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17 SUMMARY:
18 The thermal stability of enzyme activity is readily measured by isothermal titration calorimetry
19  (ITC). Most protein stability assays currently used measure protein unfolding, but do not provide
20 information about enzymatic activity. ITC enables direct determination of the effect of enzyme
21  modifications on the stability of enzyme activity.
22
23 ABSTRACT:
24 This work demonstrates a new method for measuring the stability of enzyme activity by
25  isothermal titration calorimetry (ITC). The peak heat rate observed after a single injection of the
26  substrate solution into an enzyme solution is correlated with enzyme activity. Multiple injections
27  of the substrate into the same enzyme solution over time show the loss of enzyme activity. The
28  assay is autonomous, requiring very little personnel time, and is applicable to most media and
29  enzymes.
30
31 INTRODUCTION:
32  Enzymes are proteins capable of catalyzing a wide array of organic reactions. Most enzymes
33  function in aqueous solution at near neutral pH thus avoiding the use of harsh solvents. Because
34  oftheir high selectivity, enzyme catalyzed reactions produce fewer (in some cases no byproducts)
35 byproducts than non-selective catalysts such as acids and bases'. This is especially relevant in
36 food manufacturing where all chemical reactions must be done so the final product is safe for
37  human consumption. Currently, enzymes are used to produce high fructose corn syrup?, cheese?,
38  beer? lactose-free milk®, and other important food products. While this paper focuses on enzyme
39 useinthefood industry, there are many other uses for enzymes including in green chemistry and
40  drug synthesis.
41
42  The utility of enzymes is limited by the stability of enzyme activity, which depends on maintaining
43  the three-dimensional structure of the enzyme. The enzyme structure can be stabilized by
44  modifications such as PEGylation®, immobilization on a solid support’, genetic modifications?,
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and formulations. Currently, enzyme stability is typically measured by differential scanning
calorimetry (DSC) and endpoint enzyme activity assays®. DSC measures the temperature at which
an enzyme unfolds; the higher the temperature, the more stable the structure. However, loss of
activity often occurs at a lower temperature than required to unfold the enzyme or domains
within the enzymel®. Therefore, DSC is not sufficient to determine whether an enzyme
modification increases the stability of enzyme activity. Endpoint enzyme assays are usually time
intensive, require multiple samples, and often involve a coupled colorimetric reaction that is not
applicable to highly colored or opaque solutions or suspensions.

This work demonstrates a method for direct measurement of the stability of enzyme activity by
isothermal titration calorimetry (ITC). ITC measures the rate of heat released or absorbed during
the course of a reaction. Since nearly all reactions produce or absorb heat, ITC can be used for
most enzyme-catalyzed reactions, including reactions that do not have a coupled reaction or
occur in opaque media such as milk. ITC has been used for many decades to measure chemical
kinetic parameters for many kinds of reactions, but the protocol presented here focuses on using
ITC to measure the peak heat rate of enzyme-catalyzed reactions and demonstrates that enzyme
activity is linearly correlated with the peak heat rate. ITC measurements of peak heat rates are
mostly autonomous and require very little personnel time to setup and analyze.

PROTOCOL:

1. Preparing samples

1.1. 1000 mL of 0.1 M sodium acetate buffer at pH 4.6

1.1.1. Measure 800 mL of distilled water in a 1000 mL graduated beaker.

1.1.2. Weigh 8.2 g of anhydrous sodium acetate and add it to the beaker.

1.1.3. Place the beaker on a stir plate, place a stir rod into the beaker, turn on the stir plate and
stir until completely dissolved.

1.1.4. When the anhydrous sodium acetate is completely dissolved, measure the pH of the
solution with a calibrated pH meter.

1.1.5. Add 1 M HCI or NaOH accordingly to obtain the desired pH 4.6.
1.1.6. Add distilled water until the total volume is 1000 mL.

1.1.7. Store at room temperature until use.

1.2. Enzyme solution

1.2.1. Prepare 10 mL of the enzyme solution within the 10-30 mg/mL range by first measuring
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8 mL of the 0.1 M sodium acetate buffer pH 4.6 in a 15 mL graduated cylinder.

1.2.2. Add the buffer solution into a 15 mL conical tube with enzyme and shake vigorously until
the enzyme has dissolved.

1.2.3. Add more buffer solution until the total volume is 10 mL.
1.2.4. Store the enzyme solution at 4 °C until use.
1.3. Substrate solution

1.3.1. To prepare a substrate solution within the 300-600 mM range, calculate the amount of
substrate needed in grams to make the desired concentration.

1.3.2. Weigh out the substrate and place into a 100 mL glass beaker

1.3.3. Measure 20 mL of the buffer solution using a 25 mL graduated cylinder and then add it to
the glass beaker.

1.3.4. Place the beaker on a stir plate and place a magnetic stir rod into the beaker. Turn on the
heat and adjust the stirring speed accordingly.

1.3.5. Allow stirring to continue until the substrate has dissolved.

1.3.6. Pourthe substrate solution into a 50 mL conical tube and add 0.1 M sodium acetate buffer
pH 4.6 until the total volume is 45 mL. Mix by shaking.

1.3.7. Store the substrate solution at room temperature until use.
2. Performing the experiment
2.1. Preparing the ITC instrument

2.1.1. Ensure that the reference cell is loaded with 350 pL of distilled water. Before loading the
enzyme into the sample cell, verify that the sample cell has been cleaned.

2.1.2. Cleaning protocol- Fill the loading syringe with 500 pL of 2% cleaning solution (Table of
Materials), carefully insert the needle into the sample cell, fill the cell and slowly remove the
liguid using the same syringe. Dispose the liquid into a beaker. Repeat this step twice with 2%
cleaning solution (Table of Materials), three times with 70% ethanol and then wash ten times
with distilled water.

2.1.3. Fill the loading syringe with 450 uL of enzyme solution, carefully insert the needle all the
way to the bottom of the sample cell and press the plunger down to the 100 puL line slowly to
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prevent formation of air bubbles.

2.1.4. Wash the 50 pL titration syringe with distilled water three times by placing the needle tip
into water then slowly taking up the water into the syringe, then dispensing the water into a
waste container.

2.1.5. Remove residual water by rinsing with substrate solution three times.

2.1.6. Fill the titration syringe with substrate solution by drawing the solution up until the
syringe is full without any air bubbles.

2.1.7. With the syringe still in the substrate solution, remove the plunger and allow
approximately 2 pL of air to enter the top of the syringe and reinsert the plunger.

2.1.8. Remove the buret handle of the ITC, place the syringe inside the buret handle and screw
until tight.

2.1.9. Wipe the tip of the stirrer with a lint-free tissue, then carefully place the buret handle into
the ITC instrument and lock it in place.

3. Setting up ITCrun
3.1. On the computer, open ITCrun and click Set up.

3.2.  Click Stirring rate and set to 350 RPM. Check the syringe size (uL) and ensure it is at 50
pL.

3.3. Setthe temperature and press Update. It is recommended that this step be performed at
least 1 h before preparing the ITC. This allows enough time for the instrument to heat up or cool
down as needed.

3.4. For the experiment setup, select incremental titration.

3.5. ClickInsert to setup the injections. Adjust the injection interval to 5400 s, injection volume
(uL) to 4 and number of injections to 4. Press OK to confirm settings.

3.6. In the Equilibration box, select Auto-equilibrate and Large expected heats. (If the
expected heats are small, one can select Small under expected heats; however, this will increase
the equilibration time.)

3.7. Setthe initial baseline to 300 s.

3.8. To start the run, click the Start symbol next to Stirring rate and then click Start which is
located next to the wrench symbol.
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3.9. Save the file and allow the instrument to run.

4, Analyzing data

4.1. Open the file in NanoAnalyze. Click Data and select Data columns.
4.2. Select all data, copy and then paste the data into Microsoft Excel.

4.3. Adjust zero baseline by adding the value required at 300 s to make it zero. Apply this
correction to the entire column of heat rate values.

4.4. Find the minimum or maximum value of the heat rate for each injection by using the
equation: =MIN(cell:cell) or MAX(cell:cell). Each data point represents the peak enzymatic activity
of the enzyme at each injection.

4.5. Plot graphs of the MIN or MAX values against the time at which the value occurred during
the titration.

REPRESENTATIVE RESULTS:

The representative results in Figure 1 and Figure 5 show data from two enzymes, lactase and
invertase. Lactase and invertase catalyze the hydrolysis of a disaccharide into two
monosaccharides, endothermically and exothermically, respectively. Both enzymatic reactions
were run at concentrations that precluded saturation of the enzyme.

The lactase data demonstrate how ITC data can be used to estimate enzyme stability. Four
sequential 4 pL injections of 600 mM lactose (Figure 1) were titrated into 20 mg/mL lactase. An
interval of 5400 s between each injection was applied, and this allows enough time to return to
the initial baseline before each injection. The protocol described above was performed at 25 °C,
35 °C, 45 °C, and 55 °C. Additionally, 600 mM lactose was titrated into 100 mM sodium acetate
buffer only at 55 °C as a control for the heat of mixing. For each injection of enzyme into
substrate, there is an initial exothermic heat of mixing, and subsequently the lactase catalyzed
endothermic hydrolysis of lactose occurs until the reaction is completed and the heat rate returns
to the baseline. The injection of lactose into the lactase solution is then repeated three more
times with the peak height of the endothermic reaction from each subsequent injection a little
less than the preceding injection because of the decrease of enzymatic activity. The raw data can
then be converted to show the peak heat relative to time (Figure 2A-D). The peak height for each
injection can then be fit to a linear regression and the slope indicates enzyme stability at the
chosen temperature. The more negative the slope, the less stable the enzyme. As expected,
enzyme stability decreases with increasing temperature (Figure 2E).

Each injection of lactose described in Figure 1 results in dilution of lactase. To demonstrate that
this dilution is not the cause of the decrease in enzymatic activity, the ITC lactase activity assay
was also done at 25 °C, the lactase concentration at the first injection and at the last injection
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(Figure 3). This dilution results in an 8% decrease in enzyme activity, whereas the fourth injection
in the assay shows a 73% decrease in activity. The dilution of the lactase during the four-injection
experiment thus had a relatively small effect (i.e., 11%) on enzyme activity. The actual loss of
activity was therefore 73-8 = 65%.

As mentioned in the introduction one of the advantages of using ITC is that these reactions can
be done in opaque media, such as milk. To demonstrate this capability of ITC, milk was injected
directly into lactase (Figure 4). Because the pH of the milk is not matched to the sodium acetate
buffer, there is a large exothermic heat of mixing immediately following the injection. The
exothermic heat of mixing peak is seen in the control that lacks lactase (Figure 4, gray line) and
in the two injections with milk (Figure 4, black and dotted lines) subsequent to the heat of mixing
peak. The endothermic reaction indicating lactase activity occurs. Milk contains a complex
mixture of proteins, vitamins, minerals, and lactose. Because of the complexity of milk, it is
probable that other reactions occur during the course of our reaction. To demonstrate that the
endothermic peak is due to lactase activity, the milk was spiked with 146 mM lactose. In the
reaction with the lactose spiked milk (Figure 4, dotted line), the endothermic peak and area
under the curve are larger than in the milk alone (Figure 4, black line), indicating that the
endothermic peak is indeed due to the lactase activity. The baseline offset indicates that a slow
reaction continues after the lactose reaction is finished.

To demonstrate how this assay can be used to compare the stability of enzymatic activity of two
different enzyme preparations, the stability of free invertase and invertase immobilized on a
nylon-6 nanofiber membrane are compared in Figure 5 at 35 °C'%. As in the lactase assay, four 4
uL injections of sucrose were made sequentially and the maximum heat rate determined from
the peak height for each injection. As shown in Figure 6, the peak heights decrease linearly with
time indicating decreasing enzyme activity.

FIGURE AND TABLE LEGENDS:

Figure 1: ITC data traces of lactase activity. Each trace shows four sequential 4 L injections of
600 mM lactose into a lactase solution in pH 4.6 buffer. The traces were done at 55 °C (black), 45
°C (dark gray), 35 °C (dashed), 25 °C (light gray), and a no enzyme control (dotted) at 55 °C. The
straight lines represent the fit to the endothermic peak minimum following each injection.

Figure 2: Stability of enzyme activity based on the rate of change in peak activity. The peak
enzymatic activity for each of four injections relative to time (s) at 25 °C (A), 35 °C (B), 45 °C (C),
and 55 °C (D). The linear fit of the data is represented by the solid line. The slopes of the fitted
lines in parts A-D are plotted against temperature in E.

Figure 3: The effect of enzyme dilution on peak height at 25 °C. Lactase activity is measured at
the enzyme concentration at the first and fourth injections of 20 mg/mL (black) and 18.62 mg/mL
(gray), respectively. The inset is a zoomed in view of the peak enzyme activity.

Figure 4: Measuring lactase activity in milk. ITC trace of an injection of BYU creamery fat free
milk into buffer (gray), milk into 20 mg/mL lactase (black), and milk spiked with 5% additional
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lactose into 20 mg/mL (dotted). The y axis is discontinuous to show the endothermic enzyme
reaction and the exothermic heat of mixing.

Figure 5: A representative example of how the ITC enzyme stability assay at 35 °C could be used
to compare two different preparations of invertase. The activities of invertase immobilized on
a nanofiber membrane and free enzyme are shown by the dotted and dark gray lines,
respectively. The black line is the control with no invertase showing just the heat of mixing on
appropriate scales.

Figure 6: The linear relationship between peak exothermic heat rate and invertase
concentration following a 4 pL injection of 600 mM sucrose. This standard curve can be used to
determine the concentration of invertase in an unknown sample.

DISCUSSION:

A major advantage of the ITC enzyme stability assay described here is automation. Once all the
appropriate buffers and solutions are made, the set-up time for each assay is approximately 15
min for the person doing the assay. In contrast, the conventional assays for invertase and lactase
activity require about 2 h with continual involvement of the person doing the assay and many
enzymatic activity assays take considerably more person-hours. In a previous publication, we
have demonstrated how data from the ITC method compares to a more traditional
spectrophotrometric method for invertase activity!?.

Another advantage of the ITC assay is its applicability to almost any enzyme?!2. Thus, testing the
stability of different enzymes under a particular set of conditions does not require setting up
several different assays. Additionally, the ITC assay is useful for determining the stability of the
activity of a novel enzyme or of an enzyme that does not have a suitable colorimetric assay. The
ITC assay can also be done in opaque media which is a major advantage in food science. Since
most previous assays of enzyme activity use spectrophotometry, fluorescence, or luminescence
to measure enzyme activity, they are not compatible with opaque or highly colored media.
Although this work demonstrates only the effect of temperature on the stability of enzyme
activity, the ITC method is applicable to most other conditions that affect enzyme stability (e.g.,
pH, salts, non-agqueous solvents, and denaturing agents).

As with all ITC experiments, the buffer used for the enzyme and substrate solution should match
as closely as possible. Mismatch of the concentration or pH can cause large heat effects that
exceed the dynamic range of the calorimeter. Use of the same stock buffer to prepare both the
enzyme and substrate solutions is usually sufficient. But if not, the solutions can be matched by
dialyzing both solutions against the same buffer solution.

A further condition is that the enzyme should not be substrate saturated, in which case, the peak
height becomes independent of substrate concentration. Also, the time for the reaction to go to
completion or to equilibrium between injections can become excessive and/or the signal can
exceed the dynamic range of the calorimeter. However, the substrate concentration must be
large enough to provide a strong heat signal. If the enzyme is substrate saturated, the substrate
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concentration can be decreased, or the enzyme concentration increased. When loading the
calorimeter cell and syringe, one must ensure that no bubbles are present. If a bubble is injected
or released from the cell during the course of an experiment, it will cause an anomalous event in
the heat rate signal.

The ITC method is dependent on the enthalpy change of the catalyzed reaction and on the rate
and amount of reaction. If the enthalpy change for the reaction is too small, the substrate is too
insoluble, or the enzyme does not have sufficient activity, the heat rate may be too small to
obtain sufficient signal. Additionally, if the enzyme is inhibited by low concentrations of the
products, the decrease in enzymatic activity observed during the course of the experiment will
be caused by product inhibition as well as by loss of activity over time. For example, in the lactase
titration, the final concentration of 54 mM glucose and galactose causes a 27% decrease in the
peak height of the enzyme activity at 55°C (data not shown). This is significantly less than the
78% decrease in peak height from injection 1 to injection 4 in Figure 1. However, this can be
corrected by measuring the enzyme activity in the presence of the product concentration
reached during the course of the assay. Further, titrating the enzyme with less substrate can
reduce the amount of product inhibition.

Other limitations can occur because of the enzyme. For example, with each injection the enzyme
will be the diluted. Because this ITC uses an overflow reaction vessel, during the course of the
experiment a volume of solution equivalent to the injection size is removed with each injection.
Thus, a small amount of enzyme is removed, and the products of the reaction increase with each
injection. The effects of dilution and the amount of enzyme removed can be kept small if the
injection size is kept small, and therefore a large concentration of substrate is often necessary.
Because the ratio of injection volume to reaction vessel volume is smaller in ITCs with larger
reaction vessels the dilution effect is smaller than in the low volume ITC used in this work.
Additionally, each reaction for many enzymes will require microgram to low milligram quantities,
so if you have an enzyme that is expensive or difficult to purify, this could prohibit the use of this
assay.

Most of the issues that can arise during this assay are related to proper maintenance and cleaning
of the ITC reaction vessel. If the ITC does not reach a stable baseline, this is often due to the
reaction vessel not being sufficiently clean. We recommend using a strong detergent after each
experiment when using proteins in the ITC because proteins can stick to the reaction vessel and
interfere with the heat rate measurement. For a deeper clean, a 50% formic acid solution
incubated at 55 °C for up to 12 h followed by cleaning with cleaning solution (Table of Materials),
ethanol, and water will remove most contaminants.

Finally, because the ITC takes about 45 min to equilibrate after loading solutions, the activity of
relatively unstable enzymes or under marginal conditions may not be possible. If the enzyme is
inactivated during this time no signal, will be available or the decay may be too rapid after the
first injection to obtain stability data.

Because the ITC assay directly measures enzyme activity, it can be extended to a number of other
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uses. For example, this assay could be done with increasing concentrations of an inhibitor to
determine the inhibition constant, K;, based on the decrease in enzyme activity with increasing
inhibitor concentration. As shown in Figure 5, this protocol can be adapted for immobilized
enzymes on a solid support. A nanofiber membrane was used in this work, but other solid
supports could also be used if a method to insert and remove it through the small access tube
can be developed. The ITC method could also be extended to enzymes that are altered chemically
or genetically to improve thermal stability or to determine the amount of active enzyme in an
unknown sample (i.e., Figure 6 shows the linear relationship between heat rate peak height and
enzyme concentration).
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Table of Materials

Name of Material/ Equipment

a-Lactose

Sodium Acetate, Anhydrous 99%
min

Lactase

Hydrocholric Acid Solution, 1N
Benchtop Meter- pH

Ethanol 70%

Micro-90

Company

Fisher
Scientific

Alfa Aesar
MP Bio
Fisher
Scientific
VWR
Fisher
Scientific
Fisher
Scientific

Click here to access/download;Table of Materials;Table of Materials.xls

Catalog Number Comments/Description

unknown (too old) 500g

A13184-30 250g
100780 5g

SA48-500 500mL

89231-622

BP8231GAL 1gallon

NC024628 1L (cleaning solution)

*
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ARTICLE AND VIDEO LICENSE AGREEMENT

Title of Article:

Mg Bnymic SN WY TS0nermil Tevadin Calon

Author(s):

WD) (g, Madn MASon 120 D, e, and Jigoin Donald topg

Item 1: The Author elects to have the Materials be made available (as described at

http://www.jove.com/publish) via:

E Standard Access

Item 2: Please select one of the following items:

DOpen Access

|X|The Author is NOT a United States government employee.

DThe Author is a United States government employee and the Materials were prepared in the
course of his or her duties as a United States government employee.

DThe Author is a United States government employee but the Materials were NOT prepared in the
course of his or her duties as a United States government employee.

ARTICLE AND VIDEO LICENSE AGREEMENT

1. Defined Terms. As used in this Article and Video
License Agreement, the following terms shall have the
following meanings: “Agreement” means this Article and
Video License Agreement; “Article” means the article
specified on the last page of this Agreement, including any
associated materials such as texts, figures, tables, artwork,
abstracts, or summaries contained therein; “Author”
means the author who is a signatory to this Agreement;
“Collective Work” means a work, such as a periodical issue,
anthology or encyclopedia, in which the Materials in their
entirety in unmodified form, along with a number of other
contributions, constituting separate and independent
works in themselves, are assembled into a collective whole;
“CRC License” means the Creative Commons Attribution-
Non Commercial-No Derivs 3.0 Unported Agreement, the
terms and conditions of which can be found at:
http://creativecommons.org/licenses/by-nc-

nd/3.0/legalcode; “Derivative Work” means a work based
upon the Materials or upon the Materials and other pre-
existing works, such as a translation, musical arrangement,
dramatization, fictionalization, motion picture version,
sound recerding, art reproduction, abridgment,
candensation, or any other form in which the Materials may
be recast, transformed, or adapted; “Institution” means
the institution, listed on the last page of this Agreement, by
which the Author was employed at the time of the creation
of the Materials; “JoVE” means MylJove Corporation, a
Massachusetts corporation and the publisher of The Journal
of Visualized Experiments; “Materials” means the Article
and / or the Video; “Parties” means the Author and JoVE;
“Video” means any video(s) made by the Author, alone or
in conjunction with any other parties, or by JoVE or its
affiliates or agents, individually or in collaboration with the
Author or any other parties, incorporating all or any portion

of the Article, and in which the Author may or may not
appear.

2. Background. The Author, who is the author of the
Article, in order to ensure the dissemination and protection
of the Article, desires to have the JoVE publish the Article
and create and transmit videos based on the Article. In
furtherance of such goals, the Parties desire to memorialize
in this Agreement the respective rights of each Party in and
to the Article and the Video.

3. Grant of Rights in Article. In consideration of JoVE
agreeing to publish the Article, the Author hereby grants to
JOVE, subject to Sections 4 and 7 below, the exclusive,
royalty-free, perpetual (for the full term of copyright in the
Article, including any extensions thereto) license (a) to
publish, reproduce, distribute, display and store the Article
in all forms, formats and media whether now known or
hereafter developed {including without limitation in print,
digital and electronic form) throughout the world, (b) to
translate the Article into other languages, create
adaptations, summaries or extracts of the Article or other
Derivative Works (including, without limitation, the Video)
or Collective Works based an all or any portion of the Article
and exercise all of the rights set forth in (a) above in such
translations, adaptations, summaries, extracts, Derivative
Works or Collective Works and{c) to license others to do any
or all of the above. The foregoing rights may be exercised in
all media and formats, whether now known or hereafter
devised, and include the right to make such modifications
as are technically necessary to exercise the rights in other
media and formats. If the “Open Access” box has been
checked in Item 1 above, loVE and the Author hereby grant
to the public all such rights in the Article as provided in, but
subject to all limitations and requirements set forth in, the
CRC License.

612542.6  For questions, please contact us at submissions@jove.com or +1.617.945.9051.
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4, Retention of Rights in Article. Notwithstanding
the exclusive license granted to JoVE in Section 3 above, the
Author shall, with respect to the Article, retain the non-
exclusive right to use all or part of the Article for the non-
commercial purpose of giving lectures, presentations or
teaching classes, and to post a capy of the Article on the
Institution’s website or the Author’s personal website, in
each case provided that a link to the Article on the JoVE
website is provided and notice of JoVE’s copyright in the
Article 7s included. All non-copyright intellectual property
rights in and to the Article, such as patent rights, shall
remain with the Author.

5: Grant of Rights in Video — Standard Access. This
Section 5 applies if the “Standard Access” box has been
checked in Item 1 above or if no box has been checked in
Item 1 above. In consideration of JoVE agreeing to produce,
display or otherwise assist with the Video, the Author
hereby acknowledges and agrees that, Subject to Section 7
below, JoVE is and shall be the sole and exclusive owner of
all rights of any nature, including, without limitation, all
copyrights, in and to the Video. To the extent that, by law,
the Author is deemed, now or at any time in the future, to
have any rights of any nature in or to the Video, the Author
hereby disclaims all such rights and transfers all such rights
to JoVE.

6. Grant of Rights in Video — Open Access. This
Section 6 applies only if the “Open Access” box has been
checked in Item 1 above. In consideration of JoVE agreeing
to produce, display or otherwise assist with the Video, the
Author hereby grants to JoVE, subject to Section 7 below,
the exclusive, royalty-free, perpetual (for the full term of
copyright in the Article, including any extensions thereto)
license (a) to publish, reproduce, distribute, display and
store the Video in all forms, formats and media whether
now known or hereafter developed (including without
limitation in print, digital and electronic form} throughout
the world, (b) to translate the Video into other languages,
create adaptations, summaries or extracts of the Video or
other Derivative Works or Collective Works based on all or
any portion of the Video and exercise all of the rights set
forth in (a) above in such translations, adaptations,
summaries, extracts, Derivative Works or Collective Works
and (c) to license others to do any or all of the above. The
foregoing rights may be exercised in all media and formats,
whether now known or hereafter devised, and include the
right to make such modifications as are technically
necessary to exercise the rights in other media and formats.
For any Video to which this Section 6 is applicable, JoVE and
the Author hereby grant to the public all such rights in the
Video as provided in, but subject to all limitations and
requirements set forth in, the CRC License.

7 Government Employees. If the Author is a United
States government employee and the Article was prepared
in the course of his or her duties as a United States
government employee, as indicated in Item 2 above, and
any of the licenses or grants granted by the Author
hereunder exceed the scope of the 17 U.S.C. 403, then the
rights granted hereunder shall be limited to the maximum

ARTICLE AND VIDEO LICENSE AGREEMENT

rights permitted under such statute. In such case, all
provisions contained herein that are not in conflict with
such statute shall remain in full force and effect, and all
provisions contained herein that do so conflict shall be
deemed to be amended so as to provide to JoVE the
maximum rights permissible within such statute.

8. Protection of the Work. The Author(s) authorize
JoVE to take steps in the Author(s) name and on their behalf
if JoVE believes some third party could be infringing or
might infringe the copyright of either the Author’s Article
and/or Video.

9. Likeness, Privacy, Personality. The Author hereby
grants JoVE the right to use the Author’s name, voice,
likeness, picture, photograph, image, biography and
performance in any way, commercial or otherwise, in
connection with the Materials and the sale, promotion and
distribution thereof. The Author hereby waives any and all
rights he or she may have, relating to his or her appearance
in the Video or otherwise relating to the Materials, under
all applicable privacy, likeness, personality or similar laws.
10. Author Warranties. The Author represents and
warrants that the Article is original, that it has not been
published, that the copyright interest is owned by the
Author (or, if more than one author is listed at the beginning
of this Agreement, by such authors collectively) and has not
been assigned, licensed, or otherwise transferred to any
other party. The Author represents and warrants that the
author(s) listed at the top of this Agreement are the only
authors of the Materials. If more than one author is listed
at the top of this Agreement and if any such author has not
entered into a separate Article and Video License
Agreement with JoVE relating to the Materials, the Author
represents and warrants that the Author has been
authorized by each of the other such authors to execute this
Agreement on his or her hehalf and to bind him or her with
respect to the terms of this Agreement as if each of them
had been a party hereto as an Author. The Author warrants
that the use, reproduction, distribution, public or private
performance or display, and/or modification of all or any
portion of the Materials does not and will not violate,
infringe and/or misappropriate the patent, trademark,
intellectual property or other rights of any third party. The
Author represents and warrants that it has and will
continue to comply with all government, institutional and
other regulations, including, without limitation all
institutional, laboratory, hospital, ethical, human and
animal treatment, privacy, and all other rules, regulations,
laws, procedures or guidelines, applicable to the Materials,
and that all research involving human and animal subjects
has been approved by the Author's relevant institutional
review board.

11. JoVE Discretion. If the Author requests the
assistance of JoVE in producing the Video in the Author’s
facility, the Author shall ensure that the presence of JoVE
employees, agents or independent contractors is in
accordance with the relevant regulations of the Author's
institution. If more than one author is listed at the
beginning of this Agreement, JoVE may, in its sole
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discretion, elect not take any action with respect to the
Article until such time as it has received complete, executed
Article and Video License Agreements from each such
author. JoVE reserves the right, in its absolute and sole
discretion and without giving any reason therefore, to
accept or decline any work submitted to JoVE. JoVE and its
employees, agents and independent contracters shall have
full, unfettered access to the facilities of the Author or of
the Author’s institution as necessary to make the Video,
whether actually published or not. JoVE has sole discretion
as to the method of making and publishing the Materials,
including, without limitation, to all decisions regarding
editing, lighting, filming, timing of publication, if any,
length, quality, content and the like.

12; Indemnification. The Author agrees to indemnify
JoVE and/or its successors and assigns from and against any
and all claims, costs, and expenses, including attorney’s
fees, arising out of any breach of any warranty or other
representations contained herein. The Author further
agrees to indemnify and hold harmless JoVE from and
against any and all claims, costs, and expenses, including
attorney’s fees, resulting from the breach by the Author of
any representation or warranty contained herein or from
allegations or instances of violation of intellectual property
rights, damage to the Author’s or the Author’s institution’s
facilities, fraud, libel, defamation, research, equipment,
experiments, property damage, personal injury, violations
of institutional, laboratory, hospital, ethical, human and
animal treatment, privacy or other rules, regulations, laws,
procedures or guidelines, liabilities and other losses or
damages related in any way to the submission of work to
JoVE, making of videos by JoVE, or publication in JoVE or
elsewhere by JOVE. The Author shall be responsible for, and
shall hold JoVE harmless from, damages caused by lack of
sterilization, lack of cleanliness or by contamination due to

ARTICLE AND VIDEO LICENSE AGREEMENT

the making of a video by JoVE its employees, agents or
independent contractors. All sterilization, cleanliness or
decontamination procedures shall be solely the
responsibility of the Author and shall be undertaken at the
Author’'s expense. All indemnifications provided herein
shall include JoVE’s attorney’s fees and costs related to said
losses or damages. Such indemnification and holding
harmless shall include such losses or damages incurred by,
or in connection with, acts or omissions of JoVE, its
employees, agents or independent contractors.

13. Fees. To cover the cost incurred for publication,
JoVE must receive payment before production and
publication of the Materials. Payment is due in 21 days of
invoice. Should the Materials not be published due to an
editorial or production decision, these funds will be
returned to the Author. Withdrawal by the Author of any
submitted Materials after final peer review approval will
result in a USS1,200 fee to cover pre-production expenses
incurred by JoVE. If payment is not received by the
completion of filming, production and publication of the
Materials will be suspended until payment is received.

14, Transfer, Governing Law. This Agreement may be
assigned by JoVE and shall inure to the benefits of any of
JoVE's successors and assignees. This Agreement shall be
governed and construed by the internal laws of the
Commonwealth of Massachusetts without giving effect to
any conflict of law provision thereunder, This Agreement
may be executed in counterparts, each of which shall be
deemed an original, but all of which together shall be
deemed to me one and the same agreement. A signed copy
of this Agreement delivered by facsimile, e-mail or other
means of electronic transmission shall be deemed to have
the same legal effect as delivery of an original signed copy
of this Agreement.

A signed copy of this document must be sent with all new submissions. Only one Agreement is required per submission.

CORRESPONDING AUTHOR
Name:

J A v M@\—W\Px Lig
Department:

M\J‘mrn&—di Dieverics L A~D Fosp Sear L
Institution: 4
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Title:
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Please submit a signed and dated copy of this license by one of the following three methods:
1. Upload an electronic version on the JoVE submission site

2. Faxthe document to +1.866.381.2236

3. Mail the document to JoVE / Attn: JoVE Editorial / 1 Alewife Center #200 / Cambridge, MA 02140
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Rebuttal Letter

Click here to access/download;Rebuttal Letter;Comments to

Reviewers.docx

We greatly appreciate the feedback that was provided to us by these reviewers. We feel that our
publication is stronger because they were willing to serve as reviewers. We have addressed the review
concerns in red below.

Manuscript Summary:

Authors describe a protocol to directly asses the effect of temperature on enzyme activity. This
Isothermal Titration Calorimetry protocol is automated and generally applicable, since it is not based on
a coupled reaction. It provides information complementary to measurements of protein unfolding. This
protocol should of interest to the users of JoVE.

Major Concerns:
The ITC assay requires relatively large amount of enzyme, especially in comparison with coupled
reaction based assays.

We have included the amount of enzyme required per reaction as a limitation of this assay.

Minor Concerns:
The details of the protocol are specific to one type of instrument.

We only have the TA ITC. We are not familiar enough with other instrumentation to include instructions
for those.

Reviewer #2:

Manuscript Summary:

The manuscript describes a protocol to determine the stability of enzyme activity over time using ITC.
The method described is interesting and potentially relevant to evaluate the best conditions to maximize
the enzyme usability over time. However, in my opinion some points need to be clarified.

Major Concerns:

In the abstract the authors state that "This work demonstrates a new method for measuring the stability
of enzyme activity by isothermal titration calorimetry (ITC)". | think that this protocol would be more
robust if the authors provide a sort of "proof of concept" for this demonstration. In other words, it
would be useful if they compare the results that obtained here with this method with data reported in
the literature using a different technique. This would provide a clear demonstration of the reliability of
their methodology, and would be more important if one considers that the decrease of activity over
subsequent titrations could be due to product inhibition effects.

In a previous publication, “Calorimetric Methods for Measuring Stability and Reusability of Membrane
Immobilized Enzymes”, we compared a spectrophotometric enzyme activity assay to the ITC method
using invertase. We have referenced this paper and the comparison. There are also several other
papers that use other methods to measure enzyme stability. We did not do additional experiments
because of time constraints, but we do think that there is sufficient information in the literature for
interested parties to determine if this would be a better method relative to more conventional methods.

Indeed, the authors state that "the product concentrations were much lower than the inhibition
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constant for the product", but they do not provide any reference for this statement. How do they know
that under the conditions used there is no product inhibition effect? As this is a critical point, | think that
this should be demonstrated with a dedicated experiment, for example performing the experiment at
the different time points without any previous substrate titration (i.e. with no product present in
solution).

We addressed this by performing the experiment in the presence of 54 mM glucose and galactose,
which is the highest concentration that the glucose and galactose get during the course of our
experiment with lactase. We did see that there was some product inhibition (a 27% decrease in the
peak heat rate). However, in our assay we see a 78% reduction from the first to the last injection. We
could do the same assay, but with less substrate per injection and decrease the product concentration.

Minor Concerns:
- Ref 12 is outdated. There are more recent reviews that report how to measure enzymatic activity with
ITC, one also published in JoVE (https://www.ncbi.nlm.nih.gov/pubmed/24747990).

We have updated the reference.

- Figure 6 is not clear to me: in the text it is written that "the peak heights decrease linearly with time
indicating decreasing enzyme activity" but | do not see time on the x axis, while enzyme concentration is
reported.

We have edited the figure legend to better match the figure.

- Just out of curiosity: why a so large amount of enzyme (10 mL) and substrate (50 mL) solutions are
prepared for the experiments? As the instrument requites small volumes of solutions, these amounts
would seem a waste of material.]

We run many enzyme assays and have found that when we make up large volumes it cuts down on the
amount of error in our measurement. The enzymes that we have used thus far have been relatively
inexpencive so making up It is not required to be this way.

- There are some grammatical errors through the manuscript, so | would recommend copy editing.
Other mistakes through the text:

We have addressed these grammatical errors.

o Abstract, line 26 "rate of loss of enzyme activity" does not feel right to me. | would change with "loss
of enzyme activity over time".

o Page 3, line 170 "Both enzymes were run...". Enzymes are not run, so | guess the authors meant that
"both enzymatic reactions were run".

o Page 4, line 183 "peak height of the endothermic reaction": | think the authors meant "exothermic".
We did mean to say endothermic as lactose hydrolysis endothermic reaction.

o Page 7, line 330, | think that "Figure 4" is "Figure 5"

o Page 8§, line 335, | guess that "Figure 5" is "Figure 6".
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