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Leupeptin is a naturally occurring inhibitor of various proteases, in particular
serine proteases. Following its discovery, the inhibitory properties of several
other peptidyl argininals have been studied. The specificity of leupeptin is most
likely due to the Leu-Leu-Argininal sequence, and its C-terminal aldehyde
group has been suggested to enhance the binding efficiency and to be essential
for function. The terminal aldehyde group makes the structure less vulnerable
to carboxypeptidases. Here, we investigated whether the inhibitory function of
leupeptin toward serine proteases is retained after oxidation or reduction of the
aldehyde group. The oxidized form, which corresponds to the natural precur-
sor, was shown to be superior to the reduced form in terms of inhibitory prop-
erties. However, the original leupeptin possessed enhanced inhibitory properties
as compared with the oxidized form. Based on these results, new synthetic leu-
peptin analogues, 6-aminohexanoic acid (Ahx)-Phe-Leu-Arg-COOH and
Ahx-Leu-Leu-Arg-COOH, were prepared by solid-phase peptide synthesis
using the Fmoc strategy. In these analogues, the N-terminal capping acetyl
group was replaced with a 6-aminohexanoyl group to allow conjugation. The
structures of the modified leupeptin and the synthetic peptides were confirmed
by mass spectrometry. Determination of the inhibitory properties against tryp-
sin (IEC 3.4.21.4, Chymotrypsin IEC 3.4.21.1) revealed that these further modi-
fied tripeptides were tight binding inhibitors to their target enzyme, similar to
the naturally occurring leupeptin, with K; values generally in the micromolar
range. The Ahx—Phe-Leu-Arg—-COOH analogue was selected for conjugation
to inorganic oxide nanoparticles and agarose gel beads. All conjugates exhib-
ited inhibitory activity in the same range as for the free peptides.

Leupeptin (Fig. 1) is known to be a naturally occur-
ring, efficient, tight-binding inhibitor to various pro-
teases, in particular serine proteases [1-8]. Leupeptin is
produced by various species of actinomycetes and was
also confirmed in a number of other families. The pro-
duction is therefore not species specific [9]. Since the
discovery of leupeptin, several additional peptidyl

Abbreviations

argininals have been subject to interest because of the
strong and specific inhibition of serine proteases [10].
The specificity of leupeptin is most likely due to the
Leu-Leu—Argininal sequence, and the C-terminal alde-
hyde function is suggested to enhance the binding effi-
ciency and to be essential for the function [1,11,12]. Tt
is also likely that the terminal aldehyde group will

ACN, acetonitrile; Ahx, 6-aminohexanoic acid; APTES, aminopropyltriethoxysilane; BAPA, Na-benzoyl-bL-arginine-4-nitroanilide hydrochloride;
CDI, carbonyldiimidazole; MS, mass spectrometry; SPPS, solid-phase peptide synthesis; TFA, trifluoroacetic acid.
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Fig. 1. Leupeptin in its natural state (Ac-Leu-Leu-Arg-CHO).

make the structure less vulnerable to carboxypepti-
dases. Aoyagi et al. [2] reported that the reduction or
oxidation of the aldehyde group to alcohol or carboxy-
late, respectively, strongly impaired the inhibition of
plasmin and papain, to the extent that no exact
numerical data were given. Our aim here was to inves-
tigate whether the inhibitory function toward serine
proteases is retained also after oxidation or reduction
of the aldehyde group. The biosynthesis of leupeptin
does indeed occur via a synthesis of the peptide with a
C-terminal carboxyl group, followed by a reduction to
aldehyde catalyzed by the enzyme leupeptin acid
reductase with NADH as electron donor and thermo-
dynamically supported by ATP hydrolysis [13], in
analogy with that the chemical synthesis of leupeptin
is thus more complicated than standard peptide syn-
thesis due to its L-argininal moiety. Many analogues to
leupeptin have nevertheless been synthesized, giving a
broad view of structure—function relations for the inhi-
bition of proteases [12,14,15].

Here we are using solid-phase peptide synthesis
(SPPS) to synthesize two new leupeptin analogues with
an -COOH at the C terminus instead of an aldehyde,
similar to the biosynthetic precursor. Staying at the
precursor stage does thus allow a straightforward
SPPS. One option to synthesize leupeptin to its natural
state could actually be based on an enzymatic reduc-
tion after the SPPS of the oxidized form. As of today,
no enzyme that catalyzes the reduction of the C-termi-
nal carboxyl group of the precursor to aldehyde in
Streptomyces is commercially available [13]. The N-ter-
minal acetyl group was in these tripeptide analogues of
leupeptin replaced with a 6-aminohexanoyl group that
allows an easy path to conjugation while retaining
inhibitory activity. The nucleophilic character of
amino groups is frequently used in the conjugation of
peptides, amino acids and proteins, and a large num-
ber of activations of conjugation carriers have been
developed [14-16]. The gel support used in this study
was the bromo-activated WorkBeads™ matrix, where
the conjugation results in a secondary amine. For
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conjugation to inorganic oxide phases, an initial
silanization is often used to introduce suitable func-
tional groups. In this case, we have chosen to modify
the oxide surfaces with aminopropyltriethoxysilane
(APTES), followed by activation of the amino groups
by carbonyldiimidazole (CDI). The final result will be
a coupling of the peptides by a substituted urea struc-
ture. Because the peptides carry only a single primary
amino group, the conjugation is in all cases expected
to be uniform and, furthermore, leave the important
arginine accessible.

Results and Discussion

Oxidation and reduction of leupeptin

The molecular weight of the oxidized and reduced
state of leupeptin was determined by mass spectrome-
try (MS) analysis and can be seen in Fig. 2, where the
oxidized state shows a peak at 443 m/z and the
reduced state shows a peak at 429 m/z, with z = 1 for
both peptides. This is in expected accordance with the
peak at 427 m/z for natural leupeptin (Table 1). Full
m/z spectra can be found in Fig. S1A,B.

Inhibitor binding mode

The original natural leupeptin interacts very strongly
but reversibly with trypsin (IEC 3.4.21.4, Chy-
motrypsin IEC 3.4.21.1). The backbone of leupeptin
forms four hydrogen bonds with trypsin, and a fifth
hydrogen bond interaction is mediated by a water
molecule. The aldehyde carbonyl of leupeptin is shown
to form a hemiacetal bond with the side-chain oxygen
of Ser195 in the active site, in which the hemiacetal
oxygen atom is pointing out of the oxyanion hole and
forms a hydrogen bond with His57 [17]. Radisky et al.
[18] modeled both orientations of the hemiacetal and
found that the one where the oxygen atom is facing
the oxyanion hole had 15% occupancy, whereas the
one where oxygen faces the active site His57 had 85%
occupancy.

The weaker inhibition by both the oxidized and
reduced state of leupeptin can be explained by the loss
of the hemiacetal bond possibility in the active site to
Ser195. Tentative binding modes for original and mod-
ified leupeptin are shown in Fig. 3. The stronger inhi-
bition by the oxidized form compared with the
reduced form can be explained by the interaction of
the negative oxygen in the oxyanion hole, but without
the hemiacetal formation. The reduced state of leu-
peptin does also lack the possibility to form a hemiac-
etal but can still interact through a hydrogen bond to

2606 FEBS Open Bio 10 (2020) 2605-2615 © 2020 The Authors. Published by FEBS Press and John Wiley & Sons Ltd.



E. Billinger et al.

443298

30 443335

aa2ssn__aszrri adaors 49219 43579443763

444301

203
444338 103
444077 444223 | | / aaaaas 444704 a4a913 3 azss02

T T T
4426 4428 4430 4432 4434 4436 4438
miz

4440 4442 4444 4446 4448 4450 4288 4290

420241

Conjugation of leupeptin analogues

429318

430322

429442 429543 429673 429824 429925 430.095 430244 J | 430390

430576

4294 4296 4298 4300 4302 4304 4306
miz

Fig. 2. (A) MS spectra of oxidized leupeptin with a peak at 443 m/z corresponding to the molecular ion [M + H]. (B) MS spectra of reduced
leupeptin with a peak at 429 nvz corresponding to the molecular ion [M + H], confirming the identity of both products.

Table 1. Summary of the representative results from the reduction and oxidation of leupeptin, including the obtained kinetic parameters for

the different state of the inhibitors.

State Functional group K; m/z observed z M., (Da)
Leupeptin Natural -CHO 88 + 8 nm 427.3 +1 426.3

Oxidized -COOH 2.7 £ 0.1 pm 443.3 +1 442.3

Reduced -CH,OH 270 + 100 pm 429.3 +1 428.3

Original leupeptin

Oxidation

Fig. 3. Tentative comparison of active site binding mode for original, reduced and oxidized leupeptin, respectively.
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His57. This could be the reason for the pronounced
difference between an apparent K; of 2.69 pm for the
oxidized form and 270 pm for the reduced form
(Table 1). Based on these data, we decided to synthe-
size analogues with the terminal carboxyl group.

Synthesis of 6-aminohexanoic
acid-Phe-Leu-COOH and 6-aminohexanoic
acid-Leu-Leu-COOH

The synthetic pathway of a serine protease inhibitor of
leupeptin type is a challenge due to the argininal resi-
due at the C terminus of their sequence combined with
a low yield as an outcome [19]. The standard arginine
peptide, on the contrary, requires only straightforward
peptide synthesis and is still a powerful inhibitor. It
should also be noted that the biosynthesis proceeds via
synthesis of the peptide, followed by a specific enzyme-
mediated reduction of the terminal carboxylate group
to aldehyde [13]. Conclusively, chemical synthesis of a
precursor peptide combined with a final enzymatic
reduction could actually be the preferred strategy for
production of leupeptin analogues with a terminal
aldehyde group.

Purification and characterization of 6-aminohexanoic
acid—Phe-Leu-Arg—COOH and 6-aminohexanoic
acid—Leu-Leu-Arg-COOH

The two peptides, 6-aminohexanoic acid (Ahx)-Phe
-Leu-Arg-COOH and Ahx-Leu-Leu-Arg-COOH,
were purified with preparative HPLC. The yields of
the peptides were 36% and 74%, respectively, based
on the capacity of the resin. The m/z relation was 514
with z =1 for Ahx-Leu-Leu-Arg-COOH and 548.4
with z =1 for Ahx-Phe-Leu-Arg-COOH by liquid
chromatography MS, which confirmed the molecular
masses of the peptides to 513 Da for Ahx-Leu-Leu
—Arg-COOH and to 547 Da for Ahx—Phe-Leu-Arg
-COOH.

Kinetic measurements of Ahx—Phe-Leu-Arg—-COOH
and Ahx-Leu-Leu-Arg-COOH

The apparent K; values of Ahx-Leu-Leu-Arg-COOH
(9.48 pm) and Ahx—Phe-Leu-Arg-COOH (3.42 um) lie
in the same micromolar range as oxidized leupeptin
(Tables 1 and 3), confirming that the replacement of
the N-terminal capping acetyl group with AHX has
only a minor influence. The replacement of one leucine
by phenylalanine does, furthermore, lower the K; value
by a factor 3. This is probably due to the fact that
phenylalanine is more hydrophobic than leucine and
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interacts more strongly in the active site of the enzyme.
Both the synthesized peptides act as a tight binding
inhibitor, as shown in Fig. 4. Even though the hemiac-
etal function is lost by synthesizing them with a car-
boxylic acid instead of the functional aldehyde, these
peptides still show significant inhibition properties.

Conjugated Ahx-Phe-Leu-Arg—-COOH
Conjugation of Ahx—Phe-Leu-Arg—-COOH

Ahx-Phe-Leu-Arg-COOH was conjugated to three
different carriers where the conjugated amount was
determined by subtractive absorbance measurements
and is shown in Table 2.

Kinetic measurements of conjugated
Ahx-Phe-Leu-Arg-COOH

Because the synthetic analogues display the same inhi-
bition mechanisms as the natural leupeptin (tight bind-
ing), the apparent K; values (Table 3) were determined
by Eqns (1,2). The corresponding graphs can be seen
later (Fig. 5). For details regarding TiO,-peptide kinet-
ics, see Fig. S2 and Table SI.

The increase in apparent K; can be ascribed to steri-
cal inaccessibility as a result of an uneven surface in all
three carriers. The peptides can also be conjugated
close to each other, making the space for several
enzyme molecules less accessible. Regarding the gel
beads, the peptides can be hidden inside the beads,
which will exclude a number of peptides that are conju-
gated to those positions and thereby not accessible for
the enzymes. The cross-linking that was observed for
conjugated protein inhibitors [20] is not possible for
this peptide because it has only one easily reacting
group for the conjugation to take place, which, further-
more, is placed opposite to the functional group that is
crucial for the inhibition. If the peptide is conjugated in
a way that is not sterically inaccessible, the inhibition
will not be affected by the conjugation. The calcula-
tions regarding the efficiency are based on the free
Ahx-Phe-Leu-Arg—-COOH as a reference, because that
is the peptide that is conjugated to all three carriers.
The efficiency is easiest regarded as the fraction of inhi-
bitor molecules that are functionally active, rather than
a change of intrinsic molecular properties [20], and the
loss of efficiency can primarily be ascribed sterical inac-
cessibility. The efficiency is thus calculated from the
apparent K; observed as 1;—‘:; = [[;]—‘“L The conjugation of
the peptide is performed not to increase the stability
but to merely provide a carrier to the small peptide.
This may serve to remove the inhibitor in a controlled
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Fig. 4. The ratio v/v, is plotted as a function of the inhibitor peptide Ahx-Phe-Leu-Arg-COOH (A) and Ahx-Leu-Leu-Arg-COOH (B). The
conditions for the experiments and calculations were [trypsin] = 0.25 pm, [BAPA] = 1 mm and K, = 0.82 mm. Error bars represent standard

deviation.

Table 2. Summary of the amount of Ahx-Phe-Leu-Arg-COOH
immobilized onto the chosen carriers.

Conjugated amount of
Alternative Carriers Ahx—Phe-Leu-Arg—-COOH
Inorganic particles TiO, 6.1 nmol-mg~" particle

Zn0 4.4 nmol-mg~" particle

Gel beads WorkBeads"™ 150 nmol-mL~" beads

way from a technical sample but also to minimize the
risk of the peptide crossing, for example, the skin bar-
rier if used in protective formulas. As can be seen, in
regard to the efficiency, the conjugation of Ahx—Phe—-
Leu-Arg-COOH to ZnO gives an efficiency of 0.77,
which is close to the reference value of 1. The conjuga-
tion itself does not affect the peptide’s inhibition prop-
erties. The lower efficiency of the peptide conjugated to
agarose gel beads could be explained by the steric inac-
cessibility for the enzyme, because of the possibility of
the peptide hidden inside the gel beads. According to
the efficiency, about 10% of the conjugated peptides
are available for the enzyme.

Inhibition activity analysis of free and conjugate
peptide in gelatin layer

The gelatin erosion method that simulates a surface
with a protective cover layer is here used to evaluate
the function of the peptide in its different conjugation
states where the relative area increase rate is plotted
against the increasing inhibitor concentration in Fig. 6.
The curves obtained as a function of concentration for
the free peptide and the TiO,-conjugated peptide,
respectively, are virtually identical. The data obtained
for the peptide-ZnO conjugate, in contrast, result in a
notably steeper slope at lower inhibitor concentration,
suggesting a stronger binding. This may tentatively be
explained by a model where the enzyme molecules,
once ‘captured’ by the immobilized peptides, also
interact nonspecifically with the ZnO surface, resulting
in addition of binding energies and thus also coopera-
tive binding. As has been noted earlier by us [21], the
well area converges to an asymptotic nonzero value
‘plateau’ at high inhibitor concentration that is virtu-
ally identical for the different cases. The limit may
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Fig. 5. v/vy is plotted as a function of the conjugated TiO,—Ahx—Phe-Leu-Arg-COOH (A),

[ZnO-Ahx~Phe-Leu-Arg-COOH] (um)

[Workbeads™-Ahx-Phe-Leu-Arg-COOH] (um)

ZnO-Ahx-Phe-Leu-Arg-COOH (B) and

WorkBeads"™"-Ahx-Phe-Leu-Arg-COOH (C). The conditions for the experiments and calculations were [trypsin] = 0.25 pm, [BAPA] = 1 mm and

Ky = 0.82 mm. Error bars represent standard deviation.
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Table 3. Summary of the apparent K; values from the different states of inhibitors and the efficiency where free Ahx-Phe-Leu-Arg-COOH

is used as the reference.

State Carrier Peptide Ki Efficiency K; stored
Free - Leupeptin 88 + 8 nm -
Leupeptin-COOH 27+ 0.1 um -
Ahx-Leu-Leu-Arg-COOH 9.5+ 1.0 pm -
Ahx—Phe-Leu-Arg-COOH 3.4 +£0.2um 1.00°
Conjugated TiO, Ahx—Phe-Leu- Arg-COOH 11+ 2um 0.32 7.1 £ 1.1 pm
Zn0O 4.4 +£1.3 um 0.77 7.6 £ 1.5 pm
WorkBeads"™ 29+ 4 pm 0.12 53 4+ 9 um

®Reference value.

actually be set by the size of the droplet applied and
initial enzyme diffusion. However, the similar limiting
values further confirm that the inhibition modes are
identical for free and conjugated inhibitor. The control
experiments carried out with nonconjugated oxide par-
ticles resulted in plateau values close to unity, com-
pared with the value of 0.42-0.50 for the inhibitor
formulations (Table 4). The plateau value of ZnO par-
ticles decreases, however, to 0.86, suggesting a certain
inhibitory effect by the oxide itself. This is actually in
accordance with the pattern observed for the ZnO con-
jugate. Taken together, the patterns, for both slope
and plateau, confirm that the conjugation does not
influence the peptide function. For details regarding
the gelatin erosion method, see Fig. S3 and Table S2.

Conclusions

After background experiments where the aldehyde
group of leupeptin was converted to carboxylate or
alcohol group, respectively, we could design two new
leupeptin analogue protease inhibitors by the use of
SPPS. This design of peptides, using SPPS, is useful to
create smaller peptides with inhibitory effect in a

1.5
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Fig. 6. Relative area increase rate for free peptide 1, conjugated
peptide 1 and free particles.

Table 4. The relative asymptotic plateau values extracted from
GRAPHPAD PRISM 8, where the resulting value shows the asymptotic
area ratio obtained at virtually maximal inhibition.

State of peptide 1 Plateau

Free Ahx-Phe-Leu-Arg-COOH 0.50 + 0.04
Only ZnO particles 0.86 + 0.07
ZnO-Ahx-Phe-Leu-Arg-COOH 0.46 + 0.02
Only TiO, particles 1.24 +0.04
TiO,-Ahx-Phe-Leu-Arg—-COOH 0.42 + 0.21

straightforward and easy synthesis. The two new pep-
tides had a new functional group, -COOH, instead of
the original aldehyde group of the natural state leu-
peptin. The N-terminal acetyl group was also replaced
by the commonly used conjugation spacer Ahx as an
extra handle in the other end of the peptide for an
easier conjugation path. With these modifications the
peptides gave an apparent K; value in the micromolar
range. The conjugation of Ahx—Phe-Leu-Arg-COOH
to inorganic particles and agarose gel beads gave a
retained apparent K; value in the micromolar range for
all conjugates. The conclusions from these data are,
first, that the leupeptin analogues still are functional
inhibitors, with a more retained function for the oxi-
dized form. Furthermore, the replacement of the origi-
nal N-terminal acetyl group with Ahx did not have a
large impact on the inhibitory properties but allowed
well-defined and sterically favorable conjugation of the
peptide. The data further show that the properties are
retained when the peptide is immobilized to a soluble
or particulate carrier. It is possible that the peptide
efficiency may be further improved by application of
the natural enzyme-aided maturation reaction of natu-
ral leupeptin to generate the aldehyde function. As a
consequence, and in a more general context, peptide
inhibitors that are designed for conjugation may facili-
tate the use of their inhibitory properties both in medi-
cal formulations and as enzyme scavengers in
biotechnical applications. In the latter case, it allows

2610 FEBS Open Bio 10 (2020) 2605-2615 © 2020 The Authors. Published by FEBS Press and John Wiley & Sons Ltd.
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easy removal of conjugated inhibitors from the sample
by filtering or centrifugation. The highly developed
technology for peptide synthesis does also allow a both
rational and virtually unlimited combinatorial
approach far beyond canonical amino acids for the
design of inhibitors.

Materials and methods

Materials

Leupeptin (L2884), AgNO3;, sodium borohydride, Na-ben-
zoyl-pL-arginine-4-nitroanilide hydrochloride (BAPA), tryp-
sin from porcine pancreas type IX-S, titanium(IV) oxide,
zinc oxide, 1,1-CDI, triethylamine, APTES, DMSO, ace-
tonitrile (ACN), formic acid, acetic acid, O-(1H-6-
chlorobenzotriazole-1-yl)-1,1,3,3-tetramethyluronium-hex-
afluorophosphate, N,N-diisopropylethylamine, dichloro-
methane, piperidine, acetic anhydride, trifluoroacetic acid
(TFA), triisopropylsilane, Fmoc-Leu-OH, Fmoc-Phe-OH
and Boc-Ahx—OH were all purchased from Sigma-Aldrich.
WorkBeads™ 40/1000 ACT was a kind gift from Bio-
Works Sweden AB, Uppsala.

Methods

Oxidation of leupeptin using Tollen’s test and
confirmation of reaction with MS

A total of 0.25 g AgNO; was dissolved in 15 mL milliQ
H,O; 0.5mL 1M NaOH was added, creating a brown
solution, which precipitated. The addition of 0.5 mL of
25% NHj; (~ 14 M) resulted in a clear solution containing
Ag(NH;3),*. The function of the solution was confirmed
by reaction with benzaldehyde. One hundred microlitres
of 5.3 mm leupeptin was mixed with 0.5 mL Ag(NH;),"
incubated in a water bath (70°) for 5 min. The oxidized
inhibitor (Fig. 7) was desalted by chromatography on
ISOLUTE® SPE CI8. Peptides (625 nm) were dissolved in
50% ACN 0.1% formic acid and directly infused by a
syringe pump (Harvard Apparatur, Holliston, MA, USA)
at a flow rate of 4 pL-min~". Infused peptides were ion-
ized by electrospray using an Ion Max Source (Thermo
Fisher Scientific, Bremen, Germany). Peptide mass spectra
were recorded over a period of 5 min, resulting in >570
spectra per peptide with a LTQ Orbitrap Velos Pro
(Thermo Fisher Scientific) in the m/z 150-2000 range
using the Orbitrap (Fourier transform) analyzer set to
30 000 resolution. The ionization potential was +4.2 kV,
no sheath gas flow was used and the inlet capillary tem-
perature was set to 300 °C. Instrument calibration was
carried out according to standard operating procedures
using Pierce” LTQ Velos ESI Positive Ion Calibration
Solution (Thermo Fisher Scientific) to assure high mass
accuracy.

Conjugation of leupeptin analogues

Reduction of leupeptin and confirmation of reaction with
MS

A 100-fold molar excess of NaBH4 was added to a solution
of 0.53 pm leupeptin dissolved in milliQ-H,O. The reduc-
tion (Fig. 8) took place over a period of 2 h, followed by
desalting with SPE C-18 and was confirmed with MS detec-
tion using the same protocol as in ‘Oxidation of leupeptin
using Tollen’s test and confirmation of reaction with MS’.

Synthesis of Ahx-Phe-Leu-Arg-COOH and
Ahx-Leu-Leu-Arg-COOH

SPPS and purification

The peptides were synthesized using Fmoc chemistry on a
50-pmol scale, starting from Fmoc-Arg(Pbf) Wang resin
(70 mg, 0.7 mmol-g~!). Deprotection of the Fmoc groups
was carried out using 20% piperidine in dimethyl for-
mamide. Amino acid couplings were performed in dimethyl
formamide using amino acid : O-(1H-6-chlorobenzotria-
zole-1-yl)-1,1,3,3-tetramethyluronium-hexafluorophos-

phate : N,N-diisopropylethylamine (5:4:10), with
coupling times of 30 min to 1 h. Peptides were quantified
using Kaiser’s test [22]. Total deprotection and simultane-
ous cleavage from the solid support was achieved with a
mix of TFA/triisopropylsilane/H,O (95%/2.5%/2.5%, vlv,
5mL) for 1.5 h with agitation. After filtration and evapo-
ration of TFA by N»(g) bubbling, the peptides were precip-
itated and washed once with cold diethyl ether (Et,0),
followed by lyophilization. For details, see the Supporting
Information.

The crude peptide was purified with reverse-phase HPLC
(Varian 940-LC) using a semipreparative Grace Vydac C8-
column (22 mm X 150 mm, 10 um, 300 /i) with a gradient
of ACN:H,O, containing 0.1% TFA, from 5% (2 min) to
40% ACN in 20 min at a flow rate of 15 mL-min~'. UV
detection was done at 220 nm. The peptide identities were
confirmed by liquid chromatography MS using an instru-
ment constellation consisting of a Waters 2700 sample
manager, an Agilent 1100 series HPLC/UV-VIS diode-array
detector, and Waters Micromass ZQ mass detector in nega-
tive ion mode. The measured m/z values (546.3 and 512.3,
respectively) were in accordance with the calculated masses
(Fig. 4). Fractions containing the desired peptides (Fig. 9)
were pooled, evaporated, freeze dried and stored at —20 °C
until further use.

Conjugation of Ahx-Phe-Leu-COOH
Inorganic particle carriers

All derivatization and immobilization steps were performed
at room temperature and in plastic Falcon tubes or 2-mL
plastic Eppendorf tubes. A total of 0.5 g of the inorganic
particulate carriers (TiO, and ZnO) was first silanized using
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Fig. 7. The oxidation of leupeptin using Tollen’s test.
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Fig. 8. The reduction of leupeptin using sodium borohydride.
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Ahx-Phe—Leu—Arg—COOH
547.7 Da

100 mm APTES in 10 mL ACN while stirring for 24 h.
The particles were then centrifuged followed by removal of
ACN, washed three times with EtOH, one final time with
acetone and then dried at 65 °C for 5 h. Following that,
the particles were activated using 120 mg CDI and
0.72 mmol triethylamine in 5 mL ACN while stirring for
2 h. The particles were then centrifuged followed by
removal of ACN, washed three times with EtOH, one final
time with acetone and then dried at 65 °C o/n. Conjugation
of Ahx—Phe-Leu-Arg—-COOH was carried out by stirring a
controlled amount of peptide overnight with 50 mg acti-
vated TiO, or ZnO in 0.1 m NH4HCO; buffer (pH 7.52).
The particles were then centrifuged, and the absorbance of
the supernatants was measured at 259 nm, allowing a sub-
tractive quantification of conjugated peptide using the
extinction coefficient of 195 M~ '-cm™! for Phe residues [23].
The conjugation was terminated by washing with 0.1 m
NH4HCO; (pH 7.52), and the conjugated particles (Fig. 10)
were stored at 4 °C until further use.

2612

513.7 Da

Ahx-Leu-Leu-Arg-COOH

Fig. 9. Structure of the two tripeptides.

Agarose gel beads

WorkBeads' " 40/1000 ACT from Bio-Works with an average
particle size of 45 um and reactive group content of
200 pmol-mL~" were used when coupling Ahx—Phe-Leu—-
Arg-COOH to agarose gel beads (resin). A total of 1 mL
resin was washed with deionized water on a glass filter and
dried using suction. A total of 0.5 mL of 4.38 mm peptide 1
in 0.1 m NH4HCO; (pH 7.52) was then added to 0.5 mL
dried resin. The slurry mixture was incubated at room tem-
perature overnight while stirring. Following that, the slurry
mixture was centrifuged, and absorbance was measured on
the supernatant. The amount conjugated was determined as
mentioned earlier in ‘Inorganic particle carriers’. The immo-
bilization was terminated by first washing the resin with
0.1 M NH4HCO; (pH 7.52) and drying by suction followed
by incubation of the resin in 1 M ethanolamine-HCI (pH 9.5)
at room temperature overnight while stirring to block the
remaining reactive groups. The blocking agent was finally
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Fig. 10. Conjugate of
Ahx-Phe-Leu-Arg—-COOH to TiO,
particles, where R = (CH,)sNHC
(=0)-Ahx-Phe-Leu-Arg—-COOH.

removed by washing the gel beads as described earlier. The
suspension of the conjugate (Fig. 11) was stored at 4 °C in
0.1 M NH4HCO; (pH 7.52) until further use.

Kinetics
Real-time measurements

Kinetic parameters were obtained by measuring initial
velocities in the presence of selected concentrations of natu-
ral leupeptin (0.14-1.62 um), oxidized leupeptin (8-127 um),
reduced leupeptin (10—413 um) and peptides 1 and 2
(8-254 um).  All  reactions were performed in 0.1 m
NH4HCO; (pH 7.52) and 2% (v/v) DMSO using concen-
trations of BAPA and trypsin fixed at 1 mm and 0.25 pm,
respectively. The reaction was monitored at 410 nm in a
Shimadzu UV-1601 UV-Vis spectrophotometer.

End point measurements

Kinetic parameters were obtained by mixing substrate,
enzyme and conjugate in a plastic Eppendorf tube with vary-
ing concentrations of TiO,—peptide 1 0-70 pm, ZnO-peptide
1 0-60 pm and gel beads conjugated to peptide 1 0-60 pm
and incubating with end-over-end rotation. A total of 150 pL
aliquots was withdrawn at five time points for each reaction,
and the reaction was stopped in 100 mm acetic acid (pH 3).
Absorbance was measured at 410 nm in a UV-1601 UV-Vis
spectrophotometer (Shimadzu, Columbia, MD, USA).

H 9 n 9
on H 0 H o
NH
HNJ\Nﬂz

Fig. 11. Conjugate of agarose gel bead and peptide 1. The gel
bead in comparison with the peptide is about 40 000 times larger,
and the gel bead can conjugate a number of peptides. This figure
demonstrates only the conjugation between the bead and the
peptide itself, and the components are not in correct scale.

Conjugation of leupeptin analogues

For real-time and end point measurements, the K; value
was estimated by the graphical method of Dixon [24] and
Morrison [25] (Eqn 1). K; was extracted after fitting the
data to Eqns (1,2) using GRAPHPAD PRISM 8 (GraphPad Soft-
ware, San Diego, CA, USA). A Ky of 0.82 mm was used
for the calculations.

v B+ K™ = (8 + 0+ k™) — 4 (8]

v = 2[E] M

The form of Kflpp varies with the type of inhibitor. For
competitive inhibitors, as in the case of leupeptin, the K;
value can be calculated from Eqn (2):

s (1415) o

Inhibition activity analysis of free and conjugate peptide
in gelatin layer

The experiments were performed as described earlier [21].
The concentration of the free inhibitor Ahx—Phe-Leu—
Arg-COOH was ranging from 5 to 50 pm, for ZnO conju-
gate 1-15 pm and for TiO, conjugate 1-25 pm.
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Supporting information

Additional supporting information may be found
online in the Supporting Information section at the end
of the article.

Fig. S1. (A) MS spectra of oxidized leupeptin with a
peak at 443 m/z corresponding to the molecular ion
[M + H]. (B) MS spectra of reduced leupeptin with a
peak at 429 m/z corresponding to the molecular ion
[M + H], confirming the identity of both products.
Fig. S2. Kinetic measurements of TiO,—peptide conju-
gate.

Fig. S3. Erosion well formation rate for the free Ahx—
Phe-Leu-Arg-COOH and in its conjugated state with

Conjugation of leupeptin analogues

increasing [Ahx—Phe-Leu-Arg—-COOH] as are marked
accordingly: (@) no inhibitor, (l) 1 pM, (¢) 5 uM, (A)
10 pm, (O) 15 pm, (V)25 puM, ()50 pm.

Table S1. Extracted values from Fig. S2. Experiment
setup: buffer 0.1 M NH4HCO3 (pH 7.52), [trypsin] (in
Eppendorf) = 0.125 pm, 34 mg TiO,—Ahx—Phe-Leu—-
COOH (6.06 nmol mod. peptide/mg TiO,) in each
reaction.

Table S2. The rates, given by the linear regression, are
given for the gel experiment for free Ahx—Phe-Leu—-
Arg-COOH and its conjugated state to TiO, and
ZnO.
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