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1. INTRODUCTION






It is generally accepted that there are five b&astes: salty, sour, sweet, bitter and
umami [Mouritsen, 2012,

While the first four taste modalities have been ldwwvidely accepted for hundreds of
years, only recently umami has gained widespreadgretion in the West. Umami
came to the fore in 2000 when Chaudari and collesgdentified on the tongue and
palate the taste receptor forglutamate, which is considered to be the prota@ipi
umami substance. The protein they described isna@wprotein-coupled receptor that
corresponds to a truncated form of metabotropictaghate receptor mGIluR4
[Mouritsen, 2012].

Though umami is a term that most consumers doauatgnise, they are usually familiar
with the umami taste sensation. Many foods daiBdus both East and West naturally
contain components that impart an umami taste, aithdrs form umami substances
during curing, aging or fermentation. Just thinkadd such as tomatoes and parmesan
cheese, which can actually be considered the maosami ingredients of the
Mediterranean diet [Wyers, 2010]. History showsttfram a culinary perspective
umami is not new and was around long before Didakdiscovered this taste in 1908.
[referenza]Fermented fish sauces and intense nmehtv@getable extracts have been
valued in world cuisines for more than 2,000 ye&®: example, Romagarum or
liquamen a type of fermented fish stock was regularly adtteall dishes of that time
(Figure 1.1). Although the Greeks and Romans kreaw this stock made food to taste

better, they never identified it as a specific dagthey just enjoyed consuming it. In

! A basic taste is an independent taste which cabeotreated even through the
combination of other tastes.



1825 the French gastronome Brillat-Savarin,Thee Physiology of Tastelescribed a
meaty taste as “toothsome” and predicted that theire of gastronomy” would have
belonged “to chemistry”. His description of a me#agte is similar to the Japanese

interpretation of umami as “deliciousness” [Marc2809].

Figure 1.1. Ancient Roman fermenting vats, used in the prddacof garum (left).
Garumjugs from Pompei (right).

One of the impediments to the recognition of umama basic taste may have been the
lack of traditional words to describe it in Westéamguagesi.e. consumers are very
familiar with the umami taste sensation, but nothwhe term. There is no word in
Western languages that is synonymous with umamighwihis most often described as
a "savory" or "meaty" taste. Thus, the term “umaha’s been imported from Japanese
in all our languages [Wyers, 2010].

Science is now realizing what great cooks aroumdvibrld have instinctively known:
that foods and flavor enhancers with umami candsgullin contributing a savory taste

and rounding out and heightening the flavor of faod



1.1. Discovery of Umami

Umami was first discovered by the Japanese Prafégkanae lkeda of the Imperial
University of Tokyo in 1908 (Figure 1.2). He noticthat a previously unidentified taste
quality, quite distinct from the four basic tasteseet,
bitter, sour, and salty was present in highly zddk
foods such as fish and meats. He detected it nestly
in soups and broth of flakekatsuobushi made from
skipjack fish, and in broth made frokomby dried sea
tangle, Laminaria sp., both of which have been used

traditionally in Japanese cooking (Figure 1.3)

[Yamaguchi & Ninomiya, 1998, 2000]. In a short pape
“New Seasonings” written in Japanese and published rigyre 1.2 Prof. Kikuna
1909 in Journal of the Chemical Society of Tokyeda lkeda, the Umami pioneer.
noted down “.physiologists and psychologists recognize

only the four tastes sour, sweet, salty and bit@ther tastes are considered to be a
mixture of these tastes. However, | believe thateths at least one other additional
taste which is quite distinct from the four tasiéss the peculiar taste which we feel as
"UMAI [meaning brothy, meaty, or savory]', arisifiggm fish, meat and so forth. The
taste is most characteristic of broth prepared frained bonito and seaweed
[Laminaria japonica] ... | propose to call this tes'UMAMI' for convenience. The next
problem is to identify the chemical substance wpidduces "UMAMI'. It is difficult to
prove the existence of a small quantity of unkntaste substancé.[Ilkeda, 2002].
Subsequently he investigated the constituentseofitied kombu and found it to contain
2—-3 g/100 g dry weight freemonosodium glutamate{MSG, Figure 3) and proposed
that MSG is for the umami taste what kitchen sadtd{um chloride) is for the salty taste
or what table sugar (sucrose) is for the swee¢ tast

In 1913, an lkeda’s disciple, Shintaro Kodama, stiggated the constituents of dried
skipjack, katsuobushiand reported that inosinate also had umami t@sdeacteristics
(Figure 3). Many years later, during a study ofribbnucleotide production through
biochemical degradation of yeast RNA, Akira Kuniaaklentified guanylate to be
another important umami substance. Later, it wasvalthat guanylate occurs naturally



in dried shiitake mushrooms, which are widely usedapanese and Chinese cooking
(Figure 1.3) [Yamaguchi & Ninomiya, 1998, 2000].erTdiscovery of inosinic acid can
be traced back to Liebig who isolated it from befth in 1847. Guanylic acid has been
known since 1898, when Bang identified it in paatienucleic acid. Once again the
taste of these substances went unnoticed for decéderesent, MSG (monosodium
glutamate), IMP (inosine 5’-monophosphate disodisait) and GMP (guanosine 5'-
monophosphate disodium salt) are widely used asl fadditives in particular as
seasonings or condiments to supplement, enhanceund-off the flavor of many
savory-based processed foods. They are the best B#ahancers that are in commercial

use worldwide.

Monosodium Glutamate Disodium Inosinate Disodium Guanilate
MSG IMP GMP

o (@]
N

. a0 2 <’ﬂ
H, NH3* NaO—P—O N N/) NaO—F=0y 5 NN nH,
'OMONa Nad o NaO

o o OH OH OH OH

K. Ikeda, 1908 S. Kodama, 1913 A. Kuninaka, 1960

Figure 1.3.Umami substances and their discovery.



1.2. Flavor enhancement

The Japanese word umami means “savory”, “deliciarsd can denote a really good
taste of something, a taste or flavor that is greeslly appropriate exemplar of the
flavor of thet thing. The taste of MSG by itselbad not in any sense represent
deliciousness. Instead, it is often described adeasant, and as bitter, salty and soapy.
Others have described it as a brothy, mouth-wajesensation with a considerable
increase in salivation. However, when MSG is addedlow concentration to
appropriate foods, the flavor, pleasantness an@paability of the food increases
[Halpern, 2000; Léliger, 2000]. As regards 5'-rimteotides, IMP is often described as
beefy and GMP as oak-mushroom. The use of both cangs was reported to enhance
flavor notes described as meaty, brothy, mouthlli well-rounded, drying or
astringent. It also seems that 1.1 blends of IM& @MP can suppress some bitter and
sour notes, but enhance sweet and salt percepiidagodawithana, 1995; Ldliger,
2000].

These compounds not only have their own charatitetaste at a level higher than their
threshold levels but also enhance or potentiateflédvwer of the food even at a level
lower that their threshold levels. In any case M8VIP and GMP can favourably alter
the preference for foods. Thus, they are calledoflanhancers, flavor potentiators or
sometimes flavor modifiers [Yamaguchi, 1998], that to have the ability to
significantly influence the taste perception ofestlsubstance®.g.the components of
certain types of food so that these foods beconganmieptically attractive to the
human palate. According to Kuninaka, “umami” maydefined as a taste of a flavor
enhancer at a concentration higher than its thtddbweel [Kuninakaet al, 1980].

Results of taste panel studies on processed foodisaie that an MSG level of
0.2-0.8% of food by weight optimally enhances tla¢ural food flavor; similarly, the
corresponding level of 5-ribonucleotides requirkd generate the equivalent taste
intensity may be in the 0.02-0.04% range (Nagodeam&, 1995). However,
sometimes, the flavor-enhancing activity of a pob&tar is noticeable even at
concentration which are in the order of its detectihreshold. It should be noted that

the threshold values reported in the literature feodium glutamate and



monoribonucleotides show considerable variationpedding on the method of
measurement and the sensitivity of the panelistsrtami taste [Yamaguchi, 1998].

1.3. Synergistic action between flavor enhancers

What is perhaps the most interesting property abt&® and 5’-ribonucleotides is their

capacity to interact synergistically. This remédnleaproperty between the two types of
flavor enhancers was first identified by Kuninakal®60 [Kuninaka, 1960]. He found

that the detection threshold of MSG was markediyeled in the presence of IMP (or
GMP) and vice versa [Sugita, 2002].

For example, the threshold of MSG in water decr@askundred times when estimated
in 0.25% solution of IMP, that is the flavor or MS& potentiated by the presence of
small concentration of nucleotides. In a completagnexperiment, the taste threshold
of a 1.1 blend of IMP and GMP was found to be atzobtindred times lower when the
mixture was dissolved into an aqueous solution.8#0OMSG (see Table 1.1). These
data clearly indicate that both GMP and IMP camificantly reduce the glutamate

requirement and still maintain the desired flavarhancing properties in food

formulation.

Table 1.1 Taste Threshold of Umami Substances

Detection Threshold

(g/dl)
MSG alone 1.20 x 102
IMP alone 2.50 x 102
GMP alone 1.25 x 102
MSG in 0.25% IMP 1.50 x 10*
IMP + GMP (1 : 1 blend) 6.30 x 10°
IMP + GMP (1 : 1 blend) in 0.8% MSG 1.30 x 10°




It is noteworthy that the synergistic interactiasfSMSG with IMP and/or GMP also
occur in certain savory foods bringing about a dlaeffect which is greater than the
sum of the individual flavor-enhancing effects.

This phenomenon of synergism is of the utmost ingmme, because it provides an
opportunity for the food processor to use less Mis@e formulation without affecting
flavor quality. For instance, it has been foundttfood processors who use 100 g of
MSG can reduce usage levels to 17 g in the presgin@® g of 50:50 blends of IMP
and GMP with a substantial (25-30%) cost reductiod without an adverse effect on
the organoleptic properties of the processed fadtider, 2000].

Several combinations of MSG and GMP and/or IMP rem& commercially available
for use in the food industry. Most popular bleravén MSG:5’-ribonucleotides ratio of
about 95:5. Because of the improved efficacy o$¢hglends due to the phenomenon of
synergism, these flavor enhancers will be usectlatively low concentration in food
formulations thereby providing a cost advantagthé&food processor. The lower usage
level of blends automatically eliminates the poditypof any flavor contributions by
5’-nucleotides because these compounds are, mkudly,liintroduced to the food
formulation at sub-threshold concentrations witpext to taste only to exert the
synergistic flavor enhancement. Such low concéotra of 5’-ribonucleotides are
capable of providing an impression of a much greatacentration of glutamate than is
actually present in the food system [Nagodawitha885].

Umami substances generally improve the intensity @easantness of foods only at a
certain range of concentrations. Any excess calsecan unpleasant sensation in the
palate. Thus the concentration of flavor enhamtake by humans can be regarded as
self-limiting. For example, an optimum amount ofSM appears to be around the
concentration found in many natural foods, typic&ll1-0.8% by weight [Mouritsen,
2012].

It must be noted that certain yeast extracts tlwaitacn all three of these flavor
enhancers (MSG, IMP and GMP) in natural form, argarticular interest to food
processors not only because of the effect of sysrargput also due to the background

flavor these natural extracts elicit in savory faydtems.



Yamaguchi investigated the synergistic effect intade[Yamaguchi, 1998]. The
relationship between the proportion of IMP in a tare of MSG and IMP and the taste

intensity of the mixture is shown in Figure 1.4.

MSG + IMP;0.05g/ml

Subjective taste intensivity

=] - ~ w o
e

1
[
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Proportion of IMP
Figure 1.4.Relationship between umami intensity at diffenexitos of MSG and IMP

In addition Yamaguchi proposed a mathematical mottel correlate the taste
enhancement of MSG with its concentration and tfathe enhancer present in the
same aqueous solution. The relationship betweemdlgree of taste enhancement and
the two concentrations is expressed by equationvihereu is the concentration of
MSG, v is the concentration of the nucleotigés the concentration of MSG alone in a

solution equivalent in taste intensity to the migt@ + v), andy is a constant.

y=u+yeveu (eq. 1.1)

Equation 1 is now generally accepted (providing thia not too far from the subjective
threshold value of MSG and is in the range 2-14%) and has been validated by
studies on the flavor enhancing activity of compisinelated to inosine 5’-phosphate.
It must be noted that (conc) is specific to the enhancer and is indicativeitsf

synergistic capacity to increase the umami tastd 6.

The synergistic action between MSG and flavor rotdes was also demonstrated
neurophysiologically. For example, the responseabthorda tympani to IMP or GMP
is greater than that to UMP or CMP, and the respdosMSG was synergistically
enhanced by addition of GMP (Figure 1.5) [Kuninakag1].
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Figure 1.5.Integrated chorda tympani response to stimulatiathe rat tongue by 0.3%
MSG solution, 0.0003% - 0.3% GMP solutions, and®®.8ISG solutions containing
0.0003% - 0.3% GMP.



1.4.Natural Occurrence of Umami

Umami compounds make a variety of foods palataiitbpugh umami taste by itself is
not particularly palatable. For example, a solutadnMSG is not very palatable, but
MSG added to soup greatly enhances its palatabilihe effect of adding MSG to
various foods has been investigated by a numbereséarchers [Yamaguchi &
Ninomiya, 2000]. Think about biting into a cheddeneeseburger with ketchup,
spaghetti with marinara sauce and a dusting of Bsamcheese or a salt-kissed slice of
Jambon de Bayonne — the saliva-inducing, moutimd)ldeep, satiating taste — that is
umami. In addition to being a unique standalonéefasmami seems to enhance the
taste of foods it is combined with, intensifyindnet flavors as well.

Since umami flavor is imparted by a combination saibstances that interact
synergistically, the evaluation of the amount oflbMSG and 5' riboucleotides (GMP
and IMP) is necessary.

Free glutamic acid is naturally present in mostifsuch as meat, poultry, seafood and
vegetables [Yamaguchi & Ninomiya, 2000]. In additio-glutamic acid is one of the
most abundant amino acid of food proteins (plard animal), where it constitutes
about 40% and 10-20% of the protein mass in anandl plant tissues, respectively.
Therefore, the “bound glutamic acid” found in macgmmon foods needs to be
released to produce umami taste. Similarly, moslemtides in living organisms are
bound in nucleic acids, such as DNA, RNA and ATRug, these nucleic acids have to
be degraded and free nucleotides have to be relemsgroduce umami flavor.
Consequently, most raw foodstuff materials needdoprocessed in order to break
down the proteins into free amino acids and thdemu@cids into free nucleotides to
provide umami [Mouritsen, 2012]. Processes suchc@sking, boiling, steaming,
simmering, roasting, braising, broiling, smokingyidg, maturing, marinating, salting,
ageing and fermenting contributes to the degradatad the cells and the
macromolecules of which the foodstuff is made. Amétmem, fermenting, by microbes
such as yeast and bacteria or by enzymes, is biypéamost potent method of freeing

umami compounds [Mouritsen, 2012].
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Table 1.2 and 1.3 provide a selection of foodsfustsme raw and some processed,
along with their concentration of free glutamatel anucleotides as determined in the
international literature [Kuninaka, 1981; Sugit@02; Behrengt al, 2011].

Table 1.2.Umami compounds occurring naturally in several eawl processed animal
foods (mg/100g).

Food Nucleotides

MSG IMP GMP AMP
Beef meat 33 90 4 8
Pork meat 23 200 2.5 9
Chicken meat 44 115 2.2 13.1
Cured ham 340 - - -
Clam 150-250 - - 12
Eel 10 165 - 20.1
Mackerel 40-60 150-190 - 6.4
Oyster 265 - - -
Sardine 288 188 - 0.8
Scallop 140 - - 172
Sea urchin 300-400 2 2 -
Tuna (katsuobushi) 268 630-1310 - trace
Yellow fin tuna 4-9 286 - 5.9
Cow's milk 1,9 - - -
Human breast milk 22 - - -
Parmesan cheese 1680 - - -
Emmentaler cheese 308 - - -
Cheddar cheese 182 - - -

Sources: Kuninaka, 1981; Sugita, 2002; Behrens] 201

The data in Tables 1.2 and 1.3 show that amonghudeotides that mostly contribute
to the umami taste, GMP and IMP are present in mfaogs. Inosinate is found
primarily in animal foods, whereas guanylate is enabundant in vegetable foods.
Another ribonucleotide, 5’-adenylate, is abundanfish and shellfish [Yamaguchi &
Ninomiya, 2000]. However, its umami threshold cartcation is lower than those of
GMP and IMP It appears from the Table 1.2 and 1.3 that umambtsa flavor that is

found only in the Japanese cuisine, in fact itsisogiated with well-known and common
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foods and food ingredients in western cuisine [Ntsan, 2011]. For example, meats,
ham, sea urchin, mackerel, katsuobushi and claemtharmost taste active animal foods
(Table 1.2).

Table 1.3.Umami compounds occurring naturally in several ramd processed
vegetable foods (mg/100g).

Food Nucleotides
MSG IMP GMP AMP

Asparagus 106 - trace 4
Beans 39 - - -
Broccoli 30 - - -
Cabbage 50 - - -
Carrots 33 - 1.5 -
Cauliflower 46 - - -
Celery 51 - 4-5 -
Eggplant 1-2 - 3 -
Green peas 106 - - 2
Onion 102 trace - 1
Potato 180 - 2,3 -
Spinach 48 - - -
Sweet corn 100 - - -
Tomato 256 - 10 21
Zucchini 16 - 7.5 -
Porcini mushroom 77 - 10 -
Shiitake mushroom 1060 - 216 321
Nori (seaweed) 1608 - 13 -

Sources: Kuninaka, 1981; Sugita, 2002; Behrens] 201

During the ripening of cheese, proteins are bro#ewn progressively into smaller
polypeptides and individual amino acids. In pafacusignificant increases in leucine,
glutamate, lysine, phenylalanine and valine areechoWeaver & Kroger, 1978].
Increases in the amount of these amino acids arergiy recognized to be a reliable
indicator of cheese ripening [Puchadstsal, 1989; Weaver & Kroger, 1978], and
contribute to the taste and texture of the che&enpset al, 1987. For example,

Parmesan cheese has the highest level of freemgitga
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Large increases in free amino acid content alsairoduring the curing of ham,;
glutamate is the most abundant free amino aciddanrthe final productQordabaet

al., 1994].

It is interesting to note that the glutamate contérihuman breast milk is up to 10 times
higher than that in cow milk. Moreover, among tldeftide amino acids in human breast
milk glutamate is the most abundant; it accountsnfore than 50% of the total free
amino acid content [Rassit al, 1978]. Glutamate presence may influence the taste
acceptability to nursing infants (Figure 1.8)series of studies on facial expressions of
infants responding to different tastes showed tiney display a happy expression after
tasting something sweet, while they screw up tfagies after consuming sour and bitter
tasting foods. Interestingly, after consuming umamthe form of vegetable soup with
monosodium glutamate added, they display a calra &milar to that when having
consumed something sweet [Steieeral, 1978; Steiner, 1993 hese results suggest
that umami is a palatable taste for humans infdmtsyirtue of its presence in breast

milk, it might conceivably contribute to the tasieceptability of this liquid.

-—

umami sweet sour bitter

Figure 1.6.The four images show the reactions of infantsraétsting umami, sweet, sour and
bitter.

Among vegetable foods that provide umami in Westeadition, asparagus, potatoes
and peas have the highest levels of free MSG. Eurtbre, the tomato is the “most
umami” vegetable in the Mediterranean diet (Tahl®).1lts attractive, full, rounded

“meaty” flavor comes from its heavy load of glutae®s and this flavor is reinforced by
its unique crimson color. For these reasons theatorns widely used throughout the
world to impart the taste of umami in a wide variet dishes.

The ripening of vegetables generally makes themenflavorful. For example, flavor

maturation in ripening tomatoes has been relatédedancrease in their natural contents
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of free amino acids, i.e. glutamate, sugars androcgacids (Figure 1.7) [Yamaguchi &
Ninomiya, 2000].

{mg/100g)

. - ” .
J -H.ww.

Figure 1.7. Level of free MSG in tomato during ripening

Okumuraet al. [1968] prepared synthetic extracts of tomato dairig citric acid,
glucose, potassium hydrogen phosphate, magnesiuliatesu calcium chloride,
glutamate and aspartate. The taste of the synthgtract was greatly affected by the
ratio of glutamate to aspartate. The ratio andcthexistence of both amino acids were
the most important factors in reproducing tomagigaWhen no glutamate was added
to the extract, the taste was similar to green toroacitrus. It is difficult to perceive a
clearumamitaste in tomatoes, but it is one of the most ingrdrtaste components.
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1.5. Manufacture of flavor enhancers

1.5.1. Production of glutamate

When lkeda discovered MSG as the compound behiraimijthe immediately realised
the technological importance of his discovery ameldfa patent (Figure 1.8) [Ikeda,
1908] for the production of pure MSG to be usedaasartificial flavoring agent in
foodstuffs [Sano, 2009; Wyers, 2010].

Figure 1.8 Patent on manufacturing seasoningylutamate)
filed by K. Ikeda [http://www.ajinomoto.com/feats/aji-no-
moto/en/basic/history.html].

In 1909 Saburosuke Suzuki, an entrepreneur, ardhlkegan the industrial production
of monosodium L-glutamate (MSG).

The first industrial production process was anawmtton from hydrolysates of vegetable
proteins. The main raw material was wheat glutdmclvcontained up to 25% glutamic

acid by weight. The gluten was subjected to hydislypy aqueous HCI. Glutamic acid

hydrochloride was then isolated from the hydrolgsand purified by crystallization as

MSG. Initial production of MSG was limited becaudehe technical drawbacks of this

method. Better methods did not emerge until the0%$9%ne of these was direct
chemical synthesis, which was used from 1962 t®B18¥this procedure, acrylonitrile

was the starting material, and optical resolutibroio-glutamic acid was achieved by
preferential crystallization.

In the 1950<Corynebacterium glutamicumas found to be a very efficient producer of
L-glutamic acid. Since then fermentation processéth Wacteria of the species

Corynebacteriunbecame among the most important manufacturingadstin terms of

tonnage and economical value.
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The selected microorganism is cultured with carloates and ammonia and releases
theL-form of the amino acid into the culture mediumeTdell produces glutamate from
2-oxo-glutarate (2-oxo-pentanedioic acid) by retkgcmmonia fixation that uses the
enzyme glutamate dehydrogenase, a normal cellofestituent.

The advantages of the fermentation methedy.(reduction of production costs and
environmental load) were large enough to causglathmate manufacturers to shift to
fermentation [Hermann, 2003].

In 2010, total world production of monosodium ghotte (MSG) was estimated to be
2.1 million MT (metric tonnes) and that of nucless 22,000 MT. Ajinomoto,
currently an international company, establishedkeygla itself owns about one third of
the market for glutamate and 40% of the markentaleotides.

“To create good, affordable seasonings and turnplsinbut nutritious fare into
delicaciaes” was the motivation of lkeda for inuvegtAjinomoto and this is still the
aspiration of Ajiinomoto group (Figure 1.9).

“To create good, affordable seasonings

and turn simple but nutritious
fare into delicacies.”

Dr. Kikunae |keda,My Mativation for Inventing AJI-NO-MOTO.
(Courtesy of Aozora Bunko)

Dr. Kikunae lkeda Saburosuke Suzuki Il

Discoverer of the Founder of the
umami taste Ajinomoto Group

Figure 1.9.[http://www.ajinomoto.com/en/aboutus/principlesgp].

2 http://foodingredientsfirst.com/news/Ajinomoto-teases-MSG-Prices-in-US.html
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1.5.2. Production of 5’-nucleotides

As in the early days, when MSG was produced frootgims such as gluten, rich in
glutamic acids, 5’-nuclecotides were also initiaiom natural sources. In 1950s,
production techniques that involve microbial fertaions with a higher level of
productivity came into widespread use for bothrigisinic and guanylic acids. Today,

the most used processes for the production of tteegar enhancers are:

- Fermentation methods

Various microbial sources such @andida utilis Penicillium citrinum Saccharomyces
cerevisiae Kluyveromyces marxianudBrevibacterium ammoniageneStreptomyces
aureus Bacillus subtilis B. megaterium Micrococcus glutamicysMethylobacter
acidophilus and Escherichia colihave been reported to produce ribonucleotides and
their derivatives [Kimet al, 2002]. Mutants ofBrevibacterium ammoniagenese
currently used because of their ability to overpical 5-GMP and 5-IMP
[Nagodawithana, 1995; Sugita, 2002].

- Degradation of microbial RNA using 5’-phosphodieasse to form 5’-nucleotides.

Subsequent conversion of 5’-AMP to 5’-IMP with adiendeaminase enzyme.

Among the recent advances that were of benefibdd forocessing industry, production
of yeast extracts high in flavor enhancing 5-notides was clearly a major
development. Yeast is especially selected as anpattesource of RNA because of its
high RNA content (2.5-15%). It is Generally Recagui As Safe (GRAS) and can be
grown economically to produce large quantities mintass, rich in ribonucleic acid.

Since nucleotides are the building blocks of RNAg aould expect the release of
desired 5’-nucleotides, when RNA is hydrolyzed undentrolled conditions in the

presence of appropriate enzymes [Sugita, 2002].

MSG, IMP and GMP occur as colorless or white cigstar as white crystalline

powders. They are odourless and dissolve in watstily.
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1.6. New developments in umami molecules

In recent years, interest for taste (taste-activeleoules, taste receptors, taste
perception, etc.) is growing rapidly both in acade®sind in industry. In particular, in
industrial field the aim is to find molecules thafluence taste properties in a desired
direction. Examples are increasing the sweetnessrofentional carbohydrate sugars to
maintain the positive taste properties of theseamjgwhile reducing the negative
properties like high energy content and caries dtidn, or increasing the taste
perception of salt (NaCl) so that less salt caradi@ed to foods. It is well known that
many people consume more salt than their bodieg, rs#gce the taste of salt added in
foods is undoubtedly appealing. This behavior ipeemlly pronounced in elderly
people as we lose some of our sense of taste wé&éh@n the other hand, nutritionists
recommend a reduction of sodium chloride in the dansidering its correlation with
coronary heart disease and hypertension [Wiakal.,, 2008].

In this regard, umami substances can be very usdfah added in small amounts to
foods with low level of salt by making them moree@gtable and appetizing. It has been
proven that up to 40% reduction in the NaCl contamt be afforded without affecting
palatability, provided that 0.6-0.8% MSG is addkbtb{iritsen, 2012].

Also for umami-tasting molecules there have beeedahealth concerns. In particular,
MSG is accused of causing the so-callédinese restaurant syndromehich was
associated with the reporting of certain physiatagieffects following the intake of
Chinese meals in which MSG was used as a flavoaresdr. The syndrome includes an
ill-defined set of symptoms, such as numbness iagtirtg, flushing, muscle tightness,
migraine headache and bronchoconstriction in satieratics.

Although the scientific evidence for any harmfuleets of MSG and for a link between
MSG and the symptoms are lacking, there is a slatvsteadily growing negative
public perception towards this flavor enhancer [Mizen, 2012].

It has been reported that the average person cassbetween 10 and 20 grams of
glutamate from their diet each day, with most capfiom the protein-containing foods
we eat as part of our normal diet. The body doesiistinguish between the glutamate
occurring naturally in food and the glutamate ad@sdseasoning, so MSG brings
nothing new to the diet. But the negatiaera around this chemically sounding
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ingredient has strongly stimulated research forenmatural and clean-label sounding
alternatives [Wyers, 2010].

It is not surprising that most of the researchind ther umami-tasting molecules was
carried out in Japan. Dozens of articles have Ipedtished on this topic. In particular,
most of investigations have been focused on thettoants of materials commonly
used as tasty ingredients in savory dishes beaaiudeir umami-like taste attributes
and taste-enhancing activity.

Among them, of particular interest are Hydrolyzedg€table Proteins (HVPs) and

yeast extracts.

1.6.1. Hydrolyzed Vegetable Proteins (HVPS)

Hydrolyzed vegetable proteins (HVPs) have been knéav a long time in the food
industry but only since the 1930s this product gdiprominence as a flavoring agent to
improve the flavor of processed foods. It is alsediworldwide as a savory ingredient
or a seasoning.

HVPs are generally described as either flavor danflavor enhancers or flavor
donor/enhancer combination products. Flavor dooorgribute a taste which becomes
a definite feature of the final product. Additiolyathe high concentration of glutamates
in the product makes it a flavor enhancer enrichirggnaturally occurring flavor of the
savory based foods. HVPs are known to contributatimess to foods, enhance and
intensify naturally occurring savory flavors andngeally round-off and balance the
savory characteristics in the food material. Ithsis used in soups, gravies, savory
snhacks, sauces, ready-to-eat meals and other rasadHproducts. These hydrolysates,
like yeast extract, are known for their versatilijmd ease of application in food
systems. Due to the high salt concentration (40} %P&se protein hydrolysates have
an excellent shelf-life by normal standards. Theytain strong flavor intensities
offering low usage levels and thus lower costsanmiulating wide range of finished
food products. A major advantage of HVPs is itsbifitg under varying process

conditions. Hence, it can be used in canning amee&zing processes without any
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breakdown or change in flavor and also been usedessfully in baking flavored
shacks and crackers at around 180 °C [Nagodawitli®®5; Loliger, 2000].

In a typical process for the production of HVP® thw materials include proteinaceous
materials of plant origin mainly what gluten, cagluten, defatted soy flour, defatted
peanut flour, defatted cottonseed flour, etc. Dgyirthe early 1950s the major raw
material for making HVPs was wheat gluten becausth® low cleavage cost, high
glutamic acid concentration in this protein andhtigk abundance of the product. This
has been largely replaced lately with 70% soy h@atein concentrates or a blend of
these vegetable proteins.

HVPs are mainly prepared by enzymatic and/or agidrdiysis of proteinaceous
materials. The taste of HVPs is rigidly controlllegd proper selection and blending of
raw materials and appropriate selection of hydrolgonditions. The large protein
molecules are degraded by the acid due to the agawf the peptide bonds first into
the short chain polypeptides and then to peptiddsaentually to amino acids. Parallel
to this sequence of reactions are other reactibat ireak down carbohydrates into
flavor or flavors precursors such as 5-hydroxyfrafu hydroxymethylfurfural and
others which further undergo Maillard type reacsioto produce other flavor
compounds. A high ratio of acid to protein is gatilgremployed to lower the extent of
amino acid destruction and to improve the charesties HVPs flavor. However,
excessive usage of acid is generally avoided becaluthe high salt levels that would
result following neutralization with the appropgediase.

Following hydrolysis, the reaction mixture is cablend neutralized with 13% of pure
caustic soda of food grade quality or a mixturesofla ash and caustic soda. The
proportion of HCI and NaOH can vary within limits &achieve HVPs of different flavor
profiles with definite salt concentrations. Furtinere, the pH after neutralization may
vary between 5 and 6 depending on the nature ofotiginal protein that was
hydrolyzed or the type of flavor profile that thensumer is looking for in the final
product. The salt formed by the acid neutralizatemmtributes to the taste of the
product.

To meet individual customer demands for savorydiaand to expand the application
capabilities, development and refinement of therdlysis techniques have progressed

considerably during the past years. The coloretastl salt content have been varied in
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the final product by making minor adjustment in gass condition and/or by varying
the protein blend used in the process. The salteabntypically 40-45%, is directly
linked to the level of HCI used in the process.

HVPs serve three important functions when incorgatan savory products such as
meat: they contribute taste which becomes a spseradory feature of the food product,
they serve as a precursor to develop other desifisor during subsequent processing
and they also serve as a flavor enhancer thussifiyerg the already existing savory
notes in the food product.

The overall composition of the HVPs and their polesitaste effects have been
extensively investigated. Monosodium glutamate saitl (NaCl) are two major water
soluble components that are capable of enhancifgtaatching” the flavor effect of
other non-volatile taste compounds already existinthe food. HVP blends generally
contain 9-12% naturally occurring MSG. Other nomatite components of HVP with
taste properties include amino acids and peptipigi¢ularly dipeptides).

Several glutamyl oligopeptides have been shownxtobé brothly taste. Other best
known short peptides among the products tested stittng savory properties were
Glu-Asp, Glu-Gly-Ser, Glu-Glu, Glu-Thr and Glu-Seisith weak brothy character.
Analysis of the peptides in an enzymatic hydrolgsat deamidated wheat gluten
revealed pyroglutamyl peptides such as pGlu-Pro-gétu-Pro, pGlu-Pro-Glu, and
pGlu-Pro-GIn as important umami-like-tasting molesuin this liquid seasoning
[Schlichtherle-Cerny & Amado, 2002]. Moreover, emmtic hydrolysis of fish proteins
was reported to lead to savory products which afe in acidic peptides such as
Asp-Glu-Ser, Glu-Asp-Glu, Thr-Glu, and Ser-Glu-Gfuch acidic di- and tripeptides
were found to express weak umami activity by thdwesebut have been demonstrated
to be significantly enhanced in the presence of [Béhrenset al, 2011].

Brothy tasting compounds were shown to be moreigdgumblar and hydrophilic than
other flat tasting peptides [Arat al, 1973].

It must be pointed out that savory peptides areudised controversially in the
literature. For examples, recent work from an Irekdan group stated that the single
amino acida.-glutamate and-aspartate were the main contributors to umame tast
fermented soy sauce [Winket al, 2008]. On the other hand, mixtures of amino acids

in the proportion found in HVPs do not give the sarftavor as the original
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hydrolysates. It is thus clear that componentefttydrolysates other than amino acids
play an important role in the flavor generation.

For example, chemical analysis of the most integsgamate-like fraction of the
enzymatic hydrolysate of acid-deaminated wheateglutevealed the presence of
different glycoconjugates of glutamate, glutamined dysine. The most abundant
Amadori compound,N-(1-deoxyb-fructos-1-yl)+-glutamate 1.1 (Figure 1.10) was

identified as eliciting an intense umami taste |Bbitherle-Cernyet al, 2004].

11

Figure 1.10.

Moreover, food additives, caramel, salt and MSGadten added to HPVs to generate
flavor profiles that meet the specific flavor regunents of food processors. Food
flavorists active in the field have been able torfolate several authentic, meat-like
savory flavors by the direct controlled reactiotmien HPVs and reducing sugars such
as glucose and xylose in the presence of otheedgnts such as fatty acids, salt,
spices, certain vitamins, esters of amino acidssatiiles. Such flavorings do play an
important role in providing a distinct cooked toptes to savory-based products.
Hydrolyzed vegetable proteins provide significaatisg other flavorings such as beef
extract while maintaining a similar or sometimesereva better flavor profile
[Nagodawithana, 1995].

1.6.2. Yeast Extracts

Yeast extract is a concentrate of soluble matediatived from yeast following

hydrolysis of the cell material, particularly theofeins, soluble carbohydrates and
nucleic acids (yeast is generally known for itshhigNA content). This is generally
carried out by use of its own hydrolytic enzymesit@éysis) or by other methods

(plasmolysis or hydrolysis) in order to release tel content in a highly degraded
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form. It is commercially available most commonlymsvders of different particle sizes
but also as concentrated pastes of varying cotonposition and flavor. Yeast extracts
have become popular during the last few decadgminhdue to their usefulness as a
natural flavoring agent and also for their abitibypromote growth of microorganism in
industrial fermentations. A major consideratiortheir use as a flavoring agent is their
cost effectiveness compared to other flavoring tgen the basis of equivalent flavor
intensity [Nagodawithana, 1995].

In contrast to MSG, yeast extracts have not shawnaaverse reaction in humans and
hence have, thus far, received the clean labelsstat virtue of being natural. They can
be used as a natural flavoring or a flavor enhantexr wide variety of savory food
products. In addition, their background flavor cdweristics are complementary to beef,
pork, poultry and cheese flavor systems. Henceetliiegredients provide an added
advantage to the food processor.

Although both extracts and autolysates can be mediucommercially from both
brewers and baker’'s yeast, they can also be made dther species of yeast such as
Candida utilis (torula yest) grown on ethanol or other carbohigfrasubstrates or
Kluyveromyces marxianugrown on whey. These extracts or autolysates hagw
unique flavor characteristics different from oneothrer and they are widely used as
flavoring agents throughout the food industry.

The choice of the starting material for the prothrctof yeast extracts is directly
dictated by the cost and availability of the yeastl the quality expected in the final
product. These extracts are commonly used in sarpsies, broths, sauces etc., as in
the case of MSG or 5’-nucleotides. The delivery sihilar, if not better, flavor
characteristics is primarily due to the backgrofiador of the yeast extracts, blending
well with the flavor notes of the food to which thadded. Many types of cheese
flavored products such as crackers and fried snackscommonly improved by the
incorporation of yeast extracts. They increasefldneor impact and provide a sharper
and more aged cheesy character. Food processagsoftan been able to reduce their
ingredient costs by reducing the level of more espee ingredients such as natural
flavors, cheese and meat extracts. The naturab@entides of some of these yeast
extracts consistently demonstrate synergistic piatiemg effects by interacting with the

low levels of natural glutamate present in theaots as well as in the food substrates to
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provide the overall delicious character and enh@rsavory attributes of processed
foods.

Although a series of studies have been performetth@mdor active volatile fraction of
yeast extract, knowledge on the taste-active antdisie-modulating nonvolatiles is
rather limited.

Sensory-guided fractionation of a commercial yeadtact led to the discovery of the
previously not reported umami-enhancing nucleotiestereomersR)- and ©)-N*(1-
carboxyethyl)guanosine 5’-monophosphaté.2é and 1.2b Figure 1.11). Model
experiments confirmed the formation of these drastmers by a Maillard-type
glycation of guanosine 5’-monophosphate with diloxgacetone and glyceraldehyde,
respectively [Festring & Hofmann, 2010]. Sensorydgts revealed umami recognition
threshold concentrations comparable to that of BIFG especially for theSj-isomer,

and demonstrated the taste-enhancing activityesfemucleotides on MSG solutions.

0 0
NS & NS &
NH COOH NH COOH
O 8</ fﬁ R)2" (@] 8</ | Q/k (S/)kz
11 P A\ 1l P s
HO—P—O s o NTONTNT2Ns HO—P-Oy s  NTONTN“Xw s
OH , . H H O, . H H
3 2' 3 2'
OH OH OH OH
(R)-1.2a (S)-1.2b

Figure 1.11. Chemical structure of R)-N*(1-carboxyethyl)guanosine 5'-
monophosphat&.2aand ©)-N*(1-carboxyethyl)guanosine 5-monophosphhizh.

1.6.3. Natural Umami Compounds

Besides -glutamate and ribonucleotides, additional umarsiitg molecules have been
identified in various natural sources.

In 1998 Shimaet al, working at theAjinomotq isolated from a beef bouillon a
condensation product afalanine and creatinin®-(1-methyl-4-hydroxy-3-imidazolin-
2,2-ylidene)alanind..3 (Figure 1.12), which imparted the favorable “bgothste”. This

product was the first of a series of new typesmémi molecules [Shimet al, 1998].
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Figure 1.12. Chemical structure of N-(1-methyl-4-hydroxy-3-imidazolin-2,2-
ylidene)alanine.

More recently, Kaneket al. [2006] investigated the key compounds imparting th
umami taste sensation induced by the consumptico-alalled “mat-cha”, a Japanese
green tea, and identified - besideglutamate and succinic acid4 - gallic acid1.5,
(1R,2R,3R,59)-5-carboxy-2,3,5-trihydroxycyclohexyl-3,4,5-trisakybenzoate 1.6
(known as theogallin) as well as-ethylglutaminel.7 (known asL-theanine) as

important umami taste enhancing molecules (Figutad)1

OH
O OH HO
0] 0 H/// NH3* H
HO. HO O A N~
(0] HO OH OH (@] 0]
OH HOOC
OH OH
1.4 15 1.6 1.7

Figure 1.13Chemical structure of some umami-tasting molecudestified in “mat-
cha”. succinic acid 1.4 gallic acid 1.5 (1R2R3R59-5-carboxy-2,3,5-
trinydroxycyclohexyl-3,4,5-trihydroxybenzoatel.6 (known as theogallin); N-
ethylglutaminel.7.

Thermal processing including drying has long beeown to enhance umami and
savory tastes of food products such as, for exampla-dried tomatoes and
mushrooms, respectively.

A so-called “sensomics” approach was developednable the targeted discovery of
taste compounds and taste enhancing molecules mpleg processed foods. This
approach combines techniques of advanced natucalupt analysis and analytical
psychophysical tools, and was used to systemati@atl comprehensively identify,
catalog, and quantify the taste-active key metédmlproduced upon food processing.

Application of this sensomics approach revealed tiwa attractive savory taste of air-
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dried Morel mushrooms is due to the enhancemetiiteofimami taste af-glutamate by
(9-malic acid 10-B-D-glucopyranosidd..8. This so-called$)-morelid 1.8 is generated
by the non-enzymatic glucosylation aefmalic acid upon drying the mushrooms
[Rotzoll et al, 2005]. A drawback of these condensation prodisctisat they are quite
instable and difficult to synthesize. Furthermong;(1-deoxy- D-fructos-1-yl)+-
glutamic acid1.9 was identified in sun-dried tomatos in yields @f 10 1.5% (on a
weight basis), and confirmed to be generated byvaidard reaction ot -glutamic acid

and glucose upon the drying of foods (figure 1[B®hrenset al, 2011].

OH o
Q OH o COOH
HO
Hg%o Hﬂgm‘/\N)\/\COOH
HO H
o OH
OH
1.8

19

Figure 1.14 Chemical structure of umami-tasting molecules gatee by thermal
processing: $-malic acid 10-B-d-glucopyranosidd.8 (known as $-morelid) andN-
(1-deoxy- d-fructos-1-yl)t-glutamic acidL.9.

Moreover, N-(1-carboxymethyl)-6-hydroxymethylpyridinium-3-olnner salt, named
alapyridainel.10 (Figure 1.15), was discovered as a taste enhamdezef bouillon by
means of the sensomics approach [Ottinger & Hofmaaas].

\OH

|
N
/I\coof

1.10

HO

Figure 1.15.Chemical structure oN-(1-carboxymethyl)-6-hydroxymethylpyridinium-
3-ol inner saltL.10(known as alapyridaine).

Model experiments demonstrated that this pyridinisaft is generated as a racemic
mixture by the Maillard reaction afalanine and glucose from beef broth (Scheme 1.1)
[Winkel et al, 2008].
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Scheme 1.IMaillard reaction product of alanine and glucosmrfrbeef broth [Winkel
et al, 2008].

Although being tasteless on its own, the enantiofRe(S)-alapyridaine was confirmed
to significantly decrease the human recognitioreghold of umami as well as sweet
stimuli, whereas (-)R)-alapyridaine was physiologically not active [Sokt al, 2003].

A disadvantage adlapyridainewas the fact that it was required at equimolamgjtias
compared with the other umami-taste active compsunildditional structure-activity
relationship studies revealed that substitutiothefalanine moiety id.10by a glycine
moiety converted the sweetness-enhancing alapgedaito a bitter taste inhibitor
[Soldoet al, 2004].

Frerot and EscheF{rmenich reported in a patent that also succinoyl amidesmno
acids had umami-taste properties, suciNasiccinoylSmethyl cysteinel.11 (Figure
1.16) [Frerot & Escher, 2004].

S NJﬁ/
H OH
111

Figure 1.16.Chemical structure dfi-succinoylSmethyl cysteind..11

In 2004 Schlichtherle-Cerngt al. (Nestlg claimed Amadorirearrangement products,
the first condensation step in th®laillard reaction, and otherN-glycosides,
pyroglutamyl-peptides and-acetylglycine to have umami taste [Schlichtherbny et
al., 2004].
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It is hard to say whether this series of molecuwesld bind to the glutamate or
GMP/IMP binding side of an umami receptor. Thedtites are not similar but they are
also not very different.

A quite different type of umami-tasting moleculesre from the screening of a large
set of molecules (>10,000) to find a series of vsipng umami-tasting molecules
[Tachdjianet al, 2006]. As the used libraries had pharmaceutigglrg their molecular
structures were very new to foods (Figure 1.17)esEhmolecules have a much lower
taste threshold value that is in the lgm to even nm range, and are the strongest
umami-tasting molecules found so far. Moreovercaithese compounds are very
different in structure and hydrophobicity from M&@d IMP/GMP, it is likely that they
bind to a different binding site on an umami reocepThe taste profile tests of these
molecules are different as well. Probably due trthigh affinity for the receptor, the

taste is quite long-lasting and reminds a bit ef\ibry strong artificial sweeteners.

~
=
o, 0 | o
N%N \N
H 0O N
0 < H
o)

112 113

Figure 1.17 Different type of umami-tasting molecules

Among the umami molecules resembling ribonucleatidiee specific taste modulating
flavor ingredientN-lactoylguanosine 5’-monophosphatel4 (N-lactoyl GMP, Figure
1.18) was identified irbonito, dried and fermentated skipjack, that is used &kem
dashi a broth that is the basis for many Japanese ffaelRijke et al, 2007]. The
organic synthesis of this compound showed thatrahedes of GMP had umami taste
as well. For example, acetyl GMP.15 has a similar taste as lactoyl GMP but it
enhances the salty taste as well [Windtehl, 2008]. These molecules had proved to be
ca. 10 to 50 times stronger than GMP itself andefioee their strength is in between the

common natural umami molecules and the artifickileanely strong umami molecules.
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OH OH OH OH

1.14 1.15

Figure 1.18.Chemical structure oN-lactoylguanosine 5’-monophosphatel4 and
N-acetylguanosiné&.15

1.7. Ribonucleotides as Flavor Enhancers

As stated already, several 5’-nucleotides, in paldr IMP, GMP, XMP (xanthosine 5’-
monophosphate) and AMP (adenosine 5’-monophoshdtaye particular flavor
activity, and IMP and GMP have been used as flambiancer since 1961.

It is important to note that 5-XMP, which has Okbgps at C-2 of the purine ring has
the weakest taste intensity of the three naturalbgurring 6-oxo-purine flavor
nucleotides. Hence it is the least important nualeoof the three, from a commercial
standpoint. Of the other two (5’-GMP and 5-IMP);&MP in generally perceived as
having a higher flavor enhancing intensity tharilgPR.

Although the taste intensity is not as strong aP Idd GMP, 5’-adenylic acid (AMP) is
another important umami substance which is widelstributed in natural food,
especially seafood.

Extensive investigations of the synergistic acgivif inosinic acid derivatives were
made in the seventies by Japanese researcherseasghamarized in Table 1.4 [Imei
al., 1971; Mizuteet al,1972; Yamaguchet al, 1971; Kuninakaet al, 1980].
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Table 1. 4 Relative Flavor-Enhancing Activities of NatugalDccurring Flavor Nucleotides
and Their Derivatives

0
0 N~ 6 NH
oton o GAEN,
&
OH OH
Nucleotide or derivate Relative flavor activity
5-IMP - 7.5HO 1
5- GMP - 7THO 2.3+0.07
5- XMP - 3H0 0.61+0.04
5'- AMP 0.18 +0.03
2-Methyl-5’- IMP - 6HO 2.3+0.16
2-Ethyl-5- IMP - 1.5HO 2.3+0.14
2-Methylthio-5’- IMP - 6HO 8.0+ 0.97
2-Ethylthio-5’- IMP - 2HO 75+0.75
2-Methoxy-5'- IMP - HO 4.2+0.33
2-Chloro-5’- IMP - 1.5HO 3.1+£0.25
2-N-Methyl-5’- GMP - 5.5H0 2.3+0.15
2-N-Dimethyl-5’- GMP - 2.5K0 2.4+0.13
2',3’-O-Isopropylidene 5-IMP 0.21 £ 0.06
2',3'-O-Isopropylidene 5’-GMP 0.35+0.06

Data from such investigations indicated that theicstiral requirements for MSG-
enhancing activity by nucleotide molecules are:

(a) a purine nucleus as the base moiety;

(b) a free phosphate group at 5-position (2’- or iBenucleotides have no flavor
activity);

(c) an electron withdrawing group at the 6-positionh& purine nucleus [Yamaguatt
al., 1971; Kuninakat al, 1981];

(d) an unaltered ribose moiety (purine/pyrimidine basevell as their nucleosides have
no flavor activity. In addition a strongly reducactivity occurs if the 2'-OH is replaced
by H or the 2’- and 3’-positions are protected rassopropylidene derivatives of IMP
and GMP) [Yamagucthet al, 1971].
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By contrast, a large variability of the synergiséffect between 5’-nucleotides and
MSG was observed in 2-substituted inosinic acidsnidakaet al, 1981; Imaiet al,
1971]. In particular, 2-alkylthio-IMPs (inosine-Bionophosphatederivatives) showed
pronounced activities when compared with IMP andRGMmai et al, 1971] (Table
1.4).

It must be noted that, regardless of the strucotiity relationships (SAR) observed
[Mizuta et al,1972] only two N*-substituted GMPs, i.e., methyl- and dimethyl-
guanosine were submitted to sensory analyses inajcan activity comparable to that
of GMP [Kuninaka et al, 1981]. For this reason, recently our researchugro
investigated the synthesis and the MSG enhancitigjtgof N*-substituted 5’-guanylic
acids [Cairoliet al, 2008].

1.7.1. Synthesis o*-alkyl and N?-acyl derivatives of 5’-guanylic acid

The synthesis of guanosine 5’-phosphates alkylateacylated at the exocyclic amino
group is reported in the Schemes 1.2 and 1.3. Propa&ction conditions were
developed to optimize the vyields of the desired dpobs. In all cases

2’,3-O-isopropylidene protected guanosine was wedtarting material.

o o

L L
N N N
S fo e, ST T
pZ '_di Pz -thiocresol pz
HO. o N N” O NH, 2,2'-dimethoxypropane  HO. o N N” O NH, 14 HO. o N N H R
acetone, p-TsOH AcOH, EtOH
reflux, 24-48 h

o 0 o
OH OH \< \<

116 1.17 L 118 _
NaBH,

)

EtOH
reflux, 1-2 h
(43-61%)

o 0]

N N
o) ¢ jl\)J\NH ) j\)J\NH
i 1. POCI; <l

HO—I?—O o N N/)\N/\R TEP, 0°C, 6h HO. o N N/)\N/\R

OH i ?1 H - i ? H

2. H,0, pH 2 g

OH OH 70°C, 1h \<

(67-80%)

1.20 119

Scheme 1.Synthesis oN*alkyl derivatives of 5’-guanylic acid
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Alkylation was carried out in two steps by reactiminthe protected nucleosidel7
with an aldehyde ang-thiocresol, followed by reduction of the resultittgoadduct
[N-[1-(p-tolylthio)alkyl]-guanosine] 1.18 with NaBH, in ethanol. The intermediate
nucleosidesl.19 obtained in satisfactory yields, were finallyated with phosphorus
oxychloride in triethyl phosphate.

The early introduced protecting group, which wasasle for the next phosphorylation,
was then removed in the working up of the last teacmixture giving rise to

nucleotides.

The N*alkyl derivatives of 5-guanylic acid we synthesiz and tested for their
synergistic effect with MSG are depicted in Figur€0. The replacement of the
methylene group by a sulfur atom in the aliphahain linked to the exocyclic amino
group (compoundsl.20b and 1.209 was suggested by the SAR data previously
observed for 2-alkylthio inosinic acids [Kunina&gal, 1981; Imaiet al, 1971] as well

as taking into account the large variety of sulftontaining compounds which
contribute to the flavor of many umami foods (meatjshroom, onion, garlic and so
on) [Kuninakaet al, 1980; Widdeet al, 2000].

(o} 0] 0]

N N N
0 /:fLNH 0 ) NH 0 )
'O—(IFI;I_—O o <N N/)\H/\/\ 'O—B_—O <N lN/)\H/\/S\ -0-b—0 o ¢! A

OH OH OH OH OH OH
1.20a 1.20b 1.20c

0 (0]
o NN H

N 0 NH
0 % fJ\NH _m Ol
'O—B—O < | /)\N/\/\/\/ O_P_OT 0 <N N//I\N/\/\/\/\
H

OH OH OH OH
1.20d 1.20e

Figure 1.20. N*alkyl derivatives of 5’-guanylic acid synthesized.

Acylation of guanosine amino group, performed gmred in Scheme 1.3, was based
on a preliminary silylation of 2’,30-isopropylidene guanosindl.l?), followed by
treatment of the reaction mixture with the spedcioyl chloride at room temperature in
one-pot procedure. Such a method is known as &angiersilylation and allows to

overcome the very low reactivity of the amino grafgguanosine and the competition
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of the nucleophilic oxygen atom in 6-position irethcylation reaction [Cairobt al,
2008]. In this way 2’,3"-O-isopropylidene?Macylated guanosine4.@? were obtained
in good yields and used for the final phosphorglatstep which was carried out as

previously allowing the simultaneous removal of phetecting group.

0 0 O/TMS
N
NH NH ™S NH
</ | é | | </ |
g g ™
HO. o N N/)\NHZ 2,2'-dimethoxypropane  HO o N N/)\NHZ TMS-CI (7 eq) [0) o N N/)\H/ S
acetone, p-TsOH CHxCl, Py
o S O\<O rt,2-3h O\<O
1.16 1.17 L 1.21 _J
RCOCI
(60 - 80%)
(0] (0]
o a NH O ) NH O
1 1. POCI, 1
Ho—-00 o WA AR T en HOL o NP
OH H -— H
2. H,0, pH 2
OH OH 70 °C, 1h O\S<O
(67-80%)
1.23 1.22

Scheme 1.38ynthesis oN*-acyl derivatives of 5'-guanylic acid.

The guanylic acid derivatives we obtained by aeytabf the amino group of guanosine
are depicted in Figure 1.21.

N N N
0o Al NH O o] y fLNH o] [} Y fLNH o
-O_ili,_o o <N N/)\HJJ\/\ 'O—Ey—O o <N | N/)\HJJ\/S\ ’O—#—O o <N | N/)\HJI\/\S/

OH OH OH OH OH OH
1.23a 1.23b 1.23c

¢ </N [ NH O o <,N [ NH O 9 «NfNH o
“0—P-0. N N/)\NJ\/S\/ “0—P-0. N /)\NJ\/\S/\ “0—P-0. N/)\NJ\/\/\/\
H H

N N
(I)_ | :O: (I) l :O: o]

& A
OH OH OH OH OH OH
1.23d 123 1.23f

Figure 1.21. N*acyl derivatives of 5’-guanylic acid synthesized.
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1.7.2. Sensory testing

The umami potential of the synthetic 5'-ribonucldes 1.20a-e and 1.23a-f was
estimated for their ability to enhance the tasterisity of MSG [Yamaguchi, 1998;
Nagodawithana, 1995; Toyor al, 2003]. For aqueous solutions containing MSG and
a given purine 5’-ribonucleotide disodium salt agml equation (1.2) was proposed by
Yamaguchi [1967]:

y=u+yuv (eq. 1.2)

where

u is the concentration of MSG,

v is the concentration of the purine 5’-nucleotide,

y is the concentration of MSG alone in a solutiomieglent in taste intensity to the
mixture (u + v), and

y (conc?) is a constant specific to the 5'-ribonucleotidesent in the mixture which can
be assumed to be indicative of the synergistic @aapaf the nucleotide to increase the
umami taste of MSG.

We performed quantitative measurements of sucle &shancement using a panel of
trained tasters and the “Probit method” to makerédsponses of panelists statistically
valid.

A solution named “fixed sample” containing MSG (0.0 mM) plus the test compound
(v, 0.4 mM) (pH 7.3) was compared, by the “sip and” gprocedure, with single
solutions of MSG (five “reference samples” havingncentrations determined in
logarithmic equal steps at 40% intervals).

Five pairs of the fixed sample and one of the Brezfce samples (40 mL in randomly-
coded glasses) were presented to each tasteridtanetre asked to indicate which in
each pair had the stronger umami taste. The resplmnseach reference sample was
considered as positive when the fixed sample hadtitonger taste. Replications were 5
for each panelist,

According to the Probit method, every percentagpasitive responses was plotted as
ordinate against the logarithm of the MSG conceioinaof the corresponding reference

sample (plotted as abscissa) (Figure 1.22). Thedtesght line fitting the five points
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on the coordinate plane was then calculated. Ferpdrcentage value of 50 read as
ordinate, the abscissa of the line afforded tharditigm of the MSG concentration of a
solution equivalent in taste to the fixed sampleciSconcentrationyf allowed they

value to be estimated froaguation 1.2

Probit analysis

referencesamplesl A Il B Il C Il D Il E I
X5 X3 X4 X5

fixed sample (u +v) Conc.MSG Xq

40% logarithmic progression

Question to panelist: T>A (B, C, D, E) ?

% Positive

responses

e g

S 0]
20 |

' N ' ' In x
Xl X2 y >(3 X4 X5

Figure 1.22 Probit analysis carried out.

The y value of eachN?alkyl and N*-acyl derivative of 5-guanylic acid was then
referred to the value of IMP (measured with the same proceduhe)s expressing the
synergistic capacity gs[f being equal tg (nucleotide) divided b (IMP)]. g valuesof
the nucleotides we tested are reported in Figl2®@. 1.

In the diagram shown in Figure 1.23 the capacjties N*-substituted guanylic acids
are plotted against the chain length of the sulesiit At first glance a dependence of
the glutamate taste enhancing activity on the clhength of both the alkyl and acyl
substituent appears to be evident. In the randetof8 terms of the chain, including the
sulfur atom, such an activity was found to be higti@an that of GMP, reaching a
maximum corresponding to about 6 times that of fi@iPa number of terms equal to 5.
Two additional features of SAR type may be noticéte synergistic efficacy decreases
slightly when an alkyl chain is replaced by theresponding acyl substituent; on the
contrary, it increases if a sulfur atom is insertadthe methylene chain. Such an
increase results to be larger if the replaced nhetiey group is ind rather than in

y position.
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B=Y (nucleotide) / y (IMP)

Figure 1.23 MSG-enhancing capacities Nf-substituted 5’-guanylic acids referred to IMP.
indicates the chain length of the substituent en2kposition of the purine nucleus.

It is well known that many flavoring and odorifeomatural compunds contain the
sulfoxide function [Mithen, 2006]. For instanceme® sulfides and the corresponding
sulfoxides occur in plants of the genfilium. S-alkyl and S-alkenyl cysteines, their

sulfoxides, and other derivatives from enzymatigrddations are responsible for the

characteristic pungent odor of garlic and oniorhbntintact and crushed bulbs.

R NH OXIDASE R NH
AN 2 AN 2
S —_ S

COOH § COOH

R = H,C=CH—CH,— : alliin (garlic)
R = H3C—HC=CH— : isoalliin (onion)

Scheme 1.45ulfur compounds occurring in garlic and onion.

Considering this fact, we prepared the sulfoxidethe guanylic acids bearing a sulfur
atom inserted into the carbon chain of tiédralkyl or N?-acyl substituents with the aim
of comparing them to the corresponding sulfidestlier ability to enhance the intensity
of MSG taste [Morellet al, 2010].

These componds were prepared using the same sgnshreitegies of alkylation and

acylation of the exocyclic amino group of guanosiescribed above.
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Oxidation of sulfidesl.28 to sulfoxides1.29 was carried out as the last step, using
hydrogen peroxide as reagent under neutral comditiogive the desired product in
quantitative yield (Scheme 1.5).

If not commercially available, the sulfur-contaigialdehydesl.26 were prepared by
reaction of the propemw-bromo diethylacetall.24 with a thiol 1.25 followed by

hydrolysis of the acetal function in the presentcéhe resin Amberlyst-15.

OEt

. e OFt R
—| —_—
Eto/LM:\Br HS DMF Eto)\M;\s/
1.25

1.24

Amberlyst-15
acetone/H,0

_R
1 P

1.26

N p-thiocresol N
¢ NH AcOH, EtOH a NH
HO /)\ reflux, 24-48 h HO /)\NAM/\S/R
H n

o NN NH, » o N N
2. NaBH,
EtOH

o} O o} o}
\< reflux, 1-2 h \<
) 117 ) 1.27 | 1. pocl
TEP, 0 °C, 6h
2.H,0 pH 2
70°C 1h
o} O
OH N NH 9 OH N NH
, ¢ 35% H,0, | ¢
HO—P—-0O o_ N N//kN S/R - HO—IF’l—O o_ N N/)\N/\M/\S/R
3 H noq MeOH/H,0 o) H n
© quantitative yield
OH OH OH OH
1.29 1.28

Scheme 1.8ynthesis of sulfoxides df-alkyl substituted 5’-guanylic acid.

In the case of acyl derivatives, the sequenceattiens was similar to that previously
described (Scheme 1.6).

If not commercially available, the sulfur-contaiginarboxylic acid4.32were prepared
by reaction of the proper omega-bromo e&t80with a thiol followed by hydrolysis of

the ester function as reported here.
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Scheme 1.8ynthesis sulfoxides df*-acyl substituted 5’-guanylic acid.

The sulfides and sulfoxides we prepared by usingsdhstrategies are shown in
Figure 1.24. At present, only the first three sxilfies of this list have been tested using

the same sensory procedure as described before.
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Figure 1.24. Sulfides and sulfoxides derivatives of 5’-guanyaid synthesized.

As shown in Figure 25, the synergistic activityeasfch sulfoxide toward MSG when
expressed by itf value, resulted to be lower than that of the apoading sulfide.
However, we noticed that in all cases, the peroppif the glutamate taste appeared to
be affected by some additional, but pleasant, sgrestect.

A possible explanation of the low@rvalues observed is that sensory analyses were
carried out on the diastereocisomeric mixture ohesdfoxide (.293 1.29h 1.359. In

fact, it has been recently reported that the stéremistry of theN*substituent strongly
influences the umami enhancing activity of a seoieMaillard-modified guanosine 5'-

monophosphates [Festriegjal, 2011a and 2011b].
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Figure 1.25. MSG-enhancing capacities of sulfides and sulfoxglgghesized.
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1.8. Functional Anatomy of the Taste System

The organ primarily involved in taste perceptiorthe tongue. Similar to stimuli of the
other basic tastes, umami molecules interact wieh @pical membrane of specific
sensor cells, namely, the taste receptor cells §)RCthe oral cavity. TRCs are not of
neuronal origin, but are specialized epitheliallcéBehrenset al, 2011]. They are
innervated by afferent nerves (transmitting towatlds control nervous system) to
transduce gustatory signals to the brain [\&fithl, 2003].

TRCs are found together with other cells in smgfjragates callethste budsvhich are
the proximate sensory organs of taste. These @haped structures contain about 50—
150 cells, including sensory neurons, that are elade in the non-sensory epithelium.
Fingerlike projections callechicrovilli, which are rich in taste receptors, project from
one end of each sensory neuron to the surfaceedbtigue. Nerve fibers at the opposite
end of each neuron carry electrical impulses tobtfaen in response to stimulation by
tastants.

Structures callegapillaecontain numerous taste buds. Taste buds are fauritie
three types of chemosensory papillae on the tonthee:fungiform papillae of the
anterior tongue, the foliate papillae of the pasteiongue edges, and the circumvallate
papillae of the posterior tongue (Figure 1.26) [dfil 1995].

Taste buds also occur numerously in the soft paatk are present in the pharynx,
larynx, and epiglottis. Extralingual taste budswkuer, are not organized in papillae
[Sbarbatiet al, 2004].

Circumvallate

Taste pore

Figure 1.26.Taste buds (left) are composed of 50-150 TRCsriluiséd across different
papillae [Chandrashekat al, 2006]
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Recent molecular and functional data have revetilat contrary to popular belief,
there is no tongue ‘map’ (Figure 1.27); indeed,possiveness to the five basic
modalities (bitter, sour, sweet, salty and umaripiesent in all areas of the tongue

[Chandrashekaet al, 2006] even if with slight differences in the lbsansitivity.

d Wi i\ W4 |
B ey pre S

Figure 1.27 Classical tongue ‘map’ [Chandrashekar et al. 6200

The perception of taste begins with the interactbritasty” molecules with specific
receptors present on the membrane of cells (TRGs$tituting the taste buds. This
interaction causes electrical changes in tastes ¢t are transformed into chemical
signals and converted to impulses to the brain.

Detection of the gustatory world is mediated by esal distinct classes of taste

receptors and taste receptor cells (Figure 1.28).

Mammalian taste receptors and cells
Bitter Sodium Sour and carbonation cells
e B 7 MI' b HOO =—— G0 + HoD
: anflnn &
i {||- Al SN MW et \f
i § AL B 0NN W e
Y LA

T1R1+T1A: T1R2+T1H ~30 T2Rs ENaC PKD2L1 CA IV
L-glutamate Sugars Cycloheximide Low NaCl Acids Carbonated drinks
L-aming acids Sucrase, frugtoss, {mT2R%) Sodium salts Citrle acid
alycine glisoose Tartataric acid
L- AP Denatonium HEI

Artificial sweeteners ImT2RA, hT2R4)
Nucleotide sagcharin, acesuffama K Lo

aspartame, oyclamats Salicin
enhancers IhT2A16)
IME, GMP, AMP - n

D-amino acids PTC

Dr-alanine, O-sarine,

D-phanylalaning hT2A38)

. Saccharin

Glycine {hT2R43, hT2R44)

Sweet proteins Quinine

Monellin, thaumatin strychnine

atropine

Figure 1.28 Mammalian Taste Receptors, Cells, and Ligandsrigéinskyet al, 2009]

Interestingly, both sweet and umami tastes areeseihy heterodimeric G protein-
coupled receptors (GPCRs) assembled by the conobilatrrangement of T1R1,
T1R2, and T1R3 subunits [Nelsehal, 2001, 2002; Let al, 2002].
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1.9. Umami taste receptors

1.9.1. Taste-mGIluR4 and mGIluR1tr

The discovery oumamireceptors using methods of molecular biology is oh¢he
recent highlights of taste research [Lindematral, 2002]. In 2000, a metabotropic
glutamate receptor, similar to the mGIluR4 recepisually present in the brain, was
found on the tongue, specifically in the taste butlsis a G protein-coupled
metabotropic receptor. The taste variety of mGlhBg a truncated-terminal region to
which L-glutamate still binds, even if with reduced affyni{Figures 1.29A-1.29B).
Presumably, the truncation adapted the recepttradigh glutamate concentration in
food [Chaudaret al, 2000].

potential drug
binding sites  glutamata

\ binding site

extracellular
domain

transmeambrana
domain —al bt LLd —adh Ll £

B0 060 _SERRNNN _BRRNNY i

s ;
g intracatlular
domain
Brain mGluR4  Taste mGIuR4

Figure 1.29.A) Structure of the metabotropic receptor of ghste (GPCR). B) Predicted
transmembrane topology of brain- and taste-mGluRéwing the truncated extracellular N
terminal domain followed by seven putative transioeane helices [Chaudagt al, 2000].

Figure 1.30 shows the 5 end of mGIuR4 cDNA fronstéapapillae (lower lines)
aligned with the corresponding region of mGIuR4 &Dfom brain (upper lines).
Amino acid (bold) and translated nucleotides (ragukext) for each sequence are
numbered. A stop codon), in frame with the long open reading frame, isrfd within
the novel region of the cDNA from taste tissue. sge identity between the two

cDNAs begins abruptly at the codon for R291.
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264 E P b E I I KU RULULUET S N A RGI I I F A H ED

+180 GRETTUGACARGATCATCAARCECC TAC TGEARACAT CCAA T G AGG G TAT CATCATCTI TEICARCGAGERAT

9 B e A R e R e B T e P L T A A T T A A T AL T T AT AT
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Figure 1.30.Alignment of mGIuR4 cDNA 5' ends from taste papillae (lower sihand
brain (upper lines)Chaudariet al, 2000].

Glutamate activates also a mGlu receptor relatedheo brain mGIuR1 receptor
(Figure 1.31). Taste mGIluR stimulates maximal irdveurrent at a highar-glutamate

concentration (25 mM) than that required by theirbtgpe (0.1 mM) [San Gabriel,
2007].

Figure 1.31.Glutamate in the binding site of mGIuR1 receptoesidues in contact with the
L-glutamate side chain carboxylate are shown in aed, residues that contact the L-glutamate
a-amino acid moiety are shown in green. [Figure fildret al.2002].

1.9.2. Umami receptor T1R1 - T1R3

More recently, anotheuumami receptor was discovered. Interestingly, this is a
heterodimer built of the G protein coupled receptoiR1 and T1R3 [Let al, 2002;
Nelsonet al, 2002]. It is related to the sweet taste receptbich belongs to the same
family, being a heterodimer T1R2-T1R3 [lat al, 2002; Nelsonet al, 2001].

44



Therefore, sweet and umami receptors have the gubliR3 in common. In mice the

heterodimer T1R1-T1R3 responds to many amino acaigained in food, but in

humans its response is preferentiallyLtglutamate and it is the only known umami
receptor sensitive to both glutamate and nuclest[tielsonet al, 2002]. The T1R1-

T1R3 umami receptor is therefore a strong candiftatéhe synergistic effect between
glutamate and guanosine or inosine described prslioAs the T1R3 subunit of the
dimeric receptor is in common with the umami and Hweet repeceptor, glutamate
binding site should be on the T1R1 subunit of themni receptor. Molecular dynamics
calculations strongly support this hypothesis, ating that glutamate binding to the
T1R1 subunit is strongly favored, whereas glutantateling on the T1R3 subunit

occurs only transiently [Lopez Cascadtsal, 2010]. Key ligand-binding residues of the

MGIuR1 metabotropic glutamate receptor (Figure J1aB@ conserved in T1R1 [kt al,
2002].
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Figure 1.32 Sequence alignment of human and rat TRs with m&IuR1. Potential

transmembrane segments are boxed in blue. Glutebmatang residues are highlighted
following the color scheme of Fig. 3. [Figure frdmet al, 2002].
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T1R receptors belong to the class C of GPCRs, alwith metabotropic
glutamatereceptors (mGIuRs). The defining motifalh these receptors is an outer
membraneN-terminal Venus flytrap (VFT) domain The VFT is cmtted to the

transmembrane helical region through a cysteinte-giemain (Figure 1.33). The VFT
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domain of CGPCRs contains the liga-binding site and consists of 2 globu
subdomains, th&l-terminal upper lobe and the lower lobe, that areneated by

3-stranded flexible hinge.

VFT

Cysteine -rich domain

Helical region

Figure 1.33 General architecture of the mGIluRs. EC, ecellular; TM, transmembrane; I
intracellular [Modified from Tekanotet al,, 2007].

The crystal structures of mGIuR1 VFT domains (Feglir34) revealed that the-lobed
architecture can be in an open or in a closed cordton. Glutamate binding stabiliz

both the active dimer and the closed conformatiumjshimaet al,, 2000]

Figure 1.34 Structure of the Venus flytrap domain of mGluRteptor (PDB ID 1EWK) in th
open (A) and closed (B) form [Kunishiret al, 2000]. The bound glutamate is shown in gri
Figure prepared with Chimera [Petteret al].

Zhanget al [2008] built homology models of the T1R1 VFT daman open anc
closed forms using available structures of mGIURGIUR3, mMGIuR7 from the Prote

Databank. Despite low overall sequence ident=30%) of T1R1 and T1R3 wit
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respect to mGIuR1, residues near the hinge of fi€ 8bmain that connect the 2 lobes
and that coordinate the bound glutamate in the iRGémily of proteins are conserved
(cfr Figure 1.32). Their assumption is thereforattthe glutamate binding mode in
T1R1 closely resembles that in the mGIluR familypuadteins. In their TLR1 model, the
a-carboxylate group of glutamate makes hydrogen saevith a group of residues close
to the hinge of the flytrap and conserved in mGluRsecifically to the backbone
nitrogens of S172 and T149 and to the serine did@icof S172 (Figure 1.35). The
a-amino group of -glutamate is coordinated by upper lobe S172 aneéddobe E301.
The ring of Y220 in the lower lobe makes catiomteractions with the amino group of
L-glutamate. Results from mutagenesis analysis goatl that residues S172, D192,
Y220 and E301 are essential for glutamate bindivfggreas the mutant T149A showed
only a partially reduced activity [Zhareg al, 2008]. Notably, the charged residues that
form both direct contacts to the side chainLeglutamate and stabilizing contacts
between the lobes in the closed form of mGluR1largely absent in T1R1, which
could help to explain T1R1's lower affinity forglutamate than mGIuRs [Zhamyg al,,
2008].

Figure 1.35 Molecular model of TIR1 VFT domain. Key residdesL-glutamate (blue) and
for IMP (red) binding. The VFT domain is orientealthat the opening to solvent is horizontal,
with the upper lobe on the top and the lower lobel® bottom. The flytrap hinge region is to
the right, and the flytrap opening is to the lefglutamate (golden) is located deep inside the
VFT domain near the hinge region, while IMP (green)ocated close to the opening of the
VFT domain [Zhangpt al, 2008].
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The same authors mapped also the IMP binding stte the VFT domain of T1R1
(Figure 1.35). In the proposed model, the phosplgateip of IMP coordinate the
positively charged residues that are on the twadobf the VFT and are brought in
proximity to each other when the VFT assumes tlsed form. The identity of the
involved residues was confirmed by site-directedagenesis analysis.

The position and orientation of IMP relative iteglutamate are further constrained by
the shape of the active-site cleft of the flytrapmdin and by the nature of residues
lining the active-site cleft. In this modekglutamate is positioned deeper in the active-
site cleft, whereas IMP binds near the openinghef YFT vestibule between the two
lobes (Figure 1.35), providing additional stabiigiinteractions between the upper and
lower lobes. The enhancement activity of IMP mayshéiciently explained by the
binding of IMP adjacent to glutamate, stabilizidge tclosed form of the TIR1 VFT
domain through electrostatic interactions [Zhahgl, 2008].

Insights into the energetics of VFT movements aeelable for an ionotropic glutamate
receptor. Indeed, crystal structures exist for th@&luR1 VFT domain in the open
conformation, showing glutamate bound to one lobdy o(Figure 1.34A). The
thermodynamic contributions of flytrap closure haveen measured for the VFT
domain of ionotropic glutamate receptor iGIuR2, eaing fast £us) binding of
glutamate (docking) followed by slowrfis) stabilization of the closed form (locking)
[Lau & Roux, 2011]. A two-step mechanism for flygralosure was therefore proposed.
In the first step, glutamate binds to one lobe lameers the entropic barrier to form the
closed conformation. In a second step, the lobesecup and facilitate interactions
between glutamate and the lower lobe, as well tesdations between the upper lobe
and the lower lobe. A dynamic picture of the syieagtion of glutamate and purine
ribonucleotides towards the T1R1 receptor is dudaaritsenet al.[2012]. Analysis of
the trajectories of molecular dynamic simulatiopsta 150 ns showed that the receptor
assumes the closed conformations upon binding ghittamate, and the aperture of the
VFT is further closed when GMP is present, confirgnthe stabilization of the closed
(active) conformation due to the binding of GMPg(kie 1.36).
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Glut a B3 GMPGIu{

Figure 1.36 The vestibule leading to the GMP-binding site @hereafter tha -glutamate-
binding site is color-coded based on to the radiuthe largest fitting spherical probe (blue,
wide; green, medium; red narrow), calculated usihg program HOLE. The simulation
shapshots are taken from the final conformationshef Glu and GMPGIu simulations. The
radius of the vestibule is significantly reduceed)in GMPGIu close to the GMP-binding site
[Mouritsenet al, 2013.

It is further interesting to note that, in some @wi@aions with GMP, the first principal
mode of protein motion is not closure and openihthe VFTD, but a twisting motion
around an axis different from the VFTD hinge agisggesting that the movement of the
VFTD that switches the protein between active andctive conformations is
significantly dampened by addition of GMP. In siations without any bound ligand,
the protein accesses conformations where the tislof the VFTD are separated even
further than observed in crystal structures of nils, although it cannot be exclude
the possibility that the excess conformational deee may be a consequence of the
simulation. On the other hand, it is possible thatVFTD of the fullumamireceptor is
very flexible, perhaps more so than the mGIluR1 farof proteins. The single most
important phenomenon explained by the simulatisrthat the presence of nucleotides
enhances the sensation of thmamitaste. The simulations show that the presence of
GMP further stabilizes the closed (active) stat¢hef protein once glutamate is bound.
An inherent assumption in this analysis is that GMiRds after glutamate. As GMP
binds at the entrance of the binding cleft, it éwlikely that binding of GMP will be
enhanced if glutamate is already bound, becauseapiper and lower lobes of the VFTD
will be closer, and will be optimally positionedrf&MP to bind. Furthermore, if GMP
bound first, it would sterically block the entranmethe VFTD vestibule, and prevent
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access of glutamate to the glutamate-binding Jiteus, it may be that, when both
ligands are available, GMP binding afteglutamate is more likely than the other way

around.



2. AIMS






Aims of this PhD thesis are:

1. Valorization of agri-food industry waste rich in proteins as starting
material to produce HVPs

Proteins are key ingredients in many foods as ttwaribute to the nutritional value,
flavor and other important functional propertiesfadd systems [Giese, 1994]. Protein
hydrolysates constitute an alternative to intadtgins in the development of special
formulations designed to provide nutritional supgorindividuals with different needs,
such as patients with particular physiological amdkitional needs or unable to ingest
adequate amounts of food in a conventional forrotdin hydrolysates are also utilized
extensively as a source of nutrition to the elderlyoung children and
immunocompromised people. These products have aedaddvantage in having
peptides that are small enough to circumvent ptessibbergenic reactions occurring
with the consumption of larger size peptides otgins [Nagodawithana, 2010].

For these reasons, there is a growing interedtiyorolyzed Vegetable Proteins (HVPS)
containing bioactive peptides because of theirithaial and therapeutic properties.
HVPs are produced by chemical and/or enzymaticdiyslis of vegetable raw materials
rich in proteins, such as wheat, corn, soybeannygeaunflower. The most effective
way to obtain protein hydrolysates with defined releteristics is the use of different
proteases (endopeptidases and exopeptidases) dowijke the development of post-
hydrolysis procedures [Clemente, 2000]. The origin the starting material and

conditions of hydrolysis determine the biologicalwaell as organoleptic properties of
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the end product. In fact, these products have madaly used for centuries as flavor
enhancers for their glutamate-like “umami” tastgrtigularly in typical Eastern
vegetarian cuisine, as an alternative to glutan@tker peculiarities of HVPs, such as
antioxidant and antiinflammatory properties [De \@dno-Silva et al, 2012],
antihypertensive effect [Let al, 2007], and antifungal activity [Joet al, 2004], are
rigidly controlled by proper selection and blendwfghe protein source and appropriate

selection of hydrolytic conditions.

Substantial amounts of protein-containing waste gaeerated in the production of
foods and beverages. Examples include vinasse (fugar beet or cane), distiller’s
grains with solubles (from wheat or maize), preakes (from oil seeds), fish silage,
proteins from coffee and tea production, and atjtical residues from various crops.
Much of this protein material is currently processes animal feed although it could be
valorised as a feedstock for production of highueadded chemicals.

Since the early 1990s, attention has been divdrted waste remediation to waste
prevention, with the emphasis on applying the ppies of “green chemistry”
(“prevention is better than cure”) [Tuek al, 2012].

In recent years great attention has been focusedeoexploitation of those wastes that
are largely unavoidabliee. on ways of getting higher value from the wastegigroper
“waste valorization” strategies. Because the saurok waste are so diverse, it is
convenient to consider the chemistry in terms air feource-independent categories:
polysaccharides, lignin, triglycerides (from fatadaoils), and proteins. Lignin is
challenging to break down into chemically usefalgiments. By contrast, pretreatment
of polysaccharides, triglycerides, and proteins tzad to their constituent building
blocks: monosaccharides, fatty acids plus glycenodi amino acids, respectively.
Among wastes from agri-food industry rich in proggirice middlings (a by-product of
the conversion of raw rice into white rice) as wadl the seeds of hemp and flax (after
the extraction of the oil) have not yet been expbbiand deserve further valorization
according to the concept of biorefinery.

IEA Bioenergy Task 42 [IEA, 2008] defines biorefiigs as the sustainable processing
of biomass into a spectrum of marketable productsemergy. The biorefinery concept

embodies the concepts of system integration, nielfgpoducts, and sustainability. It
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includes a wide range of technologies able to s#pabiomass resources (wood,
grasses, corn, ...) into their building blocks (cdmymrates, proteins, triglycerides, ...)
which can be converted to value added productsudd® and chemicals. A biorefinery

is a facility (or a network of facilities) that egrates biomass conversion processes and
equipment to produce transportation biofuels, powed chemicals from biomass. This
concept is analogous to today’s petroleum refinetyich produces multiple fuels and
products from petroleum [Cherubini, 2010; Wellethal, 2010].

Biorefineries are emerging around the world in detg of different forms and sizes.
Their development depends on the demand for givedlugts, the availability of
biomass feedstock, the existing infrastructure leamalv-how, the level of investment in
research and scale-up facilities, public acceptammeel policies that support the
transition to a greener, more efficient hybrid emoy [Wellish et al, 2010]. In the
United States, it is expected by 2020 to provideast 25% (compared with 1994) of
organic carbon-based industrial feedstock chemiaats 10% of liquid fuels from a
biobased product industry. This would mean thatentban 90% of the consumption of
organic chemicals in the United States and up 8 90 liquid fuel needs would be
covered by biobased produtfgamm & Kamm, 2004].

It must be pointed out that investigation of hengaisand flaxseed as raw materials for
the preparation of HVPs was carried out in the BahVeLiCa Project (“From ancient
crops materials and products for the future”), eohthy Regione Lombardia (Italy).

The main goal of the VeLiCa project is to make aggainful the growing of flax and
hemp in Regione Lombardia where it used to be vpidzsl at the beginning of the™0
century. This target is being pursued by the exaioin of all the parts of the plant to

make different products with different added valbierefinery) [www.velica.org].

® Renewable resources also known as biomass areiomgaterials of biological origin
and are, by definition, sustainable natural ressmirSustainable implies that the resource
renews itself at such a rate that it will be auaéafor use by future generations.

* Fossil carbon sources, such as petroleum andahagas, should be replaced by a
renewable raw material: biomass, particularly plioimass. The corresponding products will
be called “biobased products” and “bioenergy”. Tinedamental basic technology, which will
be introduced in “biorefineries”, as new productipfants, will replace petroleum-based
refineries. In fact, the term “bioeconomy” will sed.
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2. Synthesis of glutamate-ribonucleotide hybrids fo the study of
umami taste

Umami taste is an essential element in our appreniaf food and is imparted by
monosodiumL-glutamate (MSG) and disodium salts ofribonucleotides such as
inosine %monophosphate (IMP) and guanosinem®nophosphate (GMP). These
compounds are currently used as flavor enhancesgpplement, increase and round off
the flavor of many savoripased processed foods. They are the best flav@neshs
that are in commercial use worldwide.

A very important peculiarity of MSG and the abewentioned 5ribonucleotides is
their capacity to interact synergistically. Suchemctions generate amplified and
lingering taste sensations, far greater than amylesingredient can produce. Thus, the
phenomenon is of great relevance for the food imgudecause it provides an
opportunity for the food processor to use a ternamying mixture of MSG, IMP and
GMP to enhance the flavor, mouthfulness and paldtalof culinary products
[Ninomiya, 2002].

Despite extensive investigations on taste receptiwes mechanisms of perception,
flavor enhancement, and synergism connected withnunsubstances have not been
completely elucidated at a molecular level.

Recently, to assess the role played by substituemtshe purine nucleus of
5'-ribonucleotides in eliciting a synergism with I8Sa number ofN*alkyl N*acyl
derivatives of guanosine 5’-phosphate was syntkdsi® our research group through
alkylation and acylation of exocyclic amino group guanosine. These compounds
were finally evaluated for their capacity to enteatioe taste intensity of MSG [Cairoli
et al, 2008; Morelliet al, 2011].

As described in sectioh.9.2, Zhanget al. [2008] suggested a possible explanation of
the phenomenon of synergism at a molecular levelhich both glutamate and IMP (or
GMP) would interact with the extracellular domaihwmami receptor, the so-called
“Venus flytrap” (VFT), but at different sites. THending of MSG would induce the
closure of this domain, whereas the binding ofiBbnucleotide would stabilize the

closed conformation thus determining the syneigsitiect.
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According to this model, to gain further insightarthe phenomenon of synergism, we
planned to synthesize hybrid compounds contairfiegwo umami moieties (glutamate
and purine 5’-ribonucleotide) covalently connectlebugh flexible linkers of variable

length with the aim to reach both umami receptéessihrough a single molecule

(Figure 2.1).
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Figure 2.1

The first hybrids synthesized (Figure 2.2) wereaoited by N?-acylation of the
exocyclic amino group of guanosine with severakdns of variable length [Cairobt
al., 2008]. The linker was condensed with thamino group of glutamic acid.
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Figure 2.2

However, in these compounds tirx@mino group of glutamic acid, which is involved in
the activation of the umami receptor, accordingZbang model, was locked into the
binding with the linker. Furthermore, the poor gielobtained prompted us to pursue an
alternative strategy in which the linker is condmhsvith they-carboxylic group of

glutamic acid (Figure 2.3).
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3. RESULTS AND DISCUSSION
PART 1






3.1. Preparation of HVPs from Rice Middlings through
Enzyme-catalyzed Hydrolysis

Rice is a very important agricultural resource rhairilized for food [Bagnascel al,
2013]. Rice feeds almost half the world's populat@md is one of the most attractive
feed ingredients in the world [Ferrai al, 2009]. In addition, a variety of interesting
by-products are obtained when converting raw rite white rice, such as rice hull,
bran, middlings, embryo and small brokens. Althoaghextensive commercial use of
these by-products would be of great interest feemes of reasons, today a relatively
small amount of this material is utilized. In fathese by-products contain excellent
quality components (proteins, fibers, vitamins andherals) whose nutritional and
pharmaceutical potential has been well recogniBadipders, 1990]. Meaningfully they
are a renewable resource and their use can redagte wroblems. In particular, rice by-
products have a high content of amino acids, ssdjiidamic and aspartic acid, as well
as amides, which makes these matrices a potentiates of flavor enhancers for food
applications [Hamadat al, 2008].

Rice by-product proteins obviously need to be tsalaand purified for their utilization
as food stuff, but to date an efficient and rekabiethod has not yet been developed.
The procedure traditionally adopted for the extoacof proteins from rice as well as
from other complex plant matrices, such as indaishy-products, is alkaline treatment
[Gnanasambandam & Hettiararchchy, 1995; Wangl, 2008]. However, this method
could induce side-reactions, such as hydrolysis @&xtraction of non-protein
components, and protein denaturation with obvidfects on their functional properties
[Kinsella, 1981].

To overcome those drawbacks, alternative physicocta [Anderson & Guraya, 2001;
Van Der Borghtt al, 2006] and/or enzymatic [Hamadaal, 1998; Tanget al, 2002]
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procedures were developed to improve the recoverig® and its by-product proteins.
Typically, enzymatic procedures are preferable gwia milder process conditions,
easier control of reaction parameters and minimarméation of secondary products
[Manneheim & Cheryan, 1992]. In most cases, enzignigtdrolysis was also used in
order to improve the functional properties of pnaseor customize the functionality of
some proteins for specific needs [Artual, 1972; Kim, Park, & Rhee, 1990].

Developing a protocol as quick and easy as poss$drlgroducing protein—peptide
mixtures with flavor-enhancing properties from rio@ddlings could be useful to

produce new functional ingredients with a signifitcamami taste for food industry.

3.1.1. Characterization of protein hydrolysates

3.1.1.1. SDS-PAGE analysis

The SDS-PAGE profiles and the corresponding degisitas obtained after hydrolysis
performed on rice middlings in presence of Umamigyend Flavourzyme are detailed
in Figures 3.1 and 3.2, respectively.

A spontaneous degradation of proteins, withoutatidition of an enzyme, could be
observed in comparison with the control lanes. Thisid be dependent on the presence
of intrinsic proteases in the matrix not inhibitdédough preliminary process, such as by
heating at high temperature [Hamada, 2000b]. Stheegoal of this work was the
development of a hydrolytic method as quick andyeas possible, aimed at an
industrial application, the decision was made ndtabilize the matrix by heating or by
use of antiproteolytic agents, since protein degfiad, spontaneous or induced, was the
main purpose of this work. An overall comparisomaeen control and treated samples
showed that the intrinsic proteolytic action primaaffected the high molecular mass
bands (from 200 to 30 kDa), while the added enzydeggaded the bands at medium-

low molecular mass (<30 kDa).
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Figure 3.1 SDS-PAGE profile of protein fractions obtainedddferent sampling times during
the hydrolysis of rice middlings by Umamizyme (hglysis parameter: pH 7, 45 °C). Lanes 1—
3-5-7 are rice middlings samples incubated in tesgnce of Umamizyme for 1, 5, 11, 24 h,
respectively; lanes 2-4-6-8 are rice middlings dasngncubated in the absence of
Umamizyme for 1, 5, 11, 24 h, respectively. M reprgs the protein molecular mass marker
(97, 66, 45, 30, 20.1, 14.4 kDa). Plot on the siithe picture shows changes in optical density
of main proteins during enzymatic reaction. Lettefghe curves (A to H) identify the main
protein fractions studied. Only five profiles outeaght are represented on the plot due to the
overlapping of degradation profile of B, C, E angéteins. Below are represented the single
protein trends for a clearer interpretation of ederadation profile.
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Figure 3.2 SDS-PAGE profile of protein fractions obtainedddferent sampling times during
the hydrolysis of rice middlings by Flavourzyme dhglysis parameter: pH 8, 50 °C). Lanes 1—
3-5-7 are rice middlings samples incubated in tlesgmce of Flavourzyme for 1, 5, 11, 24,
respectively; lanes 2-4-6-8 are rice middlings dasngncubated in the absence of
Flavourzyme for 1, 5, 11, 24 h, respectively. Mresgnts the protein molecular mass marker
(97, 66, 45, 30, 20.1, 14.4 kDa). Plot on the siithe picture shows changes in optical density
of main proteins during enzymatic reaction. Lettefghe curves (A to H) identify the main
protein fractions studied. Below are represented #ingle protein trends for clearer
interpretation.
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In order to verify the performance of the two hygiie enzymes, a comparison
between protein patterns obtained by UmamizymeFRandourzyme was performed. In
the case of Umamizyme, a hydrolysis of the mairtginofractions was observed, as
evidenced by the quick and general decrease ofalmtensity showed by most bands.
In contrast, the catalytic activity of Flavourzymesulted in a lower and slower
decrease of optical density. In particular, aftér, the sample treated with Umamizyme
was already different from the control sample, sitice high molecular mass bands
were completely hydrolyzed, whereas in the presehégavourzyme, at least 5 h were
necessary to have differences between control meadetd sample, since all the main
bands were not hydrolyzed in the early times ofibation. After 11 h of incubation, the
two enzymes showed a comparable behavior: the ipréi@nds with medium-low
molecular mass and some high molecular mass sshatieled with “D” in Figure 3.1,
in the case of Umamizyme and “A”, “C” and “D” in dtre 3.2, in the case of
Flavourzyme) persisted, while most high moleculands disappeared. After 24 h of
incubation, the greater effectiveness of Umamizyameerged again, with which only
three defined bands (“D”, “G” and “H” in Figure 3.ivere not hydrolyzed, while with
Flavourzyme the lower part of the gel was still pdetely marked by protein elements.
The total lane integrated optical density (IOD)eefs the contribution of each protein
bands to the lane IOD total and provides a globalesof protein degradation [Frazer &
Bucci, 1996]. The total lane 10D confirmed that Umayme has a greater catalytic
activity than Flavourzyme (Figure 3.3). With Flavbyme the total IOD of protein
bands decreases significantly compared to the @osimple with increased time of
hydrolysis from 1 to 24 h, while with Umamizyme lzogt time is sufficient to show a
significant decrease of total IOD of protein bands.

The higher hydrolytic efficacy of Umamizyme comphréo Flavourzyme was
illustrated by the measure of the degree of hydislypy the Coefficient of Protein
Degradation (CPD), calculated for each time onlthsis of the optical density of the
main protein bands defined in Figures 3.1 and Bable 3.1). A significant difference
between the two enzymes was shown for each inarbtthe. After 1 h of incubation,
it could be noticed that Umamizyme had a 2-folchleigprotein degradation compared
to Flavourzyme (15.69+2.52 % and 6.21+3.75 %, rethpaly), a trend that seemed to

be maintained even for the successive times. Afterh of incubation, it became
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apparent that Flavourzyme lead to partial proteslysvith 24.84+1.28% protein
degradation. In contrast, with Umamizyme the prlys of protein content was almost
complete, with a CPD of 67.04+0.55%.

300007 OUMAMIZYME
CONTROL
250007 BUMAMIZYME
20000- TREATED
OFLAVOURZYME
8 15000 - CONTROL
- BFLAVOURZYME
10000 TREATED
5000
O -
60 300 660 1440

Time (minutes)

Figure 3.3 Integrated Optical Density (IOD) of protein fragt®obtained at different sampling

times during the hydrolysis of rice middlings by &mizyme (hydrolysis parameter: pH 7,

45 °C) and Flavourzyme (hydrolysis parameter: pHb®,°C). Values represent means+SE
(n=2). The data were evaluated using one-way aisatyfsvariance followed by Tukey's post-

hoc test. Different characters (a—c) on the tophef columns indicate a significant different
(p<0.05) among 10D value of hydrolysates obtainétiout enzyme, with Umamizyme or with

Flavourzyme at a specific sampling time.

Table 3.1 CPD of rice middlings after enzymatic hydrolysigith Umamizyme and
Flavourzyme.

Time (minutes) CPD (%)*

Umamizyme Treated  Flavourzyme Treated
60 15.69+2.57° 6.21+3.75
300 27.27+0.76 8.79+1.1%
660 42.86+2.05 17.37+2.17
1440 67.040.55 24.84+1.28

* Values represent means+SE (n=2). Within the semae different characters
(a-b) indicate significant difference with p<0.0Bi@ng various samples at a
specific hydrolysis time.

The higher hydrolytic capability of Umamizyme comghto Flavourzyme was already
reported by Villafuerte Romero [2006] in an enzyimabodification of wheat proteins
for flavor generation, but so far a definitive exaphtion has not been proposed to clarify

the different performance of the two enzymes.
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3.1.2. Functional properties

3.1.2.1. Emulsifying properties

The emulsifying activity index (EAI) and the indek stability of the emulsion (ESI) of
selected hydrolysates were analyzed and they aosvrshn Figures 3.4A-3.4B,
respectively.

The samples obtained after 24 h of incubation Withamizyme and Flavourzyme
showed a similar pH-dependent EAI profile. All teamples showed a minimal EAI
value at acidic and neutral pH, while a higher galas found at pH 9 (Figure 3.4A).
This behavior is in agreement with a previous stodythe hydrolysis of vegetable
matrices [Yinet al, 2008]. A comparison between emulsifying activofyhydrolysates
obtained with Umamizyme and Flavourzyme and the pdancontrol showed that
enzymatic hydrolysis using Flavourzyme led to digant declines in EAI at acid and
neutral pH. In contrast, the use of Umamizyme ditl show a significant difference,
regardless of the pH value. These data may impbt tdmamizyme produces
hydrolysates with an emulsifying index similar tontrol sample, but with better
emulsifying activity compared with hydrolysates abed using Flavourzyme. The
better performance of Umamizyme hydrolysates radpe€lavourzyme peptides could
be related to the higher proteolysis induced by tteatment with Umamizyme
compared to Flavourzyme. This could account for Ithweer availability of the free
amino acid residues and the subsequent lower surdativity responsible for the
emulsifying capacity. As shown by the SDS-PAGE wtgahoresis, the production of
peptides in Umamizyme was higher than Flavourzymaeplysis. The emulsifying
index no higher than control sample can be dubdddrmation of the aggregates in the
hydrolysates. It might inhibit the formation of adseoelastic membrane on the
oil-in-water surface, thus increasing the oil dedplcoalescence [Gbogoweti al, 2004;
Yin et al, 2008]. Previous studies about rice protein canfion the aggregates
formation in this matrix [Wangt al, 1999; Kumagagt al, 2006].

67



>

1000 H

800 -

EAI (m2/g)

200 +

40 1

30

ESI (mim)

10 f

Figure 3.4 Emulsifying activity index (EAI) (A) and emulsiastability index (ESI) (B) of rice

middlings hydrolysates after 24 h of incubationhwitmamizyme (hydrolysis parameter: pH 7,
45 °C) and Flavourzyme (hydrolysis parameter: pHo@®,°C). Values represent means+SE
(n=2). Different characters (a—b) on the top otiomhs indicate a significant difference (pb0.05)
among EAI (A) or ESI (B) value of hydrolysates ab&l without enzyme, with Umamizyme or
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with Flavourzyme at a specific pH value.

Enzymatic hydrolysis significantly decreased thd E&lues at acidic pH, while no
significant effect was observed at alkaline andtrakyH (Figure 3.4B). These effects
were already reported by Yet al. [2008], but so far a definitive explanation has no
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been proposed to clarify the pH dependence of Bibies.

3.1.2.2. Foaming properties

Foaming capacity (FC) and foam stability (FS) wedetermined at pH 7.0. Table 3.2

shows the effects of enzymatic hydrolysis afterh2df incubation with Umamizyme
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and Flavourzyme on the FC and FS of rice middlirigszymatic hydrolysis led to
significant decreases in FS, while it seemed toehaw significant effect on FC. In
particular, hydrolysates obtained with Flavourzyshewed no foam stability: the foam
disappeared after less than 30 min. This effecldcbe due to the lack of formation of a
thick, cohesive, and viscoelastic film around gablbes that prevented the foams from
collapsing [Damodaran, 1990; Halling, 1981].

Table 3.2 Foaming capability (FC) and foam stability (F$yioe middlings hydrolysates after
1440 minutes of incubation with Umamizyme and Flazgme.

Sample FC (%)* FS (%)*
Control 751217 30+8.01°
Flavourzyme Treated 45+7.07° 0+0.00"
Umamizyme Treated 65+6.70° 15+0.57%*

* Values represent meanszSE (n=2). Within the sasokimn, different
characters (a-b) indicate significant differenceghwp<0.05 among various
samples.

It has been shown that the molecular propertiegrateins required for good FC and
good FS differ [Chefteét al, 1985]. The basic requirement for a protein tcalbgood
foaming agent is the ability to rapidly adsorbled air—water interface during bubbling,
undergo rapid conformation change and rearrangemaethe interface, and form a
cohesive viscoelastic film via intermolecular itetion. Thus, the decreases in chain
length of peptides as a result of enzymatic hydislynay mainly account for the
decreases in FC and FS. The result is consistaht tee general viewpoint that the
larger the molecular size of a protein, the higtier foaming stability [Damodaran,
1997].

The good foaming ability of the hydrolysates may dlained by an increased
interactions between peptides due to their secgratat tertiary structures and resulting
in greater flexibility of the chains. It has be@ported that foaming capacity is favored
when proteins have more flexible random coiledcitme [Damodaran, 1990; Halling,
1981]. Moreover, the good foaming activity presentour samples may due to the
medium-low molecular mass protein bands identifigd electrophoretic analysis of
both the hydrolysates.
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3.1.3. Sensory analysis

SDS-PAGE analysis showed good proteolytic efficieticough the direct use of food-
grade protease Umamizyme and Flavourzyme on ridellmgs. By this procedure, the
hydrolysates, that are intended for human foodndbderive from a “conventional”
chemical process, such as treatments with redumindenaturant agents, but protein
extraction and protein hydrolysate production ocuthe same time through the same
biotransformation.

In order to evaluate the sensory characteristicspratein—peptide mixtures, the
hydrolysates obtained after 24 h of incubation Wthamizyme and Flavourzyme were
lyophilized and tested by a team of selected antified panelists.

Figure 3.5 shows the average taste intensity offithee main flavors for the two
hydrolysates analyzed and MSG, as reference sutgstanumami taste.

Overall, the umami taste was the more intensebatgifor both hydrolysates, indicating
the good sensory quality of the products. In addijtthe ANOVA revealed that there
was no significant difference (p<0.05) of umamitéapetween recovered protein
hydrolysates and MSG.

BITTER

UMAMI SWEET

SALT SOUR

IEERY TR MSG
==¢--UMAMIZYME TREATED
—&— FLAVOURZYME TREATED

Figure 3.5 Taste profiles of MSG and rice middling hydrolsaafter 24 h of incubation with
Umamizyme and Flavourzyme. Each value representavhraged taste intensity scored on a
10-point category scale by five panelists. In tigere the results are represented with a reduced
scale for easier interpretation.
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The bitter taste was slightly present in hydrolgsatas previously suggested by the
hydrolysis of vegetable matrices for long times iifd@a, 2000b]. However, this taste
did not prevail on the umami taste, since Umamizynd Flavourzyme cut terminal
hydrophobic residues [Pommer, 1995], responsibtettie bitter taste. A little sweet
taste, meaning pleasantness of taste sensation,pwaent in both hydrolysates,
particularly using Flavourzyme, while a hint of @ity was characteristic of hydrolyzed
with Umamizyme. These secondary tastes did not &lte sensation and they may be
at the basis of flavor defined for the hydrolysatésis typical flavor is named
“amaretto”, that is detected in some typical ltal@oducts, such as almond and apricot
based products. This flavor is pleasant, comfoetalold soft on the palate. Finally, salty
taste, present in MSG reference sample, was coetpleegligible in the hydrolysates.
This seems to confirm that the flavor enhancembgérved in our hydrolysate samples
can be ascribed to umami taste and not salty congsou

The described enzyme-assisted aqueous extractitimocheould be useful to obtain
protein—peptide mixtures from rice middlings as nanaterial with sensory properties.
The straightforward approach proposed allows t@iabiydrolysates characterized by
high umami and slightly bitter taste, revealing wod performance of our protocol to
gain tasty quality products. Thus, the taste peadil our hydrolysates suggests that the
proposed approach can be an effective, quick asg gacess to produce new umami
flavor enhancers from under-utilized industrial gwots. The potential food industry
application can be favored by the functional prapsras emulsifying and foaming
agents mainly observed in Umamizyme-derived prefg@ptide mixtures. This
highlights the versatility of the proposed protoeod thus the possibility of using the

same process for different applications.
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3.2. Preparation of HVPs from Hempseed through Enaye-
catalyzed Hydrolysis

Cannabis sativaan annual, dioecious herbaceous plant, has benpmrtant source of
food, fiber, dietary oil and medicine for thousarmds/ears in Europe, Asia and Africa
[Callaway, 2004]. Its cultivation has been prolehitin many countries, due to the
presence of the phytochemical drug component @eterahydrocannabinol (THC)
[Oomahet al, 2002]. However, in the last decades the reneweatdast for natural,
biological and ecological products brought to tlaeviest reintroduction of the varieties
of C. sativaL., containing less THC than common hemp, in tin®pean and american
agriculture especially because of hemp seeds freper

The seeds of. sativaL., commonly referred to ‘hempseed’, are an extelsource of
nutrition [Callaway, 2004]. Hempseed has been d@ued as a source of food
throughout recorded history — raw, cooked or rahséad its oil has been used as a
food/medicine for at least 3000 years [Callaway)40 Hempseed are an important
source of essential fatty acids, dietary fiberawiins and minerals, and in particular are
an excellent dietary source of easily digestibletem-free protein. Their overall protein
content of about 35% (mainly edestin and albunsrigher, or comparable to, that of
soy. Moreover, hempseed protein content is suptsitihhat found in nuts, other seeds,
dairy products, meat, fish, or poultry. Hemp pnoseare very nutritional and provide a
well-balanced array of all essential amino acidsHomans[Wang et al, 2008]. An
important aspect of hemp seed proteins is a higiteod of arginine and histidine, both
of which are important for growth during childho@ihd of the sulfur-containing amino
acids methionine and cysteine, which are needegrimgper enzyme formation. Hemp
proteins also contain relatively high levels of thranched-chain amino acids that are
important for the metabolism of exercising muséler these properties, hemp proteins
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are of interest in new value-added products. Fumbee, HVPs from hempseed have
good potential to be applied as a valuable sourgeadeins for human nutrition as well
as products to be investigated for their potemtigleveral market sectors (food, pharma,

cosmesis).

3.2.1. Hempseed meal: defatting and protein extraicin

Hempseed protein extraction was carried out acagrtth the protocol described by
Tanget al. (2006) with a few modifications. Hemp seeds weam@ugd using a home-
style grinder, defatted by stirring witithexaneand air-dried. The organic phase was
drieds.v.at 30 °C and the composition of the resulting dalkow oil (yield=3G5%)
with regard to fatty acid content was assessetheatUniversity of Pavia by GC-FID
analysis according to a well-established protocBIL{IDF International Dairy
Federation, 1999. Milk Fat. Preparation of fattydamethyl esters. Standard 182:1999.
IDF, Brussels, Belgium]. The hempseed meal, ab&uT@®% of the starting material,
was used for protein extraction by alkali solulaitinn/acid-precipitation methods using
two different approaches. According to the formemocpess, as described by
Wanget al.[2008], NaOH was used for alkali extraction and tesuspended proteins
were precipitated with HCI. In the latter method;ij\and HCOOH were used instead
of NaOH and HCI, respectively, in order to avoie@ thresence of NaCl in the final
product. In both cases proteins were extractedgusinase, NaOH in the first case and
NH3 in the second case, and precipitated using an hgdtochloric acid and formic
acid, respectively. In both cases recovered propeectipitates were resuspended in
distilled water. The resulting solutions were dedg using a 3500 MWCO membrane,
and finally freeze-dried. An aliquot of this produwas analyzed byH NMR
spectroscopy (1D 500 MHz, pH 7, 37 °C).

From the inspection ofH NMR spectra of the proteins extracted by ##COOH or
NaOH/HCI treatment it clearly appears that bothghaocols allowed the extraction of
the same proteins, as depicted ¥y NMR spectra overlapping (Figure 3.6). The
presence of signals in the 3-4 ppm range can lrébaddo the presence of sugars. The
widened signals suggest the presence of unfoldeigips, probably glicoproteins that
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might be precipitated upon the extraction procésgure 3.7 shows that a higher
amount of sugars was obtained when NaOH/HCI extraetas performed.

NHs/HCOOH

|t

NaOH/HCI

T T T L e S, (g ! . : , .
B - 4 2 (ppm]

Figure 3.6 1D 'H NMR performed using a 500-MHz NMR instrument & B and 37 °C.
Comparison of'H NMR spectra of the proteins extracted by JH#COOH (above) or
NaOH/HCI (below) treatment.

NH3/HCOOH

NaOH/HCI
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Figure 3.7.Overlapping ofH NMR spectra of the proteins extracted by JH4COOH (bluge)
and NaOH/HCI (black) treatment.

75



3.2.2. Enzymatic Hydrolysis - SDS—-PAGE

3.2.2.1. SDS—-PAGE of protein extract

The SDS-PAGE (sodium dodecyl sulphate-polyacrylangdl electrophoresis) profiles
of hempseed protein constituents in the presendeabgsence of 2-mercaptoethanol (2-
ME) are depicted in Figure 3.8. The estimated md&cweights and the relative
contents of the different subunits are reported@ahle 3.3.

Hempseed proteins include a kind of legumin, thealed “edestin”. Edestin is the
major storage protein of hemp seed and accountagbiout 60-80% of the total protein
content; whereas the second most abundant pratethei globular protein albumin.
Edestin is easily digested and contains all essesutnino acids for humans [Callaway,
2004]. This protein was reported to be similar #yusn globulins, and could be
metabolized in the human body to biosynthesize imwglobulins, hormones,
haemoglobin, and enzymes [Tombs, 19608ing crystallographic techniques Patél
al. [1994] showed that, like the hexamer of soy glytirthe edestin molecule is
composed of six identical subunits, and each omsists of an acidic subuniA§) and

a basic subunitBS) linked by one disulfide bond [Targ al, 2006; Kim & Lee, 2011].
BS is more heterogeneous than AS.

In absence of 2-ME (non-reducing conditions) theugihide bonds between the acidic
and the basic subunits are not totally destroyed,thus the subunits of edestin would
be mainly in the form of various AB units. As expast, the subunits marked as AS,
BS1 and BS2 were in small amount (relative cont&@%o) in the SDS-PAGE profiles
(unreduced) and, accordingly, there were miscetflasebands of about 60-65 kDa
(marked as AB unit) which were clearly attributexl the AB unit (Table 3.3 and
Figure 3.8). Furthermore, under these conditiolhsamples contained a relatively high
content of aggregates stacking on the top of sdpgrgel, or even not entering the

stacking gel.
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Table 3.3 Molecular weight (MW) and relative content of timajor subunits of hemp proteins from hempseed ahefaltted byn-hexane.

Extraction MW and content Non-reducing Sample Buffer
[uti

soltion AB unit Other bands AS BS1 BS2

NaOH MW (kDa) 61.88+0.69 / 35.22+0.53 17.78+0.57 15.7880
Relative content (%) 36.00+£1.04 / 44.66+1.90 8.30¢1 11.03+1.05

HCI MW (kDa) 61.55+0.23 / 34.4440.19 17.84+0.07 15.8280
Relative content (%) 39.46+2.27 / 47.62+1.27 9.3941 8.53+0.93

SDS/UREA MW (kDa) 62.04+0.46 / 35.88+0.13 20.78+0.12 19.0280
Relative content (%) 71.72+1.25 / 26.63+1.57 1.0680 0.60+0.14

SDS/UREA/DTT MW (kDa) / 55.29+0.10 33.67£0.25 20.18+0.11 18.28%0
Relative content (%) / 8.92+0.68 72.48+0.77 8.69F2. 9.91+0.93

Extraction MW and content Reducing Sample Buffer

[uti

solution AB unit Other bands AS BS1 BS2

NaOH MW (kDa) 63.04+1.89 55.16+0.34 34.95+1.05 18.9460.4 16.97+0.38
Relative content (%) 18.27+1.70 3.51+1.43 60.50#2.3  5.77+0.03 11.95+0.27

HCI MW (kDa) 62.371£0.23 57.72+4.46 34.53+0.32 19.1280.4  17.54+0.10
Relative content (%) 17.30+0.51 2.63+0.25 56.0131.0 6.98+1.83 17.09+1.08

SDS/UREA MW (kDa) 63.63+2.02 56.71+1.70 33.77£1.01 19.7680.3 17.47+0.20
Relative content (%) 11.65+1.23 2.73+0.61 64.2020.0 9.32+0.33 12.10+1.54

SDS/UREA/DTT MW (kDa) / 56.93+0.11 33.85+0.38 19.91+0.04 17.8480
Relative content (%) / 8.22+0.23 66.26+1.41 10.7880 14.75+1.50




By adding a reducing agent (such as dithiothrei®I'T) or using a sample buffer
containing 2-ME, there were two major kinds of piontconstituents, corresponding to
AS and BS subunits of edestin, respectively. Is tase, the AS of about 30-40 kDa
was relatively homogeneous, while the BS mainlyststed of two subunits of about
20 kDa and 18 kDa respectively. From these MWs thedrelative content data, the
MW of edestin (hexamer form) can be estimated tatb@ut 300-400 kDa. Besides the
bands of acidic and basic subunits of edestin, uretucing conditions, all samples
contained minor components at about 45-55 kDa amdespeptides with MW lower
than 17 kDa.
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Figure 3.8 SDS-PAGE profiles of hemp proteins from hempsmeedl defatted by-hexane, in
absence (non-reducing conditions) or in presenedufing conditions) of 2-ME. AB unit
represents the miscellaneous bands of hemp edestile, AS and BS represent the acidic and
basic subunits of hemp edestin. Lanes 1 and SharBémpseed protein solution extracted with
NaOH (2 h, 37 °C). Lanes 2 and 6 are the hempseettips precipitated with HCI and
resuspended in 50 mM Tris/0.05% SDS pH 8.0. Lane@® 7 are the hempseed protein
solution extracted with 2% SDS/6 M urea (2 h, 37.1Gnes 4 and 8 are the hempseed protein
solution extracted with 2% SDS/6 M urea/1%DTT (1:2(h, 37 °C). M represents the protein
molecular mass marker (130, 95, 72, 55, 43, 3412&Da).

The relative content of edestin and other compaesats approximately estimated by
densiometric scanning technique (Figure 3.9). Theults showed that edestin
(including AS and BS) is the major protein compdnerhemp proteins, consisting of
about 85% of total proteins. The other subunitsewabout 15%. These results are
consistent with literature data [Pag&tlal, 1994; Tanget al, 2006; Kim & Lee, 2011].
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Figure 3.9 Densiometric profile in presence of 2-ME of hesgx$ meal proteins extracted with
2% SDS/6 M urea solution. Red arrow indicates tifferénce in the distribution of the minor
component.

3.2.2.2. SDS—-PAGE of protein hydrolysates

Enzymatic hydrolysis of defatted hempseed meal pegformed using two commercial
food grade protease cocktails (Flavourzfmand Umamizym®, in ammonium
bicarbonate as a buffer. Defatted hempseed cake im@bated under the same
experimental conditions without the enzyme as drobrnrhe reaction was stopped after
1, 5, 11 and 24 h by addition of formic acid to theture, and finally centrifuged.

The characterization of molecular weight profile ehzymatic hydrolysates is
important, especially when these compounds are fmedinical nutrition or allergic
patients [Tossavaineet al, 1997]. Several authors reported the use of SD&# £0
evaluate and quantify the level of protein hydr@yBNugentet al, 1983; Savoie,
1994]. Indeed, this approach is useful for the smwent of the role of individual
enzymes in protein breakdown. In 2001 Alacetral. [2001] suggested the possibility
of using a calculated numerical index taking inttcaunt both the percentage of
reduction in optical density for each protein baitér a given reaction time, and the
relative proportion that such band representstal fwotein in the sample. Thus, SDS-
PAGE was used to evaluate the degree of hydro({3i#$), which is defined as the
percent ratio of the number of peptides bonds eéaw the total number of peptides

bonds in the substrate. DH is a measure of theneRkiglrolytic degradation of proteins
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and is also the most used indicator for comparaoong different proteolytic process
[Alacérn et al, 2001].

The SDS-PAGE profiles and the corresponding densinen profile obtained after
hydrolysis performed on hempseed meal in presente Umamizymé& and

Flavourzym& are detailed in Figures 3.10, 3.11 and 3.12.

1 2 3 4 5 6 7 8 M
& % | 220kpa
= | 100kDa
60kDa
0 | askDa
J ~ | 30kDa
As > | - © | 20kDa
—
. . 12kDa
8kDa
-

Figure 3.10 SDS-PAGE profile of protein fractions obtaineddterent sampling times during
the hydrolysis of hempseed meal by Umamiz§rtreydrolysis parameter: pH 7, 45 °C). Lanes
1,3,5and 7 are 1, 5, 11, 24 h of control digestiespectively. Lanes 2, 4, 6, 8 are 1, 5, 11, 24
h of hempseed meal digestion, respectively. M res the protein molecular mass marker
(130, 95, 72, 55, 43, 34, 26, 17 kDa).

1 2 3 4 5 6 7 8 M
& 7| 220kDa
Sw | 100kDa
| e0kDa
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] 30kDa
AS ———>| .
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— — .
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Figure 3.11 SDS-PAGE profile of protein fractions obtainedidterent sampling times during
the hydrolysis of hempseed meal by FlavourZyifie/drolysis parameter: pH 8, 50 °C). Lanes
1,3,5and 7 are 1, 5, 11, 24 h of control digestiespectively. Lanes 2, 4, 6, 8 are 1, 5, 11, 24
h of hempseed meal digestion, respectively. M sapres the protein molecular mass marker
(130, 95, 72, 55, 43, 34, 26, 17 kDa).
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Figure 3.12 Densiometric profile of hydrolyzed hempseed mefééra24 h incubationA.
Umamizymé-catalysed procesB. Flavourzymé&- catalysed process.
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A limited, spontaneous degradation of proteinghm absence of the enzyme, could be
observed in comparison with the control lanes. Aparison between protein patterns
obtained by Umamizynfeand Flavourzym®revealed a similar performance of the two
hydrolytic enzymesA significant hydrolysis of the main protein framtis (edestin
subunits, indicated as AS and BS) was observetdtir proteases, as evidenced by the
fast and general decrease of optical density shdwyethese bands (Figure 3.12).
particular, after 1 hour, samples treated with benlaymes were already significantly
different from the control samples, since the ARl &S bands were completely
hydrolyzed, particularly when Umamizyfhevas used as the biocatalyst. After 5 hours
of incubation, in the sample treated with Umamiz§raéso the protein bands with the
molecular weight range from 10 kDa to 2-3 kDa dpm=gred, whereas with
Flavourzymé& the lower part of the gel (<10 kDa) was still cdetply spotted by
protein elements. For both enzymes, no furtherepigsis was detected after 11 h and
24 h, as shown by the protein profiles. In condosiUmamizym& hydrolyzed all
proteins with high molecular weight after 1 h inatibn and only two defined bands
(about 10 kDa and about 2-3 kDa) were not hydralyater 5 h. On the other hand,
Flavourzym& hydrolyzed all proteins with a molecular weight0>kDa after 5 h,
whereas protein bands with low molecular weight)(kDa) were unaffected after 24 h
incubation. For both enzymes, a 5 h incubation ggscvas shown to be suitable to
achieve the highest hydrolysis.
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3.2.3. Protease activity assay

The activity of the enzymes (Umamizyfhend Flavourzym® used to obtain the
hempseed HVPs was evaluated by a non-specificgaetactivity assay (casein assay).
This assay uses casein as the substrate and Fdlilmé&lteu Phenol (F-C), or Folin’s
reagent, as the indicator [Folin, 1927; Anson, 198&en a protease digests casein, the
amino acidL-tyrosine is liberated along with other amino acsl peptide fragments.
F-C reagent primarily reacts with free-tyrosine to produce a blue colored
chromophore, which is quantifiable by measuringcepéotometrically the absorbance
at 750 nm (Figure 3.13).

FOLIN-CIOCALTEU

CASEINE + PROTEASE === AA + PEPTIDES i

L-Tyrosine

Figure 3.13.Casein assay for protease activity determination

The moreL-tyrosine is released from casein, the more chrdroggs are generated and
the stronger the activity of the protease is. Theo&ance values generated by the
protease are compared to a standard curve whiabbtsined by reacting known
amounts ofL-tyrosine with the F-C reagent and by correlatitge tchanges in
absorbance with the micromoles iotyrosine. From the standard curve the protease
activity is determined in terms of units (U), whiehe the equivalents af-tyrosine
(umol) released from casein per minute [Cupp-Enyadgp

The assay is performed in two steps. In the first a sample solution is prepared by
adding a known volume of protease to casein, whetdases-tyrosine; after 5 minutes
the hydrolysis is stopped by addition of trichlazetic acid (TCA). In the second step
the solution is mixed with the F-C reagent; thectiem between the releasedyrosine
and the F-C reagent produces blue colored chromiephahich are quantified by
measuring the absorbance at 750 nm. At the saneethienabsorbances of a blank and a
control solution are evaluated. The blank solutontains the reagents of the protease
solutions except that TCA is added before the ps#ein order to inactivate it
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immediately. The control solution, instead, corgaine reagents of protease solutions
except for the enzyme. Thenoles of released-tyrosine equivalents are determinated
by using the calibration curve. The activity of Warzymé& was calculated by using

equation 3.1.

(umol of tyrosine equivalents released)x(ml usedep &)
(ml of enzyme)x(reaction time, min)x(ml used ip 2

U/ml enzyme = (3.1)

where, theumoles of released-tyrosine, the volume of the enzyme assay (ml), the
amount of enzyme used (ml), the reaction time (teisluand the volume of the
colorimetric assay (ml) are used.

As Umamizymé& is available as a solid, the enzymatic activityswaalculated by
dividing the activity in U/ml by the starting conteation of the solid (in mg/ml), as
reported in equation 3.2.

U/ml enzyme
mg protein/ml enzyme

U/mg enzyme = (3.2)

Figure 3.14 shows the standard curve obtained dyehction of increasing amounts of
1.1 mML-tyrosine solutions with the F-C reagent. The dal@d protease activities are

reported in Table 3.4.

0.60
y =4.213x + 0.009
0.50 R2 = 0.998
E
S 0.40 |
% 0.30 L-Tyrosine
& . / Conc. mmol  ABS
g 0.20 (mM) (750 nm)
2 / 30 0.033  0.1433
< 0.10 60 0.066 0.2880
80 0.088 0.3891
0.00 . . . i i , 120 0.132 0.5597

0.00 0.02 0.04 0.06 0.08 0.10 0.12

pmoles of L-tyrosine
Figure 3.14 a) Standard curve obtained by plotting the changebsorbance (ABS) recorded

(A=750) (Y axis)versusthe umoles ofL-tyrosine (X axis). b) In the Table the used amsuoft
L-tyrosine for the standard curve and the recordsdrdance values are reported.
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Table 3.4Calculated protease activities (IU) Wfhamizymé& andFlavourzymé.

Enzyme U Amount ABS Equivalentes U U
(as supplier) add (750 nm)  of L-tyr (umol) (calculated) (calculated)
. 0.03mg 0.156 0.035 258.3U/g
Umamizym& 74.3 U/ 261 U/
y 9 006mg 0306 0072 263.7 Ulg g
0.02ul 0.173 0.039 429 U/mi
Flavourzymé& 500 U/ml H 432 Uiml
vourzy 0.04pl  0.342 0.079 435 U/ml

3.2.4. Chemical characterization of hempseed HVPs

Total nitrogen of defatted hempseed meal was as3dnsKjeldahl method performed
by Centro di Ricerca per le Produzioni Foraggeleattiero-Casearie (CRA) of Lodi
(Italy). Crude protein content was estimated bytiplying total nitrogen content by the
conversion factor 6.25 (Table 3.5).

The Kjeldahl method is considerdde standard method for estimating the protein
concentration in foods, due to the high precisind eeproducibility [AOAC, 1980]. A
food is heated in presence of a strong acid (ussalfuric acid) and releases nitrogen
which can be determined by a suitable titratiorhmégue. Since the Kjeldahl method
does not measure the protein content directly,rv@sion factor is needed to calculate
the amount of protein present from the measuretbgenh concentration. In most
applications the average value 6.25 (equivalelit 16 g nitrogen per gram of protein)

is used as a conversion factor [McClements, 2009].

Table 3.5Calculated protein content in defatted hempseed byeldjeldal method.

Number of analysis N total g/100g of meal % ProteifN total X 6.25)
27 5.73 35.8
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3.2.5. 1,1-Diphenyl-2-picrylnydrazyl (DPPH) radical scavenging
activity

Free radical reactive oxygen species (ROS) arellysioamed from normal essential
metabolic processes in the human body, or fromreatesources such as exposure to
Xrays, ozone, cigarette smoking, air pollutantsj andustrial chemicals [Lobet al,
2010].

A free radical is a molecular species containingodd electron in an atomic orbital.
Many radicals are unstable, highly reactive, anieé &b either donate to or accept an
electron from other molecules. The most dangeraygen-containing free radicals are
hydroxyl radical (OF) superoxide anion radical §0), hydrogen peroxide (D.),
oxygen singlet 0,), hypochlorite (CIO), nitric oxide radical (ONOQ, and
peroxynitrite radical (ROQ. Indeed, these species appear to be responsible f
damaging of the nucleus and the membranes of icelsiman body, because they are
able to attack lipids, nucleic acids, proteins aadbohydrates [Young and Woodside,
2001]. As a result, free radicals may contributéh® development of degenerative or
pathological processes such as aging, cancer, agrorheart disease and
neurodegenerative diseases [Utitral, 2009].

Oxidative stress is a term used to describe a btxalalamage resulting from the
imbalance between free radical production and antamt defenses in the body [Rock
et al, 1996]. For example, this condition could arisenira tissue injurd,e. trauma or
infection.

An antioxidant is a stable molecule capable to teaa electron to a free radical and
neutralize it.

To detoxify from the free radical usually formedtime human body, both enzymatic
and non-enzymatic antioxidants exist in the intlata and extracellular environment
[Frie et al, 1988]. Among non-enzymatic antioxidant systentstaghione, ubiquinol,
and uric acid are produced during normal metaboiisrthe body [Shiet al, 1999].
Other antioxidants are the vitamins dztocopherol), C (ascorbic acid), and B-carotene.
The body cannot produce these latter micronutrjesasthey must be supplied in the
diet [Levineet al, 1991].
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Hence, diet-derived antioxidants may be particylariportant in protecting against the
diseases arising from oxidative stress. The roleooipounds with antioxidant potential
in nutrition is an area of increasing interest. Eeample, several reports about the
antioxidant activities of natural compounds in framd vegetables (such as anthocyanin,
the storage proteins of sweet potato root yam twmen mucilage and potato tuber)
were published [Liet al, 2007].

Antioxidants are used to mitigate the consequentexidative damage in the human
body and also as food preservatives. Indeed, tt@ws@ounds can prolong the shelf life
and maintain the nutritional quality of lipid-comtang foods [Halliwellet al, 1995].
Proteins are key nutrients for humans and also @haynportant functional role in food
processing.

Several peptides derived by partial hydrolysis rot@ns show high antioxidant activity
in food, for their ability to retard lipid and peh oxidation, associated with
deterioration of food quality during the processiemgd storage [Yangt al, 2013].
Natural antioxidant peptides can be produced frorwadety of protein sources,
including whey protein [Pefia-Rame$ al., 2004], potato protein [Wang & Xiong,
2005], maize zein [Zhat al, 2008] and buckwheat protein [Ma & Xiong, 2009].

A further advantage to use protein hydrolysatesmporove the antioxidant activity in
food is that they confer nutritional value. Thisoperty depends on amino acid
composition of the peptides released, which otuits depends on the type of proteases
used, as well as on pH, temperature, substrateeotmation and enzyme-substrate (E/S)
ratio used in hydrolysis process [Chetral, 1995].

Antioxidant activities of hempseed and flaxseedrblydates were reported by Taag
al. [2008] and Udenigwet al.[2009], respectively.

Several methods are routinely used to evaluateeffieiency of synthetic/natural
antioxidants. Among them, the DPPH assay is onth@fbest-known and frequently
employed for measuring the radical scavenging @gtvDPPH (1,1-diphenyl-2-
picrylhydrazyl) is a stable free radical becaus@&oEpare electron delocalization over
the whole molecule, so that the molecules do notedze such as the most of free
radicals. The delocalization causes a deep purpler avith a strong absorption

maximum around 520 nm in ethanol solution.
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When a solution of DPPH is mixed with a substrating as a hydrogen atom donor (a
free radical scavenger), a stable non-radical fafmfDPPH reduced (DPPH-H) is
obtained. Simultaneously the color of solution tufrom purple to pale yellow (due to
picryl group still present) and the molar absorleaat517 nm decreases from 9660 to
1640 [Molyneux, 2004; Szabeet al, 2007]. The resulting decolorization is
stoichiometric with respect to the number of eleasr captured which depends on the

antioxidant activity of the substrate. The reaci®depicted in Figure 3.15.

DPPH DPPH-H

1,1-Diphenyl-2-picrylhydrazyl

A = 517 nm, purple A =517 nm,
A = 5660 A = 5660

Figure 3.15 Principle of antioxidant (DPPH) assay.

The scavenging effects against DPPH radical wakiateal both for hempseed HVPs
obtained by enzyme treatment (ultrafiltered fracsiowith MW<10 kDa) and by
chemical hydrolysis according to previously reporigrocedures [Li etl., 2007,
Udenigwe et al.,, 2009]. Defatted hempseed meal incubated under shme
experimental conditions without the enzymes wasl @sethe negative control; whereas
reduced glutathione (GSH) and butylated hydroxyo&i (BHT) were used as the
positive control. All assays were performed inlic@gte. Concentration-dependence of
the scavenging properties against DPPH was alsordigted using three concentrations
of the peptide fractions. The antioxidant actiwitgs evaluated as igvalue, that is the
concentration of the hydrolysates at which 50%ndfoxidant activity is observed. The
ICso value thus describes the scavenging activityldter the 1G, value, the higher is
the free radical scavenging ability.

Table 3.6 and Figure 3.16 report thesd@alues obtained for hempseed enzymatic
hydrolysates.
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Table 3.6.DPPH radical scavenging activity of HVPs obtaineédydrolysis time of 1, 5, 11
and24 h.

Time of Enzyme Control
hydrolysis

Flavourzyme® Umamizyme®
1h 2.8+0.1 2.61+0.5 2.95+0.6
5h 2.3+0.4 1.8+0.5 2.9+0.2
11h 1.9+0.1 1.7+0.7 2.8+0.17
24 h 2.5+0.1 1.6+0.6 2.8+0.1

Results are expressed as half maximal effective caxamation
(ICsq, mg protein/mL) * confidence interval (G50.05), n=6.
3,0
2,5

2,0

1,5 —&— Umamizyme®

ICso (Mg/ml)

1.0 —o— Flavourzyme®

05 Control

0,0
0 5 10 15 20 25 30

Time (hours)

Figure 3.16.DPPH radical scavenging activity of HVPs obtainéedalrolysis time of 1, 5, 11
and 24 h.

The assay showed that the release of DPPH-scawenmgptides from hempseed
proteins depends in part on the specificity of preteases used in hydrolysis. In
particular, the antioxidant activity of the samptesated with Umamizynfeincreases
as much as the hydrolysis up to 1.6 mg/ml afteh@drs of hydrolysis. By contrast, the
activity of the samples treated with Flavourzyhiecreases up to 1.9 mg/ml after 11
hours and slightly decreases at 24 hours.

Several studies reported that the DPPH scavengityitees of food protein
hydrolysates may depend on both buffer and pH usdte assay, as well as on the size
of their constituent peptides [Udenigweaét 2009; Lin etl., 2008]. To investigate the
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effect of buffer and pH on the DPPH scavenging erbgs, the assay was also
performed by dissolving the hydrolyzed fraction4thours in three different buffers:
acetate (pH 4.0), phosphate (pH 7.0) and sodiuinoocate (pH 9.0). The hydrolyzed
fractions exhibited better radical-scavenging adistivn acetate buffer at pH 4.0
(Table 3.7). These preliminary results are in ages® with those previously reported
[Udenigwe etal., 2009; Lin etal., 2008] and show that pH affects the DPPH radical

scavenging properties of antioxidants.

Table 3.7.DPPH radical scavenging activity (%) of HVPs obgairat hydrolysis time of 24 h
(0.5% w/v) using three different buffers.

pH, buffer Enzyme
Umamizyme® Flavourzyme®
4, acetate buffer 86.73% 76.05%
7, phosphate buffer 36.51% 31.86%
9, sodium carbonate buffer 12.63% 10.11%

The DPPH radical scavenging activities of chemychldrolyzed hempseed obtained
with HCI at different acid concentration, time atanperature was also investigated.
Table 3.8 shows the calculatedsdCralues. The assay showed that the antioxidant
activity of the chemical hydrolyzed is similar tbat of enzymatic hydrolyzed. The
highest activity is observed for peptides obtaingtt 1.0 M HCI at 63 °C for 48 hours.
Probably these conditions allow the production eptples with optimal sizes to
antagonize the DPPH activity.

Table 3.8 DPPH radical scavenging activity of chemical H\@®s¢ained in different hydrolysis
conditions of concentration, temperature and time.

Hydrolysis ICso values
Conditions (in HCI) (mg/ml)

0.1 M, 48h, 63 °C 2.22+0.1
1.0M,48h,63°C 1.59+0.2
1.0M,6h, 110°C 2.68+0.3
6.0 M, 6 h, 110 °C 2.33+0.4
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3.2.6. Ferrous ion-chelating potency

Iron has been found to be involved in several keyh@genic processes (such as
neurodegeneration). In particular redox-active lfrefacts with HO, to generate the
highly reactive OH (hydroxyl radical) via the Fenton reaction (etipm 3.3) [Wardman

& Candeias, 1996]:

Fe(ll) + H,O, = Fe(lll) + OH + ‘OH (3.3)

The Fe(ll)-chelating potency of a substrate is Ugwssessed by the ferrozine method.
Ferrozine is the disodium salt of 3-(2-pyridyl)-®&(4-phenylsulfonic acid)-1,2,4-
triazine (Figure 3.17). This compound binds to tim&iron and forms a stable magenta
complex species which is very soluble in water endharacterized by an absorption
band centred about at 562 nm, being useful foditext determination of iron in water
[Lawrence, 1970; Sanchez-Moreno, 2002je addition of iron chelators interferes with
the ferrozine-Fe(ll) complex in a concentration-eleglent manner resulting in low

absorbance.

Ferrozine®
3-(2-pyridyl)-5,6-diphenyl-1,2,4-triazine-4',4" -disulfonic acid disodium salt

NaO3S N
Np
~N N
~-N
O
NaOsS

The assay showed that samples treated with Umanafzyah 5 hours displayed a

Figure 3.17.

remarkable Fe(ll)-chelating potency (0.08 mg/mly Bontrast, the activity of the
samples treated with Flavourzyfhés higher than the one of samples treated with
Umamizymé& at each time and slightly increases with hydralyine up to 0.044
mg/ml.

Table 3.9 and Figures 3.18, 3.19 and 3.20 repaet It values obtained for
enzymatically hydrolyzed hempseed.

90



Table 3.9F¢(ll)-chelating ability of HVPs obtained at hydrolysisé of 1, 5, 11 and 24 h.

Time of
hydrolysis

Enzyme

Flavourzyme®

Umamizyme®

Control

1h
5h
11h
24 h

0.062+0.008
0.06+0.01

0.055+0.003
0.044+0.005

0.16+0.02
0.08+0.01
0.11+0.01
0.13+0.03

0.18+0.6
0.165+0.2
0.155+0.17
0.16+0.1

Results are espressed as half

maximal

effective cerdration

(ICsq, mg protein/mL) + confidence interval (@+0.05), n=6.

100
S 80
> /
2 60
©
2 /;// 1h
(]
% / —4—11h
& 20 24 h
(]
L

O T T T T T T 1

0 005 01 015 0,2 025 03 0,35

mg/ml, Umamizyme®

Figure 3.18 Fe(ll)-chelating ability (%) calculatedersusconcentration (mg/ml) of the sample
treated with Umamizynfe

100
;\5\ 80 /—
> —
-f% 60
o 1h
£
8 40 —=—5h
Q
5 ——11h
(-tl 20 11h
()
LL

0 T T T T T T 1
0 0,05 01 0,15 0,2 0,25 0,3 0,35

mg/ml, Flavourzyme®

Figure 3.19 Fe(ll)-chelating ability (%) calculatedersusconcentration (mg/ml) of the sample
treated with Flavourzynfe
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Figure 3.20.Fe(ll)-chelating ability of HVPs obtained at hydrolysimé of 1, 5, 11 and 24 h.
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3.2.7. Glutamate content

The determination of-glutamate content is of utmost importance to eaaluthe
sensory profile of a sample. The freglutamate content in the fractions <10 kDa was
assessed by an enzymatic assay in whighutamic acid is oxidised by nicotinamide-
adenine dinucleotide (NAD in the presence of glutamate dehydrogenase (GIDH)
leading to the formation of 2-oxoglutarate and efluced nicotinamide-adenine
dinucleotide (NADH) (Figure 3.21).

NAD™* NADH

H NHg* \ ‘ NH,* 0
=, _—
_ /Q/\ Glutamate _ )J\/\ _ )]\/\
0,C CO,Na Dehydrogenase 0,C CO,Na 0,C CO,Na

Figure 3.21 Mechanism of the glutamate dehydrogenase reaction.

The amount of reduced NADH is stoichiometric witle tamount of free-glutamic
acid. This assay takes advantage of the differam¢ke ultraviolet absorption spectra
between the oxidized (NAD and reduced forms (NADH) of this coenzymes at a

wavelengths of 339 nm (Figure 3.22).

18 0 HH O
¥ 16 H*Y + 2e”
314 N NH, — > NH,
512 | [ |
= +
2 10| o 5 N o 5 N
Mal
ol NADH I ,
56 HO—P=0 HO—P=0
= 2 | OH OH ‘ OH OH
ol NAD* o} NH, o) NH,
240 260 280 300 320 340 360 N N
40 ‘ ] N NH ‘ ¢ NH
L 0=p—0 /) o=pP—0 /)
| NN | N>\
o} o}
o o
OH OH NAD* OH OH NADH

Figure 3.22.Absorbance spectra of NARnd NADH.
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A calibration curve was obtained usingglutamate solutions in water at different

concentrations (Figure 3.23). Defatted hempseed| nmeaubated under the same

experimental conditions without the enzyme was w@sedontrol.

1,4
y =2,2811x + 0,0493
2 =

12 R2=0,9991 .
E 1 L-Glutamate
B 08 Conc. mmol  ABS
P (mM) (339 nm)
S 06 - 0 0 0.0565
8 0.025  0.05 0.1699
S 0.4 0.05 0.1 0.2816
2 0.1 0.2 0.4881

0.2 - 0.15 0.3 0.7189

0 4 0.25 0.5 1.2042
0 0,1 0,2 0,3 0,4 0,5 0,6

pmoles of L-glutamate

Figure 3.23.a) Standard curve obtained by plotting the chang#bsorbance recordeld=339)
(Y axis), versusthe umoles ofL-glutamate on (X axis). b) The amountsLeflutamate used to
obtain the standard curve and the recorded absmeheues are reported in the Table.

The assay shows that the fraeglutamate amount in samples treated with

Flavourzym& is not affected by the hydrolysis time, while tee in samples treated

with Umamizymé is time dependent (Figure 3.24 and Table 3.10)ircr@ases until

reaching a maximum value after 24 hours of hydislys

Table 3.10.FreeL-glutamate percentage in hemp protein hydrolysabtained at hydrolysis

time of 1, 5, 11 and 24 h.

Time of Control Enzyme
hydrolysis

Flavourzyme®  Umamizyme®
1lh 0.41+0.32 0.62+0.098 1.25+0.04
5h 0.41+0.12 0.80+0.1 1.24+0.53
11h 0.51+0.08 0.90+0.17 1.45+0.67
24 h 0.73+0.15 0.73+0.1 3.72+1.65

Results are expressed as amount of fregutamate (%) * confidence interval

(Cl, 0=0.05), n=6.
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Figure 3.24.FreeL-glutamate percentage in the enzymatic hydrolysfasesions and controls
plotted against the hydrolysis time.

3.2.8. Sensory Profile

In order to complete the sensory profile of protpeptide mixtures, the hempseed
hydrolysates were tested by a team of selectectaridied panelists, as described for
rice middlings hydrolysates (sectiéri2.2.3). Six subjects, having variable experiences
of descriptive analysis, were recruited as parglihese subjects were previously
trained to evaluate the taste of agueous solutmnshe following standard taste
compounds: sucrose for sweet taste (50 mmol/Ljiclacid for sour taste (20 mmol/L);
NaCl for salty taste (20 mmol/L); caffeine for bitttaste (1 mmol/L); monosodium
glutamate for umami taste (3 mmol/L).

The freeze-dried hempseed hydrolysates were deddlv water and equilibrated at
room temperature (20 = 2 °C) to give a final concdion of 0.1 and 0.5 % (w/v).
Aliquots (20 mL) of each sample were presentediéopanelists. The sensory attributes
were evaluated using a quantitative descriptivdyarsamethod [Jo & Lee, 2008], based
on “sip and spit” procedure, to minimize the uptakany toxic compound.

Tables 3.11-3.12 and Figures 3.25-3.26 show thenrteeste intensity ratings of the five
main flavors for the analyzed hydrolysates. Datdalbles 3.11 and 3.12 indicate that
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both the taste quality and intensity are stronggaehdent on the concentration tested as

well as on the enzyme utilized and the hydrolyisieet

Table 3.11.Taste intensity of hempseed hydrolysates watertieaks (0.1% w/v) after
incubation with Umamizyme and Flavourzyme. Eaclu@akepresents the mean taste intensity
rating scored on a 10-point category scale by anepsts.

Sample (0.1% w/v) Bitter = Sweet Sour Salty Umami

Flavourzyme1h O 1.6 0 0 1.0
Flavourzyme5h 0 1.0 0 0 1.1
Flavourzyme 11 h O 0.7 0 0 1.0
Flavourzyme 24 h 0 0.7 0 0 0.8
Umamizyme 1 h 0 1.0 0 0 0.6
Umamizyme 5 h 0 1.0 0 0 0.7
Umamizyme 11 h O 1.0 0 0 1.0
Umamizyme 24h O 0.6 0 0 1.4

Table 3.12.Taste intensity of hempseed hydrolysates watertieaki (0.5% w/v) after
incubation with Umamizyme and Flavourzyme. Eaclu@akepresents the mean taste intensity
rating scored on a 10-point category scale by anepsts.

Sample (0.5%) Bitter =~ Sweet Sour Salty Umami

Flavourzyme1h O 0.9 2.0 1.0 1.6
Flavourzyme5h 0 1.0 2.0 1.3 2.1
Flavourzyme 11 h 0 0.7 2.8 1.2 15
Flavourzyme 24 h 0 1.0 2.4 1.1 2.8

Umamizyme 1 h 1.0 0 1.6 0.9 1.9
Umamizyme 5 h 1.9 0 2.7 0.8 2.4
Umamizyme 11 h 1.4 0 2.5 1.2 3.5
Umamizyme 24 h 1.3 0 2.9 0 3.5
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Flavourzyme 1h 0.1%

35T
Umamizyme24h0.5% —— ~——__ Flavourzyme5h 0.1%

Umamizyme 11 h 0.5% Flavourzyme 11 h 0.1%

Umamizyme 5h0.5% \ Flavourzyme 24 h 0.1%

—BITTER
——SWEET

/ Flavourzyme 1 h 0.5% SOUR

Umamizyme 1h 0.5%
\ ——SALTY
UMAMI

7 Flavourzyme 5h 0.5%

// Flavourzyme 11 h 0.5%

Umamizyme 5h 0.1% — | / Flavourzyme 24 h 0.5%

Umamizyme 24 h 0.1% \

Umamizyme 11h0.1%

Umamizyme 1h 0.1%

Figure 3.25 Taste profiles of hempseed hydrolysates aftenkiation with Umamizyme and
Flavourzyme. Each value represents the mean tastasity rating scored on a 10-point
category scale by six panelists. The results greesented with a reduced scale (0-3.5) for a
easier reading.

At the lower concentration (0.1% w/v) umami and sinaste are the main attribute for
each sample. In particular, umami taste was pravale samples incubated with
Umamizyme for 24 hours. This is in agreement \ilih results of the glutamate assay
which indicate the highest concentration of gluteama these samples.

At the higher concentration (0.5% wi/v) the umanmssgion becomes more intense,
particularly for the samples incubated with Umamieyfor 11 and 24 hours. At the
same time also the other taste perceptions incr@&se may be in agreement with the
characteristic flavor enhancing activity of umanubstances. In particular, a sour
sensation is detect, probably due to the releasacufic aminoacids by hempseed
proteins. However, the sour taste does not altetabte sensation: it might be the basic
flavor defined for the hydrolysates (as discussedrice middlings hydrolysates in
section3.1.3). The bitter taste was present in the sampledated with Umamizyme,;
however, it does not prevail on the umami taststelad, the sweet taste is present only

in the hydrolyzed samples deriving from Flavourzyme
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Conc. 0.1% BITTER Conc. 0.5% BITTER
4 X

=—¢—Umamizyme 1h

—8—Umamizyme5h
Umamizyme 11 h

=—&—Umamizyme 24 h

Conc. 0.1% Iil'l'rER

SWEET

—o— Flavourzyme 1 h
—#— Flavourzyme 5 h
Flavourzyme 11h

—&—Flavourzyme 24 h

Figure 3.26 Taste profiles of MSG and rice middling hydrolesaafter 24 h of incubation with
Umamizyme and Flavourzyme. Each value represeatavbrage taste intensity scored on a 10-
point category scale by six panelists. Resultsrepeesented with a reduced scale for a easier
reading.
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3.3. Preparation of HVPs from Hempseed through Chemal
Hydrolysis

Chemical hydrolysis of proteins can be carried auteither acidic or alkaline
conditions.

The alkaline hydrolysis of proteins is unattractimeterm of taste because it destroys
key amino acids such ascysteine and.-arginine. Upon this process other destroyed
amino acids are-serine and-threonine, whereastryptophan is not involved.

The acidic hydrolysis is preferred and widely ugedood industry because it is rapid,
cheap and produces savory peptides that can beass#avor enhancers. During this
process the essential amino acids¢ryptophan, L-methionine, andL-cysteine are
destroyed, whereas-asparagine and-glutamine are converted into aspartic and
glutamic acid, respectively. Usually the biologi@ld organoleptic properties of the
end product depend on the conditions of hydrolys@centration and type of acid,
temperature, pressure, time of hydrolysis) andhenstarting material [Nagodawithana,
2010].

Hempseed proteins, extracted as described in sg802. (Method A, were subjected
to acidic hydrolysis according to Aaslyng [1998heThydrolyses were performed either

in strong or weak conditions in order to obtainubgs with different molecular weight.
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3.3.1. Chemical hydrolysis of hempseed proteins witAcetic Acid

The first hydrolysis on hempseed proteins was edrout

with 50% acetic acid solution at 110 °C for 18 Isour

Upon this process the color of the solution did cloange 57 d
and few precipitate was produced. The freeze-doreduct v 1 “
was an amber odorless amorphous solid (Figure .3.27) Figure 3.2%. Freeze-
The SDS-PAGE of this product could not be perforrdad ﬂ;g?olysggss_ eed prot
to the high concentration of acetic acid used.

The hempseed hydrolysates were analyzed by repbisse HPLC, using 0.1% TFA in
water/acetonitrile as the mobile phase and a UV/désector set at three different
wavelengths (226, 254, 280 nm). The chromatograowetl the presence of many
compounds, most of which probably are peptides witferent molecular weights as
shown by absorption at 226 nm. The first group edks, with maximum absorbance at

256 nm, is characteristic of aromatic amino ackdgyre 3.28).

idrolisi estratti proteici con acetico con C18:1_UVI_226nm  — idrolisi estratti proteici con acetico con C18:1_UV2 254nm
idrolisi estratti proteici con acetico con C18:1_UV3_280nm  — idrolisi estraifi proteici con acetico con C18:1_Cono

250 ml ‘

Figure 3.28.Chromatograms of hempseed protein hydrolysatesrwat with acetic acid.
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3.3.2. Chemical hydrolysis of hempseed proteins vait~ormic Acid

Formic acid (HCOOH) can be easily removed and reslube //
time of hydrolysis due its higher acidity in comigan with

acetic acid. o
The hydrolysis was carried out with 20% HCOOH dolutat '
110 °C for 8 hours. The pale brown and clear sig&plution

did not change the color during the hydrolysis. Figure 3.2¢ Freeze-
dried hempseed pro-

The freeze dried product was an amber amorphous with a i, hydrolysates.

distinct flavor of salt and a spicy note (Figur23.

The SDS-PAGE profile shows a large distributiomadlecular weights, which cannot
be compared with the standards (Figure 3.30).

S B

Ex
—
130 "

95 ,ﬁ
72

L |
55 "
-

26

unreduced reduced

—

Figure 3.30 SDS-PAGE profiles of hemp proteins from defatteanpseed flour in absence
(unreduced) and presence (reduced) of 2 mercapiw@tl{2-ME). S represents the protein
molecular mass marker. Laneg &e hempseed protein extracted at pH 10.00 arlgizaxakin
both unreduced and reduced conditions. Lanesr& hempseed proteins precipitated at pH 5.00
and analyzed in unreduced and reduced conditicarse H represents the hydrolysates obtained
with HCOOH.

The RP HPLC analysis shows peaks very similar tsahregistered for the peptides
obtained with acetic acid (Figure 3.31). Howevennfic acid cannot be used on
industrial scale and should be present only inegain the formulation of functional

foods.
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— idrolisi formico con C18:11_UV1_226nm
idrolisi formico con C18:11_Cone

idrolisi formico con C18:11_UV2_254nm

idrolisi formico con C18:11_UV3_280nm

mAU %l
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200

0.0 50 100 150 20.0 250 ml

Figure 3.31 Chromatograms of hempseed protein hydiatesobtained with formic aci

3.3.3. Chemical hydrolysis of defatted hempsee¢ meal with
Hydrochloric Acid

To reduce the number of steps, according to Aaslgefatted hempseemeal was
hydrolyzed with 4 M HCI at 110 °C for 6 hot [Aaslyng, 1998].

The mixture quicklybecame dark brown probably due to the Maillard tieac
(Figure 3.32. At the end of the hyolysis, the solution was very dark even a
neutralization and filtration under vacuum. Furthere, very dark and small clustel
which were absent in defatted hemp smeal were present in the undigested mate
(Figure 3.33. The dark solution bame clear and light yellow by treatment w
activated carbon followed by filtration using ce(Figure 3.34).

The lyophilization of this product was very diffitulue to the high content of s.

Figure 3.32. Figure 3.33. Figure 3.34.
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The RP-HPLC analysis was not useful to separateptmides formed during the
hydrolysis, as shown by the chromatogram. Presuym#idse compounds are in the salt
form and hence very hydrophilic under the analgsisditions (Figure 3.35).

estratto proteico con C18:11_UV1_226nm
- estratto proteico con C18:11_UV2_254nm
— ~ estratto proteico con C18:11_UV3_280nm

estratto proteico con C18:11_Cone
mAU
150

100

50

0 W : -

0.0 10.0 200 300 min

Figure 3.35. Chromatograms of hempseed hydrolysates obtainedhymrochloric acid
treatment.

3.3.4. Chemical hydrolysis of hempseed proteins thi Hydrochloric
Acid

To reduce the problems arising from usidgfatted hempseed meal, we decided to
perform the hydrochloric acid hydrolysis on hemplspeotein extract. The hydrolyses
were performed under different conditions, concentration, temperature, time.
v 0.1 M HClI for 48 hours at 63 °C;
v 1 M HCl for 48 hours at 63 °C;
v" 1 M HCl for 6 hours at 110 °C
in these cases, the solutions were neutralizedyusinon-exchange resin (Amberlite
402) to reduce the pH and remove chlorides;
v 3 M HCl for 8 hours at 100 °C;
v" 6 M HCI for 6 hours at 110 °C.
the strong acidity of these solutions was reducdding 2 M NaOH and sodium
carbonate, N&QO;, as the buffer. Preparative RP-HPLC was usednove salts.
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3.3.4.1. Chemical characterization

Figures 3.36-3.40 show the recorded RP-HPLC chrognains of the hydrolysates
obtained under the above conditions, using 0.1% TikAvater/acetonitrile as the
mobile phase and a UV/VIS detector set at threferdifit wavelengths (226, 254, 280
nm). The blue line corresponds to the absorptio22& nm (typical of the peptidic
bond), the red one at 254 nm and the violet on28at nm (typical of the aromatic
compounds). The green line corresponds to the mitel® concentration. Each
chromatogram shows a characteristic peak at sHotiome times, probably due to
hydrophilic compounds. The maximum absorption a4 BB is typical of aromatic

amino acids.
idrolizzato 48 ore 201:1 2_U\'1_226nm idrolizzato 48 cre 201:12 UV2 254nm  — ~ idrolizzato 48 ore 201:12_UV3_324nm
idrolizzato 48 ore 201:12_Cone  — idrolizzato 48 ore 201:12_Inject

: HJ\ |
gl

0.0 so 100 150 200 250 al

Figure 3.36 Chromatograms of hempseed protein hydrolyzed &ithM HCI, at 63 °C for 48
hours.

idr 48H IM 63C01:14_UV2_254nm —— idr 48H 1M 63C01:14_UV3_280nm

idr 48H IM63C01:14_UV1_2260m
idr 48H M 63C01:14_Injeet

~idr 48H IM 63C01:14_Cone

mAU ‘ —

600

400

200

0.0 50 10,0 15.0 20.0 25.0 ml

Figure 3.37 Chromatograms of hempseed protein hydrolyzed Wit HCI, at 63 °C for 48
hours.

104



idr 66 M 110C 01;1_UV1_226am  —— idr 6H IM 110C01:1_UV2_254nm
idr 6H 1M 110C 01:1_Cone

idr 6H IM 110C 01:1_UV3_280nm

mAU

2000

1500

1000

S00

—,

0.0 5.0 100 150 200 250 mi

Figure 3.38 Chromatograms of hempseed protein hydrolyzed with HCI, at 110 °C for 6
hours.

L 811 3M 100C cone01:1_UV1_226nm idr 8H 3M 100C conc01:1_UVZ2_254nm idr 8H 3M 100C cone01:1_UV3_280nm
idr 8L 3M 100C conef1:1_Conc idr 8H 3M 100C concO1:1_Inject

mAU —
2000

1‘/ LS
1500 - 4 .

e )‘J-‘
1000 PRy
300 P o 20
0 m/ L o M I P )
00 5.0 100 150 200 25.0 ml

Figure 3.39 Chromatograms of hempseed protein hydrolyzed @it HCI, at 100 °C for 8
hours.

idrolisi 6 ore HCI secondo estratto 01:14_UV2_254nm
idrolisi 6 ore HCI secondo estratto 01:14_Conc

idrolisi 6 ore HCI secondo estratto 01:14_UV1_226nm
— idrolisi 6 ore HCl secondo estratto 01:14_UV3_324nm

mAU s B

1500 80

1000

500

0

0.0 50 100 150 200 250 ml

Figure 3.40 Chromatograms of hempseed protein hydrolyzed Ykth 6 M HCI, at 110 °C
for 6 hours.
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Figure 3.41 shows the chromatogram of peptidesradavith 3 M HCI at 100 °C for 8
hours after RP-HPLC purification.

idr n4 6H6M 110C frazione centraled1:1_UV1_226nm idr nd 6HEM 110C frazione centrale01:1_UV2_254nm
idr n4 6H6M 110C frazione centrale01:1_UV3_280nm idr n4 6H6M 110C frazione centrale01:1_Cone
1000
|
N _
00 50 100 15.0 200 25.0  ml

Figure 3.41.Chromatograms of hempseed protein hydrolyzed ®itt HCI, at 100 °C for 8
hours after RP-HPLC purification.

The purified fraction was analyzed by the NMR expents 3D DOSY (Figure 3.42)
and 2D TOCSY (Figure 3.43). The NMR spectra shoe fihesence of peptides with
molecular weight of 200 Da, 500 Da and 750 Da, sugaith molecular weight around

170 Da) and presumably a high concentration o salt

o . : - : D T T T S S S
a0 35 30 25 z.0 1.5 FZ [ppm]

Figure 3.42.3D DOSY spectra of hempseed protein hydrolyzed &ith HCI, at 100 °C for 8
hours after RP-HPLC purification.
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Figure 3.43.2D TOCSY spectra of hempseed protein hydrolyzed ®&iM HCI, at 100 °C for 8
hours after RP-HPLC purification.

DOSY-NMR analysis (500 MHz, 310 K) was carried oubrder to evaluate the range
of molecular weights of the peptides in the reactwxtures. However the accuracy of
this analysis decreases with increasing molecutght variability of the components.
For example, Figure 3.44 shows the overlapped D&&¢tra of the mixtures obtained
in the mildest (0.1 M HCI, 48 hours, 63 °C, blaek)d strongest (6 M HCI, 6 hours,
110 °C, red) hydrolysis conditions.

The DOSY-NMR experiments measure the diffusion fecieht values for the different

components of a mixture giving a rough estimatibtheir molecular weight.
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Figure 3.44.Overlapped DOSY spectra of the mixtures obtaingd &1 M HCI for 48 hours at
63 °C (black) and 6 M HCI for 6 hours at 110 °Cdjre

The following results were obtained.

(@) 0.1 M HCI, 48 h, 63 °C

Under these conditions the Maillard reaction did take pwws

place and the mixture remained pale brown. Furtbezna

small amount of dark tiny clusters, which were regawby

filtration, was formed. The freeze-dried productswa

brown amorphous solid (Figure 3.45).

The DOSY-NMR analysis revealed the presence ofrakv Figure 3.45 Freeze-dried
components with molecular weights ranging from ZD@® ?:smumzegomhgir?\}lyaﬁfs
80000 Da, most of which ranging from 45000 (D 86).to at63°Cfor48h

77000 Da (D =-9.94).

Another species in low concentration with moleculaight

of 25000 Da (D = -9.78) was detected.
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(b) 1 M HCI, 48 h, 63 °C

With increasing concentration of HCl up to 1 M hé tsame
temperature, the Maillard reaction stlid not take place and
the reaction mixture remained pale brown. Furtheema

higher amount of dark small clusters, which werageed by = . s

filtration, was formed. The freeze-dried productswa dark Figure 3.46. Freeze-

brown amorphous solid (Figure 3.46). dried hempseed hydro-
lysates resulting from 1
The DOSY-NMR analysis showed the presence M HCI at 63 °C for 48
. . . h.
components with molecular weights ranging from 8Q00
27000 Da. In particular three main components witilecular weight of 11000, 13800

and 17000 Da were identified.

() LM HCI, 6 h, 110 °C

To evaluate the influence of temperature on theretegf

hydrolysis the hempseed protein were reacted wikh HCI

at a higher temperature (110 °C) for a shorter tifiee *,.

freeze-dried product was a dark brown amorphousd s .

(Figure 3.47). Fig 3.47. Freeze-dried
The DOSY-NMR analysis confirmed the presence otsav P;Smuﬁﬁlzesrogyiraya%tfs
components with molecular weight ranging from 30 at110°Cfor6h.

10000 Da. The main components had molecular weafrabout 9700 and 6000 Da.

(d) 6 M HCI, 6h, 110 °C

Increasing the HCI concentration up to 6 M undex $ame conditions of time and
temperature, the Maillard reaction took place drermixture became dark brown. The
freeze-dried product (HHI) was a brown amorphoug swith a smell of mushroom
rice. Interestingly, the chromatogram of HHI (Figu8.40) showed a principal peak
(HHP) after 11 ml of mobile phase. This fractionswaurified by preparative RP-HPLC.
The NMR-DOSY spectra oh HHP revealed the preseot&sur main component with
molecular weights around 300 (D = -9.13), 470 (E©:20), 570 (D = -9.23), and 760
Da (D = -9.27). Another component with higher malec weight (around 900 Da) and

in lower amount was present (Figure 3.48).
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Figure 3.48.NMR-DOSY spectra of purified hempseed protein bjyszed (HHP) with 6 M
HCl for 6 h at 110 °C.

The NMR-TOCSY spectra of HHP revealed the spineystofL-arginine (7.21 ppm),
L-lysine (7.52 ppm),.L-leucine, L-alanine, L-tyrosine (6.94, 7.2 ppm). Weak signals
corresponding to twa-tryptophan residues were identified as well. OtHetected

signals could not be unambiguously assigned toifspamino-acids (Figure 3.49).
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Figure 3.49.NMR-TOCSY spectra of purified hempseed proteinrblygzed (HHP) with 6 M
HCl for 6 h at 110 °C.
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To obtain precise MW data of HHP, mass spectromdata were recorded. The
MALDI results showed the presence of a main compbmath molecular weight of

780 Da.

In agreement with DOSY-NMR data, other componenti Yower molecular weight

were detected (Figure 3.50).
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Figure 3.50.MALDI-TOF spectra of purified hempseed protein fofgzed (HHP) with 6 M
HCl for 6 h at 110 °C.

Usually, chemical hydrolysis are not specific esgecunder strong conditions, thus

different peptides mixtures are formed under sintijgdrolysis conditions.

The hydrolysis of hempseed proteins with 6 M HGl échours at 110°C was repeated
four times. Surprisingly the obtained chromatograras be superimposed each other
(Figure 3.51), showing that the obtained peptidescuite similar. Presumably these
peptides belong to a repeated sequence of amide authin proteins of the hempseed.

The small differences depend on the consecutiva&xins of proteins from hempseed.
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Figure 3.51.Chromatograms of hempseed hydrolyzed (HHI) with

110°C.
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A further purification of HHP by preparative RP-HEL under different elution
conditions, allowed the separation of two composa¢RHP-1 and HHP-2) as shown by

the chromatogram in Figure 3.52.

| mAl

| HHP-2
00 preparativa idr n2 6H 6M 110C \
[
HHP-1 IJ
( i
| |
| I
1401 "‘I‘ ‘
| \l'
| 300 | \J \
|
|
100 ' “ \
| © ‘Jf\‘ = —— — xiﬁiﬁ‘_'\_\ﬁ&_j‘:\/\:'ff "‘f;i}%:a___ﬂn._
! 0 100 200 300 400 500 600 m

Figure 3.52.Chromatogram of HHP purified by RP-HPLC.

These components were analyzed by DOSY-NMR and TOSHR.

The DOSY-NMR analysis of the first fraction (HHP-dhowed the presence of three
components with molecular weight of about 350, 4@@ 800 Da. The correlations of
the TOCSY-NMR analysis identified the spin systewfs L-arginine, L-alanine,
L-tyrosine,L-tryptophan,L-glutamic acid/glutamine (Figure 3.53)Glutamine cannot

be identified since it is degradated to glutamid @&t the conditions of hydrolysis.

The DOSY-NMR analysis of the second fraction (HHRs2owed the presence of three
components with molecular weight of about 350, 4A@ 600 Da. The TOCSY-NMR

spectrum is similar to the former revealing the sampin systems with the exception of
one which is not present in the first fraction andy correspond to the peptide with

molecular weight of 600 Da (Figure 3.54).
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Figure 3.53 TOCSY-NMR spectra of first fraction.
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Figure 3.54TOCSY-NMR spectra of second fraction.
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3.3.4.2. ACE-inhibitory activity

Hypertension is one of the main risk factors of dearascular diseasesi.q.
atherosclerosis, coronary heart disease, stroleeheart failure) which are one of the
leading causes of death in most industrialized tres[Boschiret al, 2014].

The disease is commonly treated with blood presisuvering drugs, in particular with
the inhibitors of the angiotensin | converting emey(ACE; EC 3.4.15.1), which plays
an important role in regulating blood pressurelia tenin-angiotensin system. This
enzyme catalyses the conversion of the biologidatkgtive angiotensin | to the potent
vasoconstrictor angiotensin I, and inactivates tnatent vasodilator bradykinin.
Inhibitors bind tightly to the ACE active site, cpating with angiotensin | for
occupancy; as a consequence, ACE cannot converttangin | to angiotensin Il
[Skeggset al, 1956]. Considering that synthetic ACE inhibitossich as captopril,
lisinopril and enalapril, may produce side effests¢ch as coughing, taste disturbances
and skin rashes, there is interest in natural itdrdy and numerous studies are focused
on the production and isolation of ACE-inhibitorggtides from different food proteins.
Food derived ACE-inhibitory peptides can be introgt into functional foods or
dietary supplements. The first active peptides webtained from milk proteins
[Nakamuraet al, 1995], but some have been isolated from plardssesich as soybean
[Chenet al, 2004], pea [Aluko, 2008; Barbana & Boye, 2010¢er sunflower, and
wheat [Guang & Phillips, 2009]. Recently, the apiértensive effects of enzymatic
hempseed protein hydrolysates and its peptideidrastwas reported by Girgiét al.
[2011]. Several reports showed an increase in Atlibitory activity with decreasing
molecular weight (MW) of peptide [Benjakul & Morsisy, 1997; Jeoet al, 1999].

The ACE-inhibitory activity of hempseed peptidessuléing from the chemical
hydrolyses was assessed according to the slightdifred method developed by
Cushman & Cheung [1971]. Two samples were investjathe crude obtained by
hydrolysis with 6 M HCI for 6 hours at 110 °C (HHind the corresponding purified
fraction by preparative RP-HPLC (HHP, Figure 3.55).
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Figure 3.55.Chromatograms of hempseed peptides obtained bylygits with 6 M HCI
for 6 hours at 110 °C (HHI, left) and the corresgiog purified fraction (HHP, right).

Figures 3.56-3.57 show the charts obtained plottireg % ACE inhibition vs. log
inhibitor concentrations for both samples. Very @dids with sigmoid curves and

reproducible 1G, values were obtained.

100 +
90 A
80 -
70 -
60 -
50 -
40 -
30 A
20 A
10 S
0 T T . . T . .
0,00 0,50 1,00 1,50 2,00 2,50 3,00 3,50

y =-27,219x% + 178,61x? - 323,48x + 182,94
R2=0,9997

% ACE inhibition

Log ;, inhibitor concentration, HHI

Figures 3.56 Diagrams reporting % ACE inhibition vs. lggconcentrations of hempseed
peptides obtained by hydrolysis with 6 M HCI fohéurs at 110 °C (HHI).

116



100 -
y = -35,778x° + 232,392 - 433,36x + 253,72
90 1 RZ=1

80 -
70 -
60 -
50 -
40 -
30 -
20 -
10 -
0

% ACE inhibition

0,00 0,50 1,00 1,50 2,00 2,50 3,00 3,50

Log ,, inhibitor concentration, HHP

Figure 3.57.Diagrams reporting % ACE inhibition vs. lggconcentrations of hempseed
peptides obtained by hydrolysis with 6 M HCI foh6urs at 110 °Gind purifiedwith RP-
HPLC (HHP).

The maximum percentage of ACE inhibition and they Malues are reported in Table

3.13.

Table 3.13 Values of highest inhibitor concentratiomg(ml), maximum percentage of ACE-
inhibition and 1G, (ng/ml) for hempseed peptides resulting from hydrslygth 6 M HCI for 6
hours at 110 °C. Values are reported as mean wabiandard deviation of three independent
experiments; values with different letters are gigantly different (p < 0.05).

Sample Highest inhibitor Max ACE ICx

concentration inhibition (pg/ml)

(ug/ml) (%)
HHI 1035.9 85 180.11 +£ 3.07
HHP 1035.9 79 191.62 £ 1.57

Both samples show similar 4gvalues. The slowly reduced ACE-inhibitory activify
the purified fraction HHP suggests that there wases synergistic effect in the crude
product HHI. These results are in agreement with \thlues reported in a previous
study performed on enzymatic hempseed hydrolysEéBs [Girgih et al, 2001].
However, the comparison of our data with thoseinbthby other authors is a complex

task, since the observed differences in the ACHbitdry activity may be related to a
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variety of causes, such as the sample and theipet&action procedure, as well as the
differences in the peptide mixture compositionatetl to changes in the parameters of
the digestion process,e. enzyme, pH, time, temperature, substrate/enzyntie ra

[Barbana & Boye, 2010], or the different analyticaéthod used for the determination

of the ACE-inhibitory activity.

Our data indicate that chemical hempseed hydragsatay become a valuable source
of ACE-inhibitory peptides, which in the future mag used for the formulation of

functional foods or dietary supplements for thevpreion or treatment of hypertension.
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3.4. Preparation of HVPs from Flaxseed through Enaye-
catalyzed Hydrolysis

Production and characterization of HVPs from fladsky-productsis currently under
investigation. In particular, four Italiacultivar of flax (Linum usitatissimunilL.),

namely, Solal, Merlin Linoal and Natural are begupsidered.

Flaxseed I{inum usitatissimumL., family: Linacea@ has been cultivated since
antiquity, mainly for the use of its oil and fib&Whole flaxseed is rich in lipids, dietary
fibre, proteins and lignans [Oomah & Mazza, 1993je Thain product obtained from
flaxseed is oil, which is the richest known plantrse of thew-3 fatty acida-linolenic
acid [Sammour, 1999]. Flaxseed meal is the maimproguct from the flaxseed oll
extraction process. This product, traditionally dises animal feed, contains three
important fractions: proteins (about 35-40%), eBakamino acids; mucilage, which is
a mixture of neutral arabinoxylans and rhamnogafactans with good water-holding
capacities and high viscosity [Ribeiet al, 2013]. In particular, the amino acid
composition of flaxseed proteins is comparable & tf soy with high amounts of
glutamic acid (about 40%), aspartic acid, leuciagginine, lysine and branch-chain
amino acid§Marambeet al, 2008].

Because of these properties, flaxseed meal hasthggeceived much attention as a
functional food constituent. Moreover, flaxseed H\appear to be valuable component

for human nutrition as well as for the productidrilavor enhancers.
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3.4.1. Removal of Mucilage

The procedure of hydrolysis described for both meieldlings and hempseeds meal
could not be performed on flaxseed due to the higlount of mucilage that hampered
the hydrolysis of proteins. Flaxseed mucilage dastabout 50—-80% carbohydrates and
4-20% proteins and ash. The major constituent st;sof two polysaccharide
components, neutral and acidic, that largely cbaote to the soluble fiber fraction of
flaxseed and are suggested to have a hypoglycdifeict & humans [Cunnanet al,
1993]. Moreover, mucilage appears to play a roleesucing diabetes and coronary
heart disease, preventing colon and rectal camareducing the incidence of obesity
[Singer et al, 2011]. Flaxseed mucilage is commonly employedthia cosmetic
industry as texturing agents; however, in food stdy its application as functional
food has not yet been extensively examined. Regceithewmaneeet al. [2014]
evaluated the chemical composition, physicochemifaattional and sensory properties
of flaxseed mucilage supporting their use for indakapplications.

To perform the hydrolysis, we decided to remove itage by shaking defatted flaxseed
meal in water [Kaewmanest al, 2014]. The resulting viscous solutions contairting
dissolved polysaccharides were filtered and preatgd with ethanol. Mucilage was
then recovered by centrifugation. The pellet wasalved in distilled water and freeze-
dried.

In order to evaluate the presence of protein inettteacted mucilage, SDS-analysis was
performed. However these results are still prelanynand the characterization of

mucilage protein profile of all the flaxseed cudtivis under investigation.

3.4.2. Enzymatic Hydrolysis

The enzymatic hydrolysis of de-mucilagenated andattbzl flaxseed meal was
performed in semi-preparative scale according ermiethod described for hempseed
meal in sectiorb.3.3.[Bagnasceaet al, 2013]. Briefly, enzymatic hydrolysis of defatted
and de-mucilagenated flaxseed meal was performied t@o commercial food grade

protease cocktails (Flavourzyfhand Umamizym®), in ammonium bicarbonate as a
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buffer. Defatted and de-mucilagenated flaxseed meea incubated under the same
experimental conditions without the enzyme as arobrThe reaction was stopped after
1,5, 11 and 24 h by addition of formic acid to thixture, and finally centrifuged.

3.4.3 Chemical Characterization of Flaxseed HVPs

Total nitrogen of defatted flaxseed meal was assklg Kjeldahl method performed by
Centro di Ricerca per le Produzioni Foraggere didratCasearie (CRA) of Lodi.
Crude protein content was estimated by multiplytogal nitrogen content by the
conversion factor 6.25 (Table 4.14).

Table 4.14.

Number of analysis N total g/100g of meal % ProteiliN total * 6.25)
25 5.18 32.4

The SDS-PAGE as well as the characterization @s#ad hydrolysates are in progress.
Current studies are being focused on assessméme sensory profile as well as of the
nutraceutical properties (such as antioxidant ar@E Aactivities) of both flaxseed

hydrolysates and extracted mucilage.
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4. RESULTS AND DISCUSSION
PART 2






4.1. Alkylation of N* of guanosine

The reactivity of the exocyclic amino group in gms 2 of the guanosine ring is

significantly different from that of a -NHon an aromatic ring. Indeed, the carbonyl
group in position 6 pulls the electrons of the paning substituents, especially those of
the nitrogen in position 2 (Scheme 4.1). The prefiktautomeric form in guanosine is

the keto form, making the guanosine ring electroarp

O) O
</N _) NH </N = NH
Al —— S L
g N NH, g N UNH R = ribose

Scheme 4.1

The prevalence of the keto-amino tautomer makesGhblH, bond significantly
shorter than a typical single®€-NH; bond, as confirmed by measuring the length of

the C-N bond in various structural contexts (TahlB.
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Table 4.1.

Observed Calculated Ref.
bond lenght [A] bond lenght [A]

JACS970Q 92, 2929-

1.336 1.377 2936
N Q http://ndbserver.rutger
NH 2 s.edu/archives/proj/val
«Nf:\ C*-NH, 1.341 - ence/bases8.html
g N ONH (nucleic acid database)
ActaCryst. Q006 62,
1.330 515-517
NH,
©/ CT"NH, 1.426
ZNH, C¥2-NH, 1.322
F. Taddei “ll legame
R._NH, chimico”, UTET, 1976
Y C¥.NH,  1.472
R
/Q C¥=NH,  1.340
NH

The length of the ENH.bond in guanosine nucleus (1.336 A) is more sinitaa
double C=N bond (1.322 A) than an amino group of@matic ring (1,426 A) and the
electron-withdrawing properties of the guanosinelews render the amino group
scarcely reactive as a nucleophile. For this reaspecific strategies have been
developed for its alkylation.

A procedure for the alkylation of the exocyclic amigroup of guanosine was described
in 1980 by Kemal and Reese [1980]. This strategpires two steps. The first step
involves the reaction of the nucleoside with arebidle andp-thiocresol in refluxing
ethanol, affording &°[1-(p-tolylthio)alkyl] guanosine through the intermedjaaf an
imine. Reduction of the resultingtolylthioalkyl derivative with NaBHin the second
step gives the desired alkylated product. Howether,recovery of the final product is

difficult and sometimes the protection of the ribdgydroxyl groups is required.

Through a modification of this procedure, our graycceeded in synthesizing the
derivatives shown in Table 4.2 [Caireti al, 2008]. The starting material wa§320-
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isopropylideneguanosine and the reduction step wasied out without prior
purification of intermediate thio adduct (Schem2)4.

0 Q 0
N N
N NH ¢ fLNH R ¢ jfLNH
¢ jl\)L i WO NP i HO NPy~
HOS o N N/)\NHZ E— Koj N KO? R

HO OH OXO OXO

Conditions (i) p-TsOH, 2,2-dimetossipropano, acetone, rt, 4-6h
(i) RCHO, p-tiocresolo, EtOH, AcOH, reflux, 24h
(iii) NaBHy4, EtOH,reflux, 1-2h

Scheme 4.2.

Table 4.2.
RCHO NHCH2R yield
HCHO NHCH; 23%
CHsCHO NHCH,CH; 23%
CH3;SCH,CHO NHCH,CH,SCH; 36%
CH3;SCH,CH,CHO NHCH,CH,CH,SCH,  49%
CH;CH,CH,CHO NHCH,CH,CH,CHjz 46%
CH;(CH,)¢CHO NH(CH,);CH; 35%
PhCHCH,CHO NHCH,CH,CH,Ph 48%
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4.2. 2-halogeno purine

Since the exocyclic amino group of guanosine hasequt to be scarcely reactive, we
decided to pursue an alternative approach bas#éukecactivation of the position 2 of the
purine ring as halo-derivative, followed by the pligzement of the halogen with
diamines, as shown in the retrosynthetic plan tegdom Scheme 4.3. The resulting
intermediates carry a free amino group at the dnithed side chain, which should be
condensed with the gamma carboxylic group of glitamacid. Two different

approaches were attempted in order to achievaytiabk

o)
OH OH u
o} 0
</Nj|\)J\NH HZNMNHz Ho)K/\‘/COOH

NH

HO o. N N/ X 2
OH OH
Scheme 4.3.

4.2.1. First Strategy (through 6-chloro-2-iodo-pume)

According to evidences from the literature, thelaepment of the amino group in
position 2 of the guanosine nucleus by a halogematvas at first carried out on
derivatives in which the amido function in positod and 6 of the guanosine was
masked (Scheme 4.4). The hydroxyl groups of comialerguanosine4.l were

protected as acetyl derivatives using acetic antigdn the presence of triethylamine
(TEA) andp-(dimethylamino)-piridine (DMAP) affording derivat 4.2 [Bridsonet al,

1977]. Then 2',3',5'-triO-acetylguanosind.2 was converted into 2-amino-6-chloro-9-
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(2',3',5'-tri0O-acetyl$-D-ribofuranosyl)-purine 4.3 by reaction with phosphorus
oxychloride (POG) in the presence of tetraethylammonium chloridel &hN-
dimethylaniline (DMA) in refluxing acetonitrile (G4€N) [Robins&Uznasnski,1981].
Since decomposition of the 6-chloro derivaté&e could occur during the reaction,
Robins and Uznasnski studied this reactiof® NMR spectroscopy reproducing the
chlorination conditions in an NMR tube containingblg) DMA andtri-O-
acetylguanosind.2in CD;CN at 70°C. The authors concluded that the firsp stf the
reaction involves the phosphorylation4® to give an aromatic phosphorodichloridate
intermediateB, followed by the attack of chloride at positioro6B to give 4.3 and
dichlorophosphat€ (Scheme 4.5). A higher concentration of exterimdbride anions
should favor conversion @& in 4.3 before decomposition occurs. Indeed, the addiction
of tetraethylammonium chloride to the reaction miigt in a cognate experiment

resulted in the faster disappearance of interme@iand in an increased yield 413.

o} 0
</NJI\)LNH (CH;C0);0, TEA, DMAP </le\)LNH
HO N N//I\NH Tonm AcO N N//I\NH
;0:1 2 CH3CN, N, 0 2
OH OH OAc OAc
41 4.2
POCI;, DMA,
Et,NCl, CH;CN
77%
cl al
NS t-BUONO, CH, NI
N N4 N
¢ 1 CH3CN <1 L
AcO NN N AcO NN N
0 53% o 2
OAc OAc OAc OAc
4.4 4.3

Scheme 4.4,
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4.2 L B .
Cl
+_OPOC|2
'Tl N/)\NHZ C
R
4.3

Scheme 4.5.

The iodine atom in position 2 of derivate3 was introduced by reaction with
t-butylnitrite and diiodomethane to give compouddt [Ohno et al, 2004]. The
mechanism of this reaction (Sandmeyer’s reactiovlves a purinyl radical which was
generated transiently through the thermal homolgéithe 2-diazonium intermediate
[Nair & Fasbender, 1993].

Introduction of an alkoxy group in position 6 44 can be achieved by nucleophilic
substitution of the chorine atom with the propesolblate. The reaction outcome is
strongly dependent on the temperature as well abestructure of the alcoholate. The
introduction of a methoxy group in position 6 waiaved by reaction of the derivative
4.4 with sodium methoxyde at room temperature. Inde#dioom temperature the

desired mono-substituted produtbais preferentially formed because position 6 is
more reactive than the position 2, although in fimsi2 there is a better leaving group.
By raising the temperature up to 60 °C, the di-8ttied product in positions 2 and 6
(4.69 is formed (Scheme 4.6) [Naet al, 1988]. The introduction of a benzyloxy
group in position 6 to give derivative 5b (Schem#) 4vas carried out by using sodium
benzyloxide according to the method described bsu@a al. [2012].This reaction is

more sensitive to the temperature than the firg. dndeed, at room temperature the
di-substituted product in positions 2 and466f) was obtained as the major product.
The desired mono-substituted derivatidesp) was obtained by adding a stoichiometric
amount of sodium benzyloxyde to a DMF solutioMafat 0 °C. Sodium benzyloxyde
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was previously generated by adding a stoichiometnwunt of sodium to benzyl
alcohol.

In both cases (compounds5a and 4.5b), the alkaline environment determined the
cleavage of the acetyl protecting groups of thegé

Cl OCH;
N N MeO "Na* N N
¢ 1N MeOH, r.t. ¢l )N\
AcO. N N/ - s HO N N/ I
o 100%
OAc OAc OH OH
4.4 76% 4.5a
MeO'Na* OCH;
MeOH, 60 °C
N N
o SALL
o N7 N7 TOCH;
OH OH
4.6a
Scheme 4.6.
Cl OBn
XN BnO" Na*/BnOH </N
__0C _ wo
AcO. o )\ 755, o )\
OAc OAc OH OH
44 4.5b
OBn
N BN
N
< ]
o N N//I\OBn
OH OH
4.6b
Scheme 4.7.

The presence of a reactive iodine atom in posiiar derivativest.5aand4.5b paved
the way to a further functionalization of the parimoiety.
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The 2’ and 3’ hydroxyl groups of compouAdaand4.5bwere reprotected by reaction
with 2,2-dimethoxypropane (DMP) in acetone in tmespnce of a catalytic amount of

p-toluenesulfonic acid, affording compountél§aand4.7b (Scheme 4.8).

0 OR
OR
N )J\ N N
¢ B ~TsOH HO l P
HO N N/)\I _ PR o NTONT
o Me&ﬁMe
o o}
OH OH g
4.5a R=Me N 4.7a R=Me, 79%
4.5b R=Bn 4.7b R=Bn, 100%
Scheme 4.8.

Displacement of iodine atom of derivatide7a was carried out at high temperature
using hexamethylenediaming in DMF [Gunic et al, 2004]. Two products were
obtained:the desired produét8a as minor component of the reaction mixture and a
principal product, the structure of which is nott ymivocally attributed. However,
NMR spectra of this compound showed the presenteeafiamine moiety and the lack
of the methoxy group in position 6.

Since the purification of derivativé.8awas proved to be very difficult due to its high
polarity, which hampered column chromatography sspmm, we tried to use the
monocarbamate of 1,6-hexamethylenediamiA@ as the nucleophile for the
displacement of the iodine atom of intermeditéa (Scheme 4.9). Monocarbamaié

was obtained by the dropwise addition of a,CH solution of ditert-butyl dicarbonate
(Boc,O) to an excess of 1,6-hexamethylenediamine at .0THen, displacement of
iodine atom of derivatived.7awas carried out using monocarbamAtie according to
the procedure described above. Even in this caeeptimcipal products were formed
and the desired derivativ.8b was isolated as minor component. Furthermore, the
conversion of the methoxy group at position 6 iatcarbonyl group was unsuccessful.
The reaction was performed according to Nair al [1988] by treatment with
trimethylsilyliodide, generated in situ from trinhgtsilylchloride and potassium iodide,
in the presence of a catalytic amount of acetdaifallowed by addition of few drops

of water to hydrolyze all the silyl groups
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Al R=Boc 4.8b R=Boc

Scheme 4.9.

The synthetic plan so far described revealed soraelzhcks up to this point: low
solubility of intermediates; high polarity of thevolved compounds, which rendered
the chromatographic separations difficult or evepassible; unusual stability of the
protecting group in position 6 of the purine nuslewhich proved to be difficult to
remove. For all these reasons we set up an alteenaipproach based on the
protectionsof the 5’ hydroxyl group of ribose tast-butyldimethylsilylether andof the
position 6 of the purine ring as benzyloxy derivatiReaction of intermediatie7b with
tert-butyldimethyilsilylchloride in DMF in the presencd omidazole afforded the
protected derivativéd.9 (Scheme 4.10).Displacement of the iodine atomositfpn 6 of
derivative 4.9 was then carried out at high temperature using eaness of
hexamethylenediamine in 2-ethoxyethanol [Bredsal, 2000]. Even in this case, two
principal products were formed and the desired pecod.10 was isolated as the minor
component.

The coupling of4.10 with the y-carboxylic group of glutamic acid, protected a¢ th
a-carboxy- ando-amino positions, was carried out in the preserfc®@C at room
temperature to give the hybrid compouhdll (Scheme 4.10).
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Scheme 4.10.

The critical step of this strategy appeared toheeréaction of the iodo-derivatives with

the diamine. Reaction mixtures became indeed datkand many compounds were
detected by TLC analysis. Presumably, some radjgaties were formed, even when
the reactions were carried out in the dark. Consetly; the isolation of the desired

products was in many cases very difficult. In addit every attempt to remove the
benzyloxy function in position 6results to be urcssful.

For these reasons we decided to pursue an altegregiproach, based on the activation
of position 2 of the purine-ring as halo-derivatimit leaving the amido function in

positions 1 and 6 of the purine nucleus untouched.
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4.2.2. Second Strategy (through 2-halogeno-6-oxajne)

4.2.2.1. 2-lodo-purine

In 2007 Nairet al.[2007] reported the synthesis of 2-iodo-6-o0x0-93(B'-tri-O-acetyl-
S-D-ribofuranosyl) purine4.12 (Scheme 4.11) by reaction with isoamyl nitrite re t
presence of an excess of iodoform (gHh dryCH;CN in 72% yield. However, no
experimental details were given and also the charaation of the formed product was
lacking. When we tried to reproduce those expertiméine desired produet.12 was
isolated in very low yield. Moreover, the high ambof CHk used made purification of
product4.12 very difficult. Finally, the major product of theaction was compound
4.13 which probably arises from a radical reactionoimng the CHCN used as the
solvent [Matsudat al, 1992].

O o}

0
N NH : L NﬁNH NfNH o
CHI | nitrit
ACOW o </N:f:\ > AT Ao </N | /)\I + AL </N LN L

N~ "NH, 0 N N” N
CH3CN, 0-95°C H
OAc OAc OAc OAc OAc OAc
4.2 4.12 4.13
Scheme 4.11.

For these reasons we undertook a detailed stutheafeaction, by varying solvent and
temperature, in order to achieve better yields #ndninimize the formation of by-
products (Scheme 4.12 and Table 4.3).

0 0O

N N
NH ; - NH
4 CHI; isoamyl nitrite 4 fj\
AcO <N:fj\/)\ > > AcO <N | /)\
:O: :O:

N NH, N I
Solvent, Temperature

OAc OAc OAc OAc

4.2 4.12
Scheme 4.12.
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Table 4.3.

Entry Solvent Temperature
12a CH;CN 0°C—»+95°C
12b CH;CN 65 °C

12c DMF 65 °C

12d CICH,CH,CI 0°C—+65°C
12e CICH,CH.CI rt.=> 65°C
12f CICH,CH,CI 65 °C

The best results were obtained using 1,2-dichlbeoet as the solvent at the fixed
temperature of 65°C. Also in this case, however )ikld did not exceed 30%.

As the acetyl protecting groups of the ribose nyoveduld interfere in the reaction with
the diamine at a later stage of the synthesis,rigd tlso different protective groups
using compoundt.14 as the starting material, as shown in Scheme A k8. yields

remained however low.

o
ST oo Sy
TBDMSO N N//kNH 3, Isoamy?nitrite TBDMSO N N/)\I
@) 2 > 0)
k/ \} CICH,CH,Cl, 65 °C k/ \ﬂ

O o O

4.14 4.15
Scheme 4.13.

o)

The scarce results obtained up to this point aedothserved low stability of the iodo

derivative4.12 prompted us to consider the use of halogens thheriodine.
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4.2.2.2. 2-Bromo- and 2-Chloro-purine

A procedure by Quian and Glaser [2005] (Scheme)4dg@orted the introduction of a
bromine atom in the position 2 of the purine nuside4.16 protected in position 6 as
benzyloxy derivative. Compourdl17 was obtained in 62% vyield by a diazotization-
halogenation reaction in the presencéeofbutyl nitrite and antimony bromide (Shipr

in methylene bromide (CiBr,)at low temperature.

OBn OBn

N N~"SN
RO </ | /)\ SbBr; t-butyl nitrite RO </ | /)\
w o N7 N7 NH, ' W o N7 ONT Br

CH,Bry, -10 °C
OR OR OR OR
4.16 R=TBDMS 417  62%

Scheme 4.1Rrocedure by Quian and Glaser [2005].

We tried the reaction using the protected guanodifd without masking the oxo
group in position 6 of the purine nucleus, obtagnine desired, stable bromo derivative
4.18in 60% yield (Scheme 4.15).

o)

</N B SBry t-butyl nitrit (ij\NH
TBDMSO N/)\NH f3, bUtybnitrte TBDMSO N A
2

0o N 0 N Br
CH,Br,, -10 °C
O\<O O\<O

414 418 60%
Scheme 4.15.

On the basis of this good result, the same proeedias repeated using antimony
trichloride in dichloromethane, affording the 2-@td derivative4.19 However, in this
case the yield dropped to 30% (Scheme 4.16).
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CH,Br,, -10 °C

o
<’NJI\)J\NH SCly, t-butyl nitrit (NfNH
TBDMSO N N//KNH 3, bubybnitnte TBDMSO N A
:O: 2

O

(0]

4.14 419 30%
Scheme 4.16.

Antimony (Ill) halides are effective catalysts fdiazotization reaction [Quian &
Glaser, 2005] and have Lewis acidic properties e as serving as halogen donors.
Because antimony compounds are toxic and $h&$ been shown to bind to DNA
[Huanget al, 1998], efficient halo-dediazoniation procedurest tdo not employ ShX
are preferred. Nitrosyl chloride (NOCI) in the prase of Lewis acids such as ACI
PChk, AsCk, or TiCly has been used for the in situ diazotization gbhaltic amines
[Doyle et al, 1978]. Generation of NOCI from silicon chloridasd alkyl nitrites is
reported in early patent literature [Beckmainal, 1951] and trimethylsilyl chloride
(TMS-CI)-NaNG, have been used for halo-dediazoniation gal, 1981].

Francom and Robins [2003] reported the treatme6tdifloro-9-(2',3',5'-tr@-acetyl$-
D-ribofuranosyl)-2-aminopurine4.3 with TMS-Br and tert-butyl nitrite (TBN) in
dibromomethane to give the crystalline 2-bromo-Bxapurine4.20bin 85% vyield. It
is also described a procedure to insert a chlorim@m. TMS-ClI and
benzyltriethylammonium nitrite (BTEA-N£) gave the crystalline 2,6-dichloropurine
nucleoside4.20a (83%) and acetyl chloride/BTEA-NOwvas equally affective (86%)
(Scheme 4.17).

a) TMSCI, BTEA-NO,

ql CH,Cl, or ¢l

NN AcCl, BTEA-NO, NN

AcO < | /)\ CH,Clp, 0-5°C AcO - //I\
o N7 N7 ONH, o N7 ONT X
b) TMSBr, t-butyl nitrite
CH,Br,, 0-5 °C
OAc OAc OAc OAc
4.3 4.20a X=Cl 83-86%

4.20b X=Br 85%

Scheme 4.1'Rrocedure by Francom and Robins [2003].
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On the basis of this evidences [Francom & RobiriX)32 we reacted the protected
guanosine derivativé.14 with t-butylnitrite in the presence of trimethylbromos#ain
dibromomethane at low temperature (Scheme 4.18). ZFhromoderivativel.18 was

obtained in a satisfactory 70% isolated yield.

0O 0]

</N B TMSBr, t-buty! nitrit (ij\NH
TBDMSO N/)\NH f, t-butyl nitnte TBDMSO N A
2

o) N 0 N Br
CH,Br,, -10 °C
O\<O O\<

4.14 418 70%

Scheme 4.18.
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4.3. Introduction of the spacer: Nucleophilic aroméc substitution on
the purine ring of guanosine

The spacer was then linked to position 2 of thegated guanosine activated as halogen
derivative. The selected linkers were representgdebminal diamines of variable

lengths:

A 1,6-diaminohexane MNI(CH,)eNH
B 1,4-diaminobutane M (CH2)4sNH,
C 1,2-diaminoethane AM(CH,)2NH

In a first experiment we carried out a nucleophdromatic substitution on the crude
iodo derivative4.12with 1,4 diaminobutanB.

o o
ST s ¢ 1
N PN HOU NP N

MeOH, reflux H
OAc OAc OH OH
412 a.21

Scheme 4.19.

The reaction was carried out in refluxing MeOH (&de 4.19). The progress of the
reaction proved to be difficult to monitor by TLGhus we observed only the
disappearance of the starting matedal2 The product4.21 was not isolated, but

evidences of its formation came from ESI-MS spegtrne reaction crude.

As the acetyl protecting groups of the ribose nyodi not tolerate the treatment with
the nucleophilic diamine in boiling methanol, weakiated the possibility of using other
protecting groups from the beginning of the synithptan. The reaction was therefore

repeated using the iodo derivat&d5as the starting material (Scheme 4.20).
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H>N
</Nj|\)J\NH 2NN, </Nj|\)LNH
TEDMSO LA B TBDMSO NPy~ N,
O

N7 0 NTON
MeOH, reflux

4.15 4.22

Scheme 4.20.

Evidence of the formation of the desired prodd@2 came once again from ESI-MS
spectra, but.22 was not purified, although different techniquasstsas precipitation
and ion exchange chromatography, were attempteatti®as in Schemes 4.19 and 4.20
required very long times for completion, up to Sik#ys, so we decided to change the
solvent, in order to raise the temperature. UsiDnFO(Scheme 4.21) compourd23

different from that we expected, was obtained aswhjor reaction product.

0 0}

H,N
TBDMSO 7 B TBDMSO. N
o NTONT o NTON ITI
DMF, reflux

Scheme 4.21.

Finally, by using 2-methoxyethanol (Scheme 4.2R§ product4.22 was formed, as
shown by ESI-MS analysis, but we did not succeegurifying it through the usual
laboratory techniques (silica gel chromatographyn iexchange chromatography,

crystallization etc).

0]

0
HZN\/\/\
</Nj|\)J\NH NH, </NJI\)J\NH
TBDMSO A B TBDMSO N N/)\N/\/\/NHZ

o N7 N 0 N
2-methoxyethanol, 85°C

o\<o o\<o
4.15 4.22
Scheme 4.22.
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According to these results, we carried out nucldmphromatic substitutions also on
the chloro- and bromo derivativdsl8and4.19 using diamines of different lengtha,(

B andC). All these reactions were carried out in 2-metfaikanol as the solvent at 85
°C (Schemes 4.23-4.25).

H,N
<’N jl\)J\)Nj 2" NH, </N jfj\j‘j
C
Vz pz NH
TBDMSO o N N X X TBDMSO o N N H/\/ 2
2-methoxyethanol, 85°C

OYO O\<O
4.18 X=Br 4.24
419 X=Cl
Scheme 4.23.
0 0
NH
N HZNM 2 N
<, | NH </ | NH
TBDMSO N B TBDMSO N N NH,
0 N X 0 N H ,
2-methoxyethanol, 85°C
O\<O O\<O
4.18 X=Br 422
419 X=Cl
Scheme 4.24.
0 0

N HZNNNHZ N
AL T AL
TBDMSO ~ TBDMSO P NH
NTN HM 2

o N7 N7 X o)
2-methoxyethanol, 85°C

O\<O O\<O
4,18 X=Br 4.25
419 X=Cl

Scheme 4.25.

Even in this cases, isolation of the products wdcualt. We had evidence of the
formation of the product by ESI-MS and NMRspectraparticular, inspection of the
'H NMR spectra showed that the obtained compounds @@ 80-90% pure and they

have been obtained in ca 70% yield.

142



In order to prove the identity of compoudd?2 its free amino group was reacted di-
tert-butyl dicarbonate (Be©) affording compoundt.26 (Scheme 4.26), which was
fully characterized by ESI-MS and 1D and 2D-NMR&p&scopy.

o 0 N
TBDMSO :\HL)\ NNH J\o)l\ok TBDMSO. o QN:fJ\/)I\I\HNNH

CH,Cly

0] O 0] O

4.22 426  30%
Scheme 4.26.

Due to the easier purification of 26, we decided use the Boc-protected 1,4-
diaminobutand1 as the nucleophile in the halogen-displacing readScheme 4.27).
The reaction oB1 and either broma.18 or chloro4.19 derivative gave the desired

product in 63% and 82% vyield, respectively.

H
A A G 0
N 2
Bl 0
TBDMSO. o N N/ X TBDMSO. N \’<
2-methoxyethanol, 85°C o}

(0] (0]
~ <

4.18 X=Br 4.2 63-82%
419 X=Cl

Scheme 4.27.

However, the cleavage of the N-Boc-protecting grouthe next stage of the synthesis
gave unsatisfactory results, due to the parti@wdge of the hydroxyl-protecting groups

of the ribose moiety (Scheme 4.28).

TFA

Q CH,Cl,
N
NH
< :fj\ N MeSO;H 0.05M
TBDMSO N~ N sHO.
o
CH,Cl,

O O
X H3PO4 aq 85%

4.26 CH2C|2

Scheme 4.28.

143



We concluded that the use of the mono-Boc derieatiof the nucleophilic diamines
was not convenient, at least for two reasons. ,Aingt removal of the Boc-protecting
group revealed to be a non-selective reactionjrfgras to protect the ribose hydroxyl
groups once again. Secondly, this approach requineduse of huge amounts of
diamines. A large excess of diamine is indeed refgagein order to assure the
mono-Boc protection in the preparation of reacBhtand the mono-Boc amirigl is

in turn used in large excess in the nucleophilmraatic substitution reaction. On the
basis of these evidences, we concluded that ar lsttiegy could involve the use of the
crude, unpurified derivativegl.22 4.24 and 4.25 which were obtained with a
satisfactory degree of purity (vide supra).

Derivatives4.22 4.24 and4.25 were then reacted witkglutamic acid protected at the
a-carboxyl- andu-amino positions (z-Glu-OtByOH) in the presence of DCC at room

temperature, to give the hybrid compou#dd®7, 4.28and4.29(Scheme 4.29).

0]

0 H@J\o/\Ph 0 )OJ\
H H
</N | /'\Ii" O\"/\/\n/o\|< </N:I|\)LNH y Hl;l O/\Ph
NH N A
TBDMSO o N7 HM ; o) o) TBDMSO ol N HM Mo\,<
DCC, AcOEt o) o)
o\<o o\<o
424 n=1 427 n=1
4.22 n=2 428 n=2
4.25 n=3 4.29 n=3
Scheme 4.29.

The hybrid compound4.27, 4.28 and4.29 were obtained in satisfactory yields (Table
4.4) after flash column chromatography.
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Table 4.4

Hybrid compound Chain lenght Yield*
0
</Nj|\)LNH ’ Hl;le\O/\Ph
427 TEOMSON o N N/)\N/\/N\[]/\/\[ro\|< CH,=2 64%
H o o
o\<o
o 0
(ij\)l\l\l-l H Hl;JJ\o/\Ph
TBDMSO N I~ /\/\/N A 0. — 0
4.28 o NN m 7< CH,=4 47%
o\<o
0

N NH HNJ\O/\Ph
TBDMSO ¢ PN N
N N/\/\/\/
0 H

T UK CH=6 50%

4.29

1) overall yield after two steps

145



4.4. Phosphorylation of the position 5' of ribose

In order to phosphorylate the hybrid compodn®7, 4.28 4.29 the TBDMS groups in
position 5’ of such derivatives were cleaved byngdietran-butylammonium fluoride
(TBAF « 3H,0) in THF at room temperature (Scheme 4.30). Thdyots were purified
by flash chromatography (table 4.5).

6} o} 0] 0]

</NfLNH HI;IJ\O/\Ph (NfLNH HI;IJ\O/\Ph
TBDMSO. PN - Z 8

H H
pZ N O. TBAF HO N 0.
o N N HNn \n/\/\”/ \'< o o N N HN \n/\/\n/ \K
s ? ] (e} S ?

THF, r.t. O (0]
O O O O
\ 4.27 n=1 X 430 n=1
4.28 n=2 431 n=2
4.29 n=3 432 n=3
Scheme 4.30.
Table 4.5
Hybrid compound Chain lenght  Yield
0
(NfNH H Hf;le\o/\Ph
430 "ON NTW H/\/NMO\K CHp=2 84%

H H
o )TN NI N CH,=4 82%

o) o)
o\<o
0 0
(NfNH y HI;IJ\O/\Ph
HO N i~ Ao~ ~N H O.
4.32 0 NN m/\/\[rj< CH,=6 58%
o) o)
o\<o
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The subsequent phosphorylation of the free posifibmf the ribose was obtained
following the procedure described by Yoshikawt al. [1969], using phosphorus
oxychloride (POG)) as the phosphorylating agent and triethylphosp{&EP) as the
solvent.

The reaction proceeds through the intermediacy ofuanosine-triethylphosphate
complex (Figure 4.1), as described by Ikemetal. [1995]. This Guo-TEP complex
showed excellent selectivity and high reactivitywéond phosphorus oxychloride
compared with those of free guanosine. After thevaiton of the 5’-hydroxyl group of
guanosine through the formation of the complexackttof the phosphorylating agent
POCE occurs and the BPOC)H bond is formed (intermediat# 34 in Scheme 4.31).
Hydrolysis of intermediatel.34 at pH 2-3 at 70 °C furnished the phosphorylated
compound4.35 in which the isopropylidene protection on the8'2hositions of the

ribose has been removed.

0] o) 0]

N N N
NH NH NH
d 4 4
o <ﬁ aSlo <fi 0 5h <fi
o) TEP, POCl3 Il O H,0, pH=2 I ©
.0 o

O\_<O 0°C, 4-6h O\<O 70°C, 2-6h OH OH
4.33 4.34 4.35

Scheme 4.31.

This procedure was applied on the hybrid compounrdsiously synthesized.31 and
4.32 (Schemes 4.32 and 4.34). The obtained products werified by preparative
HPLC.
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In the phosphorylation step of hybrid compoudd3l some difficulties were
encountered (Scheme 4.32). While the formatiorhef®-P bond takes place without
any apparent problems (formation of a single spoTbC plate), during the successful
hydrolytic step a series of by-products appeardtierreaction mixture.

The by-products were isolated by preparative HPEGQUre 4.2). As results, the desired

compound4.36awas obtained in 42% yield.

i Ji§ i X
N o N e
(:fL)N\H H HY™ "0" "Ph 1) 1ep, poCl, oH < )\ H HY™ 0™ ph
"o Y ocasn FONOY o A SN

_—
0 0 2) Hy0, pH=2 o o o
O\<O 70°C, 26 h OH OH
N 4.36a 42%

S0 L
OH OH

4.36c 28%

4.36b 28%
d
HO. 9 ~0. <

Scheme 4.32.
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— ibridi analit grezzo 201:1_UV2_254om — ibridi analit grezzo 201:1_UV3_280nm — ibridi analit grezzo 201:1_Conc
ibridi analit grezzo 201:1_Inject

mAU | 4.36a |%B
! T — —ﬂ| ‘ 100.0
/
I ‘ |
/| | |
2500 .‘"" ‘ |
/ ‘ }so.o
f. | ]
2000 / [ | |
/
|
ff. l |
/ | |6D.()
1500 1 / 4.36b !. ‘
/ i '
| IF,' | ‘
/ [
1000 | ' t40.0
(| i ‘
4.36c ' , {
500 - / i |
f!',-’ I I |
A [ , [ () 1200
// 1 [ ||I
UM
0 = R J -—— = t
' B " - J
o000 80 10.0 200 ml
Figure 4.2.

Indeed the conditions of the hydrolytic step deteed the cleavage of the linl-
glutamic acid bond as well as the Boc protectionh@nglutamic acid moie.
Formation of compoun4.36bcould be rationalized on the basis of the remo¥dhe
t-butyl ester group [Green & Wuts, 1999] during thgiolytic step following the
phosphorylation (Scheme 4.

Among the byproducts, compounc4.36¢c was detected too. Its origin can
rationalizel assuming the cleavage of iN-protecting benzyloxycarbonyl group [Gre
& Wuts, 1999] followed by an intramolecular attamwfkthe amino group of the glutarr
acid moiety on they-carboxyl, affording pyroglutamate4.37a and/or 4.37b (not
detectable in RLC), and derivativ4.36¢c(Scheme 4.33).
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<N
l L_OR
p o N N \n/\/\n/ p o N N
2 2
5 H 0 o —F 0 H + OQ‘COZR
H

OH OH OH OH
4.36a R =tBoc 4.36¢ 4.37a R =tBoc
4.36b R=H 437b R=H
Scheme 4.33.

We tried the same reaction on hybrid compodi8, but we encountered the same
problems (Scheme 4.34 and Figure 4.3).

i X i hiy
N NH HN” 0" Ph N NH HN™ Y07 >Ph
¢ By H 1) TEP, POCl; 0 ¢ A H
HO. o N N/ NNNMO 0°C,4-6h HO\FI)/O o N N/ NNN\I‘(\/\H/O
Ho 2§ 0 =~ 4 HO 2 g 0

2) H,0, pH=2

o\<0 70 °C, 2-6 h OH OH
4.38a 60%

4.32

[¢] (0] (0]
OH OH
4.38b 10%
[0}
N
NH
0 7
HOOL o P
1] H 3
(6]
OH OH
4.38¢ 10%

Scheme 4.34.
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amalitica SORIB40:1_UV1_226nm amalitica SORIB40:1_UV2_254nm amalitica SORIB40:1_UV3_280nm

—— amalitics SORIB40;]_Cone —— amalitics SORIB40'1_Inject
mAU 4.38a %0
{ l{_,l,_ . —w 1060
1200 | / ’
j !
1000+ R00
800 i
| | 600
600 1 ‘
|
10.0)
400 1 '
4.38b
200 4.38c
200
0 — 4 - A—
I - e
Figure 4.3.

Removal of the glutamic acid moiety protecting greudrom compounc4.38a was
achieved in almost quantitative yield by reactianneat trifluoroacetic acid (TFA) .

low temperature for few minutes (Scheme 4

"z

0
o </N:“\)J\NH ’ H J\O/\Ph o </N:“\)J\NH ’ NH,
HOLJ.O A N Nge! TFA HOL IO NN A

Scheme 4.35.
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On the basis of this result, we decided to charigitly our strategy, avoiding the
HPLC purification step after the phosphorylatioraateon. The protected hybrid
compound4.30was thus phosphorylated as previously reportet€f®e 4.36), but the
reaction crude was not purified. Instead, it wasatted by the use of a XAD-4 resin.
XAD-4 resin is a polystyrene-based polimer abldited aromatic compounds through
hydrophobic interactions when the products aresited in water. Resin-adsorbed

compounds can then be recovered by elution witlnamet.

i X i 1.
N N N N
¢ /NC' H HN™ 0" "Ph ) 1ep, POCI, OH ¢ )N\H H HY™ "™ “Ph
HOL N N/\\/N\W/\\//\“/o\ri 0Cash HOSOL NN N/\\/N\n/m\//\ﬂ/o\ri
H - 1] H
Q © © 2o pH=2 O w © ©
O\<O 70°C,2-6h OH OH
4.30 4.40 crude

Scheme 4.36.

Attempts to deprotect the desalted intermedé&d with trifluoroacetic acid gave
unsatisfactory results, but the addition of a traosount of trifluoromethanesulfonic
acid (TFMS) to a trifluoroacetic acid solution 4f40 at 0 °C afforded rapidly the
desired produc#.41 (Scheme 4.37). A single preparative HPLC purifaratcould
therefore be carried out at the level of the fipalduct4.41

iy i
N PN
NH HN” 07 Ph NH NH
PG W N wofb AL R

Ny N AN TFA, TEMS ~p- N N

i 0 NTON \|< ' , 1 0 NTON Y oo

o o o - o o

0°C
OH OH OH OH
4.40 crude 4.41

Scheme 4.37.

The overall synthetic plan is shown in Scheme 4.38.
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€at

0
o} DA N SbBr3 (or TMS-Br) , N
N cetone, NH t-butylnitrite , NH
NH { o {
. (Njfil\ TSOH, DMP  1orico . <N | N//]\NH CHyBry, -10°C  TBDMSO . <N | N//I\Br
— 2 _—
) ;0:1 N™ "NH; ) tpwmscl, g 2 60-70% % 2

imidazole, DMF 0

o
OH OH 98% g
N ; 418

414

o HN” ~CO0BN

HoN NNHz N HOOC™ ™" C00-tBu </N O | H- 00BN
A, BorC TBDMSO NH, TBDMSO 7 N -
N o NN HM \ﬂ/\/\COO-tBu .
2- Metféoxié:ethanol DCC, ACOEt, rt Y
5°

4.24 n=1 not purified 4.27 n=1
4.22 n=2 not purified 4.28 n=2 47%
4.25 n=3 not purified 4.29 n=3

o) o 0
1l
</N 7 ONH y Hn OB 1 Tep, POCI, HO-P-OH </N 7 ONH y Hy~ 008N
TBAF : 0°C, 4-6h :
JBAT L HOS o N HNnN\n/\/\COOt—Bu T, N o VW HMNj]/\/\COOt Bu — »
THF, rt O 2.7I-(|)2°(g, ;;;l:z e}
o\<o o\<o
; 430 n=1 84% s 440 n=1 60%
431 n=2 8% 438a n=3 60%
432 n=3 58%
o 0
TFA, 0°C HO—P—OH (Nﬂ N NH;*
min _ N :

OH OH

441 n=1 90%
439 n=3 8%

Scheme 38.






5. CONCLUSIONS AND FUTURE PERSPECTIVES






In conclusion:

1. By-products from food industry can be exploitedvatuable sources of bioactive
peptides. In addition, the mixture of peptidesaoi#d from rice middlings and hemp
seeds through enzymatic hydrolysis were shownitit @itense glutamate-like umami
taste. Such hydrolyzed vegetable proteins could pogentially be used as ingredients
in culinary products. The same hydrolytic protowoll be applied to proteins of flax

seeds.

2. The synthesis of two hybrid compounds in whichdh@ami moieties (glutamate and
purine 5’-ribonucleotide) are covalently connecthdbugh flexible linkers 4.39 and
4.41) was carried out. We plan to apply the same s¥ictpeotocol to the preparation of
other hybrids with different linker lengths.

Using the T1R1 extracellular VFTD obtained by hoogyl modeling [Mouritsen, 2012]
and the hybrid4.39and4.41and those which will be synthesized as ligandsemadar
dynamics simulation will be performed in order terify the optimal length of the
linker to reach both receptor sites and to unrévelmolecular mechanism behind the
synergistic effect of the two ligands on the dynesrof the receptor.

In addition, to assess the binding affinity constafrthe hybrids and of potential ligands
for the umami receptor we aim at developing a hioctatographic system through
immobilization of this receptor on a chromatograpdupport, taking advantage of the
accumulated experience of the group of Pharmaadwiitalysis from the University of
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Pavia (ltaly) and of a recent joint collaboratidooat the immobilization of a purine

nucleoside phosphorylase (froAeromonas hydrophijaas an on-line enzyme reactor
for biocatalytic applications [Calleret al, J. Chromatography B, accepted with
revisions].

This task represents a future perspective of thik wothe view to take on structure—
activity relationship (SAR) studies on umami recepigands.

Development of new technologies to facilitate apeesl up the screening of ligand
libraries is raising considerable interest, paftéidy in drug discovery. Current
screening assays typically rely on function- orrégifif-based assays. Following the
former approach, the “event” triggered by ligandeptor binding can be measured, for
example, through the quantification of a releassmbsd messanger, or by experiments
performed on isolated tissues.

On the other hand, binding assays, frequently paed with radioligands, allow to
estimate ligand-receptor affinity. The binding aitly for a ligand can be described by
measuring several parameters such ag#uilibrium dissociation constant of a ligand
determined in inhibition studies), ¢K(equilibrium dissociation constant), andsdC
(molar concentration of an antagonist that redticesesponse to an agonist by 50%).
In this frame, affinity chromatography is a quitecent method used to assess
interactions between a ligand and its protein tai§ehiel et al, 2010]. Basically, the
assay is performed in HPLC systems where a colwniams the protein immobilized
on a stationary phase or on the inner surfaceliohstapillaries [Sanghwet al, 2011].

In this technique the retention of analytes depeodsthe same type of specific,
reversible interactions that are encountered ifogiocal systems, as is the case of the
ligand-receptor binding. Another evident advantajesuch a system relies on the
repeated use of the column without a significarsislof properties of immobilized
protein, and on the possibility of automation af #nalytical assay to assist in the high-
throughput screening of a large number of candgdate

Two general formats can be applied in affinity ¢hedography: zonal elution and
frontal analysis. While in zonal elution a smalug@lof analyte is injected to get
information on the interaction of the analyte witie immobilized target, frontal

analysis uses the continuous infusion of analyteuigh a column. Although frontal
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analysis requires a larger volume of sample thamalzelution, this method has the
advantage to provide more information per analySrental affinity chromatography
(FAC) can be used to measure binding constanthefanalyte for the immobilized
biomolecule with accuracy and precision and to rpotential ligands for a specific
receptor [Hage & Tweed, 1997; Moadeélal, 2002].

Frontal affinity chromatography coupled online to @lectrospray mass spectrometer
(FAC/MS) is a recently developed screening methawdhigh-throughput screening of
combinatorial libraries and compound mixtures [8aher, 2004; Calleret al, 2009].

In this approach, a sample consisting of a mixaédreompounds is continuously infused
through the column and the order of elution, maeiioby the specifian/z values,
parallels the order of affinity, with the strongégand eluting the latest [Calleet al,
2009; Calleriet al, 2011. Ranking affinity studies may representmdrand convenient
method for the selection of new potential candislate

Such a biochromatographic tool has been succegsipllied to assess the binding
affinity constant of potential ligands for theAadenosine receptor subtype [Temporini
et al, 2013], for the gamma isoform ligand binding dom#&LBD) of peroxisome
proliferator-activated receptor (PPAR-belonging to the nuclear receptor superfamily
of ligand-activated transcription factors [Callet al, 2012], and for the G-protein-
coupled receptor (GPCR) GPR17 [Calletial, 2010].

It is worth mentioning that two out of the threentiened applications above involve
adenine related compounds [Tempoehial, 2013] or purine nucleotide analogues as
well [Calleri et al, 2010], that is molecules structurally related riewly here
synthesized potential flavor enhancers.
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6. EXPERIMENTAL SECTION
PART 1






6.1. General - Enzymatic and Chemical Hydrolyses

Unless otherwise stated, all reagents were purdiage Sigma-Aldrich (Milan, Italy)
and were of analytical grade. All the solvents warelPLC grade.

Umamizyme (declared activity of 74.3 U/g) was at gibm Amano Enzyme Inc.
(Nagoya, Japan) and Flavourzyme (declared actofity00 U/g) was purchased from
Sigma (Milan, Italy).

These are fungal food-grade protease/peptidase legesp produced by submerged
fermentation of a strain of Aspergillus oryzae. yhexhibit both endoprotease and
exopeptidase activities. These enzymes were sdl@ctethe basis of their ability to
debitter bitter protein hydrolysates at low degreésiydrolysis (10% to 20%) and to
enhance flavor for high degrees of hydrolysis (5@2&bove) [Hamada, 2000a)]. Their
optimum activity occurs at 45 °C and pH 7 for Umaymeé® and at 50 °C and pH 8 for

Flavourzym&, respectively.

HPLC Analysis Each chemical hydrolyzed solution was analyzed purified by RP
HPLC using an Amersham pharmacia biotech (P900)dighromatographer connected
to a UV-vis detector; chromatographic conditionsraveas follows: column for
analytical HPLC, Jupiter RP-18 y(4proteo 90A size: 250x4.60 mm, Phenomenex);
column for semipreparative HPLC, Jupiter- RP-18 (i) size:250x10 mm,
Phenomenex); flow rate, 0,5 ml/min; detectdr, 226 and 254 nm; mobile
phase: A (0,1% TFA (v/v) in water) and B (80% acoétde/ 20% water with 0,1% of
TFA), gradient elution from 5% to 100% B in 45 min.
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NMR SpectroscopyNMR analysis was performed by ISMAC-CNR and waedito
characterize the hydrolyzed compounds by recordmagnonuclear 2D TOCSY,
NOESY and ROESY spectra and diffusion experimem®8{Y). From scalar and
dipolar NMR experiments an indication of the kinfl amino-acids present in the
peptides was derived, while DOSY experiments allbwedefine the range of peptide
molecular weights present in the samples obtainéith different hydrolysation-

conditions.

Mass SpectrometryMass spectra were obtained with a Bruker ion-Eaguire 3000 or
6000 apparatus (ESI ionization) and Microflex appas (MALDI ionization) from

Bruker.
Other Analytical MethodosUV measurementwere carried out with a Jasco V-360

UV-Vis Spectrophotometer (Jasco International, Tmkiapan) equipped with software

Spectramenager (Fixed Wavelength Measurement).
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6.2. Preparation of HVPs from Rice Middlings throud
Enzyme-catalyzed Hydrolysis

Rice middlings were kindly provided by a local nmf factory (Curti Riso, Valle
Lomellina, Pavia, Italy). Rice middlings defattimgas achieved as previously described
[Van Der Borghtet al, 2006], by stirring continuously for 1 hour at nmdemperature a
suspension of bran witlkhexane (1:5 w/v). The defatting matrix was recedeusing a
Buchner funnel and air dried under a hood overniglhe protein content of defatted
rice middlings was determined by the Kjeldahl metjaAOAC, 1990]. The value of

5.95 was used as protein conversion factor.

6.2.1. Enzymatic Hydrolysis

The protein hydrolysates from rice middlings webéamed according to the method of
Hamada [1999], with some modifications. Four reasistem (PolyBLOCK, Hel, UK)
interfaced to a PC by means of WinISO software (HBdrehamwood, UK) was
employed. For any reactor, defatted rice middli(8g of matrix corresponding to 540
mg of proteins) were suspended in 100 mM ammoniucarbonate buffer (final
concentration 10% w/v) by adjusting pH to the opiirvalue for any enzyme, as
indicated by manufacturers. Any suspension wasrabated for 25 min at the desired
temperature. The specific protease was added toedwtion mixture in order to give a
final enzyme/substrate ratio (E/S) of 5% w/w and thixture was stirred at 400 rpm
during reaction. Proteolysis was stopped at tinterwal of 1, 5, 11, and 24 h and
immediately the enzyme was inactivated by addigbformic acid up to pH 3.5. After

proteolysis, the suspensions of rice middlings veellgected to sonication processing in
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a water-bath. The solubilized proteins and peptwlee recovered after centrifugation
at 3000 rpm and 20 °C for 30 min. Controls of thet@olysis experiments were

prepared by repeating the above reported procedtiteut enzyme.

6.2.2. Characterization of protein hydrolysates

6.2.2.1. Protein electrophoresis

SDS-PAGE was performed on a discontinuous buffeystem according to the method
of Laemmli [Laemmli, 1970] using 17 % separating gad 5 % stacking gel.
Electrophoresis was performed with a Mini-PROTEABtra Cell apparatus (Biorad)
connected to a power supply PowerPac HC (Bioraddctlons (2hl) of protein
hydrolysates were diluted using loading sampledsusblution, namely 60% glycerol,
12% SDS, 0.2% bromophenol blue in 250 mM Tris—HCffdr pH 6.6, and heated at
97 °C for 3 min. After a short centrifugation, sdegpwere subjected to SDS-PAGE.
Before the sample entered the separating gel,refduiresis was performed at 100 V
and after-wards it was performed at 150 V until ifaeking dye reached the bottom of
the gel. Electrophoresis of each protein sample esgaged out in duplicate. The gels
were fixed with 45% methanol and 10% acetic acrd2f® min, stained with Coomassie
Brillant Blue R-250 blue—picric acid solution andstiained with water. For protein pat-
tern characterization by densitometric scanning,itidividual lanes of the stained gels
were scanned by an Image Scanner (Amersham PharmBatech) and analyzed by
the Lazarsoftware and NIH software. Image analgsifware calculated integrated
optical density (IOD) for bands resolved in eachelathereby generating a total lane
IOD values corrected for background. Total lane I@Bs used to estimate a global
value of protein degradation [Frazer & Bucci, 199Bhanges in the relative amount of
each protein bands present in successive samplesestmated from their respective
percent area on the densitograms against the pageearea of the same band at time
zero [Alarconet al, 2001]. The rate of hydrolysis was expressed byraerical value
obtained considering both the percentage of reolnigti optical density for each band

after the reaction time, and the relative proportguch band represented to total
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proteins. Only those bands representing at le&4t dittotal protein in the sample at the
beginning of the assay were considered for estomatiThe value obtained was named
Coefficient of Protein Degradation (CPD) and it westimated using the following

mathematical expression [Alarcénal, 1999; Alarcoret al, 2001]:

CPD =2"i=1 [(ODi(to) - ODi(t) / ODi(to)] X [ODi(to) / 2" =1 OD;(to)] (eqg. 6.1)

wherei = major protein bands identified from 1 tp OD, = optical density of the

protein band; t = time of reaction.

6.2.3. Functional properties

6.2.3.1. Emulsifying properties

The emulsifying activity index (EAland emulsion stability index (ESI) of the samples
were determined according to the method of Peandekansella [1978], with minor
modifications made by Yirt al. [2008]. For the emulsion formation, 3 ml of 0.2%
protein hydrolysate dispersion (in deionized wagjusted to pH 3.0, 5.0, 7.0 and 9.0
with 1 N NaOH or HCI) and 1 ml of corn oil were hogenized by manual agitation for
1 min. One hundred microliters of emulsion wereetakirom the bottom of the
homogenized-emulsion, immediately (0 min) or 10 naiiter homogenization, and
diluted (1:100, v/v) in 0.1% (w/v) SDS solution.t&f shaking in vortex mixer for about
5 s, the absorbance of diluted emulsions was re&8@@&nm in the spectrophotometer.
EAIl and ESI values were calculated by the followagiations:

EAI(nf/g) = [2*2.303*Ac*DF/c* ¢*(1-6)*10000] (eq. 6.2)

ESI (min) = (A Ao~ A10)*10 (€9.6.3)

whereDF is the dilution factor (100); the initial concentration of protein (g/mb),the

optical path (0.01 my the fraction of oil used to form the emulsion &),2andA, and
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Ao the absorbance of the diluted emulsions at 0 @hdnin. Measurements were
performed in duplicate.

6.2.3.2. Foaming properties

Foaming properties including foaming capacity (F@) foam stability (FS) were
determined according to the method of FernandezMachrulla [1997] with minor
modifications made by Yin et al. [2008]. Aliquots (ml) of protein hydrolysate
solutions (1%, w/v, pH 7.0) were homogenized in @easuring cylinder (15 ml) by
manual agitation for 2 min. FC was calculated &spércent increase in volume of the
protein dispersion upon mixing, while FS was estedaas the percentage of foam

remaining after 30 min. Measurements were performelliplicate.

6.2.4. Sensory analysis

The sensory profiling was carried out at the Sgnkaboratory at Special Company for
Professional Training and Technological and CommkRromotion of the Chamber of
Commerce of Savona (Albenga, Italy). Five subjguasticipated in the descriptive
analysis as panelists. The subjects had varialgergnces of descriptive analysis. Five
samples were prepared as 0.5% solutions in deidnmater consisting of protein
hydrolysates selected in the SDS-PAGE experiment0.2%6 MSG solution was
presented as a reference. Aliquots (20 ml) of esample, equilibrated with room
temperature (20 = 2 °C), were presented to thelisésien a disposable plastic cup
coded with random numbers. The presentation ortifreosamples was randomized to
minimize the presentation order effect. The subjesere previously trained until
consensus was reached to evaluate the five badestésweet, bitter, sour, salty and
umami). The sensory attributes were evaluated usiggantitative descriptive analysis
method [Jo & Lee, 2008], based on “sip and spiticedure. The subjects rinsed their
mouths with filtered water before tasting and bemvéasting samples. The subjects

rated the intensity of stimulus using a 10-poirtegary scale whose left and right ends
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were labeled “weak” and “strong”, respectively. E@ample was evaluated 2 times in
different sessions. Odor references were also méted in order to obtain the

characteristic flavor for each protein hydrolysate.

6.2.5. Statistical analysis

Statistical analyses were performed with the Origno 8 softwargOrigin Lab Inc.,
Northampton, MA). The data were expressed as me&k and evaluated using one-
way analysis of variance followed by Tukey's post-test. A level ofpb0.05 was used

as a criterion for statistical significance.
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6.3. Preparation of HVPs from Hempseed through Enaye-
catalyzed Hydrolysis

6.3.1. Defatted Hempseed Meal

Hemp Cannabis sativalL., var. Futura) seeds, harvested in Cavriana (MNjJ
Treviglio (BG), were provided by CNR-Institute ofdBbgy and Biotechnology (IBBA)
of Milan, Italy, during 2011/2012. A voucher speeimis stored and preserved in our
laboratory at Department of Chemistry at UniversfyMilan. Seeds were stored at
4 °C in the dark until use.

Hempseeds were defatted by stirring a suspensicears witm-hexane (1:4 w/v) at
room temperature for 3 hours and overnight witheveed n-hexane (1:6 w/v). The
defatted seeds were recovered using a Buchnerlfumindried under a hood overnight,
and ground with a home-style grinder (Braun MulitguSystem 2K100). The obtained
flour was again defatted with the same procedurscrdged above. After vacuum
filtration of the defatted matrix, the organic pbasas concentrated under reduced
pressure and the flour was air dried under a haanoght. Both defatted hempseed
flour and extracted hemp oil were stored at -2WA@I use.

Commercial hempseed samples were kindly providech fExhemplar - Prodotti
Biologici in Canapa (Roma, Italy). Hempseeds westatied and ground as described
above. The obtained flour was used to provide hesybshydrolysates for sensory
profiling.

The protein contents of both defatted hempseeddlaere determined according to the
Kjeldahl method, which was performed by Centro dcdRca per le Produzioni

Foraggere e Lattiero-Casearie (CRA) of Lodi, by sueag the nitrogen content with a
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CNH analyzer [AOAC, 1980]. The value of 6.25 wa®disaas conversion factor to

determine the protein content.

6.3.2. Protein Extraction

Hempseed protein extraction was carried out byliaficdubilization/acid-precipitation
procedures using two different methods.

Method A (NaOH/HCI)According to Wanget al.[2009], defatted hempseed meal was
suspended in distilled water (in ratio 1:20 v/wy dveight basis) and the pH was
adjusted to 10.00 with 1 M NaOH at 37 °C. The migtwas stirred for 3 h to extract
the proteins and then centrifuged at 8000 rpm fnn. to recover both supernatant
and the residue. The residue was subjected to ame protein extraction followed by
centrifugation using the same procedure descrideavea The latter residue was
discarded and the combined alkali extracts werasaelfl to pH 5.0 with 1 M HCI at
room temperature to precipitate the proteins. Rexl protein precipitate was
collected by centrifugation (8000rpm, 30 min, st)spended again in distilled water and
pH was adjusted to 7.0 using 1 M NaOH.

Method B (NH/HCCOH). The same procedure was followed for the method Brevh
NH3 was used for the alkali-extraction and HCOOH wsedufor the acid-precipitation.
In both cases, the protein solution was dialyzeaire distilled water (MWCO 3500,
Spectra/Pdt) at 4 °C for 48 h to remove small molecules, sashsalts, and finally
lyophilized. The freeze-dried hemp seed proteitaisowas stored at -20 °C until use.
An aliquot of this product was analyzed ¥y NMR spectroscopy (1D 500 MHz, pH 7,
37 °C).

To analyze the protein extract by SDS-PAGE the gulace of extraction was slightly
modified by using two different approaches. Infing one defatted hempseed meal (75
g) was subjected to the same protein extractiororte@ in Method A. After
centrifugation, the obtained precipitate was wasWwétli pre-cooled deionized water,
dispersed in 50 mM Tris/0.05% SDS pH 8.0 (1.5 stiyyed in termomixer (1000 rpm,
20 °C, 1h 30 min) and subjected to sonication Bsicg in a water-bath.
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In the second one defatted hempseed meal (75 g)niad with 2% SDS/6 M urea
(2.5 ml) and with 2% SDS/6 M urea/1% DTT (1:20 wivs ml). After continuously
stirring for 2 h at 37 °C, the suspension was deigied at 8000 rpm for 30 min and the

residue discarded. Both protein solutions weregesl at -20 °C until use.

6.3.3. Enzymatic Hydrolysis

The enzymatic hydrolysis of defatted hempseed meal performed according to the
method described by Bagnasebal. [2013]. Four reactor system (PolyBLOCK, Hel,
UK) interfaced to a PC by means of WinISO softwgtiel, Borehamwood, UK) was
employed on hemp seeds provided by CNR-IBBA of WlilA semi-preparative scale
protocol was used for commercial hempseed samples.

Defatted hempseed flour (3 g of harvest matrix &Wdg of commercial matrix
corresponding to 675 mg and 6.750 g of proteirspaetively) were suspended in 100
mM ammonium bicarbonate buffer (final concentrati®®o wi/v) by adjusting pH to
the optimal value for any enzyme, as indicated lanuafacturers. Any suspension was
preincubated for 20 minutes at the desired temperalhe specific protease was added
to the reaction mixture in order to give a finakygme/substrate ratio (E/S) of 5% w/w
and the mixture was stirred at 400 rpm.

Hydrolyses were carried out in the above conditiand stopped after 1, 5, 11 and 24
hours by addition of formic acid up to pH 3.5 t@adtivate the enzyme. Subsequently
the suspensions were sonicated in a water-bathGgninutes and centrifuged at 8000
rpm for 30 min at room temperature to recover sbidud proteins and peptides and
remove the undigested materials. The supernateotgaining HVPs, were collected,
freeze-dried and stored at -20 °C before furthealyamis. Controls of the proteolysis

experiments were obtained by repeating the abaveepure without the enzymes.
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6.3.4. Ultrafiltration

The freeze-dried hydrolysates (350 mg) were reswdgxkin bi-distilled water (50 ml),
sonicated for 15 minutes and passed through an émstirred ultrafiltration cell
(Stirred Cell - Millipore) using a 10000-Da Moleaunl Weight Cutoff (MWCO)
membrane, to remove the molecules (peptides angjestdd proteins) larger than the
membrane pores. The permeate, containing low-MWigep (<10000 Da), was freeze-

dried and stored at -20 °C until needed.

6.3.5. SDS-PAGE (sodium dodecyl sulfate-polyacrylane gel
electrophoresis)

6.3.5.1. SDS-PAGE of protein extract

SDS-PAGE was performed on a discontinuous buffeystem according to the method
of Laemmli [1970] using 12% separating gel and 4&glsng gel. Electrophoresis was
performed with a Mini-PROTEAN Tetra Cell apparaf{Bsorad) connected to a power
supply PowerPac HC (Biorad). Fractions of proteitraet, corresponding to 60y of
proteins, determined with 2-D Quant Kit (Amershaimdgiences), were diluted using
loading sample buffer solution, namely 60% glycet®% SDS, 0.2% bromophenol
blue in 250 mM Tris—HCI buffer (pH 6.6), and heatd®7 °C for 3 min. After a short
centrifugation, samples were subjected to SDS-PAB#ore the sample entered the
separating gel, electrophoresis was performed @tv/1@nd afterwards it was performed
at 150 V until the tracking dye reached the bottithe gel. Electrophoresis of each
protein sample was carried out in duplicate. This geere stained with Coomassie
Brillant Blue R-250 in 40% ethanol and 10% acetitdasolution and destained with
40% ethanol and 10% acetic acid solution. For pmopattern characterization by
densitometric scanning, the individual lanes of #t@ned gels were scanned by an
Image Scanner (Amersham Pharmacia Biotech) angzethby the Lazarsoftware. The
relative protein amount of each subunit (proteind)aof protein was calculated from

their respective percent area on the densitogragamst the total subunits area of
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protein. Only the main bands, representing at |€d}% of total proteins, were

considered for estimations.

6.3.5.2. SDS-PAGE of protein hydrolysates

SDS-PAGE was performed on a discontinuous buffeystem according to the method
of Laemmli [1970] using 17% separating gel and 4&tlsng gel. Electrophoresis was
performed with a Mini-PROTEAN Tetra Cell appara{Bsorad) connected to a power
supply PowerPac HC (Biorad). Fractions (@) of protein hydrolysates were diluted
using loading sample buffer solution, namely 60%cefol, 12% SDS, 0.2%
bromophenol blue in 250 mM Tris—HCI buffer (pH 6.@nd heated at 97 °C for 3
minutes. After a short centrifugation, samples wargjected to SDS-PAGE. Before the
sample entered the separating gel, electrophomsas performed at 100 V and
afterwards it was performed at 150 V until the krag dye reached the bottom of the
gel. Electrophoresis of each protein sample wasechout in duplicate. The gels were
stained with Coomassie Brillant Blue R-250 in 40%a@ol and 10% acetic acid
solution and destained with 40% ethanol and 10%i@aeeid solution. For protein
pattern characterization by densitometric scannting,individual lanes of the stained
gels were scanned by an Image Scanner (Amershamrm&tia Biotech) and analyzed
by the Lazarsoftware and NIH software.

Image analysis software calculated integrated abtensity (IOD) for bands resolved
in each lane, thereby generating a total lane I@Des corrected for background. Total
lane 10D was used to estimate a global value ofepradegradation [Frazer & Bucci,
1996]. Changes in the relative amount of each prdv@ands present in successive
samples were estimated from their respective pe@a on the densitograms against
the percentage area of the same band at time Zn@dnet al, 2001].

The rate of hydrolysis was expressed by a numevialle obtained considering both
the percentage of reduction in optical densitydach band after the reaction time, and
the relative proportion such band represented tal tproteins. Only those bands
representing at least 10% of total protein in tamgle at the beginning of the assay

were considered for estimations. The value obtaimasl named Coefficient of Protein
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Degradation (CPD) and it was estimated using tllevitng mathematical expression
[Alarconet al, 1999; Alarcon et al., 2001]:

CPD =2"iz1 [(ODi(to) - ODi(t) / ODi(to)] x [ODi(to) / 2" i=1 ODi(to)] (eq. 6.1)

wherei = major protein bands identified from 1 to @D; = optical density of the

protein band; t = time of reaction.

6.3.6. Protease activity assay

The activity of Flavourzynie and Umamizym@ was determined according to Cupp-

Enyad with some modifications (Cupp-Enyad, 2008).

The assay was performed with the following reagents

A. A 50 mM K;HPO, buffer, pH 7.5, placed at 37 °C until use.

B. Casein in buffer A (0.65% wi/v) at pH 7.5 prepargdsbrring 650 mg of casein with
1 ml of buffer A and gradually increasing the temapere up to 80-85 °C in 10
minutes. The solution was finally placed at 37 f@ilwse.

C. 110 mM trichloroacetic acid (TCA).

D. Folin & Ciolcaltea’s reagent (Sigma-Aldrich) dilatén water (1:4 v/v).

E. 500 mM NaCQ:s.

F. 10 mM sodium acetate + 5 mM calcium acetate at pHplaced at 37 °C until use.

G.1.1 mML-tyrosine standard.

H. Protease solutions of Flavourzyfhand Umamizym®in F

A calibration curve was obtained by measuring thsogbances of four solutions
containing increasing volumes of a 1.1 mM solutidn. -tyrosineG (0.03, 0.06, 0.08
and 0.12 ml), 0.25 ml of the F-C reactive solutdnl.25 ml of 500 mM Ng#CO;s E,
and water up to 1 ml (Table 6.1). A sample contenihe same reagents without
L-tyrosine was used as blank.
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Table 6.1.

Reagent Blank Sample 1 Sample 2 Sample 3 Sample 4
1.1 mM I-tyrosine (G) / 3@l 60 ul 80 ul 120yl
H.O 500l 470l 440l 420l 380l

500 mM NaCOs(E) 1.25ml 1.25ml 1.25ml 1.25ml 1.25ml

(FD)C reactive solutlon250 ul 250l 250 pl 250 pl 250 pl

Calculateds = 10979

The absorbances of the standard solutions wereumsghwith a spectrophotometer at a
wavelength of 750 nm. The calibration curve wasawlgtd with a graphing program by
plotting the amountyfmol) of L-tyrosine solutiorG on the Y axis, versus the change in
absorbance recorded on the X axis.

The assay is performed at 25 °C in two steps. érfitbt one blank, sample, and control
solutions are prepared. The sample solution wasirdd by adding the protease
solutionH (0.1 ml) to caseirB (0.5 ml) in a plastic microcentrifuge tube. Aftér
minutes TCAC (0.5 ml) was added to inactivate the enzyme. Tdrgrol solution was
prepared with the same procedure but adding thée&f (0.1 ml) instead of the
protease solutionH. The blank solution was prepared by adding in astpl
microcentrifuge tube the protease solutid)hTCA C (0.5 ml) and caseiB (0.5 ml) at
the same time. Afterwards each tube was centrifagd®200 rpm for 1 minute.

In the second step 500 mM H&0O; E (0.625 ml) and the F-C reacti (0.125 ml)
were added to each supernatant (0.25 ml) in aiplagtrocentrifuge tube. After 15
minutes each solution was centrifuged at 13200 figuni minute and the supernatant
absorbances were read at 750 nm in disposablécptasettes.

The umoles of tyrosine equivalents released were detat®iusing the calibration
curve. The activity of Flavourzyrfievas obtained by the equation:

(umol of tyrosine equivalents released)x(ml usedep &)
(ml of enzyme)x(reaction time, min)x(ml used ip 2

U/ml enzyme = (eq. 6.4
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As Umamizym& is a solid protease, the enzymatic activity wasaioled by the

equation:

U/ml enzyme
mg protein/ml enzyme

U/mg enzyme = (eqg. 6.5)

6.3.7. 1,1-Diphenyl-2-picrylnydrazyl (DPPH) radical scavenging
activity

DPPH radical scavenging activity was evaluated excribed by Liet al. [2007] with
slightly modification. In disposable plastic cuestteachnydrolyzed sampldissolved in
water (40Qul) was mixed with 99.5% ethanol (4Q@0 and 0.02% DPPH (w/v) in 99.5%
ethanol (10Qul). The resulting solutions was incubated in thekdd room temperature
for 60 minutes, then absorbance at 339 nm was dedofds) using a UV-visible
spectrophotometer. A lower absorbamgeof the reaction mixture suggested a higher
free radical scavenging ability. A mixture contaipidistilled water (40Qu) instead of
the hydrolyzed samples was used as con#g). (A mixture containing hydrolyzed
sample solution (40Ql) and 99.5% ethanol (504) without DPPH was used as blank
(Ap). The percentage of the DPPH scavenging activaty valculated by the equation:

. . . Act+Ar—A
Radical scavenging activity (%) :T x 100 (eq. 6.6)

Defatted hempseed meal incubated under the sanegimgntal conditions without the

enzyme was used as negative control; whereas redylaéathione (GSH, 0.005% -
0.015% wi/v) and butylated hydroxytoluene (BHT, @5% - 0.0025% wi/v) were used
as positive control.

The 1G, value was determined at three different concaotrat(0.1%, 0.3%, 0.5% w/v)

of the hydrolyzed fractions by plotting the caldath free radical scavenging activity
(%) against the sample concentration [Udenigival, 2009].

To investigate the effect of buffers and pH on $havenging activities, the hydrolyzed
fractions at 24 hours (6d at final concentration of 0,5 % w/v) was mixedw40pl of
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0.1 M acetate buffer (pH 4.0), 0.1 M phosphate drufpH 7.0) and sodium carbonate
buffer (pH 9.0). The assay was performed as dest@bove.

All assays were performed in triplicate.

6.3.8. Ferrous ion-chelating potency

The iron (II) chelating potency was determined ascdbed by Blaet al. [2008] with
slight modifications. Reactions were carried out distilled water. In a plastic
microcentrifuge tube eadhydrolyzed samplé00 ul) was incubated with 2 mM Fe£l
(10 ul) for 30 minutes, followed by addition of 5 mM ferine (20ul, Sigma-Aldrich).
The resulting solution was kept at room temperatorel hour, then the absorbance at
562 nm A was recorded using a UV-visible spectrophotomegfercomplex of
FeCl/ferrozine has a strong absorbance at 562 nm. A fleigous ion-chelating ability
in the test sample results in a low absorbanceolatisn of 2 mM FeCl (10 ul) in
distilled water (80Qul), instead of the hydrolyzed samples, was usecbagol (A;). A
water solution of each hydrolyzed sample (80Owithout FeC} was used as blank
(Ap). The percentage of the Fe(ll)-chelating abilitpsacalculated by the following

equation:

_ Ac+ Ay — A
Chelating effect (%) :T x100 (eq. 6.7)

Defatted hempseed meal incubated under the sanegimgntal conditions without the
enzyme was used as negative control, whereas tlsedidm salt of the
ethylenediaminetetraacetic acid (EDTA@Nat various concentration from 0.0001% to
0.03% wl/v) was used as a standard metal chelatjegtaAll assays were performed in
triplicate.

The 1G5 value was determined at three different concantrat(0.005%, 0.01%, 0.03%
w/v) of the hydrolyzed fractions by plotting thecigrocal of the calculated chelating

effects (%) against that of the sample concentrat{®ouble Reciprocal plot method).
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6.3.9. Glutamate content

The amount of freeL-glutamate in hempseed hydrolysates was assessed by
L-glutamate determination kit (GLN-1, Sigma, Milataly).

The assay was performed using a buffer containimgl f Hydrazine Hydrate (64%
Hydrazine) and 19 ml of Tris (100 mM)-EDTA (2 mM) aH 9.0. A calibration curve
was obtained using water solutions at differentcentrations oti.-glutamate (25, 50,
100, 150 and 250M).

In disposable plastic cuvettes containing p0@f buffer were added in succession 30
mM B-Nicotinamide Adenine Dinucleotide (NAD, 5@l); 100 mM Adenosine 5'-
Diphosphate (ADP, ul) and the hydrolysate solution (138). The volume was
adjusted to 1.0 mL with water (3240).

After mixing by inversion, the absorbance of theuténg solutions was recorded at 339
nm to obtain background reading. Afterward GlutaanBehydrogenase (L-GLDH;
1200 U/ml, 10ul) was added to each solution. The cuvettes werednby inversion
and kept at 37 °C for 1 h, then absorbance at 8%as recorded. Net absorbance was
calculated by subtracting the background absorbafycsolution containing the same
reagents without hydrolysates was used as blank.

6.3.10. Sensory analysis

The sensory profiling was carried out at the Sendomboratory of the Special
Company for Professional Training and Technologaral Commercial Promotion of
the Chamber of Commerce of Savona (Albenga, Itéli)east six subjects participated
in the descriptive analysis as panelists. The stjdad variable experiences of
descriptive analysis. Each sample was prepared .®# @Gnd 0.5% solutions in
deionized water. Aliquots (20 mL) of each samptpjibrated at room temperature (20
+ 2 °C), were presented to the panelists in a disple plastic cup coded with random
numbers. The presentation order of the samples raadomised to minimize the
presentation order effect. The subjects were pusWotrained until consensus was

reached to evaluate the five basic tastes (swédy,bsour, salty and umami). The
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sensory attributes were evaluated using a quamétdescriptive analysis method [Jo &
Lee, 2008], based on “sip and spit” procedure. brerdetail, the subjects rinsed their
mouths with filtered water before tasting each damphe subjects rated the intensity
of stimulus using a 10-point category scale whasétd were labelled as “weak” and

“strong”, respectively. Each sample was evaluatéth@s in different sessions.

6.3.11. Statistical analysis

Statistical analyses were performed with the Origno 8 software (Origin Lab Inc.,
Northampton, MA). The data were expressed as mdam@t8 evaluated using one-way
analysis of variance followed by Tukey’s post-hestt A level of p<0.05 was used as a

criterion for statistical significance.
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6.4. Preparation of HVPs from Hempseed through Chemal
Hydrolysis

6.4.1. Chemical hydrolysis with Acetic Acid

In a flask 50% acetic acid (60 ml) was added to fead proteins (100 mg) extracted
with Method A (section 6.3.2.). The mixture (pH Pwas stirred at 110 °C for 18 h,
then allowed to cool to room temperature and frekimd. The freeze-dried product
was analyzed by reverse-phase HPLC under the folpwonditions.Flow rate 0.5
ml/min. Detection\: 226, 254, 280 nmMobile phasesolvent A, 0.1% TFA in water;
solvent B, 0.1% TFA in water/acetonitrile (20/8@®radient elution from 5% to 100%
solvent B:

1. column equilibration 0,3 CV + wash out unbound s@MpCV (corresponding to 1.3
CV with 5% B)

gradient 1: from 5% to 30% B in 1 CV

gradient 2: from 30% to 50% B in 3 CV

gradient 3: from 50% to 100% B in 1 CV

clean after gradient 1: 100% B for 1 CV

re-equilibration: 5% B for 2 CV

o 0 AW N
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6.4.2. Chemical hydrolysis with Formic Acid

In a flask 20% formic acid (60 ml) was added to pseed proteins (100 mg) extracted
with Method A (section 6.3.2.). The mixture wasrsitil at 110 °C for 6 hours, then at
room temperature overnight, and finally freeze-dlri&#he freeze-dried product was
analyzed by reverse-phase HPLC and by SDS-PAGErdhdeconditions described in

6.4.1.and6.3.5.2sections, respectively.

6.4.3. Chemical hydrolysis of defatted hempseed ¢€&lo with
Hydrochloric Acid

Hydrolysis of defatted hempseed flour with hydracid acid was performed according
to Aaslyng [Aaslyng, 1998]. In a three-necked flasksolution of 4 M HCI (150 ml)
was added to defatted hemp seed flour (3.0 g).nlik&ure was stirred at 110 °C for 6
hours, then was allowed to cool to room temperatoeetralized with 4 M NaOH and
vacuum filtered on a sintered glass filter. Theigasted material formed very dark and
small clusters. After treatment with active carbfwilowed by filtration trough celite,
the dark solution became clear and light yellowcahor. The product was stored at -
20 °C.

6.4.4. Chemical hydrolysis of hempseed proteins wit6 M HCI for 6 h
at 110 °C

In a round bottom flask, a solution of 6 M HCI (18@) was added to hempseed
proteins (1.5 g). The mixture was stirred at 11466 hours, then was allowed to cool
to room temperature. Finally it was neutralizedhwidt M NaOH, adding N&€O; as a
buffer, at 0 °C up to pH 5.8. The solution was with with water (1:20) and freeze-
dried. The freeze-dried product was analyzed amdigui by RP HPLC.

Analytical RP HPLC was performed under the condgiaescribed i6.4.1. section.

Preparative RP HPLC was performed under the foligweonditions.Flow rate 0.5
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ml/min. Detectioni: 226, 254, 280 nmMobile phasesolvent A, 0.1% TFA in water;
solvent B, 0.1% TFA in water/acetonitrile (20/8@®radient elutionfrom 5% to 100%
solvent B:

1. column equilibration 0,3 CV + wash out unbound sEMpCV (corresponding to 1.3
CV with 5% B)

gradient 1: from 5% to 30% B in 2 CV

gradient 2: from 30% to 50% B in 6 CV

gradient 3: from 50% to 100% B in 1 CV

clean after gradient 1: 100% B for 1 CV

reequilibration: 5% B for 2 CV

The fractions purified by RP-HPLC were analyzedyNMR, DOSY and TOCSY (at
500 MHz and 310 K). NMR analysis was performed 8MAC-CNR of Milan. The
major peak was also analyzed by MS-MALDI.

o 0k w0 N

Moreover, the ACE-inhibitory activity was assessed.

6.4.5. Chemical hydrolysis of hempseed proteins wWit0.1 M HCI for 48
hat 63 °C

In a round bottom flask, a solution of 0.1 M HCDQLml) was added to hempseed
proteins (1.11 g). The mixture (pH 4.0) was stiregd63 °C for 48 hours, then was
allowed to cool to room temperature. To removessattivated AMBERLITE 402
resin (2.0 g) was added to the mixture. After sigrfor 2 hours, the resin was filtered
under vacuum and the solution was freeze-driedrodvb amorphous solid (1.0 g) was
obtained.

Analytical RP HPLC was performed under the condgiaescribed i%.4.1. section.
The freeze-dried product was analyzed'HyNMR, DOSY and TOCSY (at 500 MHz
and 310 K). NMR analysis was performed by ISMAC-CbiRMilan.
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6.4.6. Chemical hydrolysis of hempseed proteins 1 MCI M for 6 h at
110 °C

In a two-necked bottom flask, a solution of 1 M HC50 ml) was added to hempseed
proteins (1.50 g). The mixture was stirred at 100f6r 6 hours, then was allowed to
cool to room temperature. To remove salts, actv&BBERLITE 402 resin (30.0 g)
was added to the mixture. After stirring for 2 rguhe resin was filtered under vacuum
and the solution was freeze-dried.

Analytical and preparative RP HPLC were performadear the conditions described in
6.4.1.section. The freeze-dried product was analyzetHtb)fMR, DOSY and TOCSY
(at 500 MHz and 310 K). NMR analysis was performhgdSMAC-CNR of Milan.

6.4.7. Chemical hydrolysis of hempseed proteins vitL M HCI for 48 h
at 63 °C

In a two-necked bottom flask, a solution of 1 M HCO0 ml) was added to hempseed
proteins (1.00 g). The mixture was stirred at 63f6€48 hours, then was allowed to
cool to room temperature. To remove salts, actiVaARIBERLITE 402 resin (30.0 g)
was added to the mixture. After stirring for 1 hguhe resin was filtered under vacuum
and the solution was freeze-dried. A brown amorghsmlid (400 mg) was obtained.
Analytical and preparative RP HPLC were performader the conditions described in
6.4.1.section. The freeze-dried product was analyzetHslMR, DOSY and TOCSY
(at 500 MHz and 310 K). NMR analysis was perforrhgdSMAC-CNR of Milan.

6.4.8. Chemical hydrolysis of hempseed proteins wit3 M HCI for 8 h
at 100 °C

In a two-necked bottom flask, a solution of 3 M HE00 ml) was added to hempseed
proteins (2.00 g). The mixture was stirred at 100fér 8 hours, then was allowed to

cool to room temperature. To remove salts, actV&BBERLITE 400 resin (15.0 g)
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was added to the mixture. After stirring for 3 guthe resin and insoluble product
were filtered under vacuum. The solution was néiagd with 4 M NaOH, adding
NaCO; as a buffer, up to pH 5.8 and freeze-dried.

Analytical and preparative RP HPLC were performader the conditions described in

6.4.1.section.

6.4.9. ACE-inhibitory activity assay

The assay was performed by using Hippuryl-Histidglicine (HHL) as substrate
[Cushman & Cheung, 1971] and HPLC DAD for the detecof Hippuric Acid(HA)
[Wu at al,, 2002]. Some modifications were introduced, asudlesd below. A volume
of 100 ul of 2.5 mM HHL in buffer 1 (100 mM tris-HCOOH, 30&M NaCl pH 8.3)
was mixed with 3Qu of “inhibitor” in buffer 1 at different concenttians.

The “inhibitor” is a peptide mixture obtained fraime digestion of proteins.e. TPES,
industrial isolates, or laboratory purified protirJsually, at least 6 concentrations
were used for each inhibitor, and each solution wiested twice: the highest
concentration used in the assays was 1035.9 ugéanglly dilutions were performed to

obtain the other concentrations (Table 6.2).

Table 6.2.

Conc. Inib (ng/ml)

0.00
28.75
115.02
345.07
690.13
1035.9

HHL solution was daily prepared because, in linéhvaur experience and literature
data [Shalabyt al, 2006], it is not very stable. Samples were preHrated at 37 °C
for 15 min, then 13l of ACE solution, corresponding to 3 mU of enzymebuffer 2
(100 mM tris-HCOOH, 300 nM NacCl, 1M ZnCl,, pH 8.3), were added; samples
were then incubated for 60 min at 37 °C. The reactvas stopped with 1328 of 0.1 M
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HCI. The aqueous solution was extracted twice 8D ul of ethyl acetate, and the
solvent was evaporated at 95 °C, the residue wars dissolved in 50Q! of buffer 1
and analyzed by HPLC. In our experiments, the dirgection in HPLC did not give
optimal results regarding peak shape and baselore af reliable and accurate
quantification. For this reason, we decided to quenf the extraction step, using ethyl
acetate and a double step of extraction followedhleyevaporation of solvent in glass
vials. The evaporation conditions greatly influethd¢be results of the assay: a trace of
residual solvent results in abnormally high absocdeavalues [Lamet al, 2007].
Obviously the sample preparation requires one nstep, but the extraction assures
good reproducibility in the quantification of theAHchromatographic peak and the
absence of interfering peaks due to peptides. Saymwoves (Figure 2) fit very well the
data points representing the ACE inhibition in fume of inhibitor concentration, as
pointed out by the correlation coefficienfR

HPLC analyses were performed with a HPLC 1200 Serguipped with an
autosampler (Agilent Technologies, Santa Clara, W#h a Lichrospher 100, C18
column (4.6250 mm, 5 Im; Grace, Italy). Water and acetonitwiere used as solvents
with the following gradient: 0 min 5% acetonitril®@) min 60% acetonitrile, 12 min
60% acetonitrile, 15 min 5% acetonitrile. Injectisolume was 1Ql, wavelength 228
nm, flow 0.5 ml/min. The retention time of hippuracid (HA) was 4.2 min. The
detector response for standard HA was linear inréimge 1-10Qug/ml. The relative
standard deviation for determination of the jgml HA solution was 2.5% (n = 8),

very similar to already published data [\Wual, 2002].

ACE inhibition measurement

The evaluation of ACE inhibition was based on themparison between the
concentrations of HA in the presence or absenamnahhibitor (inhibitor blank). The
phenomenon of autolysis of HHL to give HA was eafda by a reaction blank, i.e. a
sample with the higher inhibitor concentration anthout the enzyme.

The percentage of ACE inhibition was computed aberang the area of HA peak with

the following formula:
% ACE inhibition = [(As - AV)/ [(As - Arg)]X10 (eq. 6.8)
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where Ag is the area of HA in Inhibitor Blank (IB) samples( sample with enzyme but
without inhibitor), Ay is the area of HA in the samples containing d#ferinhibitor
amounts and ARB is the area of HA in the reactitank (RB) sample (i.e. sample
without enzyme and with inhibitor in the higheshcentration).

The percentages of ACE inhibition were plotted Mg inhibitor concentrations,
obtaining a sigmoid curve; kg was defined as the inhibitor concentration neeted
observe a 50% inhibition of the ACE activity. OmMgen the ACE-inhibitory activity
was more than 50%, the dCvalue was calculated. The Cvalues were obtained

independently testing each inhibitor three times.

189






6.5. Preparation of HVPs from Flaxseed through Enzye-
catalyzed Hydrolysis.

Four Italian cultivars of flax linum usitatissimuni.) seeds, namely, Solal, Merlin
Linoal and Natural, harvested in Cavriana (MN) dmdviglio (BG), were provided by
CNR -Institute of Biology and Biotechnology (IBBApf Milan, Italy, during
2011/2012. A voucher specimen is stored and predarnvour laboratory at Department

of Chemistry at University of Milan. Seeds wereratbat 4 °C in the dark until use.

6.5.1. Defatted Flaxseed Meal

According to the method described for hemp seedseation6.3.1, defatted flaxseed
flour was obtained by stirring with-hexane and milling the flax seeds. Both defatted
flaxseed flour and extracted hemp oil were stote@@°C until use.

The protein contents of defatted flaxseed flour vaggermined according to the
Kjeldahl method, which was performed by Centro dceRca per le Produzioni
Foraggere e Lattiero-Casearie (CRA) of Lodi, by sueimg the nitrogen content with a
CNH analyzer [AOAC, 1980]. The value of 6.25 wa®disas conversion factor to

determine the protein content.

6.5.2. Extraction of Mucilage

Mucilage of defatted flaxseed flour was extractedoading to the slightly modified

method of Bagnasco et al. (2013). Each cultivardefatted flaxseed flour was
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suspended with distilled water (ratio 1:10 w/v) daept under shaking for 12 h in a
shaker at room temperature. The suspension wasfagat at 8000 rpm for 30 min to
recover both supernatant and the residue. Theugsabntaining de-mucilaginated and
defatted flaxseed flour, was dried in an oven a780C for two days. The resulting
viscous solutions containing the dissolved polybaddes was filtered through a sterile
gauze and precipitated with ethanol (in ration 2.\/v) for 1 hour at 4 °C. Mucilage
was then recovered by centrifuging at 8000 rpm3f@min at room temperature. The
pellet was dissolved in distilled water and fredried. Both freeze-dried mucilage and

dried flaxseed flour were stored at -20 ° C undidu

6.5.3. Enzymatic Hydrolysis

The enzymatic hydrolysis of defatted flaxseed flaas performed in semi-preparative
scale according to the method described for heragssim sectio®.3.3.

Defatted hempseed flour (20 g corresponding tg3bproteins) was suspended in 100
mM ammonium bicarbonate buffer (final concentratid®o w/v) by adjusting pH to
the optimal value for any enzyme, as indicated lanuafacturers. Any suspension was
preincubated for 20 minutes at the desired tempezalhe specific protease was added
to the reaction mixture in order to give a finakpme/substrate ratio (E/S) of 5% w/w
(135l of Flavourzym& and 200 mg of Umamizyrfievere used, respectively) and the
mixture was stirred at 400 rpm.

Hydrolyses were carried out in the above conditiand stopped after 1, 7, 14 and 24
hours by addition of formic acid up to pH 3.5 t@dtivate the enzyme. Subsequently
the suspensions were sonicated in a water-bathGgninutes and centrifuged at 8000
rom for 30 min at room temperature to recover sbada proteins and peptides and
remove the undigested materials. The supernateotgaining HVPs, were collected,
freeze-dried and stored at -20 °C before furthexlyais. Controls of the proteolysis

experiments were obtained by repeating the abaveepure without the enzymes.
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6.5.4. SDS-PAGE

The SDS-PSGE analysis of flaxseed mucilage wagedanut according to the method

described for hemp seeds in sectoB.5.
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7. EXPERIMENTAL SECTION
PART 2






7.1 General - Synthesis of modified nucleosides

All reagents were purchased from Sigma-Aldrich @vijl Italy) and/or from VWR
International and were used without further puaifion. All the solvents were of HPLC
grade.

Analytical Thin Layer Chromatography TLC was penfed on silica gel 604, or 60
RP-18 F254s precoated aluminum sheets (0.2 mm; IBMegnck, Darmstadt, Germany);
components were detected under an UV lam@34 nm), by spraying with a ceric
sulfate/ammonium molybdate solution or with a niitiy solution [5% (w/v) ninhydrin
in ethanol], followed by heating at about 150 °G/bHd compounds were detected by
exposing the TLC sheets to iodine vapors.

Puritication MethodsAmberlite XAD-4 was purchased from Supelco (Sighidrich).
Purification of products was accomplished eitherflagh chromatography (silica gel
60, 40-63 mm, Merck) or by preparative HPLC usingdmersham pharmacia biotech
(P900) liquid chromatographer connected to a UV-gletector; chromatographic
conditions were as follows: column, Jupiter RP-48, (oroteo 90 A size: 25x2.12 cm,
Phenomenex); flow rate, 0,5 ml/min; detectadr226 and 254 nm; mobile phase:
A (0,1% TFA (v/v) in water) and B (80% acetonitfil2Z0% water with 0,1% of TFA),
gradient elution from 5% to 100% B in 45 min.

NMR SpectroscopyH, *C and**P NMR spectra were acquired at 400.13, 100.61 and
161.96 MHz, respectively, on a Bruker Advance 4péctrometer (Bruker, Karlsruhe,

Germany) interfaced with a workstation running anédws operating system and
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equipped with aopspiNsoftware packagéH and™*C chemical shifts§) are given in
parts per million (ppm) and are referenced to thleent signalsdy 7.25,6¢ 77.00;04
2.50 anddéc 39.50 ppm from Tetramethylsilane (TMS) for CRGNd DMSOds,
respectively].>'P chemical shifts (ppm) are referred to 85%P&, as the external
standard& 0.00 ppm)*C NMR signal multiplicities were based on attacheaton test
(APT) spectralH signals were assigned with the aid'ldf'H correlation spectroscopy
(*H-"H COSY).**C NMR signals were assigned on the basis of hetetear multiple-
quantum correlation (HMQC) and heteronuclear midtipond correlation (HMBC)

experiments.
Mass Spectrometrjelectrospray ionization mass (ESI-MS) spectraenecorded on a

Thermo Finnigan LCQ Advantage spectrometer (Hemempistead, Hertfordshire,
UK).
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7.2. Synthesis of 1,6-Diamini-tert-butyloxycarbonylhexane (Al)

H
o._ _0.__0O CH,CI
NH 2-2 Ao~ NLO
HZN/\/\/\/ 2+ >‘/\ﬂ/\ﬂ/ —> H;N \n/j<
le} 0 0°C o
A Al

A solution of (Boc)O (764 mg, 3.5 mmol) in Ci&l, (30 ml) was added dropwise over

1 hto a stirred solution of 1,6-diaminohexax¢2.034 g, 17.5 mmol) in Ci&l, (70 ml)

at 0 °C. The mixture was stirred at 0 °C for 2Hent at room temperature for another
1 h (TLC monitoring, eluent MeOH/30% N#ét1, R product = 0.36).

The mixture was filtered trough celite and therdilé was evaporated under reduced
pressure. The colorless oily residue was taken itlp AcOEt (80 ml) and washed with
brine (20 ml x 5). The aqueous layer was extraatigl ACOEt (50 ml). The combined
organic layers were dried over }0, and the solvent was evaporated under reduced
pressure to give 1,6-Diaming-tert-butyloxycarbonylhexanAl (725 mg, 3.35 mmol)

as a slightly coloured oil.

Yield = 96%

'H NMR (400 MHz, CDCl):

8 1.14 (s, 2H, -NH), 1.26-1.37 (m, 4H, -CH), 1.37-1.52 (s + m, 9H + 4H;Bu + -
CH,-), 2.67 (t, 2H; NCH), 3.09 (g, 2H, -C(O)NCH); 4.60 (bs, 1H, -C(O)NH-).

3C NMR (100 MHz, CDCly):

§ 26.4 (2C, CH*¥: 26.5 (CH?); 28.3 (3C, -COOGTH3)3); 29.9 (CH); 33.6 (CHP);

42.0 CH,'NHCO-); 78.8 C(CHs)3); 155.9 (COOC(CH)a).

Mass spectrum
ESI-MS positive mode m/z. 217 [M+H'].

[Pons, 1998]
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7.3. Synthesis of 1,4-diamind-tert-buthoxycarbonylbutane (B1)

NH OO~ CHCl3 N 0
H2N/\/\/ 2 4 X \n/ \”/ _ HZN/\/\/ \n/
0 O 0°C 3

B Bl

A solution of (Boc)O (1.59 g, 7.3 mmol) in CHgIl(15 ml) was added dropwise over
4 h to a stirred solution of 1,4-diaminobutd@€3.82 ml, 38.0 mmol) in CHGI(30 ml)

at 0 °C. The resulting solution was stirred at rdaemperature overnight monitoring the
progress of the reaction by TLC (eluent ammoniarséed CHCI,/MeOH 9:1,
R: product = 0.34).

Then, the resulting slurry mixture was diluted iRl@Cl3 (30 ml) and washed with 1 N
NaHCG; (30 ml x 2) and brine (30 ml). The organic layeaswdried over N&O, and
concentrated under reduced pressure to obtain aomdpBl as a clear yellow oil
(5.84 g, 31.0 mmol).

Yield: 80%

'H NMR (400 MHz, CDCls):
§ 4.88 (brs, 1H); 3.12 (m, 2H); 2.72 (m, 2H); {@94H); 1.45 (s, 9H); 1.18 (m, 2H).

13C NMR (100 MHz, CDCly):
§ 155.79; 41.54; 40.11; 30.64; 28.14; 27.19.

Mass spectrum

ESI-MS positive mode m/z:189.0 [M+H]+.

[Pons, 1998]
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7.4. Synthesis of 2',3',5'-TriO-acetylguanosine (4.2)

o o)
(NfNH (CH3C0)30, TEA, DMAP </N | N
HO. N N/)\NH 3 3 ' AcO N N/)\NH
o 2 CHCN, N, O 2
OH OH OAc OAc
4.1 4.2

In a three-necked round-bottom flask, to a suspensi guanosing.1 (5.0 g, 17.66
mmol) in dry acetonitrile (100 ml) dimethylaminomjine (DMAP 130 mg, 1.06 mmol)
and triethylamine (TEA 8.8 ml, 63.56 mmol) were eddinder nitrogen atmosphere.
The mixture was stirred for some minutes and aaetitydride (5.8 ml, 61.81 mmol)
was added dropwise at 0 °C. Then the mixture wiasvatl to cool to room temperature
under stirring. The reaction progress was monitordd by TLC analysis
(eluent CHCI,/MeOH 9:1, R product = 0.45).

After the complete dissolution df1 (about 30 minutes), methanol (150 ml) was added
and the solution was evaporated under reducedyveesthe crude yellow oil residue
was recrystallizated adding 2-propanol (20 mL).sThixture was stored at 4 °C
overnight, filtered and washed with 2-propanol arftexane to give compourdd2 (6.8

g, 17.66 mmol) as a white soft solid.
Yield = 94%

'H NMR (400 MHz, DMSO-de):

§ 2.04 (s, 9H, -COCH); 4.28 (m, 2H, CKP?¥®); 4.36 (dd,J = 3.7 Hz, 1H, CH); 5.49
(dd,J = 6 Hz, 1H, CH); 5.78 (dd,J = 6 Hz, 1H, CH); 5.98 (d,J = 6 Hz, 1H, CH);
6.59 (br s, 2H, NB); 7.93 (s, 1H, CB); 10.85 (br s, 1H, MH).

13C NMR (100 MHz, DMSO-dy):

8 20.09-20.27-20.42 (3 +eeyH3) ; 63.02 (C); 70,29 (C); 72.07 (C); 79.51 (C);
84.53 (C); 116.85 (C); 135.59 (&); 151.05 (¢); 153.83 (A); 156.60 (C); 169.6-
169.8-170.4 (3 -CQexy).
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Mass spectrum
ESI-MS positive mode m/z. 410.1 [M+HT]; 432.2 [M+N4d]; 841.1 [2M+N4d]; 1249.8
[3M+Na']; 1659.5 [4M+N4].

[Bridson, 1977]

202



7.5. Synthesis of 2’,3’,50-triacetyl-6-chloroguanosine (4.3)

Cl
A an
POCI5;, DMA, Et;NCI
AcO //I\ S 4 > AcO /)\
o N7 N7 ONH, CHiCN, N, o N7 N7 ONH,
OAc OAc OAc OAc
4.2 4.3

In an anhydrous two-necked round-bottom flask moixture of pre-dried 2’,3',5’-tri©-
acetylguanosind.2 (10.233 g, 25 mmol) and JCI (8.288 g, 50 mmol, pre-dried in
vacuo at 80°C for one day oves@?), acetonitrile (50 mL, distilled from BPsunder an
argon atmosphere) and,N-dimethylaniline (DMA 3.16 ml, 25 mmol, pre-disat
from CaH under a nitrogen atmophere) were added under anstoé dry nitrogen. The
solution was stirred for 2 min and phosphoryl cider(13.7 ml, 15 mmol) were added
dropwise at room temperature. The flask was placeh oil bath preheated to 100 °C
and the solution was stirred at reflux for 35 mintiluTLC showed the complete
disappearance df.2 (eluent CHCI,/MeOH 9.5:0.5, Rproduct = 0.45).

Volatiles were evaporated immediately under reduymesssure. The resulting yellow
foam was dissolved in CHE(150 ml) and stirred vigorously with crushed ice 15
min. The layers were separated and the aqueoug pVess extracted with CHE(4 x
50 ml). The combined organic phase was washed wild water (3 x 60ml),
5% NaHCQGy/H,0 up to pH 7 (3 x 50 ml) and brine (2 x 50 ml),edriover NaSQy,
filtered, and concentrated to 1/2 of the startiofumne. 2-Propanol (60 ml) was added
and the solution was slowly concentrated underaedypressure to 40 ml. The mixture
was stored at 4 °C overnight. The crystalline pobduas filtered and washed with
2-propanol to give crudé4.3 (8.50 g, 19.9 mmol, 79%). This product was reeatiged

with 2-propanol to give purified.3(8.10 g, 19 mmol) as a white crystalline solid.

Yield =76 %
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'H NMR (400 MHz, CDCl3):

§ 2.11-2.12-2.17 (3s, 9H, -COGH 4.36-4.51 (m, 2H, CH*™); 4.36 (m, 1H, CH);
5.25 (br s, 2H, Nb); 5.77 (dd,J = 5.00 Hz, 1H, CBi); 5.98 (ddJ = 5.2 Hz, 1H, CH);
6.03 (d,J = 5.2 Hz, 1H, CHi); 7.90 (s, 1H, CH).

13C NMR (100 MHz, CDCly):
8 20.38-20.49-20.66 (3 #erHs) ; 62.91 (C); 70,53 (C); 72.78 (C); 80.06 (C);
86.66 (C); 125.88 (C); 140.67 (¢); 151.95 (€); 153.11 (C); 159.12 (A); 169.29-

169.51-170.42 (3 -CQeyy).

Mass spectrum
ESI-MS positive mode m/z: 428.2 [M+H]; 450.4 [M+Na]; 259.2 [M'-nitrogen base].

[Robinset al, 1981]
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7.6. Synthesis of 2-iodo-6-chloro-9-(2’,3',5'-tr©-acetyl#-d-ribofuranosyl)-purine
(4.4)

cl al
N X N X
N N
% TBN/CHl, % f
AcO. <N:(’\>\NH —  » A <N | N/)\I
© 2 CHyCN, N, ©

OAc OAc OAc OAc
4.3 4.4

In an anhydrous three-necked flask to a suspensbn6-chloro-2’,3',5-O-
triacetylguanosinet.3 (855 mg, 2 mmol) in dried acetonitrile (2.5 mlstilled from
P,Os under an argon atmosphere) £££D.8 ml, 10 mmol) was added under a stream of
dry nitrogen. The solution was stirred for 2 mirddrbutyl nitrite (0.36 ml, 3 mmol)
were added dropwise at room temperature. The ¥l@skplaced in an oil bath preheated
to 100 °C and the solution was stirred at refluk 20 min, until TLC showed the
complete disappearanceB (eluent ACOE#-hexane 6.5:3.5, fproduct = 0.4).
Volatiles were evaporated immediately under redymedsure. The resulting deep red
residue was dissolved in AcOEt (50 ml) and stirredorously with an aqueous
saturated Naf®s solution (50 ml) for some minutes. The layers weparated and the
aqueous phase was extracted with AcOEt (3 x 50ThB.combined organic phase was
washed with brine (4 x 50ml), dried over JS&y, filtered, and concentrated under
reduced pressure. The residue was purified by fthsbmatography (eluent AcOBY/
hexane = 6.5:3.5). The yellow crude was taken upd@Et (8 ml) and precipitated
with cold n-hexane to give 2-iodo-6-chloro-9-(2’,3',5'-t@-acetyl$-D-ribofuranosyl)-
purine4.4 as a white solid (625 mg, 1.16 mmol).

Yield = 58 %
'H NMR (400 MHz, CDCl):
§ 2.13 (s, 3H, 3-COCH); 2.16 (s, 3H, 5'-COCH); 2.20 (s, 3H, 2'-COCH); 4.40 (m,

2H, H); 4.49 (m, 1H, H¥); 5.61 (ddJ = 5.6 Hz, 1H, H); 5.80 (dd,J = 5.6 Hz, 1H,
H?); 6.22 (d,J = 5.2 Hz, 1H, H); 8.22 (s, 1H, B).
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13C NMR (100 MHz, CDCly):

3 20.38 (2-GeyHa); 20.52 (5™-GetyHs); 20.82 (3-GeeyyHa); 62.92 (C); 70.61(C);
73.38 (&); 80.91 (¢); 86.69 (C); 116.97 (&); 132.27 (C); 143.07 (¢); 151.06 (C);
151.96 (C); 169.34 (2'-CQeery); 169.50 (3'-CQeery); 170.15 (5'-CQeery)-

Mass spectrum
ESI-MS positive mode m/z: 561.2, 562.2 [M+Nd](relative peak height ratio = 3:1)

[Ohnoet al, 2004]
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7.7. Synthesis of 2-iodo-6-methoxy-9XD-ribofuranosyl)-purine (4.5a)

a OCH;
/ CH;ONa/CH;OH / f\
AcO <N | A B ’ HO. <N PN
o N o N~ 1
rt, Ny
OAc OAc OH OH
4.4 4.5a

In a two-necked, round-bottom flask dry methandl! f@) was charged. Under a stream
of dry nitrogen, sodium (214 mg, 9.3 mmol) was abdewly in pieces. After the
complete dissolution of the metal, the solution wlswed to cool to room temperature
and 2-iodo-6-chloro-9-(2’,3’,5'-tr@-acetyl$-D-ribofuranosyl)-purine 4.4 (500 mg,
0.93 mmol) was added. The mixture was stirred fom#n at room temperature until
TLC showed the complete disappearancd.df(eluent CHCI,/MeOH 6:1, R product
=0.5).

The reaction was quenched with MH (498 mg, 9.3 mmol) and the resulting mixture
was stirred for some minutes. After vacuum filiati the solution was mildly
concentrated under reduced pressure to obtain & whblid, which was dissolved in
distilled water and adsorbed on Amberlite XAD-4ime&0-50 Mesh (1 g of product: 30
g of resin) at room temperature over night. Thetarex was vacuum filtered, and the
product was desorbed from the resin with methaiolally methanol was evaporated
under reduced pressure to give 2-iodo-6-methoxg-9-(ibofuranosyl)-purinet.5aas a
white solid (374 mg, 0.92 mmol).

Yield =99 %

'H NMR (400 MHz, CDs0OD):

§3.79 (ddJ, = 12.3,J, = 3.4 Hz, 1H, CFl); 3.91 (dd J; = 12.3,J, = 3.0 Hz, 1H, CF);
4.14-4.20 (m, 1H, CH); 4.18 (s, 3H, -OCH); 4.36 (dd,J; = 4.9,J, = 3.9 Hz, 1H,
CH*); 4.68 (dd,J, = 5.3 Hz,J, = 5.3 Hz,1H, CH); 6.04 (d,J = 5.5 Hz, 1H, CHi);
8.48 (s, 1H, CH).
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13C NMR (100 MHz, CD;OD):
§ 54.42 (-OCH); 61.53 (C); 70.67 (G); 74.36 (¢); 86.15 (C); 89.41 (C); 117.04
(C?); 121.23 (C); 142.18 (&); 151.85 (C); 159.61 (C).

Mass spectrum
ESI-MS positive mode m/z: 431.4 [M+Na].
ESI-MS negative modem/z 275.7 [M-ribose moiety]; 815.7 [2M-H

[Robinset al, 1981]
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7.8. Synthesis of 2-iodo-6-benzyloxy-$-D-ribofuranosyl)-purine (4.5b)

Cl OBn
N N N N
¢l Y BnONa/BnOH ¢
AcO o NN ———— HO N N/)\I
DMF, 0 °C, N, S
OAc OAc OH OH
4.4 4.5b Bn = CH,Ph

In a two-necked, round-bottom flask dry benzyl alwlo(4 mL) was charged. Under a
stream of dry nitrogen, sodium (184 mg, 4 mmol) wdded slowly in pieces. After the
complete dissolution of the metal, the solution wl@wed to cool to room temperature.
The obtained solution was then added under stiiang cooled (0 °C) mixture of 2-
iodo-6-chloro-9-(2',3',5'-tr®  -acetyl#-D-ribofuranosyl)-purine 4.4 (1.077 g,
2.00 mmol) in dry DMF (8.5 ml), under an argon aspleere. The mixture was stirred
at 0 °C monitoring the progress of the reactioriThg analysis (eluent C¥Cl,/MeOH
9.5:0.5, Rproduct = 0.32).

After 40 minutes the reaction was quenched with,GIH498 mg, 6 mmol) and was
stirred for 10 minutes. The resulting mixture wakiited with water (10 ml) and
extracted with ethyl acetate (4 x 10 ml). The camediorganic phase were washed with
brine (15 ml), dried on sodium sulfate, and con@dat under reduced pressure. The
residue was purified by flash chromatography §ChHIMeOH 9.5:0.5) to give 2-iodo-6-
benzyloxy-9-(-D-ribofuranosyl)-purined.5b as a white crystalline solid(720 mg, 1.49

mmol).
Yield = 75%

'H NMR (400 MHz, CD30D):

§3.78 (ddJ, = 12.3,J, = 3.4 Hz, 1H, CFl); 3.90 (dd J; = 12.3,J, = 3.0 Hz, 1H, CF);
4.16 (dd,J, = 6.7,J, = 3.3 Hz, 1H, CH); 4.35 (dd,J; = 5.0,J, = 3.7 Hz, 1H, CE);
4.67 (ddJ; = 5.3 Hz,J, = 5.3 Hz,1H, CH); 5.63 (s, 2H, -CkPh); 6.04 (d,) = 5.5 Hz,
1H, CH"); 7.38-7.59 (m, 5H); 8.48 (s, 1H, &H
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13C NMR (100 MHz, CD;OD):

§ 62.16 (C); 70.08 CH,Ph); 71.31 (€); 75.04 (&); 86.79 (¢); 90.08 (C); 117.49
(C?); 121.92 (C); 128.20-128.31-128.60-128.81-129.15-136.26:}; 142.18 (C);
152.75 (¢); 159.61 (€).

Mass spectrum
ESI-MS positive mode m/z. 507.4 [M+Na]; 991.3 [2M+Na], 375 [M-ribofuranosyl

moiety]'.

[Casuet al, 2012]
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7.9. Synthesis of 2-iodo-6-methoxy-9QHD-2’,3’- O-isopropyliden)-purine (4.7a)

OCH; Q QcHs
)J\ N
Al ¢ f)N\
HO < N/)\I p-TsOH HO. N~ N7

N —_— o N 1
O MeO OMe
o 0
OH OH \<
4.5a 4.7a

To a suspension of 2-iodo-6-methoxy/Be-ribofuranosyl)-purine4.5a (1.22 g, 3
mmol) in acetone (30 ml)p-toluensulphonic acid (285 mg, 1.5 mmol) and 2,2-
dimethoxypronane (4.00 ml, 30 mmol) were added,eurath argon atmosphere. The
mixture was stirred at room temperature until Tl©wed the complete disappearance
of 4.5a(eluent AcOE#n-hexane = 7:3). After 6rihexane was added in order to obtain
a white precipitate. The mixture was stored at 40%€rnight and filtered. Compound

4.7awas obtained as a white solid (1.062 g, 2.37 mmol)
Yield: 79%

'H NMR (400 MHz, DMSO-de):

3 1.35 (s, 3H, C(CH); 1.56 (s, 3H, C(CH); 3.54 (td,J; = 5.2 Hz,J, = 1.4 Hz, 2H,
CH,*®™); 4.09 (s, 3H, -OCH); 4.24 (dd, J; = 7.5 Hz,J, = 4.8 Hz, 1H, CH); 4.96 (dd,
J1 = 6.1 Hz,J, = 2.7 Hz, 1H, CHi); 5.06(t,J = 5.3 Hz, 1H, -OF); 5.33 (ddJ; = 6.1
Hz,J, = 2.5 Hz, 1H, CH); 6.17 (d,J = 2.4 Hz, 1H, CHi); 8.52 (s, 1H, CH).

13C NMR (100 MHz, DMSO-dp):

§ 25.69 (CCH3),); 27.48 (CCHa),); 55.30 (-OCH); 61.90 (C); 81.77 (C); 84.14
(C*); 87.68 (C); 90.06 (C); 113.58 C(CHs),); 118.97 (€); 121.51 (C); 142.68 (&);
152.65 (€); 159.92 (€).

211



Mass spectrum
ESI-MS positive mode m/z. 277.2 [M™-nitrogen base]; 449.1 [M+#t 471.2 [M+N4].
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7.10. Synthesis of 2-iodo-6-benzyloxy-$p-2’,3’- O-isopropyliden)-purine (4.7b)

OBn % QBn
< o p-TsOH HO )\I

To a suspension of 2-iodo-6-benzyloxy®BH-ribofuranosyl)-purine4.5b (660 mg,
1.36 mmol) in acetone (15 mlp;toluensulphonic acid (258 mg, 1.36 mmol) and 2,2-
dimethoxypronane (1.67 ml, 13.60 mmol) were addedger an argon atmosphere. The
mixture was stirred at room temperature until cateldissolution o#.5b (about 30
minutes) monitoring the reaction progress by TLEI{Cl,/MeOH 9.6:0.4, Rproduct =
0.4). The solvent was evaporated under reducedymesThe yellow foam residue was
taken up in ethyl acetate (10 ml), washed with N&sI2 x 5ml) and brine (5 ml). The
organic phase was dried on JS&, concentrated under reduced pressure to 1/3 of the
starting volume and-hexane (1 ml) was added in order to obtain comgaunb as a
white foam solid (510 mg, 1.36 mmol).

Yield: 100%

'H NMR (400 MHz, CDCl):

§ 1.40 (s, 3H, CH);1.66 (s, 3H, CH);3.84 (dd,J; = 12.8,J, = 2.0 Hz, 1H, CR); 4.02
(dd,J; = 12.8,J, = 1.6 Hz, 1H, CR); 4.54 (d,J = 1.4 Hz, 1H, CH); 5.14 (ddJ; = 6.0
Hz, J, = 1.3 Hz, 1H, CH); 5.17-5.22 (m, 1H, CH); 5.66 (d,J = 2.0 Hz, 2H, €H.Ph);
5.86 (d,J = 4.9 Hz, 1H, CHi); 7.33-7.58 (m, 5H, -§s); 7.90 (s, 1H, CH).

3C NMR (100 MHz, CDCly):

§ 25.91-28.29 (2 —@IHs) »); 64.03 (C); 70.53 CH,Ph); 82.18 (€); 83.45 (¢); 86.58
(C*); 94.63 (C); 115.00 (€(CHs),); 117.85 (G); 123.79 (C); 129.20-129.28-129.75-
135.71 (-GHs); 142.52 (&); 152.16 (¢); 160.30 (C).
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Mass spectrum
ESI-MS positive mode m/z: 547.2 [M+Na]; 1070.9 [2M+Na].
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7.11. Synthesis of 2-(1,6-diaminohexane)-6-methoQy#-D-2’,3’- O-isopropyliden)-
purine (4.8a)

OCH, OCH,
N S N Sw
P DMF P NH
HO o N N)\I N HzN NH2 - HO o N N/I\HM 2
3 70 °C, Ar
OYO OYO
4.7a a 4.8a

To a solution of 2-iodo-6-methoxy-8-(-2’,3’-O-isopropyliden)-purinet.7a (224 mg,
0.5 mmol) in DMF (2 ml), 1,6-diaminohexane (291 r2¢h mmol) dissolved in DMF
(1.0 ml) was added under an argon atmosphere. &aetion mixture was stirred at
70 °C until TLC showed the complete disappeararfcd.ta (eluent CHCI,/MeOH
9:1). After 17 h the solution was allowed to camrbom temperature and AcOEt (5 ml)
was added. The mixture was washed with distilleteng8 x 3ml),an aqueous saturated
NaS0O; solution (4 ml) and brine (3 ml), dried over 4S&;, filtered, and concentrated
under reduced pressure. The residue was purifiedlasy chromatography (eluent
CH.Cl,/MeOH 9.5:0.5) to give 2-(1,6-diaminohexane)-6-nogh9-(5-D-2’,3’-0-
isopropyliden)-puring.8aas a yellow oil (30 mg, 0.06 mmol).

Yield = 14%

'H NMR (400 MHz, CDs0D):

§ 1.43 (s, 3H, C(CH); 1.45-1.54 (m, 4H, CH#*'3; 1.58 (dd,J, = 13.7,J, = 6.9 Hz,
2H, CH™); 1.64 (s, 3H, C(CH); 1.73 (dd,J; = 14.0 Hz,J, = 6.9 Hz, 2H, CH'"); 3.26
(t, J= 7.0 Hz, 2H, CH>NH,); 3.57 (t,J = 6.5 Hz, 2H, CH'%); 3.75 (qdJ; = 11.6 Hz,
J> = 5.2 Hz, 2H, CLP®®); 4.06 (s, 3H, -OCH); 4.30 (dd, J, = 8.0 Hz,J, = 5.0 Hz, 1H,
CH"); 5.11 (dd,J, = 6.1 Hz,J, = 2.9 Hz, 1H, CH);5.58 (dd,J; = 6.2 Hz,J, = 2.4 Hz,
1H, CH); 6.10 (d,J = 2.4 Hz, 1H, CH); 7.88 (s, 1H, CH).
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13C NMR (100 MHz, CH;0D):

824.17 (CCHs)); 26.15 (CCH3));26.25-26.26 (E13; 29.10 (CY; 30.71 (C*%; 37.51
(CH,™); 39.72 (C%; 52.61 (-OCH); 62.12 (CH>¥); 81.66 (CH®); 83.69 (CH?);
87.03 (CH*); 90.51 (CH"); 113.71 C(CHs),); 113.72 (C); 138.54 (C); 152.93 (C);
159.59 (A); 161.04 (6).

Mass spectrum
ESI-MS positive mode m/z: 437.2 [M+HT; 459.4 [M+Na]; 895.5 [2M+Nd].

[Bresset al, 2000].
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7.12. Synthesis of 2-(1,6-diamindl-tert-butyloxycarbonylhexane)-6-methoxy-9-4-
D-2’,3’-O-isopropyliden)-purine (4.8b)

OCH; OCH;
A 3
TEA, DMF 10

~N
¢ ] |
o N N/)\I + HZNMNHBOC o N N/)\HNE,NHBOC
S ? 60 °C, Ar S \7

o) @) ) )

4.7a A1 4.8b Boc = -COO(CH,);

HO

To a solution of 2-(1,6-diaminohexane)-6-methox{d>-2’,3'-O-isopropyliden)-
purine 4.7a (224 mg, 0.5 mmol) in DMF (1 ml), 1,6-diamino-N4ter
butyloxycarbonylhexaneAl (216 mg, 1mmol) dissolved in DMF (1.0 ml) and
triethylamine (TEA, 0.139 ml, 1 mmol) were addedde@nan argon atmosphere.The
reaction mixture was stirred at 80 °C monitoring throgress by TLC analysis
(eluent CHCI,/MeOH 9:1, R product = 0.5).

After 36 h the solution was allowed to cool to rotemperature and AcOEt (5 ml) was
added. The mixture was washed with 0.5 M HCI (3l distilled water (1 x 3ml),an
aqueous saturated N&% solution (3 ml) and brine (3 x 3 ml), dried ovesNQ,,
filtered, and concentrated under reduced pres3ine orange oil residue (205 mg) was
purified by preparative TLC (eluent GEI,/MeOH 9.5:0.5) to give the desired product
4.8bas a yellow oil (41 mg, 0.08 mmol).

Yield = 16%

'H NMR (400 MHz, DMSO-dg):

§ 1.20-1.42 (m, 4H, CH¥*™3; 1.49-1.60 (m, 4H, CH*9:1.32 (s, 3H, C(CH),); 1.36
(s, 9H, -OC(CH)3); 1.53 (s, 3H, C(CH),);2.89 (dt, 2H, CH"™); 3.26 (m, 2H, CH'%);
3.50 (m, 2H, CHP); 3.97 (s, 3H, -OCH); 4.13 (m, 1H, CH):4.96-5.01 (m, 2H, CH,
N®H); 5.39 (m, 1H, CH); 6.06 (m, 2H, CHi); 6.75 (s, 1H, OH); 7.08 (br s, 1H,
-NHBoc); 8.04 (s, 1H, CH.
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13C NMR (100 MHz, DMSO-dy):

§ 26.23 (-CCHs),); 27.28-27.46 (Cht*'3); 28.11 (-COOQTHS3)s); 29.37 (-CCHa),);
30.09 (CH); 30.65 (CHY); 40.00 (CH™); 42.27 (CH'%):54.23 (-OCH); 62.72 (C);
78.40 C(CHs)3); 82.51 (C); 84.23 (G); 87.84 (C); 89.81 (C);114.05 C(CHy)y);
114.96 (C);139.83 (¢); 154.36 (C); 156.69 (COOC(CH)s); 159.95 (G); 161.70
(CO).

Mass spectrum
ESI-MS positive mode m/z: 459.4 [M—Boc+N4d]; 559.3 [M+N&]; 1095.1 [2M+N4].

[Bressiet al, 2000]
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7.13. Synthesis of 2-iodo-6-benzyloxy-$p-5-tertbutyldimethylsilyl-2’,3’- O-
isopropyliden)-purine (4.9)

OBn OBn
AN\
N N N NH NIl\N
N .
% Siwy  \—=/ 4
HO € f)\ N TBDMSO <N | N)\I

o N7 ONT Y o
% ? DMF % 2
o 0 o 0

4.7b 4.9

To a solution of 2-iodo-6-benzyloxy-$-f-2’,3’-O-isopropyliden)-purine4.7b (721
mg, 1.38 mmol) in DMF (2.5 mL)at room temperatureder an argon atmosphere,
imidazole (206 mg, 3.31 mmol) an@rt-butyldimethylsilylchloride (250 mg, 1.66
mmol) were added. The reaction mixture was stiustll TLC showed the complete
disappearance d@f.7b (eluent AcCOEt-hexane = 3:7, Roroduct = 0.37).

After 1 h AcOEt (20 ml) was added and the solutwas washed with 0.5 M HCI
(2 x 10 ml), water (2 x 10 ml) and brine (10 mlherorganic phase was dried on
NaSO, and concentrated at reduced pressure. The residise purified by flash
chromatography (AcOHtthexane = 3:7) to afford 2-iodo-6-benzyloxy/8H-5'-
tert-butyldimethylsilyl-2’,3’-O-isopropyliden)-purine4.9 as a white foam solid (869
mg, 1.36 mmol).

Yield: 98%

'H NMR (400 MHz, CDCls):

§ 0.11 (s, 6H, Si(Ch); 0.90 (s, 9H, -GLHs) 9; 1.41 (s, 3H, -GTH5) 2); 1.65 (s, 3H, -QFH,)
»);3.81 (dd,J; = 11.2,J, = 4.3 Hz, 1H, CFi); 3.90 (dd,J; = 11.2,J, = 3.8 Hz, 1H,
CH®); 4.39 (ddJ; = 6.9,J, = 3.8 Hz, 1H, CH); 4.97 (ddJ; = 6.1 Hz,J, = 2.8 Hz, 1H,
CH*); 5.14 (ddJ; = 6.1 Hz,J, = 2.6 Hz, 1H, CH); 5.64 (s, 2H, €H,Ph); 6.19 (d,) =
2.6 Hz, 1H, CH); 7.31-7.65 (m, 5H, -gHs); 8.10 (s, 1H, CH).

219



13C NMR (100 MHz, CDCly):

§ -5.41 (Si(CH).); -5.32 (Si(CH),);18.42 (SC(CHa)s); 25.49 (CCHs)); 25.95
(C(CHs)s); 27.32 (CCH3),); 63.52 (C); 69.52 CHyPh); 81.27 (€); 84.86 (C);

87.28 (C); 90.64 (C); 114.33 (€(CHs),); 117.35 (G); 121.95 (€); 128.45-129.01-
135.44 (-GHs); 140.92 (&); 152.21 (€); 159.32 (C).

Mass spectrum

ESI-MS positive mode m/z 639.5 [M+HJ; 661.5 [M+Na]; 662.5 [M+H+Na]; 663.6
[M+2H+Na]"; 664 [M+3H+Na]; 1299.2 [2M+Na]; 1300.3 [2M+H+Na]; 1301.4
[2M+2H+Na]"; 1302.4[2M+3H+Nal].
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7.14. Synthesis of 2-(1,6-diaminohexane)-6-metho®y{-D-2’,3’-O-isopropyliden)-
purine (4.10)

OBn OBn

TBDMSO f\/k HzNN TBDMSO < f)\ NNHZ

C2 sO(CH,),OH

O

4.9 4.10

To a solution of 2-iodo-6-benzyloxy-$-p-5'-tertbutyldimethylsilyl-2’,3'-O-
isopropyliden)-purine4.9 (255 mg, 0.43 mmol) in 2-ethoxyethanol (2.5 ml),
1,6-diaminohexane (139 mg, 1.2 mmol) was added ruadeargon atmosphere. The
reaction mixture was stirred at 80 °C until TLC wfed the complete disappearance of
4.9 (eluent ammonia-saturated &t,/MeOH 9.5:0.5 Rproduct = 0.55).

After 17 h the solution was allowed to cool to rotemperature and concentrated under
reduced pressure. The residue was purified by tdsbmatography (eluent ammonia-
saturated CBCl/MeOH 9.5:0.5) to give the desidered proddciO (67 mg, 0.108

mmol) as a yellow oil.
Yield = 25%

'H NMR (400 MHz, CDCls):

§ 0.09 (s, 6H, Si(ChL); 0.88 (s, 9H, -GTH,) 2):1.34-1.54 (m, 4H, CH*'¥; 1.54-1.80 (m,
4H, CH™); 1.41 (s, 3H, C(CH)); 1.64 (s, 3H, C(CH),):2.72 (t,J = 6.8 Hz, 2H,
CH,"); 3.42 (dt,J; = 12.7,%= 6.5 Hz 2H, CH'"); 3.73-3.83 (m, 2H,CP); 4.33 (dd,
Ji= 7.7,3,= 4.5 Hz 1H, CH); 4.94-5.03 (m, 1H, C#); 5.30 (d,J =2.7 Hz, 1H, CH);

5.57 (s, 2H, -CkPh); 6.07 (d,J = 1.9 Hz, 1H, CH); 7.30-7.56 (m, 5H, -gHs);

7.76 (s, 1H, CB).

3C NMR (100 MHz, CDCly):
§ -4.75 (Si(CH),);1.67 (Si(CH),); 19.03 (SC(CHs)s); 26.14 (CCHs),); 26.57
(C(CHa)3); 27.39-27.64 (Cht*3; 27.92 (-CCHa),); 30.36 (CH); 34.06 (CH?:
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42.65 (CHY); 42.75 (CH"9); 64.15 (C); 68.40 CH.Ph); 82.11 (€); 85.03 (&);
87.61 (C); 90.71 (C); 114.53 C(CHs),); 115.99 (C); 128.52-128.80-128.99-129.19-
129.39-137.39 (-gHs); 138.30 (&); 154.24 (C); 159.75 (A); 161.39 (C).

Mass spectrum
ESI-MS positive mode m/z. 627.6 [M+HT]; 649.5 [M+Na]; 1253.4 [2M+H]; 1275.5

[2M+H*Na']

[Bressi, 2000].
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7.15. Synthesis of compound 4.11

(e}

0Bn Hl;l)J\O/\Ph OBn 0
</N | \)N\ HOMO\|< (NfN y Hl;l)J\O/\Ph
TEDMSO 7 HMNHZ 0 0 TEOMSOL W N//I\H/M;\IMOK
DCC, ACOEt 0 0
o\<o o\<o
4.10 411

To a solution of product.10 (118 mg, 0.19 mmol) in AcOEt (1.5 ml), Z-GO+Bu-
vyOH (64 mg, 0.19 mmol) and DCC (39 mg, 0.19 mmolyevadded under an argon
atmosphere.The mixture was stirred at room temperabvernight monitoring the
progress of the reaction by TLC analysis (eluenmama-saturated Ci€l,/MeOH
9.6:0.4, R product = 0.32).

The mixture was filtered under vacuumand concesdratunder reduced
pressure.Finally, the residue was purified by flashomatography (eluent AcOBt/
hexane = 9.6:0.4) to give the desidered produtt (67 mg, 0.108 mmol) as a yellow

oil.

Yield = 50%

'H NMR (400 MHz, CDCl):

3 0.02 (s, 3H, Si(CH); 0.03 (s, 3H, Si(CH); 0.09 (s, 9H, SiC(Ch)3); 1.01-1.22 (m,
2H, CH"); 1.30-1.42 (m, 2H, CH?):1.40 (s, 3H, C(Ch),); 1.46 (OC(CH)s); 1.49-
1.56 (m, 2H, CH"); 1.63 (s, 3H, C(CH)); 1.70 (dt,J; = 13.5 Hz,J, 4.04 = Hz, 2H,
CH,'); 1.88-1.99 (m, 2H, CH"); 2.11-2.30 (m, 2H, CH°); 3.24 (dd,J, = 11.85 Hz ),
= 5.8 Hz, 2H, CH");3.36-3.45 (m, 2H, CH%; 3.79 (qdJ, = 11.0 Hz,J, = 4.7 Hz, 2H,
CH,°¥); 4.17-4.25 (m, 1H, CHGIu); 4.32 (dd, = 7.5 Hz,J, = 4.4 Hz, 1H, CH); 4.97
(dd,J, = 6.1 Hz,J, = 2.8 Hz, 1H, CE); 5.04 (br t, J = 5.2 Hz, 1H,N); 5.11 (s, 2H, -
OCH,Ph); 5.28 (dJ) = 4.5 Hz, 1H, CH); 5.56 (s, 2H, COOCHPh); 6.07 (dJ = 2.2 Hz,
1H, CH"); 5.64 (br d, J = 7.7 Hz, IHHNCOOCHPh); 6.09 (br s, 1H, NHCOGIu);
7.26-7.53 (m, 10H, 2 +Els); 7.76 (s, 1H, H8).
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13C NMR (100 MHz, CDCly):

5-6.46 (Si(CHy)); 0.00 (Si(CH)); 17.35 (SC(CHs)3);24.89 (C(CH).); 24.61 (CH™);
24.83 (CH);25.72 (SICCHa)s); 26.24 (C(CH),); 26.55 (CH'); 26.94 (OCCHs),);
29.24 (CH'); 29.56 (CH'Y); 32.92 (CH'); 38.52 (CH™); 40.90 (CH'); 53.01
(CHGIu); 62.46 (C); 65.96, 66.72 (T H,Ph); 80.39 (€);81.46 (GC(CHs)s); 83.40
(C%); 85.89 (C); 88.98 (C); 114.25 (C); 126.85, 127.03, 127.10, 127.15, 127.32,
127.50, 127.83, 127.94, 128.02, 135.22, 135.68 GgHs); 136.58 (C); 152.54
(C%;155.40 (NHCOOCH,Ph); 158.05 (€); 159.69 (€);170.05 COOC(CH)s); 170.88
(NHCOGIu).

Mass spectrum
ESI-MS positive mode m/z. 946.7 [M+HT; 968.6 [M+Na]; 1913.3 [2M+N4]
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7.16. Synthesis of 2-iodo-9-(2’,3’,5'-tri@-acetyl#-D-ribofuranosyl)-purine (4.12)

0
(Njfl\)’\l\l_' CHI; isoamyl nitrite </Nj|\)J\NH
AcO. o N N NH 3 > AcO, o N /)\

2 1,2-dichloroethane, 65 °C

OAc OAc OAc OAc
4.2 4.12

Under argon atmosphere, to a suspension of 2’;8i®-acetylguanosind.2 (0.204 g,
0.5 mmol) in 1,2-dichloroethane (4 ml) €IH0.787 g, 2.0 mmol) and isoamyl nitrite
(0.67 ml, 5.0 mmol), both dried before use, wereealdat room temperature. The
reaction mixture stirred at 65°C for 2 h. The reaacttwas monitored by TLC (eluent
CH.CIl,/MeOH 9.5:0.5). After completion, the solvent wasmoved under reduced
pressure and the resulting residue, dissolved inQGH was purified by column
chromatography (eluent GBI/MeOH 9.5:0.5) to afford 2-iodo-9-(2’,3',5'-t1®-
acetyl$-d-ribofuranosyl)-puring.12(0.08 g, 0.15 mmol) as a yellow solid.

Yield: 30%

'H NMR (400 MHz, DMSO-dg):

8 'H NMR (400 MHz, DMS0Q):5 2.06 — 2.04 — 2.21 (s, 9H, -OCOgH4.26 (m, 2H,
CH,°®); 4.38 (dd, J = 5.6 Hz, 1H, Cit 5.57 (ddJ = 5.6 Hz, 1H, CFi); 5.81 (dd,J =

5.6 Hz, 1H, CH); 6.13 (d,J = 5.6 Hz, 1H, CH); 8.24 (s, 1H, CB); 13.09 (s, 1H,
NH?Y).

13C NMR (100 MHz, DMSO-dy):

§ 20.70 — 20.84 — 21.03 (-OGH; 63.16 (C); 70,77 (C); 72.86 (G); 80.14 (C);
86.05 (C); 124.79 (C); 138.00 (&); 148.45 (¢); 157.31 (G-C°); 169.46 (OCOCHF);
169.84 (OCOCHKF); 169.70 (OCOCH?).

Mass spectrum
ESI-MS positive mode m/z 543.2 [M+Na]; 1063.1 [2M+Nal.

225



7.17. Synthesis of MN-acetyl-9-(2’,3',5-tri- O-acetyl#-D-ribofuranosyl)-purine
(4.13)

0] 0] 0]

N N N
NH . . NH NH O
</ | isoamylnitrite, CH,I, </ f </ f
AcO. 0 N N//I\NH2 AcO 0 N N/J\I + AcO o N N/)\N)J\
CH5CN, Ar, 0-95 °C H
AcO  OAc AcO  OAc AcO  OAc
4.2 4.12 4.13

Under an argon atmosphere and in anhydrous congljtio a solution of 2',3",5'-tr®-
acetylguanosing.2(0.41 g, 1.0 mmol) in C4CN (15 ml) CHl, (1.57 g, 4.0 mmol) and
isoamyl nitrite (1.33 ml, 10.02 mmol), both driedftwre use, were added at 0°C. After
30 minutes the reaction mixture was allowed to coon®om temperature and stirred at
95°C for 2 h. The reaction was monitored by TLQ¢elt CHCIl,/MeOH 9.5:0.5). After
completion, the solvent was removed under reducesspre and the resulting residue,
dissolved in CHCl,, was purified by column chromatography (eluent,CikHMeOH
9.5:0.5) to afford N-acetyl-9-(2',3",5'-tri-O-acetylf-d-ribofuranosyl)-purine 4.13
(0.207 g, 0.46 mmol) as a yellow solid. Proddidi2was not purified.

Yield: 47%

'H NMR (400 MHz, DMSO-dg) product 4.13:

§ 2.04 (s, 9H, -OCOCH); 3.33 (s, 3H, -NHCOCEH), 4.28 (m, 2H, CkP*"): 4.36 (dd, J
= 3.7 Hz, 1H, CH); 5.49 (ddJ = 6 Hz, 1H, CH); 5.78 (dd,J = 6 Hz, 1H, CH); 6.13
(d,J = 6.13 Hz, 1H, CHi); 8.24 (s, 1H, CB); 13.09 (s, 1H, NB).

3C NMR (100 MHz, DMSO-ds) product 4.13:

§ 21.35 — 21.50 — 21.69 (-OGH; 63.82 (C); 71,04 (&); 73.62 (G); 80.79 (¢);
86.68 (C); 111.37 (C); 125.44 (6); 149.11 (C); 155.94 (G); 157.97 (€); 171.12 —
170.50 — 170.36 (OCOGH 174.66 (NHCOCH).
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Mass spectrum
ESI-MS positive mode m/z. 452.3 [M+H], 474.4 [M+Na], 925.5 [2Mx2+Na]
(product4.13; 543.3 [M+NaT, 1063.2 [2M+Na] (product4.12as impurity).

[Nair et al,2007]

227



7.18. Synthesis of 5tert-butyldimethylsilyl-2’,3’- O-isopropylidene-2-bromo-
guanosine (4.14)

9
i 0 \‘/ N\4_\/NH NfJ\NH

N NH Sty = 4

<L A N TBDMSO <N L

HO. N >N NH 1a o) N™ "NH;
o} 2 p-TsOH DME
MeQ OMe @) @)
OH OH )/q/”l/ K
4.1 4.14

2',.3-O-isopropylidenguanosinela. To a suspension of guanosinel (7.3 g,

25.78 mmol) in acetone (250 mip;toluenesulfonic acid (5.35 g, 28.12 mmol) and
2,2-dimethoxypronane (25 ml, 204.03 mmol) were dddeder inert atmosphere. The
mixture was stirred overnight at room temperatdiee solvent was removed under
reduced pressure and the crude was dissolved@n(H50 ml) and NK (15 ml). The
solution was kept overnight at 4 °C. The resultprgcipitate was filtered to afford

2’,3’-O-isopropylidenguanosinka as a white solid (6.7 g, 20.73 mmol).

Yield: 80%

'H NMR (400 MHz, DMSO-dg):

dppm): 1.31 (s, 3H, C); 1.51 (s, 3H, CH); 3.53 (m, 2H, CkKf); 4.12 (m 1H, CH);
4.96 (dd, J= 5.0, 6.2 Hz, 1H, GH 5.11 (t, J= 5.4 Hz, 1H, OH); 5.18 (dd, J = 58}
Hz, 1H, CH); 5.92 (d, J=2.8 Hz, 1H, Cit 6.52 (s, 2H, Nk); 7.91 (s, 1H, CH);
10.71 (s, 1H, NH).

13C NMR (100 MHz, DMSO-dy):

3ppm): 25.6, 27.5 (Cht 62.0 (C); 81.6 (C) 84.0.0 (&); 87.1 (C); 88.9 (C); 113.6 ((CH):C);
117.1 (C); 136.5 (&); 151.2 (C); 154.1 (B); 157.3 (C).
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Mass spectrum

ESI-MS positive mode m/z. 324.0 [M+HT; 347.4 [M+Na]; 324.0 [M+H]+; 647.1
[2M]"; 669.2 [2M+Na]; 969.4 [3M]; 992.1 [3M+Na]; 1315.3 [4M+Na]; 1616.8
[5M]*; 1638.0 [5M+Nal.

2',3'-O-isopropyliden-5'tert-butyldimethylsilylguanosine 4.14  Under nitrogen

atmosphere, to a suspension of 2335opropylidenguanosinga (1.09 g, 3.37 mmol)
in DMF (10 ml), imidazole (0.51 g, 7.56 mmol) ateft-butyldimethylsilylchloride
(0.60 g, 3.98 mmol) were added at room temperailite. reaction was monitored by
TLC (eluent CHCI,/MeOH 12.5:1, Rproduct = 0.38). After 4h the reaction mixture
was extracted with C¥l, (50 mL), washed with D (2x40 ml) and brine. The organic
layer was dried over N8O, and the solvent was removed under reduced presEuee
crude was purified by flash chromatography (elU@HsCl,/MeOH 12.5:1) to afford the
desired compound.14as a white solid (1.39 g, 3.20 mmol).

Yield: 95%

'H NMR (400 MHz, CDCl3):

8 0.12 (s, 6H, Si(Ch),); 0.89 (s, 9H, C(Ch)3); 1.42 (s, 3H, C(Ch)o); 1.66 (s, 3H,
C(CHs),); 3.78-3.88 (m, 2H, CH*¥™); 4.37 (dd, J = 3.7 Hz, 1H, Cit 4.95 (dd,J =
3.0, 6.2 Hz, 1H, CBi); 5.32 (dd,J = 2.2, 6.2 Hz, 1H, CH); 6.02 (d,J = 2.4 Hz, 1H,
CHY); 6.29 (s, 2H, NH); 7.79 (s, 1H, CB); 12.05 (s, 1H, NB).

13C NMR (100 MHz, CDCly):

§ -5.45 (Si(CH),); -5.35 (Si(CH).); 18.38 (SIiC(CH)s); 25.63 (C(CH),); 25.92
(C(CHgy)s); 27.28 (C(CH),); 63.48 (C); 81.25 (C); 84.71 (CH); 87.01 (C); 90.34
(CY); 114.10 (C(CH),); 117.36 (C); 136.0 (¢); 151.3 (C); 153.60 (€); 159.05 (C).

Mass spectrum
ESI-MS positive mode m/z 438.3 [M+H]: 874.4 [2M]; 897.4 [2M+Na]; 1312.4
[3M]"; 1771.8 [4M+Nal.
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7.19. Synthesis of 2-iodo-9(p-2’,3’-O-isopropyliden-5-tert-
butyldimethylsilyl)purine (4.15)

o
</Nj|\)J\NH CHL isoaml mitri </Nj|\)J\NH
TEDMSOL N/)\NHZ 3 ‘soamylnitrte: - 1gpMso o N N/)\I
k/ \} CICH,CH,Cl, 65 °C k/ \}
o\<

4.14 4.15

O

Under argon atmosphere, to a suspension of @;Bepropyliden-5tert-
butyldimethylsilylguanosinet.14 (0.219 g, 0.5 mmol) in 1,4-dichloroethane (4 ml)
CHjsl (0.787 g, 2.0 mmol) and isoamyl nitrite (0.67 ral0 mmol), both dried before
use, were added at room temperature. The reactixtune was stirred for 30’ at room
temperature and at 95°C for 5 h. Progress of thetion was monitored by TLC (eluent
CH,CIl,/MeOH 9.5:0.5, R product = 0.24). Volatiles were removed under cedu
pressure.Produdt15was not isolated.

Mass spectrum

ESI-MS positive mode m/z 549.1 [M+H]; 571.3 [M+Na]; 1119.1 [2M+Na].
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7.20. Synthesis of 2-bromo-9(D-2’,3’- O-isopropyliden-5'-tert-
butyldimethylsilyl)purine (4.18)

Method A

O 0
N

¢ T " SbBr; t-butyl nitrit </Nj|\)J\NH
TBDMSO N/)\NH f5, FbUyEnitrte TBDMSO N A
2

0 N 0 N Br
CH,Bry, -10 °C
O\<O O\<O

4.14 4.18

2',3’-O-isopropyliden-5'tert-butyldimethylsilylguanosind.14(0.437 g, 1.0 mmol) and
SbBi (0.506 g, 1.4 mmol) were suspended in dry,ClE(10 ml) at 0 °C. After cooling
the mixture to O °Ctert-butylnitrite (0.42 ml, 3.5 mmol) was added dropsviShe
reaction was stirred at -10°C for 1 h and thentdduwith a mixture of crushed ice,
water (32.5 ml) and NaHG(1.32 g). The resulting precipitate was filterau ahe
filtrate was extracted with Ci€l,. The organic phase was dried over,8ia, the
solvent was removed under reduced pressure anctulde yellow oil was purified by
flash chromatography (eluent @El,/MeOH 9.5:0.5, Rproduct = 0.38) to obtain 2-
bromo-9-f3-p-2’,3’- O-isopropyliden-5tert-butyldimethylsilyl)purine 4.18 as a pale
yellow solid (0.3 g, 0.6 mmol).

Yield: 60%

[Quian & Glaser, 2005]
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Method B

) O
N

¢ " TMSBr, t-butyl nitrit </Nj|\)LNH
TBDMSO N/)\NH f, toutyl nitrite TBDMSO N A
2

0 N 0 N Br
CH,Br,, -10 °C, Ar
O\<O

4.14 4.18

To a stirred solution of Sert-butyldimethylsilyl-2’,3’-O-isopropylidene guanosine
4.14 (438 mg, 1 mmol) in CpBr, (7 mL), cooled at -10 °C under argon atmosphere,
trimethylbromosilane (1.2 mL, 1.38 g, 9 mmol) ded-butylnitrite, (2.4 mL, 2.06 g, 20
mmol) were added dropwise . The dark brown solutvas stirred at -10 °C for 2 h and
at 0-10 °C (TLC control, CkCl,/MeOH=9.5:0.5, R product = 0.42).

After 5 h the solution was added dropwise to a celdorously stirred mixture of
saturated NaHC@H,O (150 mL)//CHCI»(150 mL). The aqueous layer was extracted
with CH,CI, (70 mL), and the combined organic phase was wasithdH,O (70 mL)
and brine (70 mL) and then dried on,N8&y. Volatiles were evaporated in vacuo, and
the yellow oil was purified by flash chromatograpbg silica gel (CHCl,/MeOH
9.5/0.5) to give 5tert-butyldimethylsilyl-2’,3’-O-isopropylidene-2-bromo-guanosine
4.18(350 mg, 70%) as yellow crystalline solid.

Yield = 70%

'H NMR (400 MHz, CDCl3):

5 0.09 (s, 6H, Si(CHy); 0.91 (s, 9H, SIC(CH); 1.41 (s, 3H, C(CH).); 1.67 (s, 3H,
C(CHs),); 3.83-3.91 (dd, J = 3.6, 3.2, 2H, €i"); 4.40 (dd, J = 3.2 Hz, 1H, Cit

4.94 (dd,J = 2.8, 6.2 Hz, 1H, C#); 5.07 (dd,J = 2.8, 6.2 Hz, 1H, CH); 6.15 (d,J =

2.8 Hz, 1H, CH); 8.08 (s, 1H, CB); 12.85 (br s, 1H, NH.

3C NMR (100 MHz, CDCly):

§ -5.46 (Si(CH),); -5.35 (Si(CH),); 18.42 (SC(CHa)s); 25.45 (CCHas)z); 25.96
(SIC(CHs3)3); 27.31 (CCHs),); 63.51 (C); 81.13 (C); 85.22 (CH); 86.91 (C);
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90.71 (C); 114.42 C(CHs),); 123.85 (C); 137.60 (&); 148.35 (C); 133.15 (C);
158.91 (C).

Mass spectrum
ESI-MS positive mode m/z 523.4 [M"Br +NaJ’; 525.4 [M®'Br +NaJ’; 1023.3 [Mx2
Br +NaJ"; 1025.3 [Mx2*'Br+Na]"

[Francom & Robins, 2003].

233



7.21. Synthesis of 2-chloro-9¢p-2’,3’-O-isopropyliden-5'-tert-
butyldimethylsilyl)purine (4.19)

O 0O

<’N " shon, tbutyi it </le\)LNH
TBDMSO N/)\NH 3, rouybnitnite TBDMSO SN
2

0o N 0 N Cl
CH,Cl,, -10 °C
O\<O (0]

4.14 4.19

2’,3’-O-isopropyliden-5'tert-butyldimethylsilylguanosine4.14 (0.144 g, 0.33 mmol)
and Sbd (0.105 g, 0.46 mmol) were suspended in dryCEH (10 ml) at 0°C. After
cooling the mixture to 0 °Gert-butylnitrite (0.14 ml, 1.15 mmol) was added dropesvi
The reaction was stirred at -10 °C for 1 h and dhi&rted with a mixture of crushed ice,
water (32.5 ml) and NaHG(1.32 g). The resulting precipitate was filterau ahe
filtrate was extracted with Gi€l,. The organic phase was dried over,8&, the
solvent was removed under reduced pressure ancrtite was purified by flash
chromatography (eluent GBIl,/MeOH 9.5:0.5, Rproduct = 0.38) to obtain 2-chloro-9-
(p-D-2’,3’-O-isopropyliden-5'tert-butyldimethylsilyl)purine4.19 as a pale yellow solid
(0.048 g, 0.10 mmol).

Yield: 31%

'H NMR (400 MHz, CDCl3)

8 0.09 (s, 6H, Si(Ch),); 0.91 (s, 9H, SiC(CH)3); 1.41 (s, 3H, C(CH),); 1.65 (s, 3H,
C(CHs),); 3.83 — 3.91 (dd, J = 3.6, 3.2, 2H, £&); 4.42 (dd,J = 3.2 Hz, 1H,
CH*); 4.95 (dd,J = 2.8, 6.2 Hz, 1H, C#); 5.06 (dd,J = 2.8, 6.2 Hz, 1H, CH);
6.14 (dJ = 2.8 Hz, 1H, CH); 8.10 (s, 1H, CP); 12.85 (br s, 1H, NH.
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13C NMR (100 MHz, CDCly)

§ -4.71 (Si(CH),); -4.82 (Si(CH)2); 19.09 (SC(CHa)s); 26.10 (CCHs),); 26.61
(SIC(CHs3)3); 27.98 (CCHa),); 64.18 (C); 81.78 (C); 85.94 (CH); 87.69 (C);
91.47 (C); 115.07 C(CHs),); 124.12 (C); 137.60 (&); 148.85 (C); 144.83 (C);
159.51 (C).

Mass spectrum
ESI-MS positive mode m/z 457.3 [M+H]; 479.5 [M+Na]; 495.5 [M+K] 935.4
[2M+Na]"-

[Quian & Glaser, 2005]
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7.22. Synthesis of 2-(1,4-diaminobutane)-9-(2’,3%#i- O-acetyl-#-D-
ribofuranosyl)purine (4.21)

/N NH HZN\/\/\NH (N:fJ\NH
AcO. < |/)\ 2 HO. N N//I\N/\/\/NH2

MeOH, reflux

OAc OAc OH OH
412 4.21

2-i0do-9-(2',3",5'-tri-O-acetyl$-D-ribofuranosyl)-purine4.12 (0.10g, 0.19 mmol) and
1,4-diaminobutane (0.14 ml, 1.4 mmol) were dissdlve MeOH (2 ml) and the
resulting solution was refluxed for 2 h. Progrekthe reaction was monitored by TLC
(eluent CHCIy/MeOH 9:1 or AcOHnBUOH:H,O = 1:4:1). Volatiles were removed
under reduced pressure.
2-(1,4-diaminobutane)-9-(2’,3",5-t@-acetyl$-D-ribofuranosyl)purine 4.21 was not

isolated.

Mass spectrum

ESI-MS positive mode m/z 355.3 [M+H]; 377.5 [M+Na].

[Bressi, 2000].
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7.23. Synthesis of 2-(1,4-diaminobutane)-$p-2’,3-O-isopropyliden-5'-tert-
butyldimethylsilyl)purine (4.22)

O 0}

N N
NH NH
4 H,N 4

<N | N/)\I ZNH,  1BDMSO ¢

o o N N/)\H/\/\/NHz
MeOH, reflux
O\<O O\<O

4.15 4.22

TBDMSO

2-iodo-2’,3’-O-isopropyliden-5'tert-butyldimethylsilylguanosine4.15 (0.44 g, 0.79
mmol) and 1,4-diaminobutane (0.16 ml, 1.6 mmol)evgissolved in MeOH (4 ml) and
the resulting solution was refluxed for two daysod?ess of the reaction was monitored
by TLC (eluent CHCI/MeOH 9:1 or AcOHABUOH/H,O 1:4:1). 2-(1,4-
diaminobutane)-94-D-2’,3’- O-isopropyliden-5'tert-butyldimethylsilyl)purine ~ 4.22

was not isolated.

Mass spectrum

ESI-MS positive mode m/z 509.4 [M+H]’; 531.5 [M+Na]; 1017.5 [2M+H].
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7.24. Synthesis of N,N-dimethyl-9-(f-D-2,3’- O-isopropyliden-5-tert-
butyldimethylsilyl)purine (4.23)

0} 0}

</N PN N~ o~
TBDMSO N N/)\I NHz — TBDMSO

~ e

0 o NN N
DMF, reflux

O\<O

4.15 4.23

2-iodo-2",3’-O-isopropyliden-5'tert-butyldimethylsilylguanosine4.15 (0.07 g, 0.13
mmol) and 1,4-diaminobutane (0.04 ml, 0.38 mmoljengissolved in DMF (3 ml) and
the resulting solution was refluxed for one daydPess of the reaction was monitored
by TLC (eluent CHCI/MeOH 9:1 or AcCOHABUOH/H,O 1:4:1). The reaction mixture
was diluted in AcOEt (5 ml) and washed withQH(2 x 2.5 ml). The organic phase was
dried over NaSO, and the solvent was removed under reduced pressuwbtain 2-
N,N-dimethyl-9-(3-D-2’,3’- O-isopropyliden-5'tert-butyldimethylsilyl)purine 4.23 as a
yellow solid (0.018 g, 0.04 mmol).

Yield: 30%

'H NMR (400 MHz, DMSO-dg)

§ -0.03 (s, 6H, Si(Ch),); 0.81 (s, 9H, C(CHs); 1.32 (s, 3H, C(CH)2); 1.52 (s, 3H,
C(CH),); 3.07 (s, 6H, C(CH),); 3.67-3.69 (m, 2H, CH*"); 4.12 (dd, J = 3.2, 6 Hz,
1H, CH"); 4.93 (dd,J = 2.8, 6 Hz, 1H, CHi); 5.39 (ddJ = 2, 6 Hz, 1H, CH); 6.04 (d,
J=2Hz, 1H, CH); 7.97 (s, 1H, CB); 11.05 (s, 1H, NH.

3C NMR (100 MHz, DMSO-ds)

§ -5.45 (S(CH),); 5.35 (Si(CH)); 19.11 (SE(CHa)); 26.27 (CCH2),); 26.85 (CCHa)); 28.04
(C(CH2)y); 38.95 (N(CH),); 64.26 (C); 82.21 (C); 84.26 (CH); 87.73 (C); 89.83 (C); 114.07
(C(CHy)); 117.41 (&); 137.3 (©); 151.08 (¢); 154.22 (&); 158.64 (6.
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Mass spectrum

ESI-MS positive mode m/z. 466.3 [M+H]+; 953.3 [2M+Na].
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7.25. Synthesis of 2-(1,2-diaminoethane)-B-0-2’,3’-O-isopropyliden-5’-tert-
butyldimethylsilyl)purine (4.24), 2-(1,4-diaminobutane)-9-§-p-2’,3'-O-
isopropyliden-5’-tert-butyldimethylsilyl)purine (4.22) and 2-(1,6-diamimohexane)-
9-(p-D-2",3’-O-isopropyliden-5’-tert-butyldimethylsilyl)purine (4.25)

O O

N N
NH NH NH
</ | HZNN 2 </ jl\)J\
TBDMSO o N N/)\X n TBDMSO N/)\NN’NHZ
; 2 H n

o N
2-methoxyethanol, 85°C k/ \}

O\<O O\<O

424 n=1
4,18 X=Br 4,22 n=2
419 X=Cl 425 n=3

Substratet.18 or 4.19 (1 mmol) and the proper diamine (5 mmol) were ais=d in 2-
methoxyethanol (5 ml) and the resulting solutiors\stirred at 85°C for four-six days.
The reaction was monitored by TLC (eluent LH/MeOH 9.5.0.5 or
AcOH/NBUOH/H,O 1:4:1). The mixture was then diluted in AcOEt (b0 and washed
with H,O (2 x 5 ml). The organic phase was dried ovesS@a and the solvent was
removed under reduced pressure to oa?d, 4.22 or 4.25as a crude product, which

was not further purified.

Mass spectrum
ESI-MS positive mode m/z

4.24481.3 [M+H]'; 504.3 [M+Na]: 519.3 [M+K]', 961.6 [2M[, 983.6 [2M+Nal].
4.22509.7 [M+H]'; 531.7 [M+Na]; 1017.7 [2M], 1039.9 [2M+Nal], 1325.9 [3M].
4.23537.3 [M+H]"; 559.3 [M+Na]-
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7.26. Synthesis of 2-(1,4-diamind®-tert-buthoxycarbonylbutane)-9--p-2’,3’-O-
isopropyliden-5’-tert-butyl dimethylsilyl)purine (4.26)

Method A
(@] (6]

SPs S K 204
TBDMSO <N |N//kNJ(\)/NHz 0”07 o TBDMSO o <N L NH
H 2

O

CH,Cl, o)

0] 0] o] O

4.22 4.26

To a solution of 2-(1,6-diaminobutane)®-2’,3’-O-isopropyliden-5tert-
butyldimethylsilyl-2’,3’-O-isopropyliden)purinet.22 in CH,Cl, (2 ml) BogO (0.07 g,
0.33 mmol) was added dropwise. The reaction wasitored by TLC (eluent
CH,CI,/MeOH 9.5:0.5, Rproduct = 0.46), then the solvent was removed uretkiced
pressure. The crude was purified by flash chronrafaty (eluent CHCl/MeOH 19:1)
to afford 2-(1,6-diamind\®-tert-buthoxycarbonylbutane)-${p-2’,3"- O-isopropyliden-
5'-tert-butyldimethylsilyl-2’,3’-O-isopropyliden) purine4.26 as a pale yellow solid
(0.06 g, 0.098 mmol).

Yield: 30%

Method B

H
L i
Bl
TEDMSOL N PN TEDMSO NP N

2-methoxyethanol, 85°C

O o) O

4.18 X=Br 4.26
4.19 X=Cl

(]

Substrate4.18 or 4.19 (0.28 mmol) and 1,4-diaminl-tert-buthoxycarbonylbutan&

(1.32 mmol) were dissolved in 2-methoxyethanol (2 and the resulting solution was
stirred at 85 °C for four-six days. The reactionswaonitored by TLC (eluent
CH,CI,/MeOH 9.5:0.5, Rproduct = 0.46, or AcOMBUOH/H,O 1:4:1). The mixture
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was then diluted in AcOEt (5 ml) and washed wifOH2 x 2 ml). The organic phase
was dried over N&O, and the solvent was removed under reduced pressaraede
which was purified by flash chromatography (eluéhkCl,/MeOH 9.5:0.5) to afford 2-
(1,4-diaminoN°®-tert-buthoxycarbonylbutane)-$p-2’,3'- O-isopropyliden-5'tert-

butyl dimethylsilyl)purine4.26as a pale yellow solid.

Yield:
from 18) 82%
from 19) 63%

'H NMR (400 MHz, CDCl3)

8 0.14 (s, 6H, Si(Chk); 0.89 (s, 9H, SIC(Chy); 1.45 (s, 9H, OC(Chy); 1.41 (s, 3H, C(Chy); 1.66

(s, 3H, C(CH)); 1.76 — 1.64 (m, 4H, GH"J; 349 — 321 (m, 4H, GH1J; 3.78-3.87 (m, 2H,
CH,>®): 4.34 (dd, J = 3.2, 6 Hz, 1H, ¢}44.95 (dd,) = 2.8, 6 Hz, 1H, CB); 5.28 (dd,) = 2, 6 Hz,

1H, CH); 6.04 (dJ =2 Hz, 1H, CH); 7.77 (s, 1H, CB); 11.60 (br s, 1H, NBL

13C NMR (100 MHz, CDCls)

8 -5.38 (Si(CH)y); -5.38 (Si(CH),); 18.37 (ST(CHy)); 25.46 (OCH5),); 25.90 (SIOCH:)9); 27.25
(C(CHa)); 27.34 (Q@(CHy)); 28.48 (OCTH:)); 26.38 — 29.70 (CH-3; 40.29 — 41.02 (CHS;
63.57 (C); 78.93 (G); 8457 (CH); 87.01 (¢); 90.26 (C); 113.96 C(CHs),); 117.04 (&); 138.0
(C¥); 151.50 (¢); 152.81 (&); 156.13 COO(CHy)); 159.16 (6.

Mass spectrum

ESI-MS positive mode m/z. 609.5 [M+H]+; 631.5 [M+NaT; 1239.6 [2M+Naj; ms/ms
509.2 (M-Boc).
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7.27. Synthesis of compounds 4.27, 4.28, 4.29

0]

0 HI;IJ\O/\Ph 0 )OJ\
</Nj|\)L)N\I'| HOMO\|< (NfNH y HNY o >ph
TEDMSO Ny HNnNHZ o) 0 TEDMSO | N HMNMO\K
DCC, AOEt ) 0
o\<o o\<o
424 n=1 427 n=1
422 n=2 428 n=2
4.25 n=3 429 n=3

To a solution of substratd.24 4.22 or 4.25 (0.39 mmol) in AcOEt (2 ml)N*-
benzyloxycarbonyj-L-glutamic acidO*-tert-butyl ester (0.51 mmol) and DCC (0.39
mmol) were added. Progress of the reaction was toreci by TLC (eluent
CH,Cl,/MeOH 9.5:0.5).

Then the mixture was filtered under vacuum, andhedswith HCI 0.5 M (2 ml),
NaHCQ; (2 ml), and brine (2 ml). The combined organic g% were dried over
NaSO, and concentrated under reduced pressure. The evadepurified by flash
chromatography (eluent GBI,/MeOH 9.5:0.5) to afford4.27, 4.28 or 4.29 as pale

yellow solids.

Compound 4.27

i iy
N NH HN” N0 Ph
TBDMSO ¢ PR N __0
o N N H/\/ \”/\/\n/ \’<
o o)

(0] @]
Yield = 64 % o<

'H NMR (400 MHz, CDCl3)

8 0.05 (s, 3H, Si(Ch),); 0.06 (s, 3H, Si(Ch)2); 0.89 (s, 9H, SiC(ChJs); 0.91 (s, 3H,
C(CH),); 1.41 (s, 9H, OC(CH)s); 1.64 (s, 3H, C(CH)»); 1.95 — 2.04 (m, 1H, CH*¥;
2.12 — 2.20 (m, 1H, C¥¥™®); 2.24 — 2.37 (m, 2H, CH); 3.45 — 3.66 (m, 4H, CH'1Y;
3.78 — 3.90 (m, 2H, CH®); 4.15 — 4.20 (m, 1H, CHGIu); 4.33 — 4.36 (dd, T#*);
4.93 — 4.95 (dd, 1H, CH; 5.02 — 5.12 (m, 2H, Ci#Ph); 5.24 — 5.25 (dd, 1H, Cit
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5.67 — 5.69 (br d, 1H, NCHGIu); 6.06 (d, 1H, CH); 7.29 — 7.31 (m, 5H, Ph); 7.51 (br
s, 1H, \HCOCH,CH,); 8.08 (s, 1H, CB); 11.05 (br s, 1H, NB.

13C NMR (100 MHz, CDCl)

8 -5.42 (Si(CH)2); 1.00 (Si(CH).); 18.35 (SC(CHa)s); 25.57 (CCHa),); 25.88
(SIC(CH3)3); 27.33 (CCHa),); 24.93 (QC(CHs)s); 27.91 (OCCHs)s); 28.33 (CHM);
32.01 (CH™); 41.15 — 38.59 (CH"'Y; 54.41 (CHGIu); 63.55 (1); 66.70 (CHPh);
81.16 (C); 81.29 (GPh); 84.54 (CH); 87.10 (C); 90.40 (C); 114.12 C(CHa),);
116.74 (C); 128.40 — 128.18 — 127.94 (Ph); 136.4F)(A51.63 (C); 152.96 (C);
156.20 COOCH;Ph);158.31 (€); 171.12 COO(CHy)s); 173.20 (NFCOGIu).

Mass spectrum

ESI-MS positive mode m/z 800.7 [M+H]'; 822.9 [M+Na]; 1622.1 [2M+Na].

Compound 4.28
o
</N:fJ\NH ’ HI%IJ\O/\Ph
TBOMSO. NN

Yield = 47 %

'H NMR (400 MHz, CDCl3)

60.01 (s, 3H, Si(Ch)2); 0.02 (s, 3H, Si(Ck)2); 0.83 (s, 9H, SiC(ChJs); 1.26 — 1.29 (m,
2H, CH,™); 1.37 (s, 3H, C(CH),); 1.42 (s, 9H, OC(CH)s); 1.60 (s, 3H, C(Ch).); 1.68
—1.72 (m, 2H, Cht?); 1.91 — 1.95 (m, 1H, C?; 2.12 — 2.17 (m, 1H, C#¥Y); 2.24 -
2.26 (m, 2H, CH'); 3.27 — 3.28 (m, 2H, C#f); 3.44 — 3.92 (m, 2H, C#f); 3.83 —
3.73 (m, 2H, CHP¥™): 4.15 — 4.20 (m, 1H, CHGIu); 4.30 (dd, 1H, ©H4.91 (dd, 1H,
CH?®); 5.07 (dd, 2H, CkPh); 5.20 (dd, 1H, CH); 5.83 (br d, 1H, MCHGIu); 6.02 (d,
1H, CH"); 6.84 (br s, 1H, NCOCHCH,); 7.28 — 7.31 (m, 5H, Ph); 7.73 (s, 1H, §H
11.35 (br s, 1H, NB.
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13C NMR (100 MHz, CDCly)

8-5.29 (Si(CH)2 ); -5.25 (Si(CH).); 18.47 (SC(CHs)s); 25.57 (CCHa)z); 26.00
(SiC(CHa)3); 26.33 (CH'); 26.93 (GC(CHy)s); 27.38 (CCHa)2); 28.05 (OCCH3)s);
28.89 (CH™); 31.69 (CHY); 32.64 (CH; 39.15 (CH™); 40.98 (CH'); 54.35
(CHGIu); 63.64 (€); 67.00 (CHPh); 81.46 (€); 82.36 (GPh); 84.66 (CH); 86.96
(C*); 90.11 (C); 114.08 C(CHs),); 117.10 (C); 128.56 — 128.16 — 128.05 (Ph);
136.41 (G); 151.50 (€); 152.81 (&); 156.49 (NHCOCH,Ph); 159.13 (€); 171.26
(COO(CHg)s); 172.31 (NHCOGIu).

Mass spectrum
ESI-MS positive mode m/z. 850.9 [M+NaT; 826.4 [M-H]+; 1653.0 [2M-H]+; 1679.0
[2M+Na]"-

Compound 4.29

i 1.
</N:fJ\NH ’ HN 0" >ph
H :
H o o)

O
Yield = 50 % o<

'H NMR (400 MHz, CDCl3)

60.01 (s, 3H, Si(Ch)2); 0.02 (s, 3H, Si(Ck)2); 0.86 (s, 9H, SiC(Chjs); 1.26 — 1.29 (m,
2H, CH™); 1.37 (s, 3H, C(CH)2); 1.43 (s, 9H, OC(Ch)3); 1.53 — 1.47 (m, 2H, CH);
1.66 (s, 3H, C(Ch),); 1.61 — 1.65 (m, 2H, C#™; 1.89 — 1.97 (m, 2H, CH™9;
.1.89 — 1. 97 (m, 1H, C9; 2.14 — 2.25 (m, 1H, CH™); 2.21 — 2.28 (m, 2H, C#f);
3.20 — 3.24 (m, 2H, C#); 3.34 — 3.45 (m, 2H, C#f); 3.83 — 3.74 (m, 2H, CH¥);
4.17 — 4.22 (m, 1H, CHGIlu); 4.29 (dd, 1H, ©H4.92 (dd, 1H, CHi); 5.08 (dd, 2H,
CH,Ph); 5.21 (dd, 1H, CH); 5.80 (br d, 1H, MCHGIu); 6.02 (d, 1H, CH); 6.53 (br s,
1H, NHCOCH,CH,); 7.30 — 7.33 (m, 5H, Ph); 7.73 (s, 1H, §HL.1.74 (br s, 1H, NB.
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13C NMR (100 MHz, CDCls)

8 6.39 (Si(CH)2 ); -6.39 (Si(CH).); 17.37 (SC(CHs)s); 24.46 (CCHa)y); 24.90
(SIC(CHa)3); 26.33 (CH™); 26.93 (QC(CHa)3); 26.26 (CCHa)2); 26.95 (OCCHa)s);
28.89 (CH™); 31.69 (CHY); 32.64 (CH; 39.15 (CH™); 40.98 (CH'); 53.13
(CHGIu); 62.56 (€); 65.94 (CHPh); 80.43 (€); 83.48 (CH); 85.92 (C); 88.89
(C'); 112.88 C(CHa)o); 116.18 (C); 126.98 — 127.11 — 127.47 (Ph); 135.258)(C
150.20 (C); 151.75 (&); 155.45 (NHCOCH,Ph); 158.09 (€); 170.09 COO(CHs)s);
171.26 (NFCOGlIu).

Mass spectrum

ESI-MS positive mode m/z. 878.4 [M+NaT.
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7.28. Synthesis of compounds 4.30, 4.31, 4.32

0o )OJ\ 0 0
(NM H HN™ S0 >Ph «ij\NH N HI;IJ\O/\Ph
TBDMSO. pZ N e} TBAF HO pZ N e
o NN HM T T K —— o 7N ”(/\9,: D G
o 0 THF, rit. 0 o)
o\<o o\<o
4.27 n=1 i 4.30 n=1
4.28 n=2 4.31 n=2
4.29 n=3 4.32 n=3

To a solution of substra# 27, 4.28or 4.29(0.17 mmol) in THF (2 ml), TBAF-34D
(0.34 mmol) was added. Progress of the reaction masitored by TLC (eluent
CH.Cly/MeOH 1:1). After 6 h, the mixture was diluted iH&I>(3 ml) and washed
with H,O (2 x 2 ml). The combined organic phases wereddaeer NaSO, and
concentrated under reduced pressure. The crudeuwvded by flash chromatography
(eluent CHCI,/MeOH 9:1) to affordd.30 4.310r 4.32as pale yellow solids.

Compound 4.30

i Ji§
</Nj|\)J\NH ’ HN™ Y07 Ph
HO o N N7 N/\/N\n/\/'\n/O\K
H o) o)
0 0
Yield = 84 % Y

'H NMR (400 MHz, CDCl3)

3 1.32 (s, 3H, C(CH)2); 1.38 (s, 9H, OC(CH}a); 1.52 (s, 3H, C(CHz2); 1.70 — 1.79 (m,
2H, CH,™; 1.89 — 1.98 (m, 1H, C#™); 2.14 — 2.18 (m, 2H, CHP); 3.86 — 3.91 (m,
2H, CH'%); 3.86 — 3.91 (m, 2H, CHY); 3.47 — 3.56 (m, 2H, CA*"); 3.89 (br s, 1H,
CHGIu); 4.12 (dd, 1H, CH); 4.91 (m, 1H, CB); 5.02 (m, 2H, CkPh); 5.29 (dd, 1H,
CH?):5.98 (d, 1H, CH); 6.48 (br d, 1H, MCHGIu); 7.32 (m, 5H, Ph); 7.58 (br s, 1H,
NHCOCH,); 7.92 (s, 1H, CB); 11.72 (br s, 1H, NB.
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13C NMR (100 MHz, CDCls)

§ 25.63 (CCHas)o); 27.10 (CHY); 27.51 (CCHs),); 27.52 (OCCHas)s); 28.10
(OC(CHs)s); 32.05 (CH™); 38.45 (CHY); 41.06 (CH'); 54.69 (CHGIu); 62.02 (O;
65.90 (CHPh); 81.74 (€); 81.03 (GPh); 83.66 (CH); 86.87 (C); 89.12 (C); 113.50
(C(CHs),); 117.38 (€); 128.21 — 128.29 — 128.80 (Ph); 137.46){A51.59 (C);
153.07 (G); 156.55 COOCHPh);157.11 (€); 171.80 COO(CH)s); 172.05
(NHCOOG!u).

Mass spectrum
ESI-MS positive mode m/z 686.8 [M+H]; 708.9 [M+Na]; 724.0 [M+K]; 1393.8
[2M+Na] -

Compound 4.31

i iy
«ij\NH ’ HN 0" >ph
"I o TN N
o) 0
o 0
Yield = 82 % Y

'H NMR (400 MHz, CDCl3)

§ 1.27 (m, 2H, CH'Y); 1.39 (s, 3H, C(CH).); 1.44 (s, 9H, OC(CH); 1.63 (s, 3H,
C(CHa),); 1.69 (m, 2H, CH'9); 1.91 — 2.00 (m, 1H, C#?¥; 2.13 - 2.21 (m, 1H,
CH,™); 2.27 — 2.29 (m, 2H, C#); 3.23 — 3.33 (m, 2H, CHP); 3.37 — 3.46 (m, 2H,
CH,'%); 3.77 — 3.92 (m, 2H, CF*); 4.19 (br s, 1H, CHGIlu); 4.39 (dd, 1H, ¢)45.05
(m, 1H, CH); 5.05 (m, 2H, CkPh); 5.29 (dd, 1H, CH); 5.92 (d, 1H, CH); 6.93 (br
d, 1H, NHCHGIu); 7.08 (br s, 1H, NCOCH,CH,); 7.32 (m, 5H, Ph); 7.84 (s, 1H,
CH®): 11.41 (br s, 1H, NB.

13C NMR (100 MHz, CDCls)
§ 25.41 (CCHa)o); 26.25 (CH'); 26.62 (QC(CHs)s); 27.44 (CCHa)y); 27.94

(OC(CHs)s); 28.79 (CHY); 32.60 (CHY):; 32.64 (CHY); 39.14 (CH™); 41.06
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(CH,'%); 54.31 (CHGIu); 62.58 (©); 66.94 (CHPh); 81.20 (€); 82.37 (GPh); 83.49
(CH?); 86.07 (C); 91.32 (C); 114.12 C(CHs),); 117.37 (C); 127.97 — 128.11 —
128.48 (Ph); 136.25 & 151.07 (¢); 153.02 (€); 156.47 COOCH,Ph);158.59 (&);
171.23 COO(CHs)s); 172.51 (NHCOGIu).

Mass spectrum

ESI-MS positive mode m/iz. 714.4 [M+H]'; 736.4 [M+Na]-

Compound 4.32

Yield =58 %

'H NMR (400 MHz, CDCl3)

8§ 1.26 — 1.29 (m, 2H, CHY); 1.37 (s, 3H, C(CH)2); 1.43 (s, 9H, OC(Ch)); 1.53 —
1.47 (m, 2H, CH"); 1.66 (s, 3H, C(Ch)2); 1.61 — 1.65 (m, 2H, CH™); 1.89 — 1.97
(m, 2H, CH™®™9; .1.89 — 1. 97 (m, 1H, G&?; 2.14 — 2.25 (m, 1H, CH™); 2.21 -
2.28 (m, 2H, CH'); 3.20 — 3.24 (m, 2H, C#f); 3.34 — 3.45 (m, 2H, C#f); 3.83 —
3.74 (m, 2H, CHP¥"): 4.17 — 4.22 (m, 1H, CHGIu); 4.29 (dd, 1H, ©H4.92 (dd, 1H,
CH?®); 5.08 (dd, 2H, CbPh); 5.21 (dd, 1H, CH); 5.80 (br d, 1H, MCHGIu); 6.02 (d,
1H, CH"); 6.53 (br s, 1H, NCOCH,CH,); 7.30 — 7.33 (m, 5H, Ph); 7.73 (s, 1H, GH
11.74 (br s, 1H, NB.

13C NMR (100 MHz, CDCls)

§ 24.46 (CCHa),); 26.33 (CH); 26.93 (QC(CHs)s); 26.26 (CCHas),); 26.95
(OC(CHs)3); 28.89 (CHM); 31.69 (CHY); 32.64 (CH'Y); 39.15 (CH); 40.98
(CH,'%): 53.13 (CHGIu); 62.56 (0); 65.94 (CHPh); 80.43 (€); 83.48 (CH); 85.92
(C*); 88.89 (C); 112.88 C(CHs),); 116.18 (C); 126.98 — 127.11 — 127.47 (Ph);
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135.25 (&); 150.20 (¢); 151.75 (G); 155.45 (NHCOCH,Ph); 158.09 (€); 170.09
(COO(CHs)3); 171.26 (NKCOGIu).

Mass spectrum

ESI-MS positive mode m/z: 742.4 [M+H]'; 764.4 [M+Na]; 780.4 [M+K]".
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7.29. Synthesis of compounds 4.36a, 4.36b, 4.36¢

——— 11
© 0 2) H,0, pH=2

O\<O 70°C, 26 h OH OH
4.36a 42%

[0}
N J\/\ N J\/\
gfj\)l\l\l-l H Hl;l O~ "Ph 1) TEP, POCI, oH </jl\)J\NH H Hl;l O~ "Ph
R e e S L LU SO SR e L e
H H
(e} (e}
(e}

0]

P Ie) N

o </N:“\)J\)N\H H HI:IJ\O/\Ph
HO_T 0 N~ P N i__OH
HN

OH OH
4.36b 28%

OH OH
4.36c 28%

Under inert atmosphere, to a stirred solution ehpound4.31(0.13 mmol) in TEP (1.5
ml), POC} (0.65 mmol) was added dropwise at 0°C. The mixtmas then stirred at
0°C, monitoring progress of the reaction by revgrhase TLC (eluent MeOHAD
4:1). After 3 h, the mixture was diluted with® (2 ml) and NaOH 2N was carefully
added to pH 2. The resulting solution was stirn@d4f h at 70°C, then pH was adjusted
to 7.0. The solvent was removed by lyophilizationl @roductst.36a 4.36band4.36¢

were afforded isolated by reverse phase HPLC.
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Compound 4.36a

Yield = 41 % OH OH

'H NMR (400 MHz, D,0)

§ 1.13 (s, 9H, OC(CHs); 1.29 (m, 2H, Ch'Y); 1.45 (m, 2H, CH'?); 1.71 — 1.83 (m,
1H, CH,™¥; 1.99 — 2.04 (m, 1H, C#PY); 2.15 — 2.22 (m, 2H, C#Y); 2.99 — 3.07 (m,
2H, CH'¥); 3.15 — 3.19 (m, 2H, C#P); 3.80 — 3.89 (m, 2H, CHA*"); 3.80 — 3.89 (br s,
1H, CHGIu); 4.09 (dd, 1H, CH; 4.17 (m, 1H, CH)); 4.47 (dd, 1H, CH); 4.91 — 5.02
(m, 2H, CHPh); 5.72 (d, 1H, CH); 7.18 — 7.25 (m, 5H, Ph); 7.90 (s, 1H, GH

3C NMR (100 MHz, D;0)

§ 25.78 (CH'); 26.35 (CH™); 27.84 (QC(CHs)3); 27.74 (CH™); 29.58 (OCCH2)3);
32.54 (CHY); 39.22 (CH"): 41.10 (CHY); 55.98 (CHGIu); 64.18 (1); 66.88
(CH.Ph); 71.41 (€); 82.37 (GPh); 75.28 (CH); 84.31 (C); 87.13 (C); 117.09 (C);
127.59 — 128.23 — 128.64 (Ph); 136.31%)(C152.09 (C€); 157.71 (€); 161.37
(COOCH,Ph);168.22 (€); 175.37 COO(CHs)s); 179.07 (NHCOGIu).

3P NMR (161.98 MHz, DO)
§0.45

Mass spectrum

ESI-MS positive mode m/z 754.3 [M+H]; 776.3 [M+Na]; 792.3 [M+K]".
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Compound 4.36b

Yield = 28 % OH OH

'H NMR (400 MHz, D,0)

§ 1.43 — 1.46 (m, 4H, CH19; 1.71 - 1.77 (m, 1H, C#9; 1.98 — 2.06 (m, 1H,
CH,™); 2.15 — 2.19 (m, 2H, C#Y); 2.99 — 3.09 (m, 2H, C#); 3.15 — 3.21 (m, 2H,
CH,'%; 3.79 — 3.90 (m, 2H, CF*); 3.79 — 3.90 (br s, 1H, CHGIu); 4.11 (dd, 1H,
CH"); 4.19 (m, 1H, CBi); 4.48 (dd, 1H, CH); 4.92 — 5.03 (m, 2H, CiPh); 5.73 (d,
1H, CH"); 7.20 — 7.26 (m, 5H, Ph); 7.91 (s, 1H, §H

3C NMR (100 MHz, D,0O)

§ 25.78 (CH'19; 26.35 (CH'™9; 27.84 (CH"); 32.56 (CH); 39.23 (CH"); 41.11
(CH,'%); 55.99 (CHGIu); 64.18 (©); 64.15 (GPh); 66.89 (CHPh); 71.40 (€); 75.26
(CH?); 84.32 (€); 87.12 (C); 117.10 (C); 128.23 — 128.65 — 128.74 (Ph); 136.31
(C¥; 152.09 (&); 157.71 (G); 161.37 COOCHPh);168.23 (&; 175.37
(COO(CHg)s); 179.07 (NHCOGIu).

3P NMR (161.98 MHz, DO)
§0.34

Mass spectrum

ESI-MS positive mode m/z: 698.3 [M+H]'; 720.4 [M+Na]; 736.4 [M+K] -

253



Compound 4.36¢

0]
N
NH
o O
HOOL o g
1l H 2
@]
Yield = 28 % OH OH

'H NMR (400 MHz, D,0):

§ 1.61 (m, 4H, CH'*™3; 2.96 (m, 2H, CH"™); 3.30 (m, 2H, CH"); 3. 96 — 4.05 (m,
2H, CH>?™): 4.24 (dd, 1H, CFi); 4.43 (m, 1H, CH); 4.74 (dd, 1H, CH); 5.88 (d, 1H,
CH'); 7.96 (s, 1H, CH).

13C NMR (100 MHz, D,0):

§ 24.19 (CH™™3; 25.51 (CH™; 39.29 (CH"); 40.22 (CH); 64.69 (C); 70.60
(C?); 73.43 (CH); 83.79 (C); 87.46 (C); 115.99 (C); 136.31 (&); 152.89 (C);
159.36 (G); 180.71 (€).

3P NMR (161.98 MHz, BO):
§0.64

Mass spectrum

ESI-MS positive mode m/iz. 435.2 [M+H]'; 869.3 [2M] .
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7.30. Synthesis of compounds 4.38a, 4.38b, 4.38c

O [0} (6] o

N )J\ )‘I\ N
¢ :fi”\“ H 8 DTEPOC, oK :fL H HY 8 Ph
P 5
HO. o N N ”N \”/\/\H/ \K 0°C,4-6 h ﬁ/o N N \n/\/\”/ \|<
—_—
0 0 2 10, pH=2 o 0

o\<0 70°C, 2-6 h OH OH
4.38a 60%
i iy
o (N:f‘\NH H HIY 0" >Ph
N : H
RAFUE SIS o
o} o) 0
OH OH
4.38b 10%
0
N NH

4.38¢ 10%

Under inert atmosphere, to a stirred solution ahpound4.32 (0.13 mmol) in TEP
(2.5 ml), PO (0.65 mmol) was added dropwise at 0 °C. The métuas then stirred
at 0 °C, monitoring progress of the reaction byerse phase TLC (eluent MeOHB®I
4:1). After 3 h, the mixture was diluted with® (2 ml) and NaOH 2N was carefully
added to pH 2. The resulting solution was stin@d4fh at 70 °C, then pH was adjusted
to 7.00. The solvent was removed by lyophilizatmal productg.383 4.38band4.38c
were afforded isolated by reverse phase HPLC.

Compound 4.38a

Yield = 60 % OH OH

'H NMR (400 MHz, D,0):
§ 1.43 (s, 9H, OC(CH)s); 1.26 — 1.29 (m, 4H, CH¥™3; 1.53 — 1.47 (m, 2H, CH9);
1.42 — 1.47 (m, 2H, CH™; 1.72 - 1. 79 (m, 1H, C%9; 1.98 — 2.06 (m, 1H,

255



CH,'™); 2.14 — 2.17 (m, 2H, C#f); 2.92 — 3.06 (m, 2H, CHP); 3.12 — 3.23 (m, 2H,
CH,'®); 3.90 — 3.78 (m, 2H, CA*"); 3.90 — 3.78 (m, 1H, CHGIu); 4.06 (dd, 1H, &)
4.11 (dd, 1H, CHi); 4.45 (dd, 1H, CBi); 4.93 — 5.04 (dd, 2H, C#fh); 5.70 (d, 1H,
CH'); 7.23 = 7.28 (m, 5H, Ph): 7.90 (s, 1H, §H

13C NMR (100 MHz, D,0):

§ 26.93 (QC(CHs)s); 25.85 — 27.87 — 28.13 — 28.84 (£H2>*%9; 28.85 (CH'®); 35.53
(CH,'"); 39.38 (CH™); 41.53 (CHY); 55.93 (CHGIu); 64.43 (0); 66.88 (CHPh);
71.67 (C); 75.78 (CH); 84.46 (C); 87.49 (C); 112.88 C(CHs),); 117.08 (C);
127.61 — 128.26 — 127.61 (Ph); 136.34%(C152.16 (C); 157.68 (CG); 161.50
(NHCOCH,Ph); 168.24 (€); 175.27 COO(CHs)s); 179.05 (NHCOGIu).

3P NMR (161.98 MHz, BO):
§-0.42

Mass spectrum

ESI-MS positive mode m/z: 782.3 [M+H]'; 804.3 [M+Na]; 820.4 [M+K]".

Compound 4.38b

Yield = 10 % OH  OH

'H NMR (400 MHz, D,0):

§ 1.18 — 1.34 (m, 4H, C#™9; 1.35 — 1.45 (m, 2H, CA*™); 1.46 — 1.56 (m, 2H,
CH,"9; 1.75 — 1.82 (m, 1H, C#'9); 2.00 — 2.11 (m, 1H, CH™); 2.15 — 2.27 (m, 2H,
CH,'®); 2.96 — 3.05 (m, 2H, C#™); 3.05 — 3.15 (m, 2H, C#¥; 3.19 — 3.30 (m, 2H,
CH,'®); 3.81 — 3.86 (m, 1H, CHGIu); 3.95 — 4.05 (m, ZHH,°*"); 4.22 (dd, 1H, CFi);
4.41 (dd, 1H, CHi); 4.64 (dd, 1H, CH); 4.90 — 5.02 (dd, 2H, C#h); 5.87 (d, 1H,
CH'Y); 7.23 = 7.28 (m, 5H, Ph); 7.98 (s, 1H, §H
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3P NMR (161.98 MHz, BO):
§1.03

Mass spectrum

ESI-MS positive mode m/z: 726.3 [M+H]+; 748.4 [M+Na}); 864.3[M+K]*+

Compound 4.38c

0]
N
NH
0 </f
MO0 N
1l H 3
@]
Yield = 10 % OH OH

'H NMR (400 MHz, D,0):

§ 1.23 — 1.33 (m, 6H, CH"; 1.45 — 1.50 (m, 2H, CH™); 2.44 — 2.49 (m, 2H,
CH,'%); 3.14 — 3.22 (m, 2H, C#); 3.78 — 3.88 (m, 2H, CH*™); 4.09 (dd, 1H, CHi);
4.13 (dd, 1H, CBj); 4.50 (dd, 1H, CH); 5.70 (d, 1H, CH); 7.92 (s, 1H, CH).

3P NMR (161.98 MHz, BO):
§3.96

Mass spectrum

ESI-MS positive mode m/z: 463.2 [M+H]+; 531.6 [M+3Na}
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7.31. Synthesis of compound 4.39

Compoun4.38a(75 mg, 0.096 mmol) was dissolved in Trifluoroaceicid (TFA, 1.5
ml) at 0 °C. The solution was stirred at 0 °C fé&rrhinutes, monitoring the course of
the reaction by inverse phase TLC (MeObkH),1%TFA 1:1, Rproduct = 0.46).

TFA was removed under reduced pressure and theugtredhas triturated with EO.
The supernatant was removed and the solid waspesded diethyl ether (5 ml) and
collected by filtration. The white solid was washwith ether (3 x 5 ml) and dried under

reduced pressure.
Yield = 95 %

'H NMR (400 MHz, D,0):

§ 1.25 — 1.31 (m, 4H, CH¥"); 1.53 — 1.46 (m, 2H, CH™); 1.41 — 1.52 (m, 2H,
CH™™); 1.72 — 1. 79 (m, 1H, C#f3; 2.00 — 2.07 (m, 1H, C#™); 2.14 — 2.17 (m,
2H, CH,'®); 2.87 — 3.11 (m, 2H, C#f); 3.10 — 3.19 (m, 2H, C#); 3.89 — 3.71 (m,
2H, CH,°¥™); 3.90 — 3.81 (m, 1H, CHGIu); 4.07 (dd, 1H, ©4.13 (dd, 1H, CFi);
4.46 (dd, 1H, CH); 5.69 (d, 1H, CH); 7.92 (s, 1H, CH).

3C NMR (100 MHz, D,0O):

§ 25.86 — 28.23 — 28.53 — 28.84 (£H**19; 29.12 (CH); 24.12 (CHY); 39.31
(CH,™); 41.03 (CH"); 57.49 (CHGIu); 64.22 (©); 70.15 (C); 76.90 (CH); 85.16
(C*); 88.01 (C); 117.08 (C); 137.28 (&); 152.22 (¢); 158.98 (A); 167.23 (C);
176.98 COOH); 181.69 (NKLOGIu).

3P NMR (161.98 MHz, BO):
§-0.47
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Mass spectrum

ESI-MS positive mode m/z: 536.2 [M+H]; 558.1 [M+Na}; 574.1 [M+K]+
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7.32. Synthesis of compound 4.40

N )J\ N N J\ PN
¢ jfj“\” H HN™ "0™ "Ph ) 1ep, POC, OH ¢ /NC' H HY™ "0 “Ph
HO o N~ N7 H/\/NMO\K 0°C,4-6 h HO\ﬁ/O o NN H/\/N\n/\/\”/o\|<
—_—
0 o) 2 0, pH=2 o) 0 0
o\<0 70°C, 2-6 h OH OH
4.30 4.40 crude

Under inert atmosphere, to a stirred solution ehpgound4.30(154.5 mg, 0.225 mmol)
in TEP (1.5 ml), POGI(0.1 ml, 1.125 mmol) was added dropwise at O @& fixture
was then stirred at 0 °C, monitoring the progresthe reaction by reverse phase TLC
(eluent MeOH/HO 4:1, R product = 0.5). After 3 h, the mixture was dilutedh H,O

(2 ml) and the pH was adjusted to 2.0 by carefdlitaxh of 2 N NaOH. The resulting
solution was stirred for 4 h at 70 °C, then pH wdpisted to 7.0 with 2 N NaOH. The
solvent was removed by lyophilisation; the residias taken up in water and added to a
suspension of XAD-4 resin (1 g of resin/20 mg aid) in acidic water at pH ca 2
(HCI). The suspension was stirred until disappeagaf the product in the supernatant
(RP TLC monitoring). The resin was then charged aglass column, and washed with
water until negative assay for chloride ion (1% AN The resin pad was then eluted
with methanol and the eluate was collected in ioast Fractions containing the
product (RP TLC) were combined and evaporated uretkrced pressure. The residue
was re-dissolved with water and lyophilized. Wisitdid (132 mg, 0.196 mmol).

Yield = 87 %

'H NMR (400 MHz, D,0):

§ 1.41 (s, 9H, OC(Ch)3); 1.71 — 1. 84 (m, 1H, C&¥; 2.01 — 2.11 (m, 1H, CH);
2.14 — 2.17 (m, 2H, C#); 2.88 — 3.16 (m, 2H, C#); 3.88 — 3.77 (m, 2H, CHA*P);
3.88 — 3.75 (m, 1H, CHGIu); 4.06 (dd, 1H, ©H4.12 (dd, 1H, CBi); 4.51 (dd, 1H,
CH?); 4.96 (dd, 2H, CkPh); 5.81 (d, 1H, CH); 7.21 — 7.32 (m, 5H, Ph); 7.92 (s, 1H,
CH®).
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13C NMR (100 MHz, D,0):

§ 27.94 (QC(CHs)3); 28.84 (CHM™); 28.85 (CH'); 35.53 (CH™); 43.00 (CH'); 57.03
(CHGIu); 65.55 (C); 67.75 (CHPh); 72.36 (€); 79.97 (CH); 85.54 (C); 91.94
(CY); 113.77 C(CHs)o); 119.09 (C); 127.60 — 129.78 — 131.61 (Ph); 139.64)(C
151.83 (€); 158.98 (G); 162.48 (NHCOCH,Ph); 169.28 (€); 175.29 COO(CHb)s);
183.09 (NHCOGIu).

3P NMR (161.98 MHz, BO):
§-0.39

Mass spectrum

ESI-MS positive mode m/z: 726.3 [M+H]+; 748.2 [M+Naj; 764.7 [M+K]J+

261



7.33. Synthesis of compound 4.41

OH OH OH OH
4.40 crude 441

The crude compound.40 (132 mg, 0.196 mmol) was dissolved in Trifluordaceacid
(TFA, 1.5 ml) in presence of a trace amount ofuafomethanesulfonic acid (TFMS) at
0 °C. The solution was stirred at 0 °C for 15 mastmonitoring the course of the
reaction by inverse phase TLC (MeOH@0,1%TFA 1:1).

TFA was removed under reduced pressure and theugiradas triturated with EO.
The supernatant was removed and the solid waspesded diethyl ether (5 ml) and
collected by filtration. The white solid was washweith ether (3 x 5 ml) and dried under
reduced pressure.

Yield = 95 % crude product (to be purified by HBLC

'H NMR (400 MHz, D,0):

§1.67 — 1. 83 (m, 1H, C&¥; 2.02 — 2.09 (m, 1H, CH); 2.14 — 2.17 (m, 2H, C#P);
2.89 — 3.21 (m, 2H, C#P); 3.89 — 3.77 (m, 2H, CA#); 3.90 — 3.76 (m, 1H, CHGIu);
4.06 (dd, 1H, CH); 4.12 (dd, 1H, CEi); 4.53 (dd, 1H, CH); 5.80 (d, 1H, CH); 7.92
(s, 1H, CH).

3C NMR (100 MHz, D,0O):

§ 27.19 (CH™); 28.79 (CH'); 33.21 (CH"); 46.02 (CH'?); 57.05 (CHGIu); 66.97
(C®); 72.36 (&); 79.97 (CH); 85.55 (C); 92.36 (C); 121.01 (C); 141.89 (&);
151.55 (¢); 159.00 (G); 168.54 (€); 176.98 COOH); 183.11 (NKLOGIu).

3P NMR (161.98 MHz, BO):
§-0.39
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Mass spectrum

ESI-MS positive mode m/z: 535.2 [M+H}; 558.1 [M+Naf); 574.2 [M+K]t.
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