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Highlights

* A new cryptic allosteric site (C128) in FBPase waxovered.

¢ Several nitrostyrene compoundg (and 13) exhibiting potent FBPase inhibitions
were found covalently bind to C128 site on FBPase.

* The N125-S124-S123 pathway was involved in allostsignaling transmission
between C128 and active site.

* The treatments ofompoundsl4a, 14c, 14i or 14n led to potent inhibition of

glucose production, as well as decreased triglgleesind total cholesterol levels in

mouse primary hepatocytes.
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Abstract

Fructose-1,6-bisphosphatase (FBPase) is an edsentigme of GNG pathway.
Significant advances demonstrate the FBPase plagstieal role in treatment of
diabetes. Numerous FBPase inhibitors were develdpedargeting AMP site,
nevertheless, none of these inhibitors has exkilsitétable potency and druggability.
Herein, a new allosteric site (C128) on FBPase w&tovered, and several
nitrostyrene compounds exhibiting potent FBPaséitibns were found covalently
bind to C128 site on FBPase. Mutagenesis suggasCtt28 is the only cysteine that
can influence FBPase inhibition, the N125-S124-Spashway was most likely
involved in allosteric signaling transmission beéweC128 and active site. However,
these nitrostyrenes may bind with multiple cystebesides C128 in FBPase. To
improve pocket selectivity, a series of novel comps (4a-14n) were re-designed
rationally by integrating fragment-based covalenirtual screening and
machine-learning-based synthetic complexity evauatAs expected, the mass
spectrometry validated that the proportion of tdeempounds binding to the C128 in
FBPase was significantly higher than that of niyenes. Notably, under
physiological and pathological conditions, the tneg@nt of compound&4b, 14c, 14i
or 14n led to potent inhibition of glucose production veal as decreased triglyceride
and total cholesterol levels in mouse primary hepges. We highlight a novel
paradigm that molecular targeting C128 site on FBPaan have potent

hypoglycemic effect.



1. Introduction

Fructose-1,6-bisphosphatase (FBPase) is an edseatiayme of the
gluconeogenesis (GNG) pathway, and a predominambrfanvolved with increased
hepatic glucose output[1, 2]. Numerous FBPase iw# have been explored as
potential agent for the treatment of diabetes, @apg type 2 diabetes mellitus
(T2D),[3, 4] thus FBPase also represents an aiteactarget for diabetes
treatment.[5-9] To the best of our knowledge, mB&Pase inhibitors reported
previously[10] bind to the AMP site on FBPase vi@n+tovalent interactions (e.g.,
hydrogen-bonds, salt bridgesn der Waals interactions). Nevertheless, none of these
inhibitors exhibit suitable potency, specificity liological activity, except compound
MB06322(CS-917).[11, 12] Although MB06322 has been undergoing clinical
evaluation,[13, 14] phase | clinical studies hawdigated thaM B06322 can cause
lactic acidosis in human hepatocytes[15].

On the other hand, covalent drugs have been pmndfgusuccessful in the
treatment of a wide array of human diseases. Iticp#ar, the clinical success of
ibrutinib[16] and afatinib[17] has prompted a resurgence of interest in emial
inhibitor discovery.[18, 19] Compared with tradited non-covalent drugs, covalent
inhibitors possess exceptionally high potency, ridjaefficiency and exhibit
long-lasting effects, because covalent bonds agnifgiantly stronger than
non-covalent interactions.[20, 21] In fact, predogovalent drugs are usually

designed by attaching a “covalent warhead” to novalent inhibitors. For instance,



the covalent drugfatinib, targeting a Bruton’s tyrosine kinase-associatgstetne
for treatment of non-small-cell lung carcinomas (NEs), stem from the
non-covalent inhibitogefitinib and an acrylamide “warhead’[22, 23]. In other wgrd
the non-catalytic residues that might covalenthactewith the “warhead” are
indispensable[20, 24] for the discovery of coval@mtibitors. As an uncommon
residue, non-catalytic cysteine is not highly coned in the enzyme sequence[23, 25]
and is often observed in the binding pocket of taviainhibitors[20, 26] due to the
electrostatic properties of residues. Targetinghaf-catalytic cysteine residues has
emerged as an indispensable strategy for the dediginugs and inhibitors against
protein kinases[22, 27], such as G-protein-couplexteptors (GPCRs)[28],
proteases[29] and GTPases[30]. Many covalent itdribithat bind to non-catalytic
cysteines of kinases, e.ghrutinib, acalabrutinib, afatinib andosimertinib, have
been approved for commercial use by US FDA[20].

Inspired by the deficiency of traditional FBPashilnitors[15] and the benefit of
covalent drugs[16]17], our approach reported here will focus on éxploration of
novel cryptic allosteric site and covalent inhib@f FBPase. Herein, a cryptic site
(cysteine 128) on FBPase was identified and vekifiessing an electrophilic
fragment-based screen strategy[31, 32] for the firse. Furthermore, nitrostyrene
derivatives that covalently bind to the C128 sitd&~-BPasevia a nitrovinyl covalent
warhead, which is also included ianitidine,[33, 34] were screened in this work.
However, the Mass Spectrometry (MS) showed thabstigrene might bind with

more than one cysteine residue besides C128 in $eBPB0 improve the pocket



selectivity, a drug moiety was attached to nitromte for the generation of new
compounds by integrating the fragment-based covalegtual screening (FBCVS)
protocol and machine-learning-based synthetic cerifyl evaluation based on the
C128 site of FBPase. In addition, T2D has becomeewaalent public health concern
around the world, and is associated with otheriogasgcular complications, such as
hypertension[35], hyperlipidemia[36, 37], and atiseterosis[38]. Diabetes mellitus
is associated with an increased risk of dyslipiderand coronary artery disease.
Patients with T2D increased the incidence of carpagery disease and dyslipidemia
that is 2- to 6-fold compared to persons withoutbdies, and this epidemic has
remained unabated in recent years.[36][39] Theegftine strategy of attaching a
fragment with anti-dyslipidemic function to nitrgséne may contribute to improve
the selectivity and dual-functionalization of résyy compounds. As expected, the
proportion of titte compounds covalently boundhe €128 site of FBPase increased
significantly compared with that of nitrostyrend€lenzymatic experiments indicated
that compound4b exhibited the potential inhibitory activity agairfSBPase with an
ICs0 of 0.61 uM. Importantly, compoundsl4b, 14c, 14i or 14n showed excellent
inhibition of glucose production, as well as thélipbto decrease triglycerides (TG)
and total cholesterol (TC) levels.[40]

2. Results and discussions

2.1 Screening of covalent warheads.
Cysteine-reactive screening is the most populategy for discovery of cryptic

site. For instance, the C290 site of caspase-7 idattified by using the library



compoundFl CA[41]. Discovery of the KRAS"C allosteric site also benefited from
this screening method[42]. According to crystausture (PDB ID: 1FTA), there
were seven cysteines (Fig. S1) near the substf&E)(or AMP binding pocket[43]
on FBPase, but no remarkable interaction betweesetltysteines and the substrate
FBP/AMP[44] could be observed. To our knowledgesteye reacts easily with
reactive electrophilic species[45]. Therefore, tiwacelectrophilic species that are
commonly present in covalent drugs[46] or endogsnspecies, were selected as
probes to identify a suitable covalent warhead ttegicted with the cysteine in
FBPase. As shown in Fig. S2, compout@ (9-nitro-oleic acid) exhibited higher
FBPase inhibition (I = 58 uM) than the other compound$-Q). In fact, the lipid
containing nitrovinyl moiety is involved in some stdranslational modification of
proteinsin vivo[47-49]. Ranitidine[33, 34] is also a well-knowrudrwith a nitrovinyl
group. Dimethyl fumarate (2), derived from the endogenous electrophilic spe6ie
(fumarate)[50], is used for the treatment of mudtisclerosis. These evidences
suggest that nitrovinyl10) moiety is most likely a suitable covalent warhdad

reaction with the cysteine in FBPase.
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Fig. 1. The endogenousitrostyrene electrophilic 10 (9-nitro-oleic acid) and its



derivatives {1, 12 and 13) structure, as well as their inhibition activitiagainst
FBPase.
2.2 Covalent binding of nitrostyrene to multiple cysteinesin FBPase.

Although compoundO could inhibit FBPase, it is difficult to furtheysthesize
and optimize because its structure is too complexidentify the binding pocket of
nitrovinyl covalent warhead on FBPase, three simmievinyl derivatives 11, 12
and 13) were further synthesized. Fig. 1 shows that cyama fluorine-substituted
nitrostyrene 12 and 13) exhibited a 150-fold increase in inhibitory adi®s
compared with compoundO (ICsp = 58 uM). To verify that these nitrostyrene
derivatives may react with the thiol group, 0@ compoundl2 was further reacted
with p-mercaptoethanol sjME). The UV-visible absorption (Fig. S3A) gradually
decreased as th#ME concentration increased, this suggests that oomghl2 can
actually react with the thiol group. Th& (54 uM) was determined by plotting the
proportion of thesME adductvs SME concentration (Fig. S3B). In fact, nitrovinyl$a
also been shown to be highly biologically active[52] via reactions with the thiol
group of cysteine. For instanadipeptidyl nitroalkene might covalently bind to the
CYS25 of the proteases rhodesain and cruzain v ritrovinyl moiety[53].
3,4-Methylenedioxys-nitrostyrene has been demonstrated to inhibit NLRFPase
activity by covalently binding to the cysteine of LRP3 for the therapy
inflammasome[54].

To determine the number of cysteine residues inasBRhat could react with

nitrostyrene, compoundk? and 13 were incubated with FBPase for 2 h. Then, the



covalent adducts were detected by Liquid chromaigyy—mass spectrometry

(LC-MS)[55]. The MS results (Fig. S4) showed thabrenthan two nitrostyrene

derivatives {2 and13) could covalently bind with FBPase.

2.3 Identifying the cryptic allosteric site (C128) on FBPase.

To improve the pocket selectivity of nitrostyremes first identified a functional

cysteine pocket that can regulate the catalytivities of FBPase. For this purpose,

seven cysteines in FBPase were mutated to seratde T shows that only the C128S

mutation could result in significant decrease ia thhibitory activity of12 and 13

(ICs0 > 350uM), decreasing the FBPase activity by more than04#0@l compared

with the activity of wild-type (WT) FBPase. Thisidgnce suggests that C128 is the

only cysteine that can influence FBPase inhibitlpn 12 and 13, although both

compounds may covalently bind with three cysteesdues on FBPase.

Table 1. Kinetic parameters of seven cysteine mutatiorfsSBRase, and the igof 12

/ 13 against mutations and WT.

WT C38S C92s C116S C128S C179S C183S C281S
Vimax(U/MQ) 4.0£0.2 1.3x0.1 1.60.1 1.620.2 2.7+0.2 D3+ 3.840.2 3.620.1
Kear(1/5) 2.520.1 0.79+0.04 0.99+0.07 1.0£0.1 1.740.1 1.4#0.1  2.440.2 2.240.1
Km (MM ) 0.020£0.002  0.043+0.005  0.051+0.009  0.093x0.009 0002 0.0830.006 0.12+0.02 0.12+0.01
Ka(mM) 0.1440.02 0.50+0.06 0.11+0.01 0.13+0.01 1.1#0.1 160101 0.16+0.02 0.2340.02
AMP ICs0(uM) 2.30.1 0.3740.02 1.340.2 0.82+0.05 5.241.2 0.0+ 6.3+1.0 1.1#0.1
12 ICso (uM) 0.36+0.08 0.49+0.08 0.34£0.02 0.33+0.04 > 350 00464 0.44+0.02 0.61+0.03
12(ICMs0/ 1ICWs50) 1 1.4 0.97 0.94 > 1000 1.2 1.2 1.7
131Cso (M) 0.32+0.03 1.240.3 0.62+0.10 1.1#0.2 >350 0.89+0.10 0.92+0.21 2.3+0.2
13(ICMs0/ 1ICWs50) 1 3.8 1.9 3.4 > 1010 2.8 2.8 7.2

The crystal structure of FBPasRk é§tate, PDB ID: 1EYI) shows that C128 is

located on the interface of two subunits, and tadit (12 A) from the substrate



catalysis site (Fig. S5); thus, direct interactioh C128 and the catalytic site of
FBPase is difficult to achieve. In order to verifie allosteric regulation mechanism
of C128, the possible binding model of FBPase @rdpoundl2 was predicted using
Autodock 4[56] and the molecular dynamic (MD) siatidn was performed. To our
knowledge, there are two famous mechanisms to exfila reaction of cysteine and
nitroethylene warheads: One was slow-binding meshgb7] that sulfur group of
cysteine attack the nitro group of nitroethylenerivead. The other was Michael
addition mechanism [54, 58, 59] that nitroethylemarheads was recognized as
Michael acceptor and undergo conjugate additiorh witiol group. Hence, two
possible binding modes (Michael acceptor or reactietween thiolate and nitro
group) of nitrostyrene compounds and C128 of FBRasee used for the further
simulations. As shown in Fig. 2A, the MD confornaattiof N125-S124-S123 (white)
on FBPase almost overlaps with the crystal stredf@DB: 1EYI, green). However, if
nitrostyrene acts as the Michael acceptaerpfCl2 was attacked by the C128 thiolate.
The MD of FBPase¥? (Fig. 2B, purple) result in the remarkable confation
change of N125-S124-S123 compared with that of BB&ase (Fig. 2A, white). The
nitro group of12 and -CONH group of N125 would repel each other, which cause
the movement of N125 away from C128, in turn resuthe movement (2.3 A) of the
S123 far from the phosphate of FBP. Similarly, hié treaction occurring between
C128 thiolate and nitro group &2, the MD result (Fig. 2C) of FBPas&x(Ng of 12
was attacked) also shows the remarkable conformati@ange of N125-S124-S123,

and the movement of the S123 far from the phospb&t&BP (Fig. 2C, blue)



compared with that of Apo-FBPase (Fig. 2A, whitéh the other hand, one hydrogen
bond between S123 and the phosphate of FBP wasvedsm the crystal FBPase
structure (Fig. S5). Thus, the addition of nitroshe 12 onto C128 could actually

weaken the hydrogen-bond of S123--FBP (Fig. 2B figd 2C) and inhibit FBPase

catalysis activity though N125-S124-S123 allostesignaling pathway, N125 is a

most important residue on this pathway. Notably, simulated results indicate that
both covalent binding modes result in the samestdiac regulation mechanism of

C128. Additionally, the addition of nitrostyred@ onto C128 could also result in the
movement of M§" (Fig. 2B) far from the phosphate of FBP about&.5his result

partly demonstrated that compoutimay weaken the binding abilities of Kig

A B

NI125

Object
RMSD_C7

— RMSD_N9
RMSD_apo

0 25000 50000 75000 100000
Time(ps)

Fig. 2. Proposed conformation of compouii2l covalent binding to C128 simulated
by molecular dynamic (MD). (A) Crystal FBPase staue (PDB:1EYI) was

superposed with that (FBPase, white) of MD simalati(B) The MD structures



superposition of Apo-FBPase (white) and FBPagefpurple), with the binding
model that the € of 12 was attacked. (C) The MD structures superpositibn o
Apo-FBPase (white) and FBPad2+(blue), with the binding model thatghf 12
was attacked. (D) Plots of the MD simulation roaan-square deviation (RMSD, in
A) MD simulationvs time of FBPase and FBPade+

To verify the importance of this helix H4 pathwdlge residues surrounding this
network were further mutated to Ala. As listed iable S1, the effects of D127A,
R243A, R254A and Y258A mutations on thg (Mg®* binding affinity) and 1G (12
and 13) values were almost negligible. According to thgstal structure of R state
FBPase (Fig. S5) and the discussions mentionedeadtd25 is the residue (in helix
4) closest to C128 (3.3 A), thus the addition dfasityrene 12 or 13) onto C128 will
cause the remarkable movement of N125 away fron8C&RBich in turn significantly
decrease the FBPase activity. However, when N125% wautated to Ala,
N125-S124-S123 will move close to C128, which imtuesult in the increase of
FBPase activity. As expected, the N125A lead toarthian 500-fold Igincrease
(Table S1) of compoundk?/13 compared with WT (0.3@M). In comparison, S124
is far from the C128 (6.8 A), S124A could not rekadnly affect the movement of
N125-S124-S123. Correspondingly, S124A causeda&h8-37.8- fold increase of the
ICs0 of compoundsl?/13. Furthermore, as shown in Table S1, #g: value of
S123A (0.041 %) decreased approximately 61-fold compared to dfidhe WT (2.5
s1), and S123A lacked detectable activity. This sstme¢hat S123 is critical for the

catalytic activity of FBP. These mutant resultsttier confirm our speculation that



C128 could affect the catalytic activity of FBPas® H4 allosteric signaling pathway
(N125-S124-S123), and N125 is a most importantteson H4 pathway.

Furthermore, the effect of Mjon the inhibitory activities 012 and13 was also
investigated. As illustrated in Fig. S6, at a fixBtl)** concentration, the relative
activity of FBPase may gradually decrease with dasmg concentration of
compound 12 or 13, however, the FBPase activittes may increase as" Mg
concentrations increase from 1 mM to 10 mM. Thiglence suggests that batl
and 13 may weaken the binding abilities of Mgvia the N125-S124-S123 pathway,
thus competitively inhibiting Md.

Furthermore, 10x the Kgconcentration of compound® and13 (Fig. S7) were
incubated with FBPase for complete inhibition. Théme mixture was diluted 20
folds and then detected enzyme catalysis actiVitgse assays reveal that compounds
12 and 13 covalently likely binds FBPase in a reversible meam As documented
previously, whether the reaction of nitroethylenarimead and target protein is
slow-binding mechanism[57] or Michael addition maeism[57, 60, 61], the
corresponding reaction show reversible behaviousT e believe that compouda
most likely react with C128 of FBPase in a revdestizhavior.

Taken together, these findings suggest that, intiaddo the FBP and AMP sites,
the C128 pocket of FBPase is a new non-catalyte; sihich was identified by our
group for the first time, and could be used for thiecovery of novel covalent
inhibitors against FBPase. Based on the documenBdxylov et al.[32], such a

binding site is not easily detectable, and is ttalked a “cryptic site”.



2.4 Redesign of nitrostyrene-based covalent inhibitors (14a-14n).

Based on the MS experiments in Fig. S4, nitrosgyrewuld bind with more than
one cysteine residue in FBPase, likely becausestjtrene is very small, and can
easily bind to multiple cysteine pockets. To immothe selectivity of these
nitrostyrenes, rational optimization by attachmehtdrug moieties to nitrostyrene
based on the cryptic allosteric pocket (C128) oP&Be is necessary. To achieve this
purpose, a new FBCVS protocol (Fig. S8) based enh28 pocket of FBPase was
used to generate new hits. In fact, fragment-bappdoach[23] has been successfully
used for identification of covalent inhibitors f&RAS G12C from a library of
disulfides, followed by conversion to an irrevetsibivarhead.[62] Kathman et al.
utilized a fragment-based screening method to ttestability to inhibit papain, a
model cysteine protease.[63] The fragment-basetbapp has also been validated by
a large number of fragment-to-lead studies repdriedcent literature,[64] as well as
by successful translation of more than 30 compouaddinical studies, and by the
introduction of two FDA approved drugsemurafenib and venetoclax) into the
market. Nonetheless, fragment-based covalent ingscreening is rare. Moreover,
ensuring the synthetic tractability of the resgtimolecule generated by the FBCVS
protocol remains challenging.[65] To overcome thiballenge, the synthetic
complexity score (SCscore) developed by Green.@6aland learned from Reaxys
reaction database was used to evaluate the compaieglgned by this FBCVS

protocol for the first time.



In addition, patients with T2D increased the inoick of coronary artery disease
and dyslipidemia that is 2- to 6-fold compared &soens without diabetes, and this
epidemic has remained unabated in recent year$3d8pAttaching a fragment with
anti-dyslipidemic function to nitrostyrene may adioiite to improvement of the
selectivity of the resulting compounds, as wellt@slual-functionalization of these
compounds. Currently available anti-dyslipidemicgs mainly include strains,[67,
68] fibrates,[69, 70] niacin[71] and ezetimibe[7&]us, functional moieties on these

drugs were selected as fragment parameters (Fjg. S9

Y\H%(
o > o~
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Fig. 3. Designed nitrostyrene derivatives (Top 10) by uskFBCVS protocol;
PM7_score is the binding energy calculated by PMA@MC; SCScore is the



synthetic complexity score developed by Green[66&].e

Combining PM7@MOPAC score and machine-learning-thassynthetic
complexity evaluation (ScScore), a second generaifaitrostyrene-based covalent
inhibitors (4a, Table S2 and Fig. 3), which wede novo designed based on the

cryptic allosteric site (C128) on FBPase.

Table 2. The inhibitory activities of synthesized composinfl4a-14n) against

FBPasan vitro
Rz
R3 R4
\©io>§(0v
R4 o)

Compds Ry R, Rs R4 ICso (},lM)
1l4a H Nitrovinyl H H 1.0+0.1
14b H Nitrovinyl F H 0.61+0.11
14c H Nitrovinyl Cl H 2.910.2
14d H Nitrovinyl Br H 0.79+0.12
14e H Nitrovinyl H Cl 0.83+0.14
14f H Nitrovinyl H OCHF, 1.6+0.2
149 Nitrovinyl H H H 2.7+0.1
14h Nitrovinyl H F H 7.0+0.3
14i Nitrovinyl H Cl H 8.24+0.3
14 H H Nitrovinyl H 3.1+0.4
14k Cl H Nitrovinyl H 1.6+0.3
14 H Cl Nitrovinyl H 1.8+0.2
14m H CH; Nitrovinyl H 5.4+0.5
14n H 2Br-2-Nitrovinyl Cl H 0.84+0.07

AMP - - - - 2.310.1

FBPase inhibition by synthesized compounds. Although the anti-dyslipidemic
fragment of clofibrate was attached to compodhdthe inhibitory activitiesof 14a
compounds may be retained at approximatelyuMQTable 2) compared with that of

our previous nitrostyrene compoutitl(3.5uM). To discover potent hit compounds, a



series of nitrostyrene derivatives were furthertisgsized (Table 2) and characterized
(Supplementary Methods) to explore the structute4c relationships (SARS).
When a nitrovinyl group was introducedRytof these compounds, thestGralues of
compoundsl4a-14f were 0.61~2.9M. When theR; position was replaced with a
nitrovinyl group, the inhibitory activities of thétle compounds ¥4g-14i) were
decreased slightly, with kg values of 2.7~8.2M. In comparison, compounds with
nitrovinyl substituents at thig; position (4j-14m) had IG, values of 1.6-5.4M. To
determine whether these compounds could also loirttle C128 site, we exploited
compoundl4b as a probe molecule to explore the binding modesiown in Table
S3, only the C128S mutations could remarkably affiee 1G, value ofl4b, causing

an 820-fold increase compared to the wild type.s€heonsequences demonstrated
that C128 is extremely essential for the bindindl4ll and FBPase, and a covalent
reaction likely occurs betweeldb and C128, similar to that observed for compound

1.
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Fig. 4. Mass spectrometry of covalent binding of FBPase &A)l compounds,
(B)FBPase4b, (C) FBPasetc, (D)FBPase4i, (E) FBPaset4n
To further determine the number of cysteines in &&Pthat may react with

these compounds, MS analysis of FBPase+compoundalsasperformed (Fig. 4).
Fig. 4B shows that the main peak (38,009 Da) belaogFBPase, and the peak at
38,306 Da belongs to FBPaddb. These results suggest tHgb might covalently
bind with one cysteine on FBPase. Combining previowtation experiments (Table
S3) and this result (Fig. 4B), one could infer thélb predominately bind with C128
in FBPase. Similar td4b, 14i could also specifically bind with C128 on FBPase a
illustrated in Fig. 4D. Additionally, the mass spracof FBPase and4c were also
determined in Fig. 4C. Fig.4C clearly shows th#haugh the covalent interactions
FBPase+2l4c and FBPase+34c occurred (based on the peaks at 38,637 Da and

38,951 Da), the predominant component was FBPdsd88,323 Da). Similar td4c,



14n could also bind to FBPase with three forms astitated in Fig. 4E
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Fig. 5. The fraction adduction ratio of compound,(13, 14b, 14c, 14i and 14n)
and FBPase complex (FBPase +1xcomp, FBPase +2x&BRase +3xcomp).

In conclusion, the proportion (Fig. 5) of title cpounds {4a, 14c, 14i or 14n)
that bound to the C128 site on FBPase increasega@u with that of compounds
12/13. These positive results indicate that anti-dydionic fragments are
predominantly accommodated in the C128 pocket oP&¥. The optimization
strategy adopted in this study could remarkablyroup the pocket selectivity of
FBPase inhibitors.

2.5 Binding model of compound 14b and FBPase.

As shown in Fig. S10A and Fig. S10B, the possibieling model for FBPase
and 14b act as Michael acceptor {@f 14b was attacked) was predicted using
Autodock 4[56]. In Fig. S10A, the -N+bf R243 can form two hydrogen bonds with
-NO, and —C=0 ofl4b. The NH moiety of R254 can form hydrogen bonds with
-NO; of 14b. Two hydrogen-bonds between S124 a4d could also be observed in

Fig. S10A. In addition, another possible bindingdeslofor FBPase and4b (Ng of



14b was attacked) was also predicted in Fig. S10C agd310D. As illustrated in
Fig. S10C, the -OH group of S124 can form hydrogend with ether oxygen group
of 14b. A n-r staking interaction between the R243 444 could be observed in Fig.
S10C. The NH moiety of R254 likely forms halogen bond with Flgb. To verify
these binding modes, mutations of the critical chess mentioned-above were
performed (Table S3). The d€values of R243A (17uM) and R254A (12uM)
increased 28- and 20-fold compared with that of FBPase (0.61uM). In addition,
S124A result in 39-fold 165 increase of compoundsib compared with that of WT
(0.61uM). These mutant results demonstrate the importahcesidues S124, R254
and R243 for both binding modes ddb and FBPase. In addition, a weakiyr
interaction (3.6 A) between benzene (Y258) and eeetl4b) looks likely to be
existed. However, the-r stacking distance of Y258 addb is longer (3.5A), this-n
interaction could be negligible (Fig S10A). ThubgetlGp of Y258A (2.9 uM)
increased only 4.8-fold compared to that of WT §048V). As discussed for
compoundsl2/13, N125 is the residue (in helix 4) closest to C{2®). S5, 3.3 A),
the addition ofl4b onto C128 will also cause the remarkable movenoérti125
away from C128, which in turn significantly decreabe FBPase activity. However,
when N125 was mutated to Ala, N125-S124-S123 willyenclose to C128, which in
turn result in the increase of FBPase activity. éxgpected, N125A lead to the
significant 1Gy increase (492-fold, Table S3) tdlb compared with WT (0.3@M).
These results further indicate that, N125-S124-S#tBway is very important for the

14b inhibition against FBPase, N125 is a key resichad affect the movement of



N125-S124-S123.
2.6 Inhibition of glucose output in primary rat hepatocytes.

To the best of our knowledge, FBPase is a ratditignienzyme in the GNG
pathway, which converts carbon substrates to gkjcesd is a main factor of
endogenous glucose production[14, 73]. Furthermpriepary rat hepatocytes were
used to explore the effect of title compounds omicgse production under

physiological conditions.

!
L4
o
/8
:
1
(%
o
- 4
(o]
:

Glucose production
(%DMSO group)
Glucose production
(%DMSO group)

5 5

=a =a
3 0 3
38 g5
oo oo
- -

a O a O
0@ 0@
32 32
32 R
o o

Fig. 6. Effects of Clofibrate and synthesized compoundsglucose production in
primary rat hepatocytes in physical conditiddb(A), 14c(B), 14i(C), 14n(D). *P <
0.05, *P < 0.01, *P < 0.001vs DMSO. Data shown are means + SEM of four
independent experiments. Metformin (Met)

As shown in Fig. 6A, B, C, D, representative comuutad4b, 14c, 14i and14n

resulted in dose-dependent inhibition of glucos®lpction in primary rat hepatocytes.



Both 14c (Fig. 6B) andl4i (Fig. 6C) begin to inhibit glucose production at |1,
with a significant difference of P < 0.05 and P<40ddmpared to the DMSO group.
Maximal inhibition of glucose productiorn(90%) was achieved with 4Q@M title
compounds, and a significant difference (P < 0.0043 observed compared to the
DMSO group. These results suggest that title comg@suactually affect glucose
production of the GNG pathway and that -Cl at Beposition is beneficial for
pharmaceutical effects under physiological condgio

In fact, the FBPase or GNG pathway is overexpress@@D patients[1, 2], thus,
the effects of title compounds on the GNG pathwagen pathological conditions
were further tested (Fig. 7). It has been repof¢[dihat cyclic AMP (cAMP) and
dexamethasone (Dex) can enhance hepatic GNG ldhelgfore, this strategy was
used as model for evaluation of the pharmaceuétfacts. Primary rat hepatocytes
were treated with 1M dexamethasone and 20 cAMP for 3 h [74, 75]. As shown
in Fig. 7 vehicle, glucose production via GNG (wi) dramatically increased
5.8-fold compared to the DMSO group after thesatinents. Consistent with the
results obtained under physical conditions, theage lowering that occurs under
pathological conditions could be observed withM 14c (Fig. 7B) andl4i (Fig. 7C),
with a significant difference (P < 0.00{3 vehicle In addition, title compoundd4b,
14c, 14i, 14n) also caused dose-dependent (10~100) inhibition of glucose
production under pathological conditions (P <0.0&l1vehicle). Maximal glucose
lowering under pathological conditions ©5%) was achieved at 1M 14b. In

conclusion, these title compounds also exhibit pdé hypoglycemic effects under



pathological conditions, even more so than undgsiplogical conditions.
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Fig. 7. Effects of title compoundgl4b, 14c, 14i and 14n) on glucose production in
primary rat hepatocytes in pathology condition aagi®y 1puM dexamethasone (Dex)
and 200uM cyclic AMP (cAMP). 14b (A), 14c (B), 14i (C), 14n (D). ** P < 0.001

versus DMSO1P < 0.05, t1P < 0.01, T11P < 0.001vs vehicle. Data shown are

means + SEM of four independent experiments.

2.7 Reducing lipid accumulation in primary rat hepatocytes.

It has been reported that high glucose and insidivels can induce
hyperglycemia and insulin resistance[76]. In pafac the title compounds were
derived by combining the nitrostyrene fragment amdi-dyslipidemic functional
fragments, thus, it is possible for title compoutagxhibit anti-dyslipidemic effects.

Thus, this method was also used out to establistodel of lipid accumulation to



evaluate the pharmaceutical effect[77]. High cotradions of glucose (25 mM) and

insulin (500 nM) were used to treat primary ratdtepytes for 24 h resulting in lipid

accumulation.
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Fig. 8. Effects of title compound on lipid accumulatidnT@ (A, B) and TC (C, D) in
primary rat hepatocytes by 25 mM high glucose & M insulin, Clo (Clofibrate).
*** P < 0.001vs DMSO.tt1 P < 0.01, t11P < 0.001vs vehicle. Data shown are
means + SEM of four independent experiments.

As shown in Fig. 8, the TG and TC quality in théiege group increased sharply
compared with that in the DMSO group, suggestira this treatment actually led to
lipid accumulation. BotH4c and 14i begin to show a lipid—lowering (TG and TC)
effects at 25uM, while the minimum lipid-lowering concentratioi b and14n is

10 uM (Fig. 8A, C).14c and14i exhibit stronger lipid-lowering effects thddb and



14n and, also, potentially, Clo (5@M), as illustrated in Fig. 8A, C. Upon increasing
the concentration of these compounds to 10O inhibitions of TG production
increased slightly (Fig. 8B), but TC production eexsed markedly (Fig. 8D).
Therefore, these title compounds can dose-depdgdehibit TC production, and
exhibits anti-dyslipidemic activity.

2.8 Evaluation of cytotoxicity and acute toxicity.

To the best of our knowledge, a protein assayasgiéneral experiment for the
measurement of toxic substances cytotoxicity[78}.the control of these compounds
cytotoxicity, the glucose, triglyceride and totalbtesterol content were normalized to
the cellular protein concentration (cell viabilitg) primary rat hepatocytes (Fig. S11,
Fig. S12, Fig. S13)as described in previous documents.[78, T8k protein
concentration of each group has been determinading Bicinchoninic Acid (BCA)
method.[79]As shown in Fig. S11, Fig. S12 and Fig. S13, mddite compounds
exhibit no cytotoxicity except fat4n in pathology condition (Fig. S14D).

In addition, Sulforhodamine B (SRB) cytotoxicity say of primary rat
hepatocytes in physical condition was further penied[80]. As shown in Fig. 9, cell
viability exceeded 80% even if the concentratiomainpoundsl4b, 14c, 14i or 14n
reached 30QM. These results further suggest that title complsupharmaceutical
effect were independent of their influences on gk viability. Combining positive
results of the protein concentration (Fig. S11,,9P3) and SRB assay (Fig. 9), we
could conclude that the hypoglycemic and hypolipideeffects are predominantly

due to the inhibition of title compounds.
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Fig. 9. The cell viability (Sulforhodamine B cytotoxicityssay, SRB) of primary rat
hepatocytes in physical condition after treateditiy compounds. The cell viability
of 14b(A), 14c¢(B), 14i(C), 14n(D). Data shown are means * SEM of four
independent experiments

Furthermore, acute toxicity ofl4b in the mice was evaluated. Sixteen
8-week-old male C57BL/6 mice were randomly dividetdb two groups to receive 0
(vehicle), 600 mg/kg ofl4db oral on first day. All treated animals representexd
mortality, significant weight loss or allergic amti and were as well health as the
control animals for 14 days, indicating tldb has no acute toxicity at a dose of 600
mg/kg of oral (Fig. S14). These results also indida some extent that compounds
14b, 14c, 14i and14n exhibit better target selectivity in primary hepatte.

3. Conclusion



We first discovered a novel cryptic cysteine akost site (C128) in FBPase,
several nitrostyrene derivatives exhibiting potEBPase inhibition (165=0.32 uM).
The N125-S124-S123 pathway was most likely involiedhe allosteric regulation
between C128 and active site of FBPase. HoweverMB analysis revealed that
these nitrostyrenes might bind with more than oysteine besides C128 in FBPase.
To improve pocket selectivity, a series of novelmpounds were redesigned
rationally by attaching a drug moiety with anti-tigglemic function to a nitrostyrene
by integrating the FBCVS protocol and machine-leggrbased synthetic complexity
evaluation. As expected, the MS results validatedgroportion of title compounds
(14b, 14c, 14i or 14n) that bind to C128 site in FBPase was higher thahof12/13.

In addition, these title compounds not only exl@btidose-dependent (10~10(M)
inhibition of glucose production under pathologicahditions (P <0.00%s vehicle)
and pathological conditions but also might doseedéently reduce the production of
TG and TC. These positive results provide furthedence that molecular targeting
of the C128 site of FBPase can have anti-T2D effelttis strategy could provide an
alternative general approach for improvement of treelectivity and
dual-functionalization of covalent drugs in theuftg.

4. Experimental section

4.1 Chemicals.

The following chemicals were commercially obtaireetl used without further
purification: compoundd~9, 99% pure, Sigma-Aldrich; compourid 98% pure,

Cayman; Nitrostyrene compounii$~13, and compound$4a-14n were synthesized



as described in Scheme S1, S2 and S3, and charedteas described in the
Supplementary Methods, and the characteristics pmdty matched those of
published standards.

4.2 FBPase inhibition assays and mutagenesis.

Positive transformants containing FBPase genes waresformed intcE.coli
BL21 (DE3) for protein expression. Cloning, express and purification were
performed as described in our previous work[81]e Timal purified proteins were
validated by SDS-PAGE and preserved in 50% (v/iygelol at -20].

FBPase activity was measured by the method of midagreen[82]. 3QuL
reaction solution contained 300 nM Hu-FBPase, 50 mrd-HCI (pH 7.4), 0.8 mM
Mg?*, 0.4 mM FBP and 0.pL DMSO. All compounds were dissolved by DMSO.
The reaction time is 5 min, and the reaction terajpee is 371. Then, the reaction
was stopped by 15l 1M perchloric acid. The released phosphate webéduto form
a colored complex that was detected spectrophotaaky at 620 nM. Thus, the
reaction solution was incubated with 450 malachite green solution (0.035%
malachite green, 0.35% polyvinyl alcohol) at 25for 30 min and the enzymatic
activity was monitored at 620 nm. The half maxinmddibitory concentration (163)
values or kinetic constants were identified usimgjdtic equations (nonlinear analysis)
or Hill kinetic equations in the Origin 7.5 prograpackage. All of the FBPase
mutants were also expressed, purified and analyzed.

4.3 Fragment-based covalent virtual screen



Fragment-basede novo design is a well-developed technique for leadaliscy
and optimization.[83, 84] Recently, some computalofragment-basedie novo
design methods for non-covalent drugs have beeteimgnted by using commercial
or academic software, such as LUDI[85] EA-inverj88] SPROUT,[87]
BUILDER,[88] PROLIGANDS,[89] LigBuilder[90] and LEBD,[91] and many
protocols have been successfully used for the desgo of highly potent
inhibitors.[92-94] However, fragment-based virtsakeens are rare. Herein, a new
FBCVS protocol (Fig. S8) was developed by integigticovalent docking
(Autodock[56]), non-covalent fragment-based dockr{i&x-dock@Sybyl[95]) and
multi-scoring functions (PM7@MOPAC[96]), the syntice complexity score
(SCscore) developed by Green et al.[66]). Firsg tovalent warhead moiety
(nitrostyrene fragment) was docked covalently ithe C128 site on FBPase by
Autodock v4.2[56], and the conformer with highestore was chosen as the
conformer of the warhead. Subsequently, the funatidragments (Fig. S9), built
from commercial anti-dyslipidemic drugs[67-72], wetocked into the C128 active
site of FBPase by Surflex-Dock@Sybylx1.3[95]. Thsulting conformations were
connected to generate new non-covalent moieties,tla@ top 3 conformers were
chosen for each compound. In the linking procedtime,linker fragment (Fig. S15)
was inserted based on the distance between thedswdting conformations. The
N-N, N-O and O-O bonds were excluded due to thebikty of these bonds.

Then, new non-covalent moieties (~125) were doagain into the active site

by Surflex-Dock@SybyIx1.3 to generate approximateB70 non-covalent



conformations. Furthermore, these non-covalentaramdtions were connected with
the covalent warhead to generate approximately 282@lent molecules.

After that, synthetic difficulty for these 2327 @ent molecules was predicted
by SCscore[66], obtained by deep learning from Reaxys reaction database.
According to the document of Green et al.,[66] Ssgreater than 3 indicates high
difficulty of synthesis, therefore, molecules wiBCscore > 3 were excluded and
approximately 70 compounds remained. Finally, thignuization and binding-energy
evaluations for these 70 compounds were perfornteal semi-empirical quantum
chemical computation level (PM7@MOPACI[96]), assthated in Fig. S16.

4.4 Glucose production assay

To measure the pharmaceutical effects of title caumgds under physiological
conditions, primary hepatocytes were separated f@B7WBLKS rats as previously
reported[97]. Then the cells were incubated ovérniggith DMEM (Dulbecco's
modified Eagle's medium) containing 10% fetal bevserum (FBS). The medium
was then replaced with fresh medium, and the rabhgry hepatocytes cells were
incubated with title compounds for 3 h. After thisocedure, the medium was
replaced with glucose-free DMEM containing 2 mM isod pyruvate, 20 mM
sodium lactate and the title compounds. After 3fhnoubation, the medium was
subjected to glucose quantification using a gluassay kit (BiosinoBio-Technology
and Science Inc.)

To identify the effects of title compounds on glneogenesis under pathological

conditions, and CcAMP resulting upregulation of rarimary hepatocyte



gluconeogenesis were used in a mouse pathologicdéinof T2D. After growth in
DMEM containing 10% FBS overnight, the rat primdugpatocytes were pretreated
with 200 uM cAMP and 1uM Dex for 3 h. Finally, the cells were washed with
glucose-free DMEM and cultured in glucose-free DMEbhtaining 2 mM sodium
pyruvate, 20 mM sodium lactate and title compourideen, the glucose formed by
gluconeogenesis was quantified as described abidwe.glucose, triglyceride and
total cholesterol content were normalized to thkulz@ protein concentration[97].
The protein concentration of each group has betrmdaed by using Bicinchoninic
Acid (BCA) method [79].
4.5 Lipid accumulation assay

After treating with DMEM overnight, the rat primahgpatocytes pretreated with
titte compounds existed in 25 mM high glucose afi@ BM insulin for 24 h. Then,
TG and TC were analyzed using two assay kits (Bai3io-Technology and Science
Inc.).
4.6 Mass spectrometry
Liquid chromatography—mass spectrometry (LC-MS)lym®&s were performed in
positive-ion mode with an Agilent 6550 quadrupoted-of-flight (QTOF) mass
spectrometer (Santa Clara, CA) coupled with an exqil1260 high-performance
liquid chromatograph (HPLC; Santa Clara, CA). Tl#ive protein was also detected
as a control (wild-type FBPase: 38009 Da).
4.7 Sulforhodamine B cytotoxicity assay

Rat hepatocytes were treated title compounds forTélen (Sulforhodamine B



cytotoxicity assay) SRB assay was performed foreat&n title compounds

cytotoxicity as previously described[80].
4.8 Molecular dynamics

The active crystal structure of human FBPase hade&en reported. However,
the active crystal structure of porcine FBPaselden reported (1EYI) and it has 90%
homology with human. Thus, human active state FBPasucture was built by
homology modeling according to porcine FBPase atystructure (1EYI). FBP
conformation and coordinate reference the F6P (LEYhen, compound?2 was
covalently docked into this homologous modularctrce.

The Cysi2, FBP was optimized by Gaussian 09[98] at &®7xd/6-31g(d)
level, and then the atomic partial charges weraionbtl by fitting the electrostatic
potentials using the BCC fitting technique in An@{99, 100]. The generations of
the partial charges and the force field parametersCYS-12 and FBP were
accomplished using the antechamber program in AMBEEO1].

In the molecular mechanics (MM) optimizations andD Msimulations,
AMBER10 force field[102], and gaff force field [1P8vere used, respectively. The
simulation was performed at pH 7.0, and the tiblgaesidues, including lysine,
arginine, aspartic acid, and glutamic acid, werpiclly charged, the histidine
residues were protonated at the epsilon positidve Whole system was immersed
with TIP3P water molecules[104] in a truncated betlron box of 10 A from any
solute atoms. The system was neutralized with thenterions of Na Frist the
protein was restrained, and solvent molecules and were relaxed (2000 cycles of

steepest descent and 2000 cycles of conjugateegttadhinimizations). Second, the



protein backbone was restrained, and the side sheéne minimized (2500 cycles of
steepest descent and 2500 cycles of conjugateegttadiinimizations). Finally, the
whole system was minimized without any restrainO@%ycles of steepest descent
and 2500 cycles of conjugate gradient minimizadiotiee MD simulations of 100 ns
were performed at 310K. SHAKE[105] was used to trais bonds involving
hydrogen atoms, and the time step was 2.0 fs. Bheaonded cutoff was set to 10 A.
the long-range electrostatics were calculated ke ghrticle mesh Ewald (PME)
algorithm[106].
4.9 Dilution experiment

The FBPase (300 nM) was incubated with 10x they I€@ncentration of
compoundsl2 and13 for complete inhibition. Then, the mixture wasutild 20 folds
yielding an inhibitor concentration of 0.5x thes§Cthen the enzyme was activated by
adding the FBP (0.4 mM) and Klg(0.8 mM). All the wells for the enzyme reaction
were diluted from the above mixture to ensure thatcomponents were the same.
The enzyme reactions were stopped by 1M perchémiit at different times (30 min,
60 min, 90 min, 120 min, 150 min, 180 min). Therglachite green was added to
above wells to detect FBPase activity.
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