et al., 2019). Interest
ingly, under N36 selection, some NPIs-resistant viruses are difficult to 
culture to increase the resistant degree, implying that the resistant 
mutations to NPI monomer confer limited resistance levels. Meanwhile, 
we found that the thermostability of 6HB is the key mechanism to escape 
from NPIs.

In the present study, to increase the NPI solubility and thermosta
bility of 6HB, N36, a commonly-used NPI, was modified by introducing 
the fusion peptide proximal region (FPPR) and/or a trimer motif MTQ 
which was designed by our group previously (Wang et al., 2011), aiming 
to increase the inhibitory potency of NPIs. The three newly designed 
NPIs (FPPR-N36, MTQ-N36 and MTQ-FPPR-N36) showed more potent 
inhibitory effects against HIV-1 entry than N36. The MTQ-N36 trimer 
showed slightly better inhibitory activity against HIV-1 entry than the 
isoleucine zipper-engineered N36 trimer (IZN36). FPPR-N36 can inhibit 
wild-type HIV strains as well as the strains resistant to N36 or IZN36 as 
well as wild-type HIV. Our findings provided new insights for designing 
more broad-spectrum and effective NPIs.

2. Materials and methods

2.1. Cells and plasmids

HEK293T cell was purchased from America ATCC. TZM-bl cell was 
obtained from NIH AIDS Reagent Program. RC4 cell that expresses low 
levels of CD4 and CCR5 was a gift from David Kabat (Oregon Health and 
Science University, Portland, OR) (Platt et al., 1998). The expression 
vector pCMV/R and the Env-deficient HIV-1 backbone plasmid 
pSG3Δenv were provided by Gary Nabel (National Institutes of Health, 
Bethesda, MD). The plasmids pSCTZ-α, pSCTZ-ω and pRev were pro
vided by Dan Littman (New York University), the plasmids 
pcDNA3.1-BJ-28–13, pcDNA3.1-BJX-4.6 and pSV7d-SH188.6 were 
provided by YC Wang (the China Academy of Food and Drug Adminis
tration), and the plasmids pCMV/R-LAI, pCMV/R-JRcsf, pCMV/R-09, 
277-R9, pCMV/R-06,057-C3, pcDNA3.1–06,044–7, pCMV/R-JRcsf 
E560K/Q577R/T641I and pCMV/R-JRcsf Q577R/E648 K were con
structed by our group.

2.2. Synthetic peptides

All the amino acid residues were numbered according to the HXB2 
Env protein. N36 (residues 546–581; SGIVQQQNNLLRAIEAQQHLLQ 
LTVWGIKQLQARIL), FPPR-N36 (residues 536–581; TLTVQARQLLS
GIVQQQNNLLRAIEAQQHLLQLTVWGIKQLQARIL), MTQ-N36 (KIKEE
QAKIKEKIAEIEKRISGIVQQQNNLLRAIEAQQHLLQLTVWGIKQLQARIL), 
MTQ-FPPR-N36 (KIKEEQAKIKEKIAEIEKRIVQARQLLSGIVQQQNNLL 

Table 1 
Peptide inhibitor sequences.

Peptide inhibitors Peptide sequence

N36 SGIVQQQNNLLRAIEAQQHLLQLTVWGIKQLQARIL
FPPR-N36 TLTVQARQLLSGIVQQQNNLLRAIEAQQHLLQLTVWGIKQLQARIL
IZN36 IKKEIEAIKKEQEAIKKKIEAIEKEISGIVQQQNNLLRAIEAQQHLLQLTVWGIKQLQARIL
MTQ-N36 KIKEEQAKIKEKIAEIEKRISGIVQQQNNLLRAIEAQQHLLQLTVWGIKQLQARIL
MTQ-FPPR-N36 KIKEEQAKIKEKIAEIEKRIVQARQLLSGIVQQQNNLLRAIEAQQHLLQLTVWGIKQLQARIL
C34 WMEWDREINNYTSLIHSLIEESQNQQEKNEQELL
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RAIEAQQHLLQLTVWGIKQLQARIL), IZN36 (IKKEIEAIKKEQEAIKK 
KIEAIEKEISGIVQQQNNLLRAIEAQQHLLQLTVWGIKQLQARIL) (Eckert 
and Kim, 2001) and C34 (residues 628–661; WMEW
DREINNYTSLIHSLIEESQNQQEKNEQELL) were synthesized by 
Shanghai JiEr Biochemistry Company (Table 1).

2.3. Peptide design and structure prediction

We designed three new NPIs based on N36 peptide. The spatial 
conformation of NPIs was predicted by SWISS Model (https://swi 
ssmodel.expasy.org/), and the molecular conformation of NPIs was 
analyzed by PyMOL software (Schrödinger, NY).

2.4. Cytotoxicity analysis of NPIs

The cytotoxicity of peptides was determined in TZM-bl cell using a 
Cell Counting Kit-8 (CCK-8) assay (Meilunbio, Dalian, China). In brief, a 
total of 1 × 104 TZM-bl cells were seeded on a 96-well tissue culture 
plate, and then the FPPR-N36, MTQ-N36, or MTQ-FPPR-N36 peptides 
diluted at graded concentrations were added to the cells. After incuba
tion of the plate at 37 ◦C for 48 h, 10 μL of CCK-8 solution reagent was 
added into each well and the plate was incubated for 2 h at 37 ◦C. The 
absorbance at 450 nm (OD450) was measured using the Model 550 
Microplate Reader (Bio-Rad, CA).

2.5. HIV-1 Env-pseudovirus inhibition assay

The HIV-1 Env pseudoviruses were generated by the co-transfection 
with 0.075 µg (pCMV/R vector) or 1 µg (pcDNA3.1 or pSV-7d vector) of 
the Env-expressing plasmid, 2 µg of Env-deficient HIV-1 backbone 
plasmid into 6 × 105 293T cells per well in 6-well plate. At 48 h after 
transfection, supernatants were collected, and then the infectivity of 
serially diluted pseudoviruses in the supernatants was detected in TZM- 
bl cells and 50 % tissue culture infectivity dose (TCID50) was calculated. 
The equivalent TCID50 inocula of pseudoviruses was added to each well 
of target cells (1 × 104 cells/well in 96-well plates) in the presence of the 
peptide inhibitor in a total volume of 100 µl supplemented with 2.5 µg/ 
ml of DEAE (Sigma). At 48 h after viral infection, the luciferase activity 
was measured using a luciferase substrate (Promega, WI) on a Mod
ulus™II microplate multimode reader (Turner Biosystems, Promega, 
WI).

2.6. Cell-cell fusion inhibition assay

HEK293T cells (6 × 105 cells/well) were transfected in a 6-well plate 
with 0.1 µg of Env expression vector, 0.6 µg of pRev, and 1 µg of pSCTZ 
α, and RC4 cells (6 × 105 cells/well) were transfected with 1.6 µg of 
pSCTZ ω in a 6-well plate. At 36 h after transfection, the HEK293T-Env 
effector cells were digested with EDTA, pelleted, and resuspended in 
DMEM. The effector cells (1 × 104 cells/well) were added to a 96-well 
plate. Six hours later, the target cells (RC4) were dissociated, as 
described above. The target cells and NPIs at various concentrations 
were co-cultivated with effector cells for 24 h at 37 ◦C, and then the cells 
were lysed and mixed with the luciferase substrate (Galacto-Star™ 
system, Applied Biosystems, Bedford, MA). Luciferase activity was 
measured on a Modulus™II microplate multimode reader (Turner Bio
systems, Promega, WI).

2.7. Circular dichroism (CD) spectroscopy

NPIs and C34 were mixed (10 μM each) in 50 mM sodium phosphate 
(pH 7.0) containing 150 mM NaCl and incubated at 37 ◦C for 30 min 
before analysis. These peptide mixtures were tested at 20 ◦C tempera
ture using a 1.0-nm bandwidth, 0.1-nm resolution, 0.1-cm path length, 
4.0-second response time, and a 5-nm/min scanning speed using Chir
ascan spectropolarimeter (Applied Photophysics, UK). The spectra were 

corrected by subtraction of a blank corresponding to the solvent. The 
α-helical content was calculated from the CD signal by dividing the 
mean residue ellipticity at 222 nm by the value expected for 100 % helix 
formation (Shu et al., 2000, Yang et al., 2003). Thermal denaturation 
was monitored at 222 nm by applying a thermal gradient of 2 ◦C/min in 
the range of 4 ◦C-95 ◦C. Reverse melt from 95 ◦C to 4 ◦C was also 
detected. The melting curve was smoothed, and the midpoint of the 
thermal unfolding transition (Tm) value was determined using Chir
ascan software. The averages Tm of at least two measurements for each 
complex was calculated. The fraction of unfolded molecules was 
analyzed according to a two-state N%U mechanism.

2.8. Native page

The 6HB formed by NPI and C34 was detected by Native PAGE (He 
et al., 2008). The three newly designed NPIs were respectively incubated 
with C34 at a final concentration of 40 μM at 37 ◦C for 30 min. The 
mixture was loaded on and run in a precast 18 % Tris-glycine gel. The gel 
was then stained with Coomassie Blue and imaged using the GIS-2010 
system (Tanon, China).

2.9. Statistical analysis

At least three independent dose-response curves were generated for 
each inhibitor. The IC50 values relative to pseudovirus alone control 
were calculated by nonlinear regression analysis using GraphPad Prism 
Software (La Jolla, CA). The mean IC50 was determined for each pseu
dovirus and inhibitor. The IC50 for NPIs was compared with that for N36 
using a student’s t-test with non-parametric assumption, and P values <
0.05 were considered significant.

3. Results

3.1. Peptide design and conformation simulation of NPIs

FPPR, MTQ and MTQ-FPPR were introduced into the N terminal of 
N36, termed FPPR-N36, MTQ-N36 and MTQ-FPPR-N36, respectively 
(Table 1 and Fig. 1). The molecular conformation of the NPIs was pre
dicted using the SWISS Model and showed that three newly designed 
NPIs could form α-helical structures (Figure S1). All three newly 
designed NPIs showed no significant effect on the viability of TZM-bl 
cells (with the cell viability of >90 %) in the cytotoxicity analysis by 
CCK-8 assay using peptide concentrations ranging from 0.15625 μM to 
80 μM (data not shown).

3.2. Effects of NPIs on pseudovirus infection of the different HIV-1 
subtypes

The different pseudoviruses expressing Envs of HIV-1 subtype AE 
(SH88.6 and BJX-4.6), subtype BC (09277-R9 and BJ-28–13), subtype B 
(06057-C3, 06044–7 and LAI) that were spreading in China and other 
regions of the world were constructed to test the inhibitory activities of 
these NPIs. The three newly designed NPIs showed more potent inhib
itory effects than N36, and their IC50 were 5–50-folds less than that of 
N36 (P < 0.05) (Figs. 2, 3, and Table 2).

IZ and MTQ are trimerization motifs and can promote the formation 
of trimers (Figure S1). MTQ-N36 showed slightly better inhibitory ef
fects on pseudovirus than IZN36 (P = 0.074), but MTQ-FPPR-N36 
exhibited weaker inhibitory effects than IZN36 and MTQ-N36. 
Compared with trimeric NPIs, monomer peptide inhibitor, FPPR-N36, 
showed a slightly weaker inhibitory effect. However, FPPR-N36 was 
effective against subtype AE pseudoviruses (BJX-4.6 and SH188.6), with 
similar activity with MTQ-FPPR-N36 (Fig. 2G, H, Fig. 3G, H, and 
Table 2). Meanwhile, the inhibitory effect of NPIs on the HIV-1 resistant 
strains which were selected under N36 or IZN36 co-culture, JRcsf 
E560K/Q577R/641I and JRcsf Q577R/648 K, were also detected. 
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Among all NPIs tested here, only FPPR-N36 showed more potency than 
N36 for JRcsf wild-type and two resistant viruses JRcsf E560K/Q577R/ 
641I and JRcsf Q577R/648 K (Fig. 4 and Table 3). No inhibitory effect of 
MTQ-N36 or MTQ-FPPR-N36 on the two resistant viruses was observed 
at a peptide concentration of 1μM which was 10 times the IC50 in wild- 
type HIV (data not shown).

3.3. Inhibitory effects of NPIs on cell-cell fusion

The inhibitory effects of the three newly designed NPIs on fusion 
between the HIV-1 envelope-expressing cells and target cells were better 
than that of N36. MTQ-N36 and IZN36 had similar inhibitory effects, 
and MTQ-FPPR-N36 had slightly weaker inhibitory effects on cell-cell 
fusion. These results showed a similar trend with the pseudovirus 
infection assays (Table 4).

3.4. Stabilities of the coiled-coil core formed by NPIs and the 6HB formed 
by NPIs and C34

The introduction of FPPR, MTQ, and MTQ-FPPR may affect the 
formation of α-helix and the stability of the NPI itself and the 6HBs. We 
detected the α-helix structures of the NPIs using circular dichroism (CD) 
analyses. The results showed that all three newly designed NPIs could 
form better α-helix structures than N36, especially MTQ-N36 and MTQ- 
FPPR-N36 (Fig. 5A), and could also form a great α-helix of 6HB with 
C34. FPPR-N36 and N36 showed similar α-helicity of 6HB, but both were 
less than newly designed trimeric NPIs. The MTQ-N36 and MTQ-FPPR- 
N36 showed better α-helicity of 6HB than IZN36 (Fig. 5B). Compared 
with N36, the coiled-coil cores formed by newly designed NPIs displayed 
relatively high thermal unfolding transition (Tm) based on their thermal 
denaturation curves (ranging from 55 ◦C to 77 ◦C) and a △Tm was 30 ◦C 
to 50 ◦C, higher than that of the coiled-coil cores formed with the N36 
inhibitor (Fig. 5C and Table 5). Also, the Tm value of 6HB formed by 

Fig. 1. Diagram of the gp41 domain. Linear representation of domains from N-terminal to C-terminal in gp41: fusion peptide (FP); fusion peptide proximal region 
(FPPR); N-terminal heptad repeat region (HR1); C-terminal heptad repeat region (HR2); transmembrane domain (TM); cytoplasmic tail (CP).

Fig. 2. The inhibitory effects of NPI monomer on pseudoviruses of different HIV-1 subtypes. The inhibitory effects of N36 and FPPR-N36 on LAI (A), JRcsf (B), 
09,277-R9 (C), BJ-28–13 (D), 06,044–7 (E), 06,057-C3 (F), BJX-4.6 (G) and SH188.6 (H) were shown. The results were shown as a representative of at least three 
repeated experiments. Each point represents the mean of concentration ± standard deviation (SD).
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Fig. 3. The inhibitory effects of NPI trimer on pseudoviruses of different HIV − 1 subtypes. The inhibitory effects of IZN36, MTQ-N36 and MTQ-FPPR-N36 on LAI (A), 
JRcsf (B), 09,277-R9 (C), BJ-28–13 (D), 06,044–7 (E), 06,057-C3 (F), BJX-4.6 (G) and SH188.6 (H) were shown. The results were shown as a representative of at least 
three repeated experiments. Each point represents the mean of concentration ± standard deviation (SD).

Table 2 
The inhibitory effects of NPIs on HIV-1 Env-pseudovirus infection.

Env-pseudovirus Subtype N36 FPPR-N36 IZN36 MTQ-N36 MTQ-FPPR-N36

IC50 ± SD (μM) Ratio IC50 ± SD (μM) Ratio IC50 ± SD (nM) Ratio IC50 ± SD (nM) Ratio IC50 ± SD (nM) Ratio

LAI B 4.27±0.05 1 1.04±0.17 0.244 93.60±1.00 0.022 81.78±0.88 0.019 363.54±3.90 0.085
JRcsf B 3.45±0.44 1 0.92±0.08 0.267 116.15±12.09 0.034 100.11±15.27 0.029 382.46±39.82 0.111
09277-R9 07BC 7.76±2.67 1 1.51±0.52 0.195 276.88±18.11 0.036 204.35±14.36 0.026 702.84±45.97 0.091
BJ-28–13 BC 8.94±2.51 1 1.25±0.06 0.139 80.38±17.87 0.009 69.66±15.49 0.008 300.90±66.90 0.034
06044–7 B 16.17±2.99 1 3.31±0.63 0.204 91.62±10.37 0.006 61.39±6.95 0.004 157.37±17.82 0.010
06057-C3 B 2.85±0.22 1 0.85±0.10 0.300 43.62±7.48 0.015 40.48±6.52 0.014 179.30±23.33 0.063
BJX-4.6 AE 19.28±0.32 1 3.15±0.73 0.160 541.80±17.73 0.028 386.9 ± 12.66 0.020 2129±69.68 0.110
SH188.6 AE 6.50±0.82 1 1.07±0.08 0.165 576.43±59.62 0.089 298.03±64.06 0.049 1337.03±298.17 0.206

The data were shown as IC50 ± SD. IC50 value was analyzed and calculated by GraphPad Prism software, and the ratio was the IC50 value of the newly designed NPI/the 
IC50 value of N36.

Fig. 4. The inhibitory effects of the designed NPIs on HIV-1 pseudoviruses which were resistant to N36 and IZN36. The inhibitory effects of N36 and FPPR-N36 on 
JRcsf E560K/Q577R/T641I (A) and JRcsf Q577R/E648 K (B) were shown. The results were shown as a representative of at least three repeated experiments. Each 
point represents the mean of concentration ± standard deviation (SD).

C. Yuan et al.                                                                                                                                                                                                                                    



Current Research in Microbial Sciences 8 (2025) 100364

6

newly designed NPIs and C34 was better than that by N36/C34 or 
IZN36/C34 (ranging from 76.5 ◦C to 83 ◦C) and the △Tm was 24.5 ◦C to 
31 ◦C, higher than that of the 6HB formed with the N36 inhibitor, 
especially that containing MTQ-N36 and MTQ-FPPR-N36 (Fig. 5D and 
Table 5).

3.5. Effects of NPIs and C34 interactions by native page

The 6HBs formed by all five NPIs and C34 were visualized by Native 
PAGE and the results were consistent with CD analyses. IZN36/C34 
formed more polymers, while MTQ-N36/C34 and MTQ-FPPR-N36/C34 
did not, and both of them showed a higher proportion of 6HB than FPPR- 
N36/C34 and IZN–N36/C34, indicating that the coiled-coil cores or 
6HBs formed by two newly designed MTQ-engineered trimeric 

Table 3 
The inhibitory effects of NPIs on HIV-1 JRcsf Env-pseudoviruses which are 
resistant to N36 and IZN36.

Env-pseudovirus N36 Ratio FPPR-N36 Ratio
IC50± SD 
(μM)

IC50 ± SD 
(μM)

JRcsf 3.45±0.44 1 0.92±0.08 1
JRcsf E560K/Q577R/ 

T641I
>20 >5.797 3.65±0.26 3.967

JRcsf Q577R/E648K >20 >5.797 4.08±0.91 4.434

The data were shown as IC50 ± SD. The IC50 value was analyzed and calculated 
by GraphPad Prism software, and the ratio was the IC50 value of the newly 
designed NPI/the IC50 value of N36.

Table 4 
The inhibitory effects of NPIs on cell-cell fusion.

Env N36 FPPR-N36 IZN36 MTQ-N36 MTQ-FPPR-N36

IC50 ± SD (μM) Ratio IC50 ± SD (μM) Ratio IC50 ± SD (nM) Ratio IC50 ± SD (nM) Ratio IC50 ± SD (nM) Ratio

LAI 3.58±0.30 1 1.41±0.12 0.394 95.61±6.99 0.027 116.54±8.52 0.033 298±21.78 0.083
09277-R9 2.68±1.52 1 0.42±0.24 0.157 31.43±10.20 0.012 22.44±2.66 0.008 64.25±7.61 0.024
06044–7 2.10±0.32 1 0.50±0.08 0.238 45.76±30.19 0.022 40.09±26.45 0.019 116.67±76.96 0.056
06057-C3 5.61±1.00 1 0.84±0.11 0.150 182.40±1.84 0.033 102.11±24.6 0.018 251.95±16.05 0.045

The data were shown as IC50 ± SD. The IC50 value was analyzed and calculated by GraphPad Prism software, and the ratio was the IC50 value of the newly designed 
NPI/the IC50 value of N36.

Fig. 5. The α-helicity and thermal denaturation of the coiled-coil cores formed by NPIs and the six-helix bundles (6HBs) formed by NPIs and C34. The α-helicities of 
the coiled-coil cores (A) and the 6HBs (B) and the thermostabilities of the coiled-coil cores (C) and the 6HBs (D) were determined using CD spectroscopy.

Table 5 
The thermal denaturation of coiled-coil cores formed by the NPIs and the six- 
helix bundles (6HB) formed by mixtures of the NPIs and C34.

NPIs Six-helix bundle (NPI-C34) Coiled-coil core (NPI)

Tm ( ◦C) △Tm ( ◦C) Tm ( ◦C) △Tm ( ◦C)

N36wt 52 ​ 25 ​
FPPR-N36 76.5 24.5 55 30
IZN36 73 21 65 40
MTQ-N36 80 28 75 50
MTQ-FPPR-N36 83 31 77 52
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inhibitors were more stable (Fig. 6).

4. Discussions

The heptad-repeat regions of HIV-1 gp41 provide a target for the 
development of new anti-HIV-1 inhibitors. Fusion peptide inhibitors are 
divided into N and C peptide inhibitors (NPIs & CPIs) due to the different 
origin sites.

The CPIs bind to HR1 to prevent the formation of endogenous 6HB. 
In clinical application, viral HR1, especially GIV motif (gp547–549), tends 
to mutation, and HR2 is accompanied by mutations to adapt to HR1. 
However, the sequence of the CPI does not change, causing its signifi
cantly reduced binding affinity to virus HR. Mutations in HR1 may also 
increase steric hindrance or generate electrostatic repulsion, leading to a 
decrease in the inhibitory effect of CPIs (Loutfy et al., 2007).

NPI monomers have two targets of gp41, Firstly, it can bind to HR2, 
thereby inhibiting the formation of endogenous 6HB. Secondly, they can 
interact with the HR1 of gp41 through monomer or dimer interactions, 
leading to the formation of a heterotrimeric coiled-coil core that in
terferes with the assembly of endogenous gp41 coiled-coil core. The 
advantage of N-peptide lies in its ability to target two distinct sites 
associated with HIV fusion and entry (Zhuang et al., 2019, Zhuang et al., 
2012, Shu et al., 2000, He et al., 2008). However, due to their poor 
solubility and low bioavailability, NPIs tend to aggregate and exhibit 
limited IC50 values at the micromolar level. Notably, it has been reported 
that IZN36 formed by combining monomeric N36 with the trimer motif 
IZ, significantly enhances solubility and inhibitory potency at the 
nanomolar level (Eckert and Kim, 2001). In addition, NPIs covNHR3 and 
N35CCG-N13 were developed, and the IC50 was also at nanomolar level 
(Louis et al., 2003, Crespillo et al., 2014). In the previous study, we also 
found that NPIs-resistant viruses selected two genetic pathways that 
contain an early mutation in HR1 or HR2 with equal probability to 
escape from N36 and preferentially selected the HR1 pathway to escape 
from IZN36 (Zhuang et al., 2019, Zhuang et al., 2012), the reasons may 
involve the two binding sites for NPI monomer and one binding site for 
NPI trimer. The N36-resistant viruses are difficult to culture to increase 
the resistant degree, implying that HIV-1 may not easily replicate in the 
presence of the NPI monomer. Therefore, current research on NPIs pri
marily focuses on optimizing their inhibitory effects against HIV-1.

In this study, the design strategies of new NPIs include increasing the 
solubility of monomer and the stability of the trimer to enhance the 
inhibitory potential. The main way of increasing solubility is to add 
polar hydrophilic amino acids. Fusion peptide (FP) is located at the N 

terminus of gp41. It contains hydrophobic amino acids which can be 
inserted into the cell membrane (Fig. 1). FP23 is the most widely used FP 
model (gp41512–534) was designed by adding 7 additional polar amino 
acids to FP16 (gp41512–527) (Charloteaux et al., 2006, Lai and Freed, 
2014). FP33 is composed of FP23 and FPPR. The ability of FPPR 
(gp41536–545) to increase solubility of peptides has been reported (Cai 
et al., 2011). Therefore, we introduced the partial FPPR sequence to 
form 2.5 turns of α-helix, aiming to increase the hydrophilicity of the 
inhibitor.

Introducing the trimer motif increases the stability of the trimer, 
thereby increasing the inhibitory potential of the NPI. The HR1 is an 
α-helix structure with 3.6 amino acid residues in one helix, and every 7 
amino acids has one leucine, so these leucines will appear on the same 
side, parallel to the spiral axis. This is also the main reason why 
monomeric NPIs tend to aggregate to form polymers in solution. IZ 
contains a heptad repeat region, similar to Ile-Glu-Lys-Lys-Ile-Glu-Ala 
(d-e-f-g-a-b-c) (Eckert and Kim, 2001). These charged amino acid resi
dues form electrostatic interaction with the amino acid residues of the 
adjacent helix, and the glutamic acid at position b forms a salt bridge 
with the lysine at position f in the same helix, which improves the sta
bility of the trimeric coiled-coil core. MTQ is designed by our group and 
makes α-helix to form a stable trimeric coiled-coil structure because of 
containing several Glu and Lys (Wang et al., 2011). Therefore, we 
constructed NPI MTQ-N36 and MTQ-FPPR-N36, composed of MTQ, 
FPPR, and N36, respectively. Structure prediction showed that these 
NPIs can form a complete α-helix.

The properties and inhibitory effects of the three designed NPIs were 
verified through different inhibitory experiments. According to the re
sults of inhibitory assays, we found that the three newly designed NPIs 
showed more potent inhibitory effects than N36, and FPPR-N36 showed 
better inhibitory effects on N36- and IZN36-resistance strains, which 
provides the possibility for the subsequent optimization, application, 
and development (Fig. 4 and Table 3).

The mechanisms of different inhibitory effects of NPIs were analyzed 
using CD and native PAGE. The results showed that the α-helicity of all 
three new NPIs in the coiled-coil core or the 6HB is better than the 
corresponding monomeric N36 or trimeric IZN36 (Fig. 5A, B). 
Compared with N36, the designed NPIs form more stable coiled-coil 
cores with Tm values ranging from 55 ◦C to 77 ◦C, and the 6HB 
formed by C34 and new NPIs displayed relatively high transition mid
points (Tm) (ranging from 76.5 ◦C to 83 ◦C), indicating that the new 
NPIs had better thermostability than the corresponding monomeric N36 
or trimeric IZN36 (Fig. 5C, D and Table 5).

FPPR-N36 showed a better inhibitory effect than N36, the reason 
may be the increased peptide solubility due to the addition of hydro
philic residues (Cai et al., 2011), and the better stability of the 
coiled-coil core and 6HB. FPPR-N36 was the only tested NPIs that 
inhibited the N36- and IZN36-resistant strains, reminding us that an 
appropriate increase in the length of peptide binding sites may prevent 
viral escape. The inhibitory effect of MTQ-N36 on different strains was 
better than that of IZN36, the mechanisms may include the α-helicity 
formation and stability of MTQ-N36 coiled-coil core itself and the 6HB 
were better than that of IZN36. NPIs have a short contact time with HR2 
due to the instantaneous exposure of HR2, while MTQ-FPPR-N36 has a 
longer sequence and larger steric hindrance, which may interfere with 
its binding to HR2, therefore, MTQ-FPPR-N36 is less effective than 
MTQ-N36 and IZN36.

4. Conclusions

In our study, N36 was modified by introducing FPPR and/or the 
trimer motif MTQ. Three newly designed NPIs showed better inhibitory 
effects and the IC50 of trimeric NPIs reached the nanomolar level. The 
FPPR-N36 can also inhibit the NPIs-resistant HIV-1 strains. Meanwhile, 
NPIs are characterized by genetic conservation and drug sensitivity, 
therefore they have good clinical application prospects. This study 

Fig. 6. The 6HBs formed by the NPIs and C34 were shown in Native-PAGE. 
Final concentrations of N and C peptides were 40 μM. The gel was stained by 
Coomassie Blue.
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provided new insight for the development of more broad-spectrum 
effective peptide inhibitors.

5. Patents

The patent granted in China No ZL 2021 1 0246647.2 resulted from 
the work reported in this manuscript.
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