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ABSTRACT: Eliminating latently infected cells is a highly challenging,
indispensable step towards the overall cure for HIV/AIDS. We
recognized that the unique HIV protease cut site (Phe-Pro) can be
reconstructed using a potent toxin, monomethyl auristatin F (MMAF),
which features Phe at its C-terminus. We hypothesized that this
presents opportunities to design prodrugs that are specifically
activated by the HIV protease. To investigate this, a series of MMAF
derivatives was synthesized and evaluated in cell culture using
latently HIV-infected cells. Cytotoxicity of compounds was enhanced
upon latency reversal by up to 11-fold. In a mixed cell population,
nanomolar concentrations of the lead compound depleted
predominantly the HIV-infected cells and in doing so markedly
enriched the pool with the uninfected cells. Despite expectation,
mechanism of action of the synthesized toxins was not as HIV
protease-specific prodrugs, but likely through the synergy of toxicities
between the toxin and the reactivated virus.

Eradication of human immunodeficiency virus (HIV) from the
human body is a grand, unmet medical need. HIV is the causative
agent of the acquired immunodeficiency syndrome (AIDS) and
currently affects over 37 million people worldwide (UNAIDS report
2018). Combined anti-retroviral therapy (ART) prevents HIV
replication and the development of AIDS. Consequently, the life
expectancy of HIV-infected individuals receiving ART is near-
identical to that of uninfected individuals. However, ART has side
effects, is expensive, and requires strict adherence to the drug
regimen. In addition, patients have to take ART for their entire life
because it fails to eradicate the virus from the body. The major
reason for this is that HIV integrates into the genome of its host
cells and forms latent viral reservoirs in long-lived resting or
quiescent memory CD4 + T cells."? 3 These cells carry stably
integrated, transcriptionally silent, but replication-competent
proviruses. While these cells do not produce viral particles in their
resting state, they can give rise to infectious virions upon
activation.*8 If this occurs after ART is interrupted, HIV rebounds.
So far, only two HIV infected individuals have been cured of
HIV/AIDS, both after allogenic transplantation of hematopoietic
stem cells from donors with a homozygous mutation in the HIV
coreceptor CCR5. 78 However, this approach is highly risky and
not broadly applicable. As it stands, a practical cure is far beyond

reach. A successful cure of HIV would be a formidable
achievement that might also pave the way to curing other
persistent viral infections.

One strategy that is intensively investigated towards the
HIV/AIDS cure is the “shock and kill” approach. Initially, treatment
with so-called latency-reversing agents (LRAs) reactivates latent
HIV hiding in immune cells (the “shock” step). Consequently, virus
producing cells can be targeted and eliminated by the human
immune system while new HIV infections are prevented by ART.%
0 However, the “kill” step relies on the human immune system
and is insufficient to achieve efficient elimination of all HIV
infected cells. 12 The fundamental challenge of HIV cure would
therefore benefit tremendously from the development of
therapeutic “kill” agents, to specifically eliminate the virus infected
cells. Yet this endeavour has proven to be highly challenging and
decades of research on this subject delivered only solitary
examples of success.

A therapeutic strategy that proved to be highly promising
focused on the development of “pathogen-activated antiretroviral
treatment”,’3'7 designed with the knowledge of the unique
substrate specificity of the HIV protease. HIV protease-specific
peptide sequences have been used to inactivate cytotoxic
proteins (through the design of zymogens'>'” and protein drug
carriers™) whereby activity of the protease liberated the
therapeutic agents ensuing death of the cell that harbors HIV. The
developed opportunities are fundamentally exciting but require
intracellular delivery of protein therapeutics which in vivo remains
a major challenge on its own. '&1°

In this work, we approached the design of the medicinal “kill”
agent to eliminate the virus-infected cells from a different angle.
Instead of considering the full peptide sequences specific to the
HIV protease, we focused on the unique HIV protease cleavage
site between the aromatic amino acids phenylalanine or tyrosine
and proline (Phe, Tyr and Pro, respectively).?° We realized that a
clinically validated toxin, monomethyl auristatin F (MMAF),
contains a C-terminal phenylalanine, and lends itself to
reconstruct the Phe-Pro cut site (Figure 1A). Pro derivatives of
MMAF could therefore potentially serve as prodrugs if the potent
toxin would be released by the activity of the HIV protease, thus
ensuing cell killing of the virus-infected cells. MMAF has low cell
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Figure 1: Chemical formulas of the derivatives of MMAF (A) engineered such
as to reconstruct the Phe-Pro HIV protease cut site and to include the R group
to optimize protease binding; and (B) engineered using MMAF toxin and
peptidic motifs from the known HIV protease peptide substrates.

membrane permeability and hence a low bystander cell killing
effect,?! further contributing to the attractiveness of this drug. We
synthesized a total of eight Pro-containing, C-substituted
derivatives of MMAF (Figure 1A) whereby “R” was chosen from a
range of functionalities to optimize the compound cell entry, and
at the same time to optimize binding to the hydrophobic S2’
pocket of the protease (S1’ being occupied by proline). For
synthesis details and compound characterization, see
Supplementary Information.

From a different perspective, we also considered that the
HIV protease is a symmetrical homodimer with a bidirectional
binding of the substrate,® and considered that a range of
commercially available HIV-specific peptide sequences feature
Phe (or Tyr) in their structure at the cut site. We envisioned that,
using the fragment-based drug design methodology, it is possible
to preserve the sequence “right” of the cut site of the HIV-protease
substrate, to maintain the affinity for the protease, and use MMAF
as the “left” fragment, to afford an HIV-specific prodrug for the
toxin (Figure 1B). To realize this synthetically, the second series
of prodrugs (MFR series) was designed to contain the MMAF
toxin connected at the C-terminus to EAL (derived from KVNL-
EAL, commercialized as an HIV protease-specific peptide by
Sigma), QR (from the YIF-QR peptide from Bachem); and PIVQ
(from SQNY-PIVQ, commercialized by Anaspec). In this design,
we also included fragments of the three sequences that were
identified in the in silico-based modelling of the peptides with HIV
protease specificity,??> namely (F)ETF, (Y)VNL, and (F)PIQ. For
synthesis details and compound characterization, see the
Supplementary Information.

To study the newly synthesized derivatives of MMAF, we
first established a robust cell culture model for latency reversal.
Four latently infected Jurkat-based T cell lines containing a full-
length integrated HIV-1 genome that expresses GFP upon
activation (J Lat 8.4, 9.2, 10.6, and 11.1) 23 were analyzed for
latency reversal using the histone deacetylase inhibitor vorinostat
(SAHA) or tumor necrosis factor alpha (TNFa), an immune
stimulatory cytokine. Latency reversal was quantified 48 h post-
treatment using flow cytometry to monitor GFP expression. In
parallel, we determined cell viability using a fluorescent viability
dye. SAHA concentrations exceeding 1.25 yM caused more than
50% reduction in cell viability in all analysed J-Lat cell clones
(Figure S1A). Concentrations of SAHA below or equal to 1.25 uyM,
however, induced no or only moderate levels of GFP expression
(Figure S1B). In contrast, treatment with TNF-o was efficacious in
terms of virus latency reversal using TNF-a concentration =5
ng/mL and devoid of noticeable toxicity at concentrations <10
ng/mL (Figure S1C,D). In all further experiments, latency reversal
was achieved using 10 ng/mL cytokine concentration.

We determined the cytotoxic activity of MMAF and
derivatives thereof designed in this work in J-Lat 10.6 cells.
Synthesized reagents proved to be potent toxins with toxicity-
related ICso values as low as 0.5 nM (Figure 2, for numerical
values see Table 1). For the Pro-based reagents (MF series),
typical 1Cso values were between 4 and 20 nM and those for the
MFR series between 60 and 570 nM. Noteworthy, for the MF
series, 1Cs values were lower than that for MMAF, as is readily
explained by the masking effect of the Pro-R group to the highly
polar carboxylate group of MMAF.2' Nevertheless, these data
also illustrate that the synthesized compounds/prodrugs do not
fully prevent cell killing by the toxin. Altogether, this observation is
not surprising and in agreement with prior results on MMAF
derivatives.?'

Next, we quantified drug toxicity under conditions of HIV
latency reversal. For this, J-Lat 10.6 cells were treated with TNF-
o and subsequently exposed to the library compounds. In the
presence of TNF-a, ICso values for the parent MMAF declined,
illustrating that the cytokine exhibits an unexpected, albeit minor,
non-specific drug potentiation effect (Table 1). We define the
value of QICso as the ratio of the corresponding ICso values
obtained for the toxin in the absence or the presence of TNF-a
(Table 1); this ratio for MMAF in J-Lat 10.6 cells was 4. In these
cells, the overall majority of the synthesized toxins was
characterized by similar QICso values, suggesting that latency
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Figure 2: Cytotoxicity of MMAF and the developed compound library in the J-Lat 10.6 cells (latently infected with HIV) or the parent non infected
Jurkat cells in the presence and absence of the latency reversal agent, TNFa. Shown are the mean values of three independent experiments +

SD.
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Table 1. Toxicity related values of ICso for MMAF and the developed
compound library in J-Lat 10.6 cells harboring latent HIV and in MDA-MB-
231 cancer cells (no latent HIV), in the presence or absence of HIV latency
reversal agent, TNF-a. QICso is defined as a ratio of respective ICso values
for the same drug in cells without and with addition of TNF-o and reflects
fold-potentiation of the drug toxicity upon addition of the HIV latency
reversal agent. Presented values are based on at least 3 independent
experiments and presented as mean + SD.

JLat10.6 MDA-MB-231
ICs0, NM +TNF-o. | QICso ICs0, NM + TNF-a QICso

MF-0 0,50 0,16 31 4,1 3,1 1,3
MF-1 18,3 19,5 0,9 9,3 4,0 2,3
MF-2 7,2 1,7 42 9,4 49 1,9
MF-3 14,3 1,9 75 57 38 15
MF-4 15,1 315 43 120 69 1,7
MF-5 42 0,75 5,6 21 10 1,9
MF-6 19,5 1,7 11,5 27 14 1,9
MF-7 10,0 1,2 8,3 6,5 39 1,7
MFR-1 68,3 17,6 39 1100 994 1,1
MFR-2 570 210 2,7 n/a n/a n/a
MFR-3 235 64 37 520 355 14
MFR-4 78 15,8 4,9 n/a n/a n/a
MFR-5 515 152 33 560 546 1
MFR-6 330 70 47 860 790 11
MMAF 29,8 74 4 160 73 2,1

reversal leads to a minor potentiation of toxicity of treatment. For
control, drug toxicity was also quantified using a breast cancer
line MDA-MB-231, in which case the QICsg values were also in the
range between 1 and 2, revealing minor, non-specific effects
mediated by TNF-a.

Two synthesized toxins, MF-6 and MF-7, revealed QICs
values of 11.5 and 8.3 in J-Lat cells and only QICs of ~ 2 in the
cancer cell line. Thus, in cancer cells, effects of TNF-a were
similar to those observed for all the synthesized reagents. In
contrast, in the J-Lat cells harbouring latent HIV genome, TNF-a
treatment induced a significant potentiation of the compounds’
effect. A common design feature for the two lead compounds is
that both MF-6 and MF-7 are MMAF derivatives extended with
proline, not the di/tripeptide sequence; and that proline is further
protected into an aromatic amide (whereas all other MF series
agents were aliphatic amides). MF-6 and MF-7 thus share
structural similarity with lopinavir, ritonavir and other protease
inhibitors that contain aromatic binding groups (mimicking Phe)
on either side of the hydroxyethylene spacer, that is, on either side
of the symmetry plane when the drug binds to the symmetrical,
bidirectional binding site of the HIV protease.?

To investigate the potential of specific killing of the HIV-
infected cells, activity of MF-6 and MF-7 was analyzed via flow
cytometry, distinguishing between the GFP+ cells with latency
reversed virus and GFP- cells that are devoid of transcriptionally
active HIV. Latency reversal in J-Lat 10.6 cells resulted in a mixed
population of cells with an approximately 2:1 ratio of GFP+/GFP-
cells (Figure 3A). At compound concentrations below 3-5 nM, we
observed a strong cell-killing effect in the GFP+ (HIV+) cells, and
a much less pronounced change in viability for the GFP- (HIV-)
cells. Drug dosing afforded predominant elimination of the HIV+
cells and upon treatment, the cell pool is significantly enriched
with the HIV-negative cells (Figure 3B). These data comprise an
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Figure 3. Differential killing potential for the MF6 and MF7 prodrugs in
latently infected J-Lat cells in the presence of 10 pg/L TNF-a (latency
reversal agent) as a function of prodrug concentration: (A) Stack-bar view
whereby all viable cells are color-coded as GFP (HIV) positive or negative;
(B) proportion of total live cells that test positive or negative for GFP (HIV).
Shown are the mean values of three independent experiments each
performed in triplicates + SEM.

HIV-1 protease

MF-7 -

Figure 4: Computational illustration of MF-7 binding to HIV-1 protease.
Shown here is the most favorable binding mode of MF-7 in HIV-1 protease
(SP Gscore = -6.0 kcal/mol) when docked with a bridging water molecule.
Structures to the right illustrate the protease-bound MF-7 and lopinavir (from
PDB entry 6DJ1).

important step towards the development of a therapeutic “kill”
agent for the “shock and kill” strategy.

In an effort to validate the compound binding to the HIV
protease, we used computational methods and performed
induced fit docking calculations for MF-7 using atomic coordinates
for the HIV protease co-crystallized with lopinavir. 2 The
calculated binding mode of MF-7, unlike that of MMAF taken as a
control, occurred such as to occupy the protease binding site, thus


https://doi.org/10.1101/2022.01.12.476003

bioRxiv preprint doi: https://doi.org/10.1101/2022.01.12.476003; this version posted January 12, 2022. The copyright holder for this
preprint (which was not certified by peer review) is the author/funder. All rights reserved. No reuse allowed without permission.

providing computational support of the experimental prodrug
toxicity data. Indeed, while pristine MMAF exhibited superficial
binding to the protease, docking calculations suggested that MF-
7 binds such as to overlap significantly with lopinavir (Figure 4).
This was true either with or without a structural water molecule
included in the calculations. The calculated binding mode
matched well with the expected compound fitting into the protease
active site, specifically in that Pro is positioned in the immediate
vicinity of Asp 25/25° (the protease cut site), and the aromatic
rings of the compound are largely co-localized with the two phenyl
and isopropyl side chains of lopinavir (for details and additional
figures, Supporting Information).

Next, we performed an evaluation of the compound library
in the context of the protease-mediated drug release. We
observed the expected activity of the HIV protease on the
commercially available fluoregenic substrate via both, HPLC and
the fluorescence based readout (Figure 5). However, despite
expectations, we registered no release of MMAF from the
compounds synthesized in this work in the presence of the HIV
protease (data for MF-7 shown in Figure 5). In the protease
inhibition experiments with a fluorescence read-out, we observed
that upon addition of MF-7, conversion of the fluoregenic
substrate was decreased, likely indicating competitive enzyme
inhibition. This effect was statistically significant, although its
magnitude was rather modest.

Taken together, computation methods, quantification of
drug release, and the protease inhibition studies support the
compound binding to the protease, albeit with modest affinity and
without enzymatic activity on MF-7. Thus, most likely, the
synthesized reagents exert their preferential toxicity upon HIV
latency reversal through a mechanism different to the originally
proposed activity of the prodrugs being activated by the HIV
protease. This conclusion is further strengthened by the
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observation that potentiation of the toxin upon HIV latency
reversal (Figure 2 and Table 1) was not suppressed by the HIV
protease inhibitor (saquinavir).

One plausible mechanism of the observed enhanced drug
toxicity in the HIV+ cells is based on a possible synergy of
cytotoxic effects exerted by the synthetic toxin and the virus.
Indeed, synergy between viral cytopathic effects (CPE) and drug-
induced toxicity is well-established as a means of the combination
cancer therapy and is investigated in clinical trials.?%-%0
Furthermore, chemotherapy clinical trials in the HIV+ patients also
documented a significant decrease of the viral load in blood,
indicative of elimination of the virus-producing cells.?' Synergy
between chemotherapy and CPE therefore merits investigation as
an approach to eliminate the virus-infected cells. Specifically,
more work is required to enhance the QICs, to highest possible
values, and to identify the exact mechanism of enhanced toxicity
in the HIV+ cells.
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Figure 5. Evaluation of MF-7 as a substrate or an inhibitor for the HIV protease. (A) Chemical formula of the fluorogenic substrate to the HIV protease (Sigma
product H0790) and its corresponding products of proteolytic cleavage; (B) HPLC elution profile illustrating the expected enzymatic scission of the substrate
(incomplete conversion); (C) HPLC elution profiles for MMAF and MF-7, for the latter with and without a treatment of the HIV protease; (D,E) Fluorescence of
solutions containing the HIV protease and its fluoregenic substrate in the presence of MF-7 or saquinavir, in kinetic mode (D) or end-point measurement (E). Panels
D,E: shown are results based on three independent experiments; statistical evaluation was carried out via two-way ANOVA (GraphPad Prism v. 9), p < 0,001.
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EXPERIMENTAL SECTION.

For details on compound synthesis and characterization,
see Supplementary Information.

Cell culture. J-Lat 11.1, 10.6, 9.2 and 8.4 were obtained from the
NIH AIDS Reagent Program and maintained in RPMI1640
medium supplemented with FCS (10% (v/v)), L-glutamine (2 mM),
streptomycin (100 mg/mL) and penicillin (100 U/mL). Cells were
cultured at 37°C, 90% humidity and 5% CO2. The cells were split
1:20 or 1:30 regularly twice a week. Parental Jurkat cells were
obtained from ATTC (Clone E6-1; ATCC® TIB-152™). Cell were
cultured in RPMI1640 medium supplemented with FCS (10%
(v/v)), L-glutamine (2 mM), streptomycin (100 mg/mL) and
penicillin (100 U/mL). Cells were cultured at 37°C, 90% humidity
and 5% CO2. The cells were split 1:10 or 1:20 regularly twice a
week.

Toxicity treatment. 75,000 J-Lat or parental Jurkat cells were
incubated in 96 U-Well microtiter plates with the respective
compound dilutions prepared in RPMI medium in a final volume
of 200 pL per well. Cells were then either stimulated with 10
ng/mL TNFa or not in the absence or presence of MMAF and
prodrugs. Cells were incubated at 37°C, 5% CO2 and 90%
humidity for 2 days. 48 hours post treatment, cell viability was
determined as described below.

Flow cytometry analysis of cell viability. Cells were spinned
down at 350 x g and room temperature for 3 minutes.

Supernatants were discarded. Cells were washed twice in 1x PBS.

eBioscience™ Fixable Viability Dye eFluor™ 780 (Thermo
Scientific, #65-0865-14) was diluted 1:1000 (v/v) in 1x PBS. Cells
pellets were resuspended in 50 yL in the solution containing the
viability dye and incubated at room temperature for 15 minutes in
the dark. Cell were washed twice in 1x PBS. Finally, cells were
fixed in 4% PFA at 4°C for 1 hour. J-Lat and parental Jurkat cells
were gated based on forward and side scatter characteristics,
followed by exclusion of doublets and then by the viability dye
positive and negative cells. Data were generated with BD FACS
Diva 6.1.3 Software using the FACS Canto Il flow cytometer. Data
analysis was performed using FlowJo 10.6 Software (Treestar).

Cell Titer Glo viability assay. Cells were spinned down at 350 x
g and room temperature for 3 minutes. Supernatants were
discarded. Cells were washed twice in 1x PBS. The CellTiter-
Glo® Luminescent Cell Viability Assay Kit (Promega, # G7570)
was used as recommended in the manufacturer’s protocol. Cell
viability was quantified as relative light units (RLU) per second
with an Orion Microplate luminometer (Berthold).

Computational Methods.

Protein preparation. The HIV-1 protease structure was obtained
from PDB entry 6DJ1 (Ref?®) and prepared for docking
calculations using the Protein Preparation Wizard 25 %2 (available
in Maestro, Schrodinger Suite 2019, Schrédinger, LLC, New York,
NY, 2019). This template was selected due to it having been co-
crystallized with lopinavir, which contains a PheProPhe isostere
similar to MF-6 and MF-7, and the conformation of the flap
domains was therefore expected to be compatible with MF-6 and
MF-7 binding. All ions and water molecules were deleted except

for one water molecule bridging the co-crystallazed ligand
lopinavir and lle50. When dual conformations were present in the
crystal structure, the most populated conformation of residues
and ligand was selected. The protonation states of titratable
residues were evaluated using PROPKA 32 at neutral pH resulting
in Asp25’ (chain A) being modelled in its protonated state, which
is in accordance with neutron scattering data. ** All other residues
were modelled in their default states. The protein was then
subjected to a structure minimization restrained to a maximum
heavy atom RMSD of 0.3 A.

Ligand preparation. The structure of MMAF was extracted from
PDB entry 5J2U. 3° Atom types and bond orders were assigned
manually and the stereochemistry was checked in Maestro
(Schrodinger Suite 2019, Schrodinger, LLC, New York, NY, 2019).
The protonation state of relevant functional groups was assessed
36 using Epik resulting in both termini being modelled as charged.
The structure was then minimized and submitted to a
conformational search using MacroModel available within
Maestro, the OPLS 2005 force field ¥ and otherwise default
settings. The lowest energy conformation was applied in the
docking calculation and as starting point for generating the
chemical structures of MF-6 and MF-7. The MMAF structure was
manually extended to MF-6 and MF-7, respectively, using the
build panel available in Maestro, and prepared analogously to
MMAF as described above.

Docking calculations. Docking calculations were performed
using the extended induced fit docking protocol 3 which utilizes
three steps to achieve both ligand and protein flexibility
(Schrodinger Suite 2019, Schrodinger, LLC, New York, NY, 2019).
In the first step, the ligand is docked using a soft potential to allow
for an initial binding mode despite a poor protein/ligand fit. In this
step, the binding site is initially evaluated and residues protruding
into the binding site or highly flexible residues are temporarily
mutated to alanine as to not obstruct initial binding. The extended
protocol includes automated mutation of problematic residues
and performs docking calculations on each resulting protease
mutant. In the second step, any mutated residues are changed
back to the original amino acid and all side chains in the binding
site (5A around docked ligand) are optimized to accommodate the
docked ligand. In step three, the docking step is repeated using
the optimized binding site and the full potential function. The
binding site center was defined as the centroid of lopinavir and
the binding site size was set to 46 A. The first docking step was
allowed to return a maximum of 80 poses, while the second
docking step could return a maximum of 20 poses. Both docking
steps were performed using the standard precision scoring
function. % The docking calculation was repeated without the
structural water molecule near 1le50.

Studies with the HIV Protease

To confirm activity of the HIV protease a positive control was
run alongside all drug-release experiments using an HIV Protease
fluoregenic substrate (Sigma Aldrich Cat. No H0790).

For HPLC quantification of drug release, stock solutions of the
compounds in DMSO (10 g/L) were diluted to a final concentration
of 200 uM in acetate buffer (100 MM NaOAc, 1 M NaCl, 1 mM
EDTA, 1 mM DTT, pH 4.7) and incubated at 37 °C for 24 h in the
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presence or absence of HIV-1 protease (83 nM). 20 uL of each
reaction mixture was added to MeOH (80 uL) to precipitate the
HIV protease. The MeOH layer was analyzed via HPLC. All
release studies were conducted in triplicates.

The protease inhibition studies were carried out in 100 mM MES
buffer (pH 5,5) supplemented with 400 mM NaCl, 1 mM EDTA, 1
mM DTT, and 1 g/L BSA. Reagent concentrations were 80 nM
HIV-PR, 1 yM HIV protease fluorescent substrate, 10 yM MF-7, 1
MM Saquinavir. Experiments were conducted at 37 C with shaking,
reading solution fluorescence every 2 min with excitation and
emission wavelengths of 320 and 420 nm, respectively.

Keywords: HIV latency * drug design « latency reversal

REFERENCES

(1) Siliciano, R. F.; Greene, W. C. HIV latency. Cold Spring
Harbor perspectives in medicine 2011, 1 (1), a007096.

(2) Venkatachari, N. J.; Zerbato, J. M.; Jain, S.; Mancini, A. E.;
Chattopadhyay, A.; Sluis-Cremer, N.; Bar-Joseph, Z.; Ayyavoo, V.
Temporal transcriptional response to latency reversing agents
identifies specific factors regulating HIV-1 viral transcriptional switch.
Retrovirology 2015, 12.

(3) Choudhary, S. K.; Margolis, D. M. Curing HIV: Pharmacologic
Approaches to Target HIV-1 Latency. Annu Rev Pharmacol 2011,
51, 397-418.

(4) Chun, T. W,; Carruth, L.; Finzi, D.; Shen, X. F.; DiGiuseppe, J.
A.; Taylor, H.; Hermankova, M.; Chadwick, K.; Margolick, J.; Quinn,
T. C.; Kuo, Y. H.; Brookmeyer, R.; Zeiger, M. A_; BarditchCrovo, P.;
Siliciano, R. F. Quantification of latent tissue reservoirs and total
body viral load in HIV-1 Infection. Nature 1997, 387 (6629), 183-188.
(5) Davey, R. T.; Bhat, N.; Yoder, C.; Chun, T. W.; Metcalf, J. A;
Dewar, R.; Natarajan, V.; Lempicki, R. A.; Adelsberger, J. W_;
Millers, K. D.; Kovacs, J. A.; Polis, M. A.; Walker, R. E.; Falloon, L.;
Masur, H.; Gee, D.; Baseler, M.; Dimitrov, D. S.; Fauci, A. S.; Lane,
H. C. HIV-1 and T cell dynamics after interruption of highly active
antiretroviral therapy (HAART) in patients with a history of sustained
viral suppression. P Natl Acad Sci USA 1999, 96 (26), 15109-15114.
(6) Darcis, G.; Van Driessche, B.; Van Lint, C. HIV Latency:
Should We Shock or Lock? Trends in immunology 2017, 38 (3), 217-
228.

(7) Gupta, R. K.; Abdul-dJawad, S.; McCoy, L. E.; Mok, H. P.;
Peppa, D.; Salgado, M.; Martinez-Picado, J.; Nijhuis, M.; Wensing,
A. M. J;; Lee, H.; Grant, P.; Nastouli, E.; Lambert, J.; Pace, M,;
Salasc, F.; Monit, C.; Innes, A. J.; Muir, L.; Waters, L.; Frater, J.;
Lever, A. M. L.; Edwards, S. G.; Gabriel, I. H.; Olavarria, E. HIV-1
remission following CCR5Delta32/Delta32 haematopoietic stem-cell
transplantation. Nature 2019, 568 (7751), 244-248.

(8) Hutter, G.; Nowak, D.; Mossner, M.; Ganepola, S.; Mussig, A.;
Allers, K.; Schneider, T.; Hofmann, J.; Kucherer, C.; Blau, O.; Blau, I.
W._; Hofmann, W. K_; Thiel, E. Long-term control of HIV by CCR5
Delta32/Delta32 stem-cell transplantation. The New England journal
of medicine 2009, 360 (7), 692-8.

(9) Kim, Y.; Anderson, J. L.; Lewin, S. R. Getting the "Kill" into
"Shock and Kill": Strategies to Eliminate Latent HIV. Cell host &
microbe 2018, 23 (1), 14-26.

(10) Nixon, C. C.; Mavigner, M.; Sampey, G. C.; Brooks, A. D;
Spagnuolo, R. A;; Irlbeck, D. M.; Mattingly, C.; Ho, P. T.; Schoof, N.;
Cammon, C. G,; Tharp, G. K.; Kanke, M.; Wang, Z.; Cleary, R. A;;
Upadhyay, A. A; De, C.; Wills, S. R.; Falcinelli, S. D.; Galardi, C.;
Walum, H.; Schramm, N. J.; Deutsch, J.; Lifson, J. D.; Fennessey,
C. M,; Keele, B. F.; Jean, S.; Maguire, S.; Liao, B.; Browne, E. P;
Ferris, R. G.; Brehm, J. H.; Favre, D.; Vanderford, T. H.; Bosinger, S.
E.; Jones, C. D.; Routy, J.-P.; Archin, N. M.; Margolis, D. M.; Wahl,
A.; Dunham, R. M,; Silvestri, G.; Chahroudi, A.; Garcia, J. V.
Systemic HIV and SIV latency reversal via non-canonical NF-kB
signalling in vivo. Nature 2020.

(11) Thorlund, K.; Horwitz, M. S.; Fife, B. T.; Lester, R.; Cameron,
D. W. Landscape review of current HIV ‘kick and kill’ cure research -

some kicking, not enough killing. BMC Infectious Diseases 2017, 17
(1), 595.

(12) Grau-Exposito, J.; Luque-Ballesteros, L.; Navarro, J.; Curran,
A.; Burgos, J.; Ribera, E.; Torrella, A.; Planas, B.; Badia, R.; Martin-
Castillo, M.; Fernandez-Sojo, J.; Genesca, M.; Falco, V.; Buzon, M.
J. Latency reversal agents affect differently the latent reservoir
present in distinct CD4+ T subpopulations. PLoS Pathog 2019, 15
(8), e1007991.

(13) Buckley, D. L.; Corson, T. W.; Aberle, N.; Crews, C. M. HIV
Protease-Mediated Activation of Sterically Capped Proteasome
Inhibitors and Substrates. Journal of the American Chemical Society
2011, 133 (4), 698-700.

(14) Wen, J.; Yan, M;; Liu, Y.; Li, J.; Xie, Y.; Lu, Y.; Kamata, M;
Chen, I. S. Specific Elimination of Latently HIV-1 Infected Cells
Using HIV-1 Protease-Sensitive Toxin Nanocapsules. PloS one
2016, 71 (4), e0151572.

(15) Vocero-Akbani, A. M.; Heyden, N. V_; Lissy, N. A.; Ratner, L,;
Dowdy, S. F. Killing HIV-infected cells by transduction with an HIV
protease-activated caspase-3 protein. Nature Medicine 1999, 5 (1),
29-33.

(16) FALNES, P. @.; WELKER, R.; KRAUSSLICH, H.-G;
OLSNES, S. Toxins that are activated by HIV type-1 protease
through removal of a signal for degradation by the N-end-rule
pathway. Biochemical Journal 1999, 343 (1), 199-207.

(17) Design and Characterization of an HIV-Specific Ribonuclease
Zymogen. AIDS Research and Human Retroviruses 2008, 24 (11),
1357-1363.

(18) Fu, A.; Tang, R.; Hardie, J.; Farkas, M. E.; Rotello, V. M.
Promises and Pitfalls of Intracellular Delivery of Proteins.
Bioconjugate Chemistry 2014, 25 (9), 1602-1608.

(19) Qin, X.; Yu, C.; Wei, J.; Li, L.; Zhang, C.; Wu, Q.; Liu, J.; Yao,
S. Q.; Huang, W. Rational Design of Nanocarriers for Intracellular
Protein Delivery. Advanced Materials 2019, 31 (46), 1902791.

(20) Patrick, G., Introduction to Medicinal Chemistry. Oxford
University Press: 2017; p 912.

(21) Doronina, S. O.; Mendelsohn, B. A.; Bovee, T. D.; Cerveny, C.
G.; Alley, S. C.; Meyer, D. L.; Oflazoglu, E.; Toki, B. E.; Sanderson,
R. J.; Zabinski, R. F.; Wahl, A. F.; Senter, P. D. Enhanced Activity of
Monomethylauristatin F through Monoclonal Antibody Delivery:
Effects of Linker Technology on Efficacy and Toxicity. Bioconjugate
Chemistry 2006, 17 (1), 114-124.

(22) Rognvaldsson, T.; You, L.; Garwicz, D. State of the art
prediction of HIV-1 protease cleavage sites. Bioinformatics 2014, 31
(8), 1204-1210.

(23) Jordan, A.; Bisgrove, D.; Verdin, E. HIV reproducibly
establishes a latent infection after acute infection of T cells in vitro.
The EMBO journal 2003, 22 (8), 1868-77.

(24) De Clercq, E.; Li, G. Approved Antiviral Drugs over the Past 50
Years. Clinical Microbiology Reviews 2016, 29 (3), 695-747.

(25) Wong-Sam, A.; Wang, Y.-F.; Zhang, Y.; Ghosh, A. K;
Harrison, R. W.; Weber, I. T. Drug Resistance Mutation L76V Alters
Nonpolar Interactions at the Flap—Core Interface of HIV-1 Protease.
ACS Omega 2018, 3 (9), 12132-12140.

(26) Comins, C.; Spicer, J.; Protheroe, A.; Roulstone, V.; Twigger,
K.; White, C. M.; Vile, R.; Melcher, A.; Coffey, M. C.; Mettinger, K. L.;
Nuovo, G.; Cohn, D. E.; Phelps, M.; Harrington, K. J.; Pandha, H. S.
REO-10: A Phase | Study of Intravenous Reovirus and Docetaxel in
Patients with Advanced Cancer. Clinical Cancer Research 2010, 16
(22), 5564-5572.

(27) Lolkema, M. P.; Arkenau, H.-T.; Harrington, K.; Roxburgh, P.;
Morrison, R.; Roulstone, V.; Twigger, K.; Coffey, M.; Mettinger, K.;
Gill, G.; Evans, T. R. J.; de Bono, J. S. A Phase | Study of the
Combination of Intravenous Reovirus Type 3 Dearing and
Gemcitabine in Patients with Advanced Cancer. Clinical Cancer
Research 2011, 17 (3), 581-588.

(28) Fountzilas, C.; Patel, S.; Mahalingam, D. Review: Oncolytic
virotherapy, updates and future directions. Oncotarget 2017, 8 (60),
102617-102639.

(29) Sei, S.; Mussio, J. K.; Yang, Q.-e.; Nagashima, K.; Parchment,
R. E.; Coffey, M. C.; Shoemaker, R. H.; Tomaszewski, J. E.
Synergistic antitumor activity of oncolytic reovirus and
chemotherapeutic agents in non-small cell lung cancer cells.
Molecular Cancer 2009, 8 (1), 47.

(30) Tai, C. J; Liu, C. H.; Pan, Y. C.; Wong, S. H.; Tai, C. J,;
Richardson, C. D.; Lin, L. T. Chemovirotherapeutic Treatment Using


https://doi.org/10.1101/2022.01.12.476003

bioRxiv preprint doi: https://doi.org/10.1101/2022.01.12.476003; this version posted January 12, 2022. The copyright holder for this
preprint (which was not certified by peer review) is the author/funder. All rights reserved. No reuse allowed without permission.

Camptothecin Enhances Oncolytic Measles Virus-Mediated Killing of
Breast Cancer Cells. Sci Rep 2019, 9 (1), 6767.

(31) Henrich, T. J.; Hobbs, K. S.; Hanhauser, E.; Scully, E.; Hogan,
L. E.; Robles, Y. P.; Leadabrand, K. S.; Marty, F. M.; Palmer, C. D;
Jost, S.; Kérner, C,; Li, J. Z.; Gandhi, R. T.; Hamdan, A.; Abramson,
J.; LaCasce, A. S.; Kuritzkes, D. R. Human Immunodeficiency Virus
Type 1 Persistence Following Systemic Chemotherapy for
Malignancy. J Infect Dis 2017, 216 (2), 254-262.

(32) Sastry, G. M.; Adzhigirey, M.; Day, T.; Annabhimoju, R;;
Sherman, W. Protein and ligand preparation: parameters, protocols,
and influence on virtual screening enrichments. J Comput Aid Mol
Des 2013, 27 (3), 221-234.

(33) Olsson, M. H. M.; Sgndergaard, C. R.; Rostkowski, M.;
Jensen, J. H. PROPKAZS: Consistent Treatment of Internal and
Surface Residues in Empirical pKa Predictions. Journal of Chemical
Theory and Computation 2011, 7 (2), 525-537.

(34) Weber, I. T.; Waltman, M. J.; Mustyakimov, M.; Blakeley, M.
P.; Keen, D. A; Ghosh, A. K.; Langan, P.; Kovalevsky, A. Y. Joint X-
ray/Neutron Crystallographic Study of HIV-1 Protease with Clinical
Inhibitor Amprenavir: Insights for Drug Design. J Med Chem 2013,
56 (13), 5631-5635.

(35) Waight, A. B.; Bargsten, K.; Doronina, S.; Steinmetz, M. O;
Sussman, D.; Prota, A. E. Structural Basis of Microtubule
Destabilization by Potent Auristatin Anti-Mitotics. PloS one 2016, 11
(8).

(36) Greenwood, J. R.; Calkins, D.; Sullivan, A. P.; Shelley, J. C.
Towards the comprehensive, rapid, and accurate prediction of the
favorable tautomeric states of drug-like molecules in aqueous
solution. J Comput Aid Mol Des 2010, 24 (6-7), 591-604.

(37) Kaminski, G. A.; Friesner, R. A,; Tirado-Rives, J.; Jorgensen,
W. L. Evaluation and Reparametrization of the OPLS-AA Force Field
for Proteins via Comparison with Accurate Quantum Chemical
Calculations on Peptides. The Journal of Physical Chemistry B 2001,
105 (28), 6474-6487.

(38) Sherman, W.; Day, T.; Jacobson, M. P.; Friesner, R. A.; Farid,
R. Novel procedure for modeling ligand/receptor induced fit effects. J
Med Chem 2006, 49 (2), 534-553.

(39) Friesner, R. A.; Banks, J. L.; Murphy, R. B.; Halgren, T. A;
Klicic, J. J.; Mainz, D. T.; Repasky, M. P.; Knoll, E. H.; Shelley, M,;
Perry, J. K.; Shaw, D. E.; Francis, P.; Shenkin, P. S. Glide: a new
approach for rapid, accurate docking and scoring. 1. Method and
assessment of docking accuracy. J Med Chem 2004, 47 (7), 1739-
49.


https://doi.org/10.1101/2022.01.12.476003

bioRxiv preprint doi: https://doi.org/10.1101/2022.01.12.476003; this version posted January 12, 2022. The copyright holder for this
preprint (which was not certified by peer review) is the author/funder. All rights reserved. No reuse allowed without permission.

TOC image

Enhanced toxicity in HIV* cells


https://doi.org/10.1101/2022.01.12.476003

bioRxiv preprint doi: https://doi.org/10.1101/2022.01.12.476003; this version posted January 12, 2022. The copyright holder for this
preprint (which was not certified by peer review) is the author/funder. All rights reserved. No reuse allowed without permission.

Supporting Information

Potentiation of drug toxicity through virus latency reversal
promotes preferential elimination of HIV infected cells

Thanh Tung Truong, @# Manuel Hayn, P!# Camilla Kaas Frich, ¥ Lucy Kate Ladefoged, ! Morten
T. Jarlstad Olesen, ! Josefine H. Jakobsen, ¥ Cherie K. Lunabjerg, ! Birgit Schigtt, @9 Jan Miinch,
bI* Alexander N. Zelikin & *

a: Department of Chemistry, Aarhus University, Aarhus 8000, Denmark
* Corresponding author Email : zelikin@chem.au.dk

b: Institute of Molecular Virology, UIm University Medical Center, 89081 Ulm, Germany
* Corresponding author Email : Jan.Muench@uni-ulm.de

c: Department of Biomedicine, Aarhus University, Aarhus 8000, Denmark
d: iNano Interdisciplinary Nanoscience Centre, Aarhus University, Aarhus 8000, Denmark

# contributed equally


mailto:zelikin@chem.au.dk
mailto:Jan.Muench@uni-ulm.de
https://doi.org/10.1101/2022.01.12.476003

bioRxiv preprint doi: https://doi.org/10.1101/2022.01.12.476003; this version posted January 12, 2022. The copyright holder for this
preprint (which was not certified by peer review) is the author/funder. All rights reserved. No reuse allowed without permission.

SUPPLEMENTARY FIGURES
A
£ s0d
=
:_—E 60
TNFa = 4]
3
20+
- NN
TNF-a. (ng/mL)
C
100
= 80-
Z
SAHA £
= 40
]
204
S EEEEEE
SAHA (uM)

-
-
-4 J-lat9.2
-

J-lat11.1
J-Lat 10.6

J-Lat 8.4

J-lat 11.1
J-Lat 10.6
J-lat 9.2
J-Lat 8.4

m

D

GFP positive cells (%)

GFP positive cells (%)

60+

50+

40-

30+

20+

601

50

40

TNF-a. (ng/mL)

0.005
0.05
0.50
1.25
2.50
5.00

10.00

SAHA (uM)

Figure S1: Reactivation of latent HIV-1 in J-Lat cells in presence of TNFa or Vorinostat (SAHA). J-lat
cells were inucbated with TNFa or SAHA at the indicated concentrations for 48 hours. (A) and (C): Cell viability
was determined by additionally staining all cells with the eFluor780 fixable viability dye according to the
manufacturer‘s recommendations. (B) and (D): Reactivation of latent HIV-1 was measured by analyzing GFP

expression via flow cytometry.
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Figure S2. MF-7 binding to HIV-1 protease. A) The most favorable binding mode of MF-7 in HIV-1 protease (SP Gscore
= -6.0 kcal/mol) when docked with a bridging water molecule. B) The most favored and C) second most favored binding
mode of MF-7 in the protease without inclusion of water molecules in the calculation (SP Gscore =-9.6 and -7.8
kcal/mol, respectively). D) Lopinavir binding to HIV-1 protease as observed in PDB entry 6DJ1. All binding modes are
shown from the same view point to ease comparisons and all differences in residue conformations are due to the
induced fit docking protocol. In all panels, select residues from subsite S3 to S3’ are shown in gray, while the ligand is
shown in cyan. Residue names including an apostrophe denote residues from chain A, while the remaining are from
chain B.
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MATERIAL AND METHODS

All chemicals were purchased from commercial vendors (SigmaAldrich, ApiChem, VWR,
Merck, Alfa Aesar, Toronto-Research Company, and Tokyo Chemical Industry) and used
as delivered unless otherwise stated. Dry solvents (DCM, acetonitrile (MeCN),
tetrahydrofuran (THF), and toluene) were obtained from an MBraun SPS-800 solvent
purification system, which utilized aluminium oxide for drying. Dry DMF, TEA, DIPEA, and
pyridine were purchased from SigmaAldrich/Merck. Ultrapure water was obtained from a
miliQ direct 8 system (Milipore).

Thin layer chromatography (TLC) was performed on Merck Kieselgel 60 F254 and
visualized by UV and/or stain by submersion into a solution of potassium permanganate,
iodine, or ninhydrin followed by blow-drying with heating. Flash column chromatography
was performed using silica gel (230-400 mesh particle size, 60 A pore size) as the
stationary phase.

Preparative HPLC was performed on a Gilson HPLC system with a C18 column
(Phenomenex, Luna, 5y, 100A, 250x10mm) in MeCN/water with UV detection at 254 nm
and flow rate of 7mL/min.

NMR spectroscopy was performed using either a Varian Mercury 400 MHz spectrometer
or a Bruker Ascend 400 spectrometer, both running at 400 MHz and 101 MHz for '"H NMR
and 3C-NMR respectively. The chemical shifts (5 ppm) were determined using the
residual solvent signal as reference. Multiplicities are indicated using the following
abbreviations: s = singlet, d = doublet, t = triplet, q = quartet, m = multiplet, bs = broad
singlet.

Analytical HPLC was performed on a Schimadzu-LC-2010A system with a C18 column
(Ascentris Express Peptide Es-C18, Supelco Analytical) with the following dimension (2.7
m particles, length 150 mm, diameter 3.0 mm). Detection was performed by UV at two
wavelengths per run. The mobile phase was a mixture of ultrapure water and MeCN, both
of which contained 0.1 % trifluoroacetic acid (TFA) (v/v %).

Mass spectra (High Resolution Mass Spectrometry — HR-MS) were recorded on a Bruker
Maxis Impact LC-TOF spectrometer with positive or negative electrospray ionization (ESI).
The spectra were recalibrated based on a standard co-injected with the sample.
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ORGANIC SYNTHESES

Synthesis of Fmoc-MMAF

OH

MMAF (40.0 mg, 0.0547 mmol, 1 equiv.) was dissolved in DMF (2 mL). FmocCI (104 mg,
0.401 mmol, 7.3 equiv.) and DIPEA (0.0288 mL, 0.168 mmol, 3 equiv.) were added to the
solution sequentially. The reaction was stirred at room temperature for 3 days. The
reaction mixture was concentrated and purified by flash column chromatography in
MeOH/DCM 0:100 to 2:98 yielding the pure product (52 mg, 0.0547 mmol, 98 %).

1H NMR (400 MHz, CDCl3) & (ppm) 7.86 -7.70 (m, 3H), 7.63 — 7.47 (m, 3H), 7.44-7.35 (m,
3H), 7.30 (t, J = 7.5 Hz, 3H), 7.26-7.19 (m, 3H), 7.15-6.95 (m, J = 24.6, 13.1, 4.3 Hz, 1H),
5.09 — 3.77 (m, 7H), 3.50 — 3.19 (m, 5H), 3.17 — 2.68 (m, 6H), 2.53 — 2.19 (m, 2H), 2.09 —
1.59 (m, 4H), 1.19 — 0.41 (m, 18H).

Rt (5:95 MeOH/DCM) = 0.28

Synthesis of FmocMMAF-Pro-tBu (2)

~,. Fmoc

FmocMMAF (1) (52 mg, 0.0545 mmol, 1 equiv.) was dissolved in DMF and cooled to 0 °C.
DIPEA (0.0559 mL, 0.327 mmol, 6 equiv.) was added followed by tert-butylproline (10.3
mg, 0.06 mmol, 1.1 equiv.). HATU (22.8 mg, 0.06 mmol, 1.1 equiv.) was dissolved in DMF
(0.5 mL) and added to the reaction mixture over 10 min. The reaction was allowed to heat
to room temperature and stirred overnight. The reaction was diluted with saturated sodium
bicarbonate and extracted with DCM thrice. The organic phase was dried over MgSOx,
filtered, and concentrated. The concentrate was purified by flash column chromatography
MeOH/DCM (0:100 to 5:95) yielding the pure product (10.0 mg, 0.009 mmol, 17 %).
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1H NMR (400 MHz, CDCl3) & (ppm) 7.86-7.69 (m, 2H), 7.63-7.45 (m, 2H), 7.40 (t, J= 7.5
Hz, 2H), 7.30 (t, J = 7.5 Hz, 1H), 7.25-6.96 (m, 3H), 5.02 — 4.55 (m, 2H), 4.49-4.34 (m,
2H), 4.26 — 4.09 (m, 2H), 3.86 — 3.24 (m, 8H), 2.80 (s, 3H), 2.56 — 1.61 (m, 16H), 1.57 —
1.41 (m, 9H), 1.26 — 0.52 (m, 19H).

Rt (5:95 MeOH/DCM) = 0.31

Synthesis of MMAF-Pro-tBu (3)

3 (MFO0)

FmocMMAFProtBu (2) (10.0 mg, 0.00903 mmol, 1 equiv.) was dissolved in DMF (0.4 mL)
and piperidine (0.1 mL), and the reaction stirred at room temperature for 30 min. The
reaction mixture was concentrated and purified by trituration with pentane and Et2O
yielding the pure product (7.07 mg, 0.00903 mmol, 88 %)

1H NMR (400 MHz, DMSO-d6) & (ppm) 8.49 — 7.92 (m, 2H), 7.37-7.14 (m, 5H), 4.81-4.36
(m, 3H), 4.19 — 3.50 (m, 6H), 3.23 — 2.64 (m, 26H), 2.38 — 2.18 (m, 7H), 2.08 — 1.50 (m,
19H), 1.50 — 1.29 (m, 9H), 1.13 — 0.65 (m, 24H).

Synthesis of MMAF-Pro (4)

MMAFProtBu (3) (3.36 mg, 0.0038 mmol, 1 equiv.) was dissolved in TFA/TIPS/H20
cleavage buffer (1 mL, 95:2.5:2.5 v/v) and stirred at room temperature for 2 hours. The
reaction was concentrated and purified by trituration in pentane and Et20 yielding the pure
product. Some solvent was present in pure product as seen in the 'H NMR spectrum. The
pure product was hence suspended and lyophilized yielding the dry pure product (3.53 mg,
0.0038 mmol, quant.).
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1H NMR (400 MHz, DMSO-d6) & (ppm) 9.03-8.02 (m, 3H), 7.41-7.06 (m, 5H), 4.92-4.36
(m, 4H), 4.25 — 3.45 (m, 6H), 3.27 — 2.73 (m, 17H), 2.43 — 1.33 (m, 17H), 0.94 — 0.58 (m,
21H).

Synthesis of MMAF-Pro-Gin-lle (5)

MMAF-Pro-Gin-lle

5

Compound 5 was synthesized through solid phase peptide synthesis using a 2-chlorotrityl
(2CT) resin and standard Fmoc protecting group strategy. 2CT resin (1.6 mmol/g, 31 mg,
0.0496 mmol, 1 equiv.) was placed in a syringe. The resin was washed thrice with DMF
and thrice with DCM. A solution of Fmoclle (22.0 mg, 0.0622 mmol, 1.3 equiv.) and DIPEA
(11, pL, 0.0643 mmol, 1.3 equiv.) in DCM (1 mL) was added to the resin and stirred for 5
min. Another aliquot of DIPEA (30 pL, 0.175 mmol, 3.5 equiv.) was added to the reaction,
which was stirred for 1 hour at room temperature. Methanol (50 puL) was added to the
reaction, which was then stirred for 30 min. The resin was then washed thrice with DMF
and thrice with DCM.

The following couplings followed the same pattern. First Fmoc removal by reaction with
piperidine/DMF (1:4) for 3 min, 10 min and 10 min. Then a solution of the amino acid (15t
FmocGIn(Tr)OH (81 mg, 0.133 mmol, 2.7 equiv.), 2"¢ FmocPro (44.0 mg, 0.13 mmol, 2.6
equiv.)) was activated in DMF with oxyma (13 mg, 0.0915 mmol, 1.8 equiv.) and DIPC (13
pL, 0.0834 mmol, 1.7 equiv.) for 5 min with stirring, upon which it was added to the resin.
The resin was stirred at room temperature for 1.5 h and washed thrice with DMF and thrice
with DCM. After the coupling, a Kaiser test was performed to confirm coupling to all free
amines before deprotection and subsequent coupling.

The last coupling was performed with FmocMMAF (1) (52 mg, 0.0545 mmol, 1.1 equiv.)
which was pre-activated with oxyma (7 mg, 0.0493 mmol, 1 equiv.) and DIPC (7 pL,
0.0496 mmol, 1 equiv.) in DMF for 5 min. The solution was added to the resin and stirred
overnight. Chloroaniline test showed presence of free amines due to incomplete coupling
likely due to the low amount of 1 used. The resin was nevertheless washed with DMF
thrice and DCM thrice. Fmoc was removed by reaction with piperidine/DMF (1:4) for 3 min,
10 min, and 10 min. The peptide was cleaved from the resin with a 2% TFA in DCM
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solution (3 x 1 min) followed by washing with DCM thrice. The solvent was removed and
the peptide triturated with Et2O. "H NMR showed incomplete removal of protecting groups.
The peptide was therefore dissolved in 2 mL TFA/H20/DTT (90:5:5) for 1 hour followed by
concentration and trituration. Crude MS detected an impurity of Pro-GIn-lle with no MMAF
attached. The crude was purified by preparative HPLC yielding the pure product (27 mg,
0.025 mmol, 51%).

HR-MS (ESI) [Cs5H91N9O12+H]" caled. 1070.6870 found 1070.6857.

One-pot preparation of MF1-7 peptides

o
o 1. Amine, CDI, Oxyma, DCM, tt, 24 o N N
2. 4N HCl in dioxane, 2h Fmoc-MMAF, HATU, Oxyma, DIEA - ol H
DMF, T, 24h NFmqg O ] B
N H - NJL N o
Boc H Ty R
/\ ~N
o e ik s .
MF1: R = ,{N MF4: R= Ay MF7: R »’;\H/\©
N N
SNH o o ‘)

; HQLN N o=\ o AN~ WFS: R = An
Y\g/\ | MF2: R = § :R= Q

MF3: R = KN/O MF6: R = f\ﬁ@

Scheme S1. One-pot preparation of MF1-7

20 % Piperidine in DMF
Th

MF1. To a solution of Boc-L-Pro-OH (10.00 mg, 0.05 mmol, 1 eq.) in DCM, CDI (9.040 mg, 0.056
mmol, 1.2 eq.), Oxyma Pure (13.210 mg, 0.093 mmol, 2 eq.) was added and stirred at room
temperature for 5 min. Tert-butyl amine (4.079 mg, 5.86 uL, 0.056 mmol, 1.2 eq.) was then added
dropwise. The mixture was stirred at room temperature for 4 h. After fully conversion of Boc-L-Pro-
OH, the reaction mixture was added to DCM (5 mL) in separatory funnel. The organic layer was
washed with 5 mL of NaHCOz3(sat.) then water (5 mL) and 5 mL of 0.5 % HCI. Organic layer was
evaporated to obtain crude product. Dioxane (1 mL) was added to the crude product, followed by 4N
HCI in dioxane (1 ml) and resulting was stirred at room temperature for 4h. The reaction mixture was
then concentrated and dried for 24h to afford crude free amine.

Fmoc-MMAF (6 mg, 0.0062 mmol, 1 eq.), HATU (9.5 mg, 0.025 mmol, 4 eq.), Oxyma Pure (1.8 mg,
0.0124 mmol, 4 eq.) was dissolved in 1 ml of 20 % of collidine. The mixture was then added to a
solution of the above-mentioned crude free amine (pre-dissolved in 1 ml 20% collidine in DMF) and
stirred for 24h. After consumption of Fmoc-MMAF (TLC), the reaction mixture was added to 10 ml
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of ethyl acetate and washed with 10 mL of 5 % NaHCO3; and 10 mL sat. oxalic acid. The organic
layer was concentrated to afford crude Fmoc-MF1. The crude was washed with cold ethyl ether (3
times), pentane (3 times) and used directly for the final deprotection.

tens F-VF-Nrtorl_GB1_01_3900.d: +MS, 0.3min #15|
x1047]

11286727

9816120 14058376
1252.7050
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900 1000 1100 1200 1300 1400 1500 1600 1700 1800 1900 miz

Figure S3. HRMS of curde Fmoc-MF1 before deprotection. Cal. For Ce3sHg1N7NaO1 [M+Na]*
1128.6725, found 1128.6727.

To a solution of crude Fmoc-MF1 in 0.5 ml DMF, 1ml of 20% piperidine in DMF was added and
stirred for 5 min. The reaction mixture was concentrated under reduced pressure to afford crude
MF1. The crude was washed with cold ethyl ether (3 times), pentane (3 times) and purified by
preparative-HPLC to afford 3.2 mg of final product.
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Figure S4. HRMS of MF1 HRMS (ESI+) Cal. For CasHsoaN7Og [M+H]* 884.6225 found 884.6229.
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<Peak Table>
Detecior A Channel 1 214nm
Peak# Ret. Time Area Height Conc. Unit Mark Name
1 14,199 7840 2675 0,161 M
2 16,411 4856859 354407 99,839 M
Tota 4864700 357083

Figure S5. Analytical HPLC of MF1.
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MF2. To a solution of Boc-L-Pro-OH (10.00 mg, 0.05 mmol, 1 eq.) in DCM, CDI (9.040 mg, 0.056
mmol, 1.2 eq.), Oxyma Pure (13.210 mg, 0.093 mmol, 2 eq.) was added and stirred at room
temperature for 5 min. Diethylamine (4.079 mg, 5.77 pL, 0.056 mmol, 1.2 eq.) was then added
dropwise. The mixture was stirred at room temperature for 4 h. After fully conversion of Boc-L-Pro-
OH, the reaction mixture was added to DCM (5 mL) in separatory funnel. The organic layer was
washed with 5 mL of NaHCOz3(sat.) then water (5 mL) and 5 mL of 0.5 % HCI. Organic layer was
evaporated to obtain crude product. Dioxane (1 mL) was added to the crude product, followed by 4N
HCI in dioxane (1 ml) and resulting was stirred at room temperature for 4h. The reaction mixture was
then concentrated and dried for 24h to afford crude free amine.

Fmoc-MMAF (6 mg, 0.0062 mmol, 1 eq.), HATU (9.5 mg, 0.025 mmol, 4 eq.), Oxyma Pure (1.8 mg,
0.0124 mmol, 4 eq.) was dissolved in 1 ml of 20 % of collidine. The mixture was then added to a
solution of the above-mentioned crude free amine (pre-dissolved in 1 ml 20% collidine in DMF) and
stirred for 24h. After consumption of Fmoc-MMAF (TLC), the reaction mixture was added to 10 ml
of ethyl acetate and washed with 10 mL of 5 % NaHCO3 and 10 mL sat. oxalic acid. The organic
layer was concentrated to afford crude Fmoc-MF2. The crude was washed with cold ethyl ether (3
times), pentane (3 times) and used directly for the final deprotection.

To a solution of crude Fmoc-MF2 in 0.5 ml DMF, 1ml of 20% piperidine in DMF was added and
stirred for 5 min. The reaction mixture was concentrated under reduced pressure to afford crude
MF2. The crude was washed with cold ethyl ether (3 times), pentane (3 times) and purified by
preparative-HPLC to afford 2.8 mg of final product.

HRMS of MF2 HRMS (ESI+) Cal. For [M+H]* 884.6225 found 884.6229.

<Chromatogram>
mAU
‘g Detector A Channel 1 214nm|
] 5
750+ U‘f
] \\
500 “
1 |
250 5
. :
7 S
] | L
R S
] V
T T T T
0 5 10 15 20 25
min
<Peak Table>
Detector A Channel 1 214nm
Peak# Ret. Time Area Height Conc. Unit Mark Name
1 15,700 137751 18991 1,261 M
2 15,973| 10789864 766706 98,739 M
Total 10927615 785697

Figure S6. Analytical HPLC of MF2.
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MF3. To a solution of Boc-L-Pro-OH (10.00 mg, 0.05 mmol, 1 eq.) in DCM, CDI (9.040 mg, 0.056
mmol, 1.2 eq.), Oxyma Pure (13.210 mg, 0.093 mmol, 2 eq.) was added and stirred at room
temperature for 5 min. Cyclohexylamine (5.531 mg, 6.40 pL, 0.056 mmol, 1.2 eq.) was then added
dropwise. The mixture was stirred at room temperature for 4 h. After fully conversion of Boc-L-Pro-
OH, the reaction mixture was added to DCM (5 mL) in separatory funnel. The organic layer was
washed with 5 mL of NaHCOs(sat.) then water (5 mL) and 5 mL of 0.5 % HCI. Organic layer was
evaporated to obtain crude product. Dioxane (1 mL) was added to the crude product, followed by 4N

HCI in dioxane (1 ml) and resulting was stirred at room temperature for 4h. The reaction mixture was
then concentrated and dried for 24h to afford crude free amine.

Fmoc-MMAF (6 mg, 0.0062 mmol, 1 eq.), HATU (9.5 mg, 0.025 mmol, 4 eq.), Oxyma Pure (1.8 mg,
0.0124 mmol, 4 eq.) was dissolved in 1 ml of 20 % of collidine. The mixture was then added to a
solution of the above-mentioned crude free amine (pre-dissolved in 1 ml 20% collidine in DMF) and
stirred for 24h. After consumption of Fmoc-MMAF (TLC), the reaction mixture was added to 10 ml
of ethyl acetate and washed with 10 mL of 5 % NaHCO3 and 10 mL sat. oxalic acid. The organic
layer was concentrated to afford crude Fmoc-MF3. The crude was washed with cold ethyl ether (3
times), pentane (3 times) and used directly for the final deprotection.

nnnnnn F-NF-N-Cy-W_GB7_01_3771.d; +1S, 0.3mn #18|
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Figure S7. HRMS of crude Fmoc-MF3 Cal. For [M+Na] * 1154.6882, found 1154.6887

To a solution of crude Fmoc-MF3 in 0.5 ml DMF, 1ml of 20% piperidine in DMF was added and
stirred for 5 min. The reaction mixture was concentrated under reduced pressure to afford crude
MF3. The crude was washed with cold ethyl ether (3 times), pentane (3 times) and purified by
preparative-HPLC to afford 4.9 mg of final product.
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Figure S8. HRMS of MF3 Cal. For CsoHssN7Ogs [M+H]" 910.6381, found 910.6392.
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Figure S9. Analytical HPLC of MF3.

MF4. To a solution of Boc-L-Pro-OH (10.00 mg, 0.05 mmol, 1 eq.) in DCM, CDI (9.040 mg, 0.056
mmol, 1.2 eq.), Oxyma Pure (13.210 mg, 0.093 mmol, 2 eq.) was added and stirred at room
temperature for 5 min. Piperidine (4.749 mg, 5.51 uL, 0.056 mmol, 1.2 eq.) was then added dropwise.
The mixture was stirred at room temperature for 4 h. After fully conversion of Boc-L-Pro-OH, the
reaction mixture was added to DCM (5 mL) in separatory funnel. The organic layer was washed with
5 mL of NaHCOs(sat.) then water (5 mL) and 5 mL of 0.5 % HCI. Organic layer was evaporated to
obtain crude product. Dioxane (1 mL) was added to the crude product, followed by 4N HCI in dioxane
(1 ml) and resulting was stirred at room temperature for 4h. The reaction mixture was then
concentrated and dried for 24h to afford crude free amine.

Fmoc-MMAF (6 mg, 0.0062 mmol, 1 eq.), HATU (9.5 mg, 0.025 mmol, 4 eq.), Oxyma Pure (1.8 mg,
0.0124 mmol, 4 eq.) was dissolved in 1 ml of 20 % of collidine. The mixture was then added to a
solution of the above-mentioned crude free amine (pre-dissolved in 1 ml 20% collidine in DMF) and
stirred for 24h. After consumption of Fmoc-MMAF (TLC), the reaction mixture was added to 10 ml
of ethyl acetate and washed with 10 mL of 5 % NaHCO3; and 10 mL sat. oxalic acid. The organic
layer was concentrated to afford crude Fmoc-MF4. The crude was washed with cold ethyl ether (3
times), pentane (3 times) and used directly for the final deprotection.
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Figure $10. HRMS of crude Fmoc-MF4 Cal. For [M+Na]* 1140.6725, found 1140.6753

To a solution of crude Fmoc-MF4 in 0.5 ml DMF, 1ml of 20% piperidine in DMF was added and
stirred for 5 min. The reaction mixture was concentrated under reduced pressure to afford crude
MF4. The crude was washed with cold ethyl ether (3 times), pentane (3 times) and purified by

preparative-HPLC to afford 2.7 mg of final product.
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Figure $11. HRMS of MF4 Cal. For CssHs2N7Os [M+H]* 896.6225, found 896.6229.
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<Peak Table>

Detector A Channel 1 214nm

Peak#| Ret. Time Area Height Conc. Unit Mark Name
1 11,947 49265 2441 0,325 M
2 12,554 181186 1394 0,119 M
3 14,389 108 1673 0,001 M
4 15,457 84269 7618 0,555 M
5 15,869 53119 6504 0,350 M
6 16,214 14970025 1091441 98,650 M

Total 15174902 1111072
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Figure $10. Analytical HPLC of MF4

SNH O
Ty
PN |
MF5. To a solution of Boc-L-Pro-OH (10.00 mg, 0.05 mmol, 1 eq.) in DCM, CDI (9.040 mg, 0.056
mmol, 1.2 eq.), Oxyma Pure (13.210 mg, 0.093 mmol, 2 eq.) was added and stirred at room
temperature for 5 min. Pyrrolidine (3.967 mg, 4.58 pL, 0.056 mmol, 1.2 eq.) was then added
dropwise. The mixture was stirred at room temperature for 4 h. After fully conversion of Boc-L-Pro-
OH, the reaction mixture was added to DCM (5 mL) in separatory funnel. The organic layer was
washed with 5 mL of NaHCOz3(sat.) then water (5 mL) and 5 mL of 0.5 % HCI. Organic layer was
evaporated to obtain crude product. Dioxane (1 mL) was added to the crude product, followed by 4N

HCI in dioxane (1 ml) and resulting was stirred at room temperature for 4h. The reaction mixture was
then concentrated and dried for 24h to afford crude free amine.

Fmoc-MMAF (6 mg, 0.0062 mmol, 1 eq.), HATU (9.5 mg, 0.025 mmol, 4 eq.), Oxyma Pure (1.8 mg,
0.0124 mmol, 4 eq.) was dissolved in 1 ml of 20 % of collidine. The mixture was then added to a
solution of the above-mentioned crude free amine (pre-dissolved in 1 ml 20% collidine in DMF) and
stirred for 24h. After consumption of Fmoc-MMAF (TLC), the reaction mixture was added to 10 ml
of ethyl acetate and washed with 10 mL of 5 % NaHCO3; and 10 mL sat. oxalic acid. The organic
layer was concentrated to afford crude Fmoc-MF5. The crude was washed with cold ethyl ether (3
times), pentane (3 times) and used directly for the final deprotection.
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Figure $13. HRMS of crude Fmoc-MF5 Cal. For [M+Na]* 1126.6568, found 1126.6567

To a solution of crude Fmoc-MF5 in 0.5 ml DMF, 1ml of 20% piperidine in DMF was added and
stirred for 5 min. The reaction mixture was concentrated under reduced pressure to afford crude
MF5. The crude was washed with cold ethyl ether (3 times), pentane (3 times) and purified by
preparative-HPLC to afford 5.7 mg of final product.
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Figure S14. HRMS of MF5 Cal. For: CssHgsoN7Os [M+H]* 882.6068, found 882.6067
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<Peak Table>
Detector A Channel 1 214nm
Peak#| Ret. Time Area Height Conc. Unit Mark Name
1 8,368 21453 1241 0,134 M
2 9,709 70048 3830 0,437 M
3 12,395 57640 3867 0,359 M
4 14,289 145510 10727 0,907 M
5 14,888 4756 258 0,030 M
6 15,213| 15732356 988562 98,101 M
7 24,709 5134 1160 0,032
Total 16036897 1009645

Ty

PN

Figure S13. Analytical HPLC of MF5

5o

MF6. To a solution of Boc-L-Pro-OH (10.00 mg, 0.05 mmol, 1 eq.) in DCM, CDI (9.040 mg, 0.056
mmol, 1.2 eq.), Oxyma Pure (13.210 mg, 0.093 mmol, 2 eq.) was added and stirred at room
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temperature for 5 min. Aniline (5.194 mg, 5.04 uL, 0.056 mmol, 1.2 eq.) was then added dropwise.
The mixture was stirred at room temperature for 4 h. After fully conversion of Boc-L-Pro-OH, the
reaction mixture was added to DCM (5 mL) in separatory funnel. The organic layer was washed with
5 mL of NaHCOs(sat.) then water (5 mL) and 5 mL of 0.5 % HCI. Organic layer was evaporated to
obtain crude product. Dioxane (1 mL) was added to the crude product, followed by 4N HCI in dioxane
(1 ml) and resulting was stirred at room temperature for 4h. The reaction mixture was then
concentrated and dried for 24h to afford crude free amine.

Fmoc-MMAF (6 mg, 0.0062 mmol, 1 eq.), HATU (9.5 mg, 0.025 mmol, 4 eq.), Oxyma Pure (1.8 mg,
0.0124 mmol, 4 eq.) was dissolved in 1 ml of 20 % of collidine. The mixture was then added to a
solution of the above-mentioned crude free amine (pre-dissolved in 1 ml 20% collidine in DMF) and
stirred for 24h. After consumption of Fmoc-MMAF (TLC), the reaction mixture was added to 10 ml
of ethyl acetate and washed with 10 mL of 5 % NaHCO3 and 10 mL sat. oxalic acid. The organic
layer was concentrated to afford crude Fmoc-MF6. The crude was washed with cold ethyl ether (3
times), pentane (3 times) pentane and used directly for the final deprotection.
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Figure $16. HRMS of crude Fmoc-MF6 Cal. For [M+Na]* 1148.6412, found 1148.6444

To a solution of crude Fmoc-MF6 in 0.5 ml DMF, 1ml of 20% piperidine in DMF was added and
stirred for 5 min. The reaction mixture was concentrated under reduced pressure to afford crude
MF6. The crude was washed with cold ethyl ether (3 times), pentane (3 times) and purified by
preparative-HPLC to afford 5.1 mg of final product.
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Figure $17. HRMS of MF6 Cal. For CsoH7sN7Og [M+H]* 904.5912, found 904.5918
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<Peak Table>
Detector A Channel 1 214nm
Peak#| Ret. Time Area Height Conc. Unit Mark Name
1 15,791 375252 22789 1,301 M
2 16,534 392272 45210 1,360 M
3 16,914| 28073071 1868569 97,339 M
Total 28840596 1936568

Figure S$16. Analytical HPLC of MF6

MF7. To a solution of Boc-L-Pro-OH (10.00 mg, 0.05 mmol, 1 eq.) in DCM, CDI (9.040 mg, 0.056
mmol, 1.2 eq.), Oxyma Pure (13.210 mg, 0.093 mmol, 2 eq.) was added and stirred at room
temperature for 5 min. Benzylamine (5.194 mg, 5.04 pL, 0.056 mmol, 1.2 eq.) was then added
dropwise. The mixture was stirred at room temperature for 4 h. After fully conversion of Boc-L-Pro-
OH, the reaction mixture was added to DCM (5 mL) in separatory funnel. The organic layer was
washed with 5 mL of NaHCOz3(sat.) then water (5 mL) and 5 mL of 0.5 % HCI. Organic layer was
evaporated to obtain crude product. Dioxane (1 mL) was added to the crude product, followed by 4N
HCI in dioxane (1 ml) and resulting was stirred at room temperature for 4h. The reaction mixture was
then concentrated and dried for 24h to afford crude free amine.

Fmoc-MMAF (6 mg, 0.0062 mmol, 1 eq.), HATU (9.5 mg, 0.025 mmol, 4 eq.), Oxyma Pure (1.8 mg,
0.0124 mmol, 4 eq.) was dissolved in 1 ml of 20 % of collidine. The mixture was then added to a
solution of the above-mentioned crude free amine (pre-dissolved in 1 ml 20% collidine in DMF) and
stirred for 24h. After consumption of Fmoc-MMAF (TLC), the reaction mixture was added to 10 ml
of ethyl acetate and washed with 10 mL of 5 % NaHCO3 and 10 mL sat. oxalic acid. The organic
layer was concentrated to afford crude Fmoc-MF7. The crude was washed with cold ethyl ether (3
times), pentane (3 times) and used directly for the final deprotection.
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To a solution of crude Fmoc-MF7 in 0.5 ml DMF, 1ml of 20% piperidine in DMF was added and
stirred for 5 min. The reaction mixture was concentrated under reduced pressure to afford crude
MF7. The crude was washed with cold ethyl ether (3 times), pentane (3 times) and purified by
preparative-HPLC to afford 2.2 mg of final product. HRMS of MF7 Cal. For Cs1HgoN7Og [M+H]*
918.6068, found 918.6066.

<Chromatogram>
mAU
1500+ 5 Detector A Channel 1 214nm|
4 ' g
|.-
1000+
500 |
| 4
1] {
] | -
0 fl p — — _—
I\J.’|ll
0 5| 'l|0 'I|5 2b 25
min
<Peak Table>
Detector A Channel 1 214nm
Peak#| Ret. Time Area Height Conc. Unit Mark Name
1 16,062 418884 46497 2,233 M
2 16,601| 18342651 1386882 97,767 M
Total 18761535 1433379

Figure $18. Analytical HPLC of MF7

Solid-phase peptide synthesis MFR1-6

General procedure for synthesis of MFR1-6 library compounds. Peptides MFR1-6 were
synthesized through solid phase peptide synthesis using a 2-chlorotrityl (2CT) resin and standard
Fmoc protecting group strategy. 2CT resin (1.6 mmol/g, 31 mg, 0.0496 mmol, 1 equiv.) was placed
in a syringe. The resin was washed thrice with DMF and thrice with DCM. A solution of First Fmoc-
amino acid (0.0622 mmol, 1.3 equiv.) and DIPEA (11 pL, 0.0643 mmol, 1.3 equiv.) in DCM (1 mL)
was added to the resin and stirred for 5 min. Another aliquot of DIPEA (30 pL, 0.175 mmol, 3.5
equiv.) was added to the reaction, which was stirred for 1 hour at room temperature. Methanol (50
ML) was added to the reaction, which was then stirred for 30 min. The resin was then washed thrice
with DMF and thrice with DCM.

The following couplings followed the same pattern. First Fmoc removal of resin by reaction with
piperidine/DMF (1:4) for 3 min, 10 min and 10 min. Then a solution of the next amino acid (0.133
mmol, 2.7 equiv.) was activated in DMF with oxyma (0.0915 mmol, 1.8 equiv.) and DIPC (13 pL,
0.0834 mmol, 1.7 equiv.) for 5 min with stirring, upon which it was added to the resin. The resin was
stirred at room temperature for 1.5 h and washed thrice with DMF and thrice with DCM. After each
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coupling, a Kaiser test was performed to confirm coupling to all free amines before deprotection and
subsequent coupling.

The last coupling was performed with Fmoc-MMAF (1) (52 mg, 0.0545 mmol, 1.1 equiv.) which was
pre-activated with oxyma (7 mg, 0.0493 mmol, 1 equiv.) and DIPC (7 uL, 0.0496 mmol, 1 equiv.) in
DMF for 5 min. The solution was added to the resin and stirred overnight. The resin was nevertheless
washed with DMF thrice and DCM thrice. Fmoc was removed by reaction with piperidine/DMF (1:4)
for 3 min, 10 min, and 10 min. The peptide was cleaved from the resin with a 2 mL TFA/H20/DTT
(90:5:5) for 1 hour followed by concentration and trituration. The crude was purified by preparative-
HPLC yielding the pure product.

0
H o]
NN
SNH O © > N H O
: H 5
N_QJ\N N OH
O HO\,
PR ~

MFR1. General procedure, amino acids used: Glu, Ala, Leu. 5.9 mg after preparative-HPLC

Intens. e MFR1-16_GA8_01_5033.d: +MS, 0.3min #15
1045.6564

24 843.5245

914.5623

811.4984

‘ — : T : : :
800 900 1000 1100 1200 1300 1400  miz

Figure $S20. HRMS of MFR1, Cal. For Cs3HggNgO13 [M+H] * 1045.6549, found1045.6564
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<Peak Table>
Detector A Channel 1 214nm

Peak# Ret. Time Area Height Conc. Unit Mark Name
1 13,734 39587 7193 0,482 M
2 13,925 -1972 923 -0,024 M
3 14,164 29789 5382 0,362 M
4 14,477 8151103 747144 99,180 M
Total 8218508 760641

Figure S21. Analytical HPLC of MFR1

(MFR2)
MMAF-GInArgOH

MFR2. General procedure, amino acids used: GIn, Arg. 2.8 mg after preparative-HPLC.

Intens.

- o MFR-2-2-46_GA5_01_5066.d: +MS, 0.4min #21
x10
508.8290

154

3+
339.5546

T T T T T T T T T
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Figure S22. HRMS of MFR2 Cal. For CsoHgsN+11O11 [M+1]* 1016.6508, found 508.8290 [M/2]?*.
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<Peak Table>
Detector A Channel 1 214nm
Peak#| Ret. Time Area Height Conc. Unit Mark Name
1 14,171 87167 12225 1,210 M
2 14,498 154063 20448 2,138 M
3 14,736 6963560 619038 96,652 M
Total 7204791 651712

Figure S23. Analytical HPLC of MFR2
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MMAF-ProlleValGInOH

MFR3. General procedure, amino acids used: Pro, lle, Val, GIn. 5.8 mg after preparative-HPLC
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Figure $24. HRMS of MFR3 Cal. For CeoH101N10013 [M+H] * 1169.7550, found 1169.7564
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<Peak Table>
Detector A Channel 1 214nm
Peak# Ret. Time Area Height Conc. Unit Mark Name
1 14,848 137923 18389 2,043 M
2 15,391 -9886 1908 -0,146 M
3 15,798 168321 14490 2493 M
4 16,347 6456123 486261 95611 M
Total 6752481 521047

Figure S25. Analytical HPLC of MFR3

MMAF-ValAsnLeuOH

OH

(MFR4)

MFR4. General procedure, amino acids used: Val, Asn, Leu. 2.7 mg after preparative-HPLC
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Figure $26. HRMS of MFR4 Cal
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. For C54H92N9012 [M"'H]Jr 1059.6937, found 1059.6778.
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<Peak Table>
Detector A Channel 1 214nhm
Peak#| Ret. Time Area Height Conc. Unit Mark Name
1 12,607 4611 1347 0,064 M
2 13,314 16360 3171 0,226 M
3 13,731 22073 5071 0,305 M
4 13,917 11639 2792 0,161 M
5 14,164 18373 4768 0,254 M
6 14,346 10740 2570 0,148 M
7 15,060 7155909 522923 98,843 M
Total 7239706 542643

Figure S27. Analytical HPLC of MFR4

MMAF-ProlleGInOH (MFRS)

MFRS5. General procedure, amino acids used: Pro, lleu, GIn. 6.2 mg after preparative-HPLC
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Figure $28. HRMS of MFRS5 Cal. For CssHg2N9O12 [M+H]* 1070.6865, found 1070.6872
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Detector A Channel 1 214nm
Peak#| Ret. Time Area Height Conc. Unit Mark Name
1 7,880 44522 6974 0,913 M
2 14,867 152921 11786 3,135 M
3 15,234 4680288 499334 95,952 M
Total 4877731 518094
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Figure $29. Analytical HPLC of MFR5
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MFR6. General procedure, amino acids used: Glu, Thr, Phe. 4.8 mg after preparative-HPLC
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e Figure $30. HRMS of MFR6 Cal. For Cs7HgsNsO14 [M+H]* 1109.6498, found 1109.6505
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Figure S31. Analytical HPLC of MFR6
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