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Enzyme Kinetics for Complex System Enables
Accurate Determination of Specificity
Constants of Numerous Substrates in a
Mixture by Proteomics Platform*s

Zhenzhen Dengit§, Jiawei Maot§, Yan Wangt§, Hanfa Zoutt, and Mingliang Ye1]

Many important experiments in proteomics including pro-
tein digestion, enzyme substrate screening, enzymatic
labeling, etc., involve the enzymatic reactions in a com-
plex system where numerous substrates coexists with an
enzyme. However, the enzyme kinetics in such a system
remains unexplored and poorly understood. Herein, we
derived and validated the kinetics equations for the enzy-
matic reactions in complex system. We developed an
iteration approach to depict the enzymatic reactions in
complex system. It was validated by 630 time-course
points from 24 enzymatic reaction experiments and was
demonstrated to be a powerful tool to simulate the reac-
tions in the complex system. By applying this approach,
we found that the ratio of substrate depletion is independ-
ent of other coexisted substrates under specific condi-
tion. This observation was then validated by experi-
ments. Based on this striking observation, a simplified
model was developed to determine the catalytic effi-
ciencies of numerous competing substrates presented
in the complex enzyme reaction system. When coupled
with high-throughput quantitative proteomics technique,
this simplified model enabled the accurate determination
of catalytic efficiencies for 2369 peptide substrates of a
protease by using only one enzymatic reaction experi-
ment. Thus, this study provided, in the first time, a
validated model for the large scale determination of
specificity constants which could enable the enzyme
substrate screening approach turned from a qualitative
method of identifying substrates to a quantitative
method of identifying and prioritizing substrates. Data
are available via ProteomeXchange with identifier
PXD004665. Molecular & Cellular Proteomics 16:
10.1074/mcp.M116.062869, 135-145, 2017.
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Enzymes play a key role in nearly all signal transduction
cascades and metabolic pathways. Overexpression and/or
dysregulation of enzymes result in many diseases, thus pro-
viding numerous drug targets for multiple therapeutic areas
(1-3). Identification and further prioritizing new substrates are
important for the study of the enzymology of the selected
enzymes and the next generation of drug targets (4). Because
of the well-developed enzyme kinetics theories and assay
methods, the screening for optimal substrates is often per-
formed by using the in vitro enzymatic reaction system involv-
ing an enzyme and a substrate (5-8). However, such ap-
proach requires purified substrate and large amounts of
material. There is an increasing interest in using a pool of
different substrates for substrate screening. Highly complex
substrate libraries including the synthetic oligonucleotide or
peptide mixture (9, 10), the peptide library derived from the
digestion of proteins in total cell lysate (11, 12) and the pro-
teins in total cell lysate (13, 14) were used for substrate
screening. In such experiments, an enzyme was incubated
with numerous competing substrates for enzymatic reaction
which would generate numerous different products. The state
of art high throughput assay approaches like mass spectrom-
etry-based proteomics are able to monitor the changing of
substrates or products during the course of this type of com-
plex enzymatic reactions. As a result, numerous new sub-
strates could be identified by such substrate screening ap-
proach (9-15). However, prioritizing new substrates is usually
not achieved because the kinetic constants were typically not
determined due to the lacking of well-studied kinetics theory
for such a complex reaction system. Because the high spec-
ificity and efficiency of the enzymatic reactions, enzyme is
also an important tool for biological studies. Especially the
genomics and proteomics techniques are enabled by the
application of some well characterized enzymes as the tool to
selectively cleave the sites on the sequences (16, 17). The
enzymatic reactions for such applications are also often per-
formed in the complex system where numerous competing
substrates present. For example, the digestion of proteome
sample in shot-gun proteomics involves the incubation of a
protease with all proteins presented in total cell lysate (18), the
enzymatic labeling of peptides for quantitative proteomics
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involves the incubation of an enzyme with all peptides derived
from a proteome (19, 20). Unfortunately, the kinetics model to
describe the enzymatic reactions in such a complex system is
still lacking.

The classic Michaelis-Menten model derived one century
ago (21) is still routinely used to characterize the catalytic
power and selectivity of enzymes. It should be mentioned that
the equations derived from the classic model are usually
derived and validated for the uni-uni enzymatic reaction sys-
tem involving only one enzyme and one substrate. Application
of these equations to the complex system without serious
consideration of the competitive binding of the coexisted
numerous alternative substrates is tend to draw wrong con-
clusion or obtain inaccurate results. For example, a conclu-
sion that high-abundance proteins in a protein mixture could
be digested earlier than low abundance proteins based on the
kinetic equation derivation (22) was later proved to be incor-
rect by experiments (23). Recently, pseudo-first-order kinetic
equations have been applied to determine hundreds of cata-
lytic efficiencies (i.e., specificity constants (k.,/K,,)) of sub-
strates by monitoring the appearance of the cleaved peptides
in lysate as a function of time after a protease was added
using LC-MS/MS (24, 25). This is truly a high throughput
approach to prioritize enzyme substrates. It should be noted
that the enzymatic reaction in a simple system could be
considered as pseudo-first-order reaction only when the re-
action is taken place at low substrate concentrations meeting
[S] << K,,. However, the protein concentration was not given
in their studies. More importantly, pseudo-first-order kinetic
equation has never been derived and validated for the com-
plex system as above. Clearly direct application of this equa-
tion without knowledge of its applicable conditions is not
scientifically rigorous and the catalytic efficiencies determined
in their studies could be inaccurate. To prevent falsely or
improperly using of kinetic equations, it is urgent to system-
atically investigate the enzymatic kinetics in the complex
system.

The derivation of theoretic models to depict the enzymatic
reactions in the complex system is challenging. The obtaining
of rate equation for the enzymatic reaction of each coexisted
substrate is quite easy. However, solution solving of the re-
sulting differential equation set is extremely difficult. In this
study, we proposed an iteration approach to solve this prob-
lem. The detailed process for implementing this approach is
outlined in Fig. 1A. By this way, the free enzyme concentra-
tion, the reaction rate for each substrate, the free concentra-
tion for each substrate and the portion of substrate consumed
for any time point during the reaction could be predicted,
which enabled the plotting of corresponding progress curves.
It was validated by 630 time-course points from 24 enzymatic
reaction experiments with various substrate concentrations.
In addition, we found that the ratio of substrate depletion was
independent of other coexisted substrates when the term

x=1 K)r;7
a simplified model to depict such system. When a high-
throughput proteomics approach was applied to monitoring
the Glu-C catalyzed hydrolysis of a peptide library, the cata-
lytic efficiencies for 2369 peptide substrates were success-
fully determined by using this model. A feature of this model
is that it enables the accurate determination of the catalytic
efficiencies for numerous competing substrates in one reac-
tion system.

is insignificant, which resulted in the derivation of

MATERIALS AND METHODS

Validation of Kinetics Models Using Trypsin Catalyzed Hydrolysis of
Synthetic Peptide Mixture—All the five synthetic peptides (supple-
mental Table S1) (1 mm in reaction buffer) are mixed with the ratio of
1:1:1:1:1. Different volumes of the peptide mixture were added to 1.5
ml tube, and then the reaction buffer (HEPES, pH 8.09) was added
until the reaction volume reached 500 pl. In this way, the reaction
systems with different total concentrations were obtained (30, 50,
100, and 200 um for each peptide). All the mixtures were preheated at
37 °C, and then 0.1 ug or 0.15 pg Trypsin was added into the
mixtures, with the final enzyme concentration of 0.0083 or 0.01245
um. The mixture was incubated at 37 °C for enzymatic reaction, while
the same aliquots (150 nl) were taken from the mixture after the
reaction of 5 min, 10 min and 15 min, and then 1 ul formic acid (10%,
v/v) was added to stop the hydrolytic reaction. The obtained samples
were centrifuged (25,000 X g, 3 min, 20 °C) and analyzed immediately
or stored at —30 °C.

For the investigation of the effect of the concentration of a com-
peting substrate, the enzymatic reactions were performed as follow-
ing. The kinetically best and worst substrates (The kinetically best
peptide: (Ac)ALRSIYSDR; The kinetically worst peptide: FLKSALS-
GHLEK, see supplemental Table S1) from the five synthetic peptides
were selected, and initial samples were prepared by adding the other
four peptides fixed at 50 uM level as targeted substrates, the selected
substrates were then added into the system with different mole con-
centration ratios to the fixed concentration (1:1, 2:1, 4:1, 10:1, 20:1,
and 50:1), i.e. 50, 100, 200, 500, 1000, and 2500 uM for the selected
peptide, respectively. All the reaction volumes of samples were ad-
justed to 500 ul by adding reaction buffer. After the addition of 0.15
g trypsin, the samples were incubated at 37 °C for the reaction of 10
min, and then 150 wl aliquots were taken out and acidified with FA. All
the samples were centrifuged (25,000 X g, 3 min, 20 °C) and analyzed
or stored at —30 °C. For accurate quantification, samples with sub-
strate concentration of 1000 and 2500 um were further 10-fold diluted
and analyzed once again.

For the investigation of the dependence of the enzymatic reactions

S
on the 2%, the experiments were performed as followings. Only one
m

peptide ((Ac)ALRSIYSDR) was fixed to be 500 um in the original
reaction system with the concentration of the other four peptides to
be the same of 50 umM. The volume of the original reaction was 500 pul,
and series of dilutions (0, 5, 10, 15, 20, 25, and 30-fold, respectively)
of the original solution were performed. And the final concentration of
enzyme was fixed to be 0.01245 um after addition of a different
amount of trypsin. After incubated at 37 °C for 5 and 10 min, three-
tenths of the reaction volumes were taken (for instance, when the
original reaction system was diluted 5-fold, 2.5 ml, and 750 ul of the
sample should be taken from the mixture), acidified, lyophilized, and
redissolved with 150 ul reaction buffer. All the samples were centri-
fuged (25,000 X g, 3 min, 20 °C) and analyzed immediately or stored
at —30 °C.
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Above samples were analyzed by high pressure liquid chromatog-
raphy (HPLC)" using a G18 column (150 X 4.6 mm, 3.5 um). The flow
rate was 1 ml/min, and the peptides were detected at 214 nm. Solvent
A consisted of 0.1% (v/v) trifluoroacetic acid (TFA) in H,O. Solvent B
consisted of 0.1% (v/v) TFA in acetonitrile. A sample volume of 50 ul
was injected. The gradient elution of the peptide mixtures was started
with 5% B (0 min), then linearly increased to 18% B (0 to 15 min), 20%
B (15 to 20 min), 30% B (20 to 23 min), 100% B (23 to 24 min), hold
for 3 min (24 to 27 min), then decreased to 5% B (27 to 28 min) and
hold for 2 min 5% B (28 to 30 min).

Large-scale Determination of Catalytic Efficiencies of Glu-C Sub-
strates by Quantitative Proteomics—The Glu-C peptide substrate li-
brary were obtained by digestion of proteins in a cell lysate by trypsin.
The preparation of protein samples from Jurkat cell lysate was per-
formed according to Bian et al. (13). The obtained protein samples (1
mg) were dissolved in 1 ml of denaturing buffer (pH 8.0) containing 8
M Urea and 50 mm Tris-HCI. The disulfide bonds of protein were
opened with the addition of 20 ul of 50 mm DTT, and incubated for 1 h
at 56 °C. Then 40 wl of 50 mm IAA was added and the solution was
incubated for 40 min at room temperature in the dark. After that, the
mixture was diluted 8-fold with 50 mm Tris-HCI (pH 8.0) and incubated
for 16-20 h at 37 °C with trypsin at an enzyme/substrate ratio of 1:20
(w/w) to produce a tryptic digest. Finally, the tryptic peptide samples
were desalted with homemade C18 solid-phase extraction (SPE)
column, lyophilized, and all the samples were then stored in the
freezer at —30 °C for further use.

The enzyme kinetics experiments were then performed by incubat-
ing the obtained tryptic peptides with Glu-C for different reaction
times. The tryptic digest (50 ug) was dissolved in 4 ml of buffer (pH
8.09) containing 50 mm HEPES-NaOH. Glu-C (16 ng) was added for
hydrolysis at 37 °C. After digested for 30 and 60 min, aliquots (1.6 ml)
of samples were removed from the reaction tube respectively. To
prevent the further digestion, formic acid (10 ul) was added to drop
the pH of the mixture below 2. Another sample was prepared as the
internal standard with the addition of 40 ug Glu-C and incubated at
37 °C for 20 h. Then, the three samples above were desalted by SPE
column, lyophilized, dissolved in HEPES-NaOH (200 wl, pH 8.09) and
labeled with light, intermediate and heavy dimethyl, respectively for
quantitative proteomics analysis (supplementary Note S3).

The quantified Glu-C substrate peptides can be described as P,-
X,-P+' (P1 and P1’ are the cleavage sites at the N- and C termini of the
peptides), the sequence surrounding the peptide can be described as
X,-Po-P4-X,-P4'-P,'-X,’ after mapping to their parent protein in the
sequences database, respectively. As the peptide substrate library
was first generated by trypsin and then incubated with Glu-C, cleav-
age sites of P, and P,’ positions could be either K/R or D/E. For all the
identified peptides, only the peptides with cleavage site sequences of
X,-P(D/E)-X," were chosen as the final quantified Glu-C substrates.
The simplified model was applied to obtain the corresponding cata-
lytic efficiencies for such peptides. Sequence logos were auto-
matically generated by the WebLogo (http://weblogo.berkeley.edu/
logo.cgi) (26).

Raw Data Repository—All mass spectrometry proteomics data
have been deposited to the ProteomeXchange Consortium (27) via
the PRIDE partner with the data set identifiers PXD004665 (Jurkat
2D-LC-MS/MS).

RESULTS

Theoretical Models to Simulate the Enzyme-catalyzed Re-
actions in a Complex System—In a complex system, numer-

" The abbreviations used are: HPLC, high pressure liquid chromatog-
raphy; LC-MS/MS, liquid chromatography-tandem mass spectrometry.

ous substrates with different concentrations coexist with an
enzyme, therefore each substrate will compete with other
substrates to form an enzyme-substrate complex. Thus, the
free enzyme concentration [E];,.. could be determined as (see
supplementary Note S1)

[E]free = (Eq 1)

[El:
(1 + 2;:1[?:])

Clearly the [El;e depends on the Michaelis constants (K7;)
and concentrations [S,] of all the substrates in the system.
According to steady-state assumption which is used to derive
the classic Michaelis-Menten (M-M) equation, the rate v; for
the consumption of the substrate S; in the complex system
could be derived as:

_ d[s/] _ d[Pl] o [E]free[si]

i dt dt cat Krm (Eq 2)
Inserting Equation (1) into (2) we get
_dIs]_dPl Ko i
Vi= — at - at - . i [Sx] LE]tof[Si]
Km 1 + Ex:1 Kfn
(Eq.3)

It can be observed that the v; depends on the total enzyme
concentration [E],.,, its own kinetic constants (k.. k) and
concentration [S], the number of coexisted substrates (n) and
their Michaelis constants (K) and concentrations ([S,]).

During the course of enzyme-catalyzed reactions in the
same pot, v, is not constant as the substrates will be gradually
consumed which resulted in the decrease of substrate con-
centrations. To determine the portion or amount of a substrate
consumed after reaction for a given time (f), the integration of
Equation (3) should be performed. However, this is very diffi-
cult because v; depends on the concentrations of all the
substrates presented in the system. Instead, we proposed an
iteration approach using above equations to determine the
portion of each substrate consumed after reaction for a given
time in a given system where the initial concentrations and the
kinetic constants for all the substrates are known (see Fig. 1A,
supplementary Note S2). In addition, the free enzyme concen-
tration, the reaction rates, the substrate concentrations and
the portion of substrates consumed after reacted for a given
time can all be determined. Therefore, this approach is very
useful to simulate the progress of enzymatic reactions in a
complex system.

If the concentration of substrates in the system are very low
[Si]
K
equal proximately to its total concentration ([Elqee = [Eliot)
according to Equation (1). Under this condition, Equation (3)
could be simplified as

to meet X}_, << 1, then the free enzyme concentration
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Fic. 1. Prediction of progress curves in a complex enzymatic system where multiple competing substrates coexist with a single
enzyme by the iteration approach. (A), Computation workflow for the iteration approach; The computed progress curves of (B) free enzyme
concentration, (C) substrate reaction rates and (D) percentage of substrates consumed during the course of enzymatic reactions in a system
with five synthetic peptides coexisted with trypsin. The initial concentrations of the five peptides were 50 um. Solid lines represent predicted
results based on the iteration approach, and dots represent observed values under the same condition. All values represent the average + one

standard derivation from three replicates.

_dS] dP] K
Vi= — at - at _E[E]Iot[si]

(Eq. 4)

Surprisingly, the rate for the consumption of a substrate in
the complex system depends only on its own kinetic con-
stants and concentration, while independent of other coex-
isted substrates. Clearly the reaction for each substrate follow
the first order kinetics under this condition. Integration of
above equation, we get the expression for the portion of
substrates consumed (p,) as a function of reaction time:

[Sel-[S][P]
P="Ts, " [P.~

Where P, .. is the final product concentration when the
substrate i is almost completely consumed. Equation (5) indi-

kcﬁ[
1 — ey tEf (Eq. 5)

KC&
cates the catalytic efficiency (K—.t) for any competing substrate

could be determined if the por't,inon of substrate consumed (p)
for a given reaction time could be experimentally measured.

The lteration Approach Allows Accurate Description of the
Enzymatic Process in a Complex System—Trypsin catalyzed
hydrolysis is known to strictly conform to Michaelis-Menten
kinetics (28). To validate the proposed models, we synthe-
sized five peptides with only one trypsin cleavage site. The
kinetic constants (k.. K, of these substrate peptides (see
supplemental Table S1) were determined separately by using
classic method where only one peptide was incubated with
trypsin for the reaction (29). These substrate peptides were
found to have various kinetic constants. (Ac)ALRSIYSDR rep-

cat

resents the kinetically best peptide (K— = 0.331 s 'um™ )

whereas FLKSALSGHLEK represents the kinetically worst

peptide (Kiat

were present simultaneously with trypsin in the same pot,
complex enzyme-catalyzed reactions occurred. Because the
kinetic constants for these peptides were determined, the
progress curves for the trypsin-catalyzed cleavage of the five
peptides could be predicted by the iteration approach (Fig.
1B-1D, supplemental Fig. S1). It can be seen that the con-
centrations for these substrate peptides decreased while
those for product peptides increased along with the reaction
proceeded (Fig. 1D, supplemental Fig. S1). The free enzyme
concentration increased during the course of reaction be-
cause the decreasing of substrate concentration resulted in
lower concentration of enzyme-substrate complex (Fig. 1B).
The reaction rates also decreased with the decreasing of
substrate concentration (Fig. 1C). The percentages of sub-
strate peptides consumed for a given time could also be
predicted (Fig. 1D). It is amazing that so many time-course
parameters could be plotted by this approach. Clearly this
iteration approach, if it is valid, allows the description of the
time course of the enzyme catalyzed reactions and would be
a powerful tool to understand the enzyme kinetics in a com-
plex system. It is impractical to experimentally determine the
free enzyme concentration and the reaction rates for each
time point while it is quite easy to determine the substrate
concentrations which allow the determination of substrate

= 0.0129 s~ 'um~"). When these five peptides
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Fic. 2. Plots of all the observed ratio of substrate consumed against their respective predicted values based on the iteration

approach. (colors: @@@® [E] = 0.0083 uM, [S; 5345 = 30 um, 50 um,

100 um, 200 um, respectively; @@@® [E] = 0.01245 uM, [Sy 53.45] =

30 um, 50 pm, 100 um, 200 uMm, respectively), (A-E) show the correlation analysis of the observed and predicted ratio for the five peptide
substrates coexisted in the mimetic complex systems (See data in supplemental Table S2); (F), summational correlation analysis of the five
peptide substrates, 630 time course points in 32 enzymatic reaction experiments. The observed values show a linear dependence on the

predicted values (R? = 0.978, y = 1.014 X —0.25).

consumed. Therefore, we valid the iteration approach by
comparing the predicted and the experimentally determined
values for the percentages of the substrates consumed during
an enzyme-catalyzed reaction system.

In the first group of the experiments, enzymatic reaction
experiments with equal initial concentration of 30 um, 50 um,
100 uMm, and 200 pm for each substrate peptides in the mixture
and two different concentrations of trypsin (0.0083 and
0.01245 um) were performed. For each experiment, an aliquot
of sample was removed from the reaction tube after reaction
for 5, 10, and 15 min and analyzed by HPLC with UV detec-
tion. The substrate peptides can be well resolved by HPLC (A
representative chromatogram is given in supplemental Fig.
S2) which allowed accurate quantification of substrate pep-
tides. Thus, the fractions of each substrate peptide consumed
during the enzymatic reactions were determined experimen-
tally. Totally, 24 time-course points for each substrate pep-
tides (three time points for each experiment of eight experi-
ments) were obtained. Comparison of the experimentally
observed values with those of the predicted values by itera-
tion approach are given in Fig. 2A-2E. It can be seen that the
predicted data correlated very well with the observed data for
all the five peptide substrates with correlation coefficient over
0.97 and slope around 1. This means the iteration approach
can accurately predict the percentage of consumed sub-
strates. We performed an additional experiment with initial
concentration of 50 um for each substrate peptides and de-
termined the values for 7 time points (Fig. 1D). It’s not surprise
that all the determined values are located very close on the
predicted curves for the enzymatic reactions.

In a complex system, an enzyme often coexists with nu-
merous competing substrates of different abundance. We
therefore performed another group of experiments to investi-
gate the effect of substrate abundance on the progress of
enzyme catalyzed reactions. The substrate mixtures were
prepared by keeping four peptides the same concentration
while increasing the concentration of one selected substrates
with the concentration ratios of 1:1, 2:1, 4:1, 10:1, 20:1, and
50:1 compared with others, respectively. After reaction for 10
min, aliquots of the samples were removed for HPLC analysis.
It was found that the relative consumption of the peptide
substrates decreased with the increasing concentration of
selected peptides, which was very similar to the trends pre-
dicted by the iteration approach (Fig. 3). This is because the
high concentration of a substrate will result in low concentra-
tion of free enzyme according to Equation (1), and thus leaded
to the decreasing of reaction rates for all substrates including
itself according to Equation (3). Such substrate inhibition ef-
fect is more remarkable for the substrate with low K|, because

[SJ

of the big value of EK;

Table S3.2).

(see supplemental Table S3.1 and

Sy
It can be seen from Equation (3) that E% is an important

term affecting the reaction rate. The value of this term could
be decreased by simply diluting the substrate solution prior to
reaction. Our iteration approach predicted that the percent-
ages of substrates consumed for a given reaction time in-
creased with the dilution, while they kept almost constant

when the solution was further diluted to make E[ -

K insignif-
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Fic. 3. The competitive inhibition effects with the increasing of one selected substrate concentration. (A), Peptide 4 and (B) Peptide
5. Geometric shapes indicate experimental observations; solid lines represent predicted results based on the iteration approach. The
concentrations of the other four peptides were all 50 um. The concentration of enzyme was fixed to 0.01245 um in all the reaction systems.
All observed values represent the average = one standard derivation from three replicate experiments.

icant (Fig. 4). To validate this prediction, we performed the
third part of the experiments. The reaction mixture with five
peptide substrates ((Ac)ALRSIYSDR: 500 uwm; other peptides:
50 um) was chosen, and serial dilutions (0, 5, 10, 15, 20, 25, 30

Sy
[KX] = 3.138,0.628, 0.314, 0.209, 0.157, 0.126

and 0.105, respectively) of the mixture were performed. After
enzymatic reaction for 10 min, the samples were removed for
HPLC analysis. It was found the relative consumption of the
substrate peptides increased with the dilution folds in a gen-
eral trend (see Fig. 4). However, the values kept almost con-

folds to reach X

K
consistent with that predicted by the iteration approach
(Fig. 4).

In total, we have performed 24 enzymatic reaction experi-
ments with various substrate concentrations and obtained
630 time-course data for these experiments (see supplemen-
tal Table S4). As shown in Fig. 2F, the experimental deter-
mined values are highly consistent with the predicted ones for
the fraction of substrates consumed (R = 0.978,y = 1.014 X
—0.25). Among all these dataset, 412 (65.4%) pairs of time
course data with relative deviation of the observed values
from the predicted ones were less than 10%, 154 (24.4%)
were around 10 to 20%. Although only 37 (5.9%) were around
20 to 30% and 27 (4.3%) were above 30%. More importantly,
the trends predicted by the iteration approach including the
progress curves for the fraction of consumed substrates,
the effect of the concentration of a competing substrate on
the enzymatic reactions and the dependence of the enzymatic

stant when value was under 0.2. Above results are highly

reactions on the 2[ .

Pl were all validated experimentally.
m
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Fic. 4. The percentages of the peptide substrates consumed in
S
the reaction system as the function of 2%. Geometric shapes
m
indicate experimental observations; solid lines represent simulated
results based on the iteration approach. The original reaction volume
was 500 pl, detailed peptide information was listed in supplemental
Table S1, and the concentrations of peptides 1 to 4 were 50 um, while
[S]
Kn
dilution of the original reaction solution. The enzyme concentration
was fixed to 0.01245 um in all the reaction systems. All observed
values represent the average * one standard derivation from three
replicates.

500 um for peptide 5. Different values of 3~ were achieved by

Clearly the iteration approach allowed accurate description of
the enzymatic process in a complex system.

The Simplified Model Allows Determination of Catalytic Ef-
ficiencies of Substrates in a Complex System—We then in-
vestigate when the simplified model in Equation (5) could be
used to simulate the enzymatic reactions in a complex sys-

140

Molecular & Cellular Proteomics 16.1


http://www.mcponline.org/cgi/content/full/M116.062869/DC1
http://www.mcponline.org/cgi/content/full/M116.062869/DC1
http://www.mcponline.org/cgi/content/full/M116.062869/DC1
http://www.mcponline.org/cgi/content/full/M116.062869/DC1

Enzyme Kkinetics for substrate analysis in a complex system

(A)

1.2

0.105 0.157

EZZ Iteration approach
B simplified model

..... -f-..-m-..-Slope=1.0

0.628
SISVK,

3.138

S
Fic. 5. The dependence of prediction accuracy on E% by the proposed models. (A), Slopes for linear regression analysis of the

observed and predicted fraction of substrate consumed (See correlation plots in supplemental Table S4); (B), Slopes for linear regression
analysis of the catalytic efficiencies determined by classic method and the simplified model (See correlation plots in supplemental Fig. S3).

tem. For all the enzymatic experiments performed, this sim-
plified model was also applied to predict the fraction of sub-
strates consumed and the obtained results are summarized in
supplemental Table S4. The dependence of the linear regres-
sion slopes for the correlation of predicted and observed
values on the E[EX—X] is given in Fig. 5A. It can be seen that the

m

values predicted by the iteration approach are consistent to
the determined values for all these experiments with various

Sy
values of E[KX—] (The slopes are all close to 1). However,

consistency for the prediction by the simplified model were

S,
only obtained when E[KX—] is insignificant. And the predicted

m

values were always higher than the observed ones for those
S«

with bigger values of E[Kxf] (The slopes are much smaller than

1). The reason for this deviation is because [Eljee << [Eliot

when X is insignificant and thus replacing [El;ee With

x=1 /(;(n
[Eliot in Equation (2) to derive Equation (4) is improper. Be-
cause the slopes are only less than 3% away from 1 when the
E[Sx]

K

<0.314, it is quite safe to conclude that the simplified
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model allows accurate description of the enzymatic process

X

in a complex system with E[ < 0.2. This condition could

Ko
be easily achieved by diluting the substrate mixture. We found
that the fraction of substrates consumed kept almost C[OSni
Ko
insignificant as illustrated in Fig. 4. This confirmed that the
fractions of substrates consumed for a given reaction time are
independent of the substrate concentrations under this
condition.

Compared with the iteration approach, a significant advan-
tage of the simplified model is that it offers an approach to
simultaneously determine the catalytic efficiencies of enzyme
for all the competing substrates presented in a complexxsys—

stant when the substrate mixture was diluted to make

kca
tem. According to Equation (5), the catalytic efficiency WT for

each substrate could be determined based on the portion of
substrate consumed at a given time for a specific substrate
and the total enzyme concentration. The total enzyme con-
centration is always known and the portion of substrates
consumed could be determined by different assay methods
and so the catalytic efficiencies could be easily determined.
The portion of peptide substrates consumed in the enzymatic

S,
experiments with different E[KX—] by serial dilutions were al-

ready determined experimentaIf;/ (Fig. 4). We then applied the
simplified model to calculate the catalytic efficiencies of the
five peptide substrates according to the data obtained for
those experiments. It was found that the simplified model

Kea
could accurately determine the values of Wl for the five sub-

was insignificant (Fig. 5b, Supple-

strate peptides when E[KXX

m
mental Fig. 3) which was consistent with the facts that this
model was able to accurately describe the enzymatic reaction

[S,]
e <0.2, the com-

under this condition. For example, when 3

cat

puted e values were consistent with those determined by

the classic Lineweaver-Burk plot analysis with the slope of
Sx

0.961 (E[KX] = 0.157, dilution factor of 20, R® = 0.966) and
Sk

0.926 (E[Kj] = 0.105, dilution factor of 30, R> = 0.998), but
Sx cal

when 3 KXT>O.2, the computed K—Xr values were much smaller

than those determined by classic method. These results sug-

gested that the simplified model was reliable for the calcula-
[Sd

KX
<0.2. It should be noted that the catalytic efficiencies for thme
five peptide substrates were determined based on one enzy-
matic experiment by incubating all the substrates with the
enzyme, whereas the classic method with Lineweaver-Burk
plot analysis requires one experiment for each substrate.

tion of catalytic efficiency only when the satisfaction of X

Thus, this new method is best fitted to determine the catalytic
efficiencies for many substrates in high throughput.

LC-MS Analysis Allows Large-scale Determination of Cata-
lytic Efficiencies—LC-MS-based approach is a powerful tool
for identifying and quantifying hundreds to thousands of ana-
lytes in complex mixtures. When this tool is applied to deter-
mine the portion of individual substrate consumed in an en-
zymatic experiment where numerous substrates are present
simultaneously with an enzyme, the simplified model should
be able to determine hundreds of catalytic efficiencies in
parallel. To test this capability, a complex peptide mixture was
generated by trypsin digestion of Jurkat cell lysate. After
desalting, this peptide mixture was used as the peptide sub-
strate library to screen the substrates of a protease, Glu-C.
The enzymatic reaction was performed by incubating the
peptide mixture with Glu-C. Three aliquots (800 wl) were re-
moved and quenched at time points of 30 and 60 min, and
20 h (the time for the last one was long enough with excess
amount of enzyme to ensure the cleavage by Glu-C was
complete). Then, triplex stable isotope dimethyl labeling,
which is often used in high throughput quantitative proteom-
ics (30), was applied to quantify the percentages of generated
products at different reaction times. The removed mixtures
were labeled with light (30 min Glu-C digestion), intermediate
(60 min Glu-C digestion), and heavy dimethyl (20 h with ex-
cess amount of Glu-C), respectively. Then the labeled aliquots
from the above three time points were mixed with a ratio of
1:1:1, desalted and analyzed with 2D-LC-MS/MS.

The acquired raw files from two replication LC-MS/MS runs
were processed using the Maxquant platform (31), which
resulted in quantification of 12,137 unique peptides. By map-
ping these peptides to their protein sequences, we were able
to determine if the cleavages are generated by Glu-C diges-
tion. Take two quantified peptide, GSLAAVAHAQSLVE and
GLLGLQNLLK, as the examples. The sequences surrounding
the two cleavage sites on the two peptide termini were ob-
served to be PLPLSR.GSLAAVAHAQSLVE.AQPNND and
WSERKE.GLLGLQNLLK.NQRTLS, respectively, after map-
ping to protein sequences. Clearly the N-terminal of the first
peptide and C-terminal of the second peptide were generated
by trypsin digestion as they follow the trypsin cleavage rule.
Glu-C cleaves peptide bonds after Asp or Glu. Thus, the
cleavage sites for Glu-C for these two peptides could be
determined to be AQSLVE.AQPNN and WSERKE. GLLGL. By
this way, 2369 unique peptides were identified to be gener-
ated by Glu-C and were successfully quantified. Catalytic
efficiencies of the above peptide substrates were calculated
by the simplified model (see supplemental Table S6). Accord-
ing to the catalytic efficiency distribution of the substrates, we
classified the quantified substrates into three types of cleav-
age sites: fast (with catalytic efficiency above 0.01 um~'s™7,
326 peptide substrates), slow (with catalytic efficiency be-
tween 0.001 and 0.01 um™" 87", 1494 peptide substrates) and
very slow (with catalytic efficiency below 0.001 um~ " s™7, 549
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Fic. 6. Distributions of the catalytic efficiencies of the Glu-C substrate peptides determined by the simplified model using the
dataset aquired by proteomics plateform. The x axis indicates the number of peptide identifications and the y axis represents the

log,o(Catalytic efficiency) of the substrate peptides. Sequence logos of cleavage sites were classified into three types: very slow (ﬁ<0.001

Kin
kca kca . . . .
uMm~'s™7), slow (0.001<K—[<0.01 um~'s™"), and fast (K—r>0.01 uMm~'s™7), the height of each amino acid reflects its occurrence frequency at

the corresponding position. The insert is the comparison of the Log, y(catalytic efficiency) of six selected Glu-C peptide substrates deteremined
by the simplified model versus classic method (y = 0.94 X —0.30, R? = 0.969, see data in supplemental Table S5).

peptide substrates). The sequence logos for the normalized titative proteomics platform with the simplified model. How-
peptide sequences were generated by the WebLogo (26) and  ever, it should be mentioned that the simplified model is only
are shown in Fig. 6. It Was.observed that the f:leavage site.E valid for the enzymatic reaction system with S
surrounded by neutral residues could be quickly cut, while K
those with negatively charged amino acid residues (Asp/Glu) ~ cant. Before the enzymatic experiment, it is important to
could be slowly cut. It was also observed that the cleavage estimate the value of 3——

rarely occurred on D sites. This was consistent with the fact . m . .
tudy, 25 tid t bated with Glu-C f
that Glu-C cleaves peptide bonds C-terminally at Glu with a Stucy, #g peptide mixture was incubated with Glu-C for

nzymatic reaction. Assuming the aver molecular weight
3,000-fold higher rate than those at Asp (32). Six identified C-2) - c Feaction. Assuming the average molecuiar weig
. , of substrate peptides was about 1.5 kDa (estimated by the
Glu-C substrate peptides (see supplemental Table S5) with ) o . L
. . L . peptides generated by trypsin digestion) and the minimum K,
various catalytic efficiencies were chosen for further valida- .
. . o of the Glu-C substrate was 100 um (K,,, values of trypsin and
tion. They were synthesized and the kinetic constants of Glu-C for different peptide substrates determined by conven
Glu-C for these substrate peptides were determined individ- pep Y

. . X . tional methods are all greater than 100 um, see supplemental
lly with cl thod of L -Burk plot lysis. A
ually With classic method of Hineweaver-burk plot analysis. AS Table S1 and supplemental Table S5), the volume of the

X.

insignifi-

for the reaction system. In this

can be seen in Fig. 6 (insert), the catalytic efficiencies calcu- [S]
lated by the simplified model were consistent with these reaction system was determined to be 0.83 ml when the -,

determined by the conventional method with the slope of 0.94 [S.] R "
in the linear correlation analysis (R2 = 0.969). equal to 0.2. To further make the X, K term insignificant, a

The above example illustrated that large scale detemination = much-diluted reaction system with volume of 2 ml was finally
of catalytic efficiencies could be achieved by interpretation of applied in the enzymatic reaction in this study. The high
the time course data obtained by the high-throughput quan- accurancy of the determined catalytic efficiencies shown in
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Fig. 6 (Insert) indicated that above reaction conditions are
proper. The pseudo-first-order kinetics model derived for
conventional single substrate system, which has the same
form with Equation (5), was applied to assess the catalytic
efficiencies of competing substrates in complex system (24,
25). However, it is not sure if the enzymatic reaction was

[SJ. . :

KXX insignificant because the important pa-
m

rameter, substrate protein concentration for enzymatic reac-

performed with 3

Ky
their study, then the catalytic efficiencies they determined
would be smaller than true values as we discussed above.

tion, was not given in their studies. If % is insignificant in

DISCUSSION

Many important experiments in biochemistry including en-
zyme substrate screening, enzymatic labeling, and protein
digestion involve the enzymatic reactions in complex system.
Due to the difficulty to resolve the differential rate equation
set, the simulation of the enzymatic reactions in such a com-
plex system is not achieved before. The iteration approach
presented in this study is a powerful tool for this purpose. As
long as the kinetic constants for the substrates of an enzyme
are known, it can be used to generate a series of progress
curves including the change of free enzyme concentration, the
substrate/product concentration and the rates of substrate
consumption. This will certainly facilitate our understanding
on the enzymatic reaction in a complex system, which is more
similar to those occurring in vivo. Compared with time-con-
suming and costly experiments, the prediction by iteration
approach is high-throughput and cost-effective. We found the
trends predicted by the iteration approach including the pro-
gress curves for the fraction of consumed substrates, the
effect of the concentration of a competing substrate on the
enzymatic reactions and the dependence of the enzymatic

. [S.
reactions on the EKX

experimentally deterr,%ined. Enzyme is an important catalyst
for industrial synthetic chemistry due to its exquisite selectiv-
ity enabling the transformations without the need for the te-
dious blocking and deblocking steps (33). If there are com-
peting interference substrates coexist with the substrate to be
transformed, the byproducts from these interference sub-
strates will be generated during the enzymatic reactions. This
iteration approach could be used to simulate these reactions
and optimize the reaction conditions to minimize the yield of
byproducts. It can be expected that this iteration approach
will have broad applications in both fundamental and applied
enzymology.

Catalytic efficiency (k../K,,,), also referred to as the “spec-
ificity constant,” is a useful index for comparing the relative
rates of an enzyme acting on alternative, competing sub-
strates (34, 35). The higher the catalytic efficiency, the better
the substrate for the enzyme. It is an important index to
prioritize the substrates of an enzyme. Unfortunately, the con-

were all highly consistent with those

ventional proteomics-based substrate screening approaches
typically do not provide the values of catalytic efficiency even
though several hundred substrates could be identified (7, 11,
13, 15). Although the simplified model presented in this study
allowed for the accurate determination of the catalytic effi-
ciencies of numerous substrates in the complex enzymatic
reaction system. Compared with the approach reported by
Schellenberger et al. (36), the significant feature of this ap-
proach is that the addition of substrate of known catalytic
efficiency into the reaction mixture is not necessary. As long
as the enzymatic reaction is performed with the condition of
. [Sd
x =1 }<Xm
sented in the reaction mixture could be determined according
to Equation (5). This condition could be easily achieved by
diluting the reaction solution. This approach is a truly high
throughput one as we have demonstrated that the catalytic
efficiencies of over 2000 peptide substrates were determined
for the enzyme of Glu-C. As a result, the prioritizing of these
substrates could be achieved in high throughput, which is
very important for enzyme substrate screening. Clearly this
approach enabled the substrate screening changed from
qualitative to quantitative. Classically, to determine the kinetic
constants of the enzyme for a specific substrate, the sub-
strate must be purified which is often tedious and labor inten-
sive. The application of the simplified model also allows the
characterization of specific substrates in a substrate mixture.
For example, the catalytic efficiency of an enzyme for a spe-
cific protein in total cell lysate could be determined by per-
forming the enzymatic reactions using total cell lysate as the
substrate mixture followed with the determination of the por-
tion of the specific protein consumed by immune assay meth-
ods like enzyme-linked immunosorbent assay (ELISA). It is
expected that the simplified model will find broad applications
in both high throughput substrate screening and the focused
characterization of a few specific substrates.

In conclusion, an iteration approach was established for the
description of enzymatic reactions in a complex system. Its
validation was achieved with 630 time-course points of 24
enzymatic reaction experiments with various substrate con-

centrations. A simplified model was further developed to de-

Sk
[KX] <0.2.

It was found that the rate for the consumption of a sSbstrate
in such a complex system depends only on its own kinetic
constants and concentration, while independent of other co-
existing substrates. The simplified model, combined with high
throughput proteomics platform, enabled the determination of
the catalytic efficiencies of Glu-C for 2369 substrate peptides.
Our study indicated that the iteration approach allowed the
accurate simulation of the progress curves for the complex
enzymatic reactions and the simplified model enabled the
prioritizing of substrates in high throughput. They are ex-

< 0.2, the catalytic efficiencies for substrates pre-

pict the reactions in the complex system with X7 _,
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pected to be important tools to understand and characterize
the enzymatic reactions in complex system.
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