
 

 

 University of Groningen

Ultralight Ultrafast Enzymes
Zhang, Xuepei; Meng, Zhaowei; Beusch, Christian M.; Gharibi, Hassan; Cheng, Qing; Lyu,
Hezheng; Di Stefano, Luciano; Wang, Jijing; Saei, Amir A.; Végvári, Ákos
Published in:
Angewandte Chemie - International Edition

DOI:
10.1002/anie.202316488

IMPORTANT NOTE: You are advised to consult the publisher's version (publisher's PDF) if you wish to cite from
it. Please check the document version below.

Document Version
Publisher's PDF, also known as Version of record

Publication date:
2024

Link to publication in University of Groningen/UMCG research database

Citation for published version (APA):
Zhang, X., Meng, Z., Beusch, C. M., Gharibi, H., Cheng, Q., Lyu, H., Di Stefano, L., Wang, J., Saei, A. A.,
Végvári, Á., Gaetani, M., & Zubarev, R. A. (2024). Ultralight Ultrafast Enzymes. Angewandte Chemie -
International Edition, 63(3), Article e202316488. https://doi.org/10.1002/anie.202316488

Copyright
Other than for strictly personal use, it is not permitted to download or to forward/distribute the text or part of it without the consent of the
author(s) and/or copyright holder(s), unless the work is under an open content license (like Creative Commons).

The publication may also be distributed here under the terms of Article 25fa of the Dutch Copyright Act, indicated by the “Taverne” license.
More information can be found on the University of Groningen website: https://www.rug.nl/library/open-access/self-archiving-pure/taverne-
amendment.

Take-down policy
If you believe that this document breaches copyright please contact us providing details, and we will remove access to the work immediately
and investigate your claim.

Downloaded from the University of Groningen/UMCG research database (Pure): http://www.rug.nl/research/portal. For technical reasons the
number of authors shown on this cover page is limited to 10 maximum.

Download date: 23-06-2024

https://doi.org/10.1002/anie.202316488
https://research.rug.nl/en/publications/64e66c63-58de-4dad-a9c0-bbe489bb5e62
https://doi.org/10.1002/anie.202316488


Enzymes

Ultralight Ultrafast Enzymes**
Xuepei Zhang, Zhaowei Meng, Christian M. Beusch+, Hassan Gharibi+, Qing Cheng,
Hezheng Lyu, Luciano Di Stefano, Jijing Wang, Amir A. Saei, Ákos Végvári,
Massimiliano Gaetani, and Roman A. Zubarev*

Abstract: Inorganic materials depleted of heavy stable
isotopes are known to deviate strongly in some phys-
icochemical properties from their isotopically natural
counterparts. Here we explored for the first time the
effect of simultaneous depletion of the heavy carbon,
hydrogen, oxygen and nitrogen isotopes on the bacte-
rium E. coli and the enzymes expressed in it. Bacteria
showed faster growth, with most proteins exhibiting
higher thermal stability, while for recombinant enzymes
expressed in depleted media, faster kinetics was discov-
ered. At room temperature, luciferase, thioredoxin and
dihydrofolate reductase and Pfu DNA polymerase
showed up to a 250% increase in activity compared to
the native counterparts, with an additional ~50%
increase at 10 °C. Diminished conformational and vibra-
tional entropy is hypothesized to be the cause of the
accelerated kinetics. Ultralight enzymes may find an
application where extreme reaction rates are required.

Introduction

The question to what extent the isotopic composition of
molecules plays a role in physical, chemical and biological

processes has interested scientists since the discovery of
stable isotopes by Aston in 1919. To answer this question
best, pure isotopes of different elements have been isolated
and studied. In solid state physics, it has been found that
near-monoisotopic materials possess strongly deviating
properties: e.g., silicon 28Si (99.87%) has a 60% higher
thermal conductivity at 80 K than silicon with natural (
�92% 28Si) isotopic composition.[1] Qualitatively similar
results have been obtained for monoisotopic diamond
(99.8% 12C)[2] and gallium arsenide. Strikingly, the thermal
conductivity of germanium enriched to 99.99% 70Ge in-
creased up to 8 times compared to the natural isotopic
composition, in which the share of 70Ge among the five
stable germanium isotopes is 21.2%.[3] Today, monoisotopic
28Si that is free of nuclear spins causing decoherence in a
quantum system emerges as a critical material in the
development of quantum information devices, such as
quantum computers.[3]

On the molecular level, monoisotopic species can exhibit
different kinetics of formation than their polyisotopic
counterparts. In the reaction of ozone O3 synthesis from
molecular oxygen O2 by electrical discharge, the isotope
effects alter the reaction rates by typically 10% to 20%
depending on the pressure and temperature of the gas in
which ozone is formed.[4] The strictly monoisotopic iso-
topomers 16O16O16O, 17O17O17O and 18O18O18O have been
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found to strongly deviate in formation kinetics from other
isotopomers, especially from the tri-isotopic 16O17O18O.[5]

In biological systems, each of the four most abundant
ele-ments (C, H, O and N) has more than one stable isotope,
the lighter one being the most abundant (e.g., the share of
12C is 98.9%). Microbes, plants and animals, including
mammals, can grow in an environment with significantly
altered ratios of stable isotopes compared to natural, but the
phenotype of the organisms can be significantly affected.[6]

Katz et al., prominent researchers of isotopic effects in
biology, concluded in 1960s that the “organisms of different
isotopic compositions are actually different organisms, to
the degree that their isotopic compositions are removed
from naturally occurring compositions”.[6d]

Among the studies in which the heavy isotopes have
been depleted, many reported effects relate to deuterium
depletion in water. A major deuterium-depleted water
(DDW) phenomenon is the depressed growth of cancer
cells,[7] which is currently being exploited in a clinical trial.[8]

Previously, while studying the antiproliferation effect of
DDW in human lung adenocarcinoma cells, we determined
that DDW induces mitochondrial redox imbalance that
leads to oxidative stress.[9] In general, deuterium concen-
tration between 80 ppm and 300 ppm (the natural value
being ~150 ppm) is found to be a cell growth regulator.[10]

It is the easiest to manipulate the isotopic composition of
bacteria and yeast, as some strains of these can grow on
minimal media composed of water, inorganic salts and a
simple organic compound (e.g., an amino acid, glucose or
carboxylic acid) as a source of carbon. Most studies deal
with enriched heavy isotopes, while simultaneous depletion
of several heavy stable isotopes in growth media have been
used for decades to produce near-monoisotopic bacterial
proteins for structural studies, e.g. with high-resolution mass
spectrometry.[11] Such proteins are lighter than the corre-
sponding isotopically normal molecules (the latter are often
designated as light molecules to differentiate them from
those labelled with heavy isotopes) and thus the former are
called ultralight herein. Unfortunately, in earlier literature
no information on the growth rate in isotopically depleted
media has been provided. As an exception, an enhanced
growth of E. coli bacteria upon a 3-fold depletion of 13C has
been reported in our earlier work.[12]

Having acquired considerable experience in measuring
the parameters of bacterial growth in various isotopic
environments,[12–13] we decided to investigate the effect of
the depleted media on the growth and phenotype of E. coli.
For this, we formulated a M9 minimum media based on 13C-
depleted glucose and 15N-depleted salt dissolved in D,18O-
depleted water (Depleted media). As a control, the growth
of E. coli in isotopically natural media (Normal media) was
monitored. Four different enzymes were recombinantly
produced in Depleted as well as Normal media, and their
activity was carefully measured. We report here on much
bigger effects than previously found for isotopic phenomena
in molecules as well as what could be expected for the
replacement by light isotopes of only ~1% of all atoms.

Results and Discussion

The growth of E. coli BL21

The values of lag time, maximum growth rate and maximum
density were used[21] for comparison of the E. coli growth in
Normal and Depleted media (Figure 1A). All three param-
eters indicated that the Depleted media was more beneficial
for bacterial growth, providing a significantly (all p-values !

10� 6, n=21) higher maximum density, faster growth rate as
well as a shorter lag time (Figure 1B).

LC–MS analysis of bacterial lysate showed that in most
proteins with MW <20 kDa the monoisotopic mass domi-
nates in the isotopic distribution of molecular ions (Fig-
ure 1C). Fourier Transform Isotopic Ratio Mass spectrome-
try (FT IsoR MS)[14] of the peptide digest obtained from E.
coli lysate that is based on the analysis of the “fine
structure” of fragment immonium ions of amino acid
residues proved deep depletion of 13C, significant depletion
of 15N as well as a moderate reduction in deuterium in
bacterial proteins (Figure 1D).

Dose dependence in Depleted media dilution

When the Depleted media was diluted by the Normal media
to below 80%, the maximum density of E. coli bacteria
started to deviate significantly from that in pure Depleted
media (Figure 1E), while maximum growth rate was affected
only at a dilution below 40% (Figure S1A).

To test the effect of individual isotope depletion, we
grew E. coli bacteria at the corresponding conditions,
performing two independent experiments with n=16 in
each (Figure S1B). While depletion of 13C gave on average
an 8% growth boost, depletion of 15N led to a 4% effect. On
the other hand, using water depleted of both deuterium and
18O gave a strong 18% growth enhancement. Simultaneous
depletion of all heavy isotopes resulted in a 29% boost,
which was close to the arithmetic sum of the individual
effects (+30%), and thus no collective effect of multiple
isotope depletion could be postulated.

Thermal stability of bacterial proteins

Thermal proteome profiling (TPP) is rapidly becoming a
standard proteome analysis method.[15] Briefly, the cellular
or bacterial lysate undergoes a 3 min incubation at a set of
fixed temperature points ranging, e.g., from 37 °C to 83 °C,
after which the denatured proteins that lost their solubility
are spun down and the concentration of each remaining
protein in the supernatant is measured by proteomics. The
resultant data are fitted with a sigmoidal curve (Figure 2A),
and the middle point provides the melting temperature Tm.
When two conditions are compared, the difference ~Tm is
considered, interpreted as change in either thermal stability
or solubility.

The distribution of E. coli ~Tm values (Figure 2B,
Supporting Information Table 1) reveals that more proteins
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increase than decrease their thermal stability (or solubility)
upon becoming ultralight. The median melting temperature
of such proteins was ~Tm=1.0�0.1 °C higher than that of
the proteins obtained in Normal media (Figure S2A). Path-
way analysis of proteins becoming more (and less) soluble
with temperature (Figure S2B–C) revealed that, e.g., trans-
lation-related proteins become less soluble with isotope
depletion, while rRNA processing proteins become more
soluble.

We also noticed that the melting curve of many Ultra-
light proteins shows steeper decline with temperature than
their isotopically natural counterparts. To test this observa-
tion, the melting curves were fitted with the equation:

y ¼ ðð1-PlÞ=ð1þ expððT-TmÞ=ðB*TÞÞÞÞ þ Pl (1)

where the term B is responsible for the slope steepness
(lower values mean steeper curve) and Pl is the high-
temperature plateau of the melting curve.[15–16] Of the 316

proteins found with significantly (p<0.05) altered slope, 239
Ultralight proteins (76%) had a steeper slope (Figure 2C,
Supporting Information Table 2), with the median slope
27% higher than that of their normal counterparts (Fig-
ure 2D).

Luciferase YY5

We expressed recombinantly luciferase YY5[17] in E. coli
grown in both Normal and Depleted media. In order to
ensure validity of the comparison, a single peak in size-
exclusion chromatography (SEC) containing activity-pos-
sessing molecules was isolated (Figure S3A). However, mass
spectrometry (MS) analysis showed that the peak contains
at least two proteins with different molecular weights.
Therefore, an additional purification step using strong cation
exchange (SCX) chromatography was implemented, which
gave two well-separated fractions, fracI and fracII (Fig-

Figure 1. E. coli growth in Normal and Depleted media. (A) The growth curves of E. coli BL21 grown in Normal and Depleted M9 media (n=21).
(B) The differences in maximum density (left), maximum growth rate (middle) and lag time (right) of E. coli grown in Normal and Depleted media
(n=21). (C) Mass spectrum of the 19+ molecular ion of E. coli Stringent Starvation Protein A (24.1 kDa) grown in the Normal (left) and Depleted
(right) media. The monoisotopic mass position is marked by square. (D) FT isoR MS analysis of 13C/12C (left), 15N/14N (middle), 2H/1H (right) in E.
coli grown in Normal and Depleted M9 media (n=3). (E) Dose-response effect of the Depleted media dilution by the Normal media on maximum
density of E. coli bacteria (n=8). The plots show mean � SEM of experiments. P values were calculated using two-tailed Student’s t-test.
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ure S2B). Both fractions, especially fracII, showed strong
luciferase activity, and MS analysis confirmed that fracII
contains only one molecular specie. Tandem MS analysis of
that fraction provided isotopic distribution of the y87

12+

backbone fragment (12-times protonated C-terminal frag-
ment containing 87 amino acid residues), with the mono-
isotopic mass dominant in the Ultralight protein (Fig-
ure 3A). Charge deconvolution gave the average isotopic
molecular mass (MW) of 61,728.9�0.3 Da of the Normal
luciferase in fracII, which was by 240.8�0.3 Da higher than
expected (Figure S3E). The difference was attributed to a
combination of biotinylation and methylation, which are
common post-translational modifications (PTMs) in re-
combinant proteins.[18] Bottom-up LC–MS/MS analysis of
fracII digested with trypsin confirmed methylation at Lys-
524 and biotinylation at Lys-329 (Figure S3I and J).

The Ultralight protein from fracII showed MW of
61,697.5�0.3 Da, or 7.6�0.4 Da higher than the expected
monoisotopic mass including biotinylation and methylation
(Figure S3E). Since in the normal sample, the theoretical
difference between MW and monoisotopic masses (isotopic
shift)[19] is 39.0 Da, the heavy isotopes in the Ultralight
luciferase were depleted on average by 81%:

Depletion ½%� ¼ ½MWNormal-MWUltralightÞ�=Isotopic shift

�100%
(2)

The activity of fraction fracII was measured for different
concentrations of the substrate D-luciferin at 200 ng/mL
enzyme concentration (Figure 3B). The fitted Michaelis–
Menten equation provided the Vmax and Km values. The
maximum reaction rate Vmax of the Ultralight luciferase
was found to be 2.5�0.2 higher than the normal one (p=

3×10� 7, n=4), while the Km value (Michaelis constant,
numerically equal to the substrate concentration at which
the reaction rate is half of Vmax) was not significantly
changed (Figure 3C). To test whether this result depended
upon the enzyme concentration, we repeated the measure-
ments at 40 ng/mL, with a similar outcome (Figure S3L).
The activity of the Ultralight luciferase YY5 started to
decline significantly when the Depleted media was diluted
by the Normal media to below 80% (Figure 3D), which was
a similar effect to that observed for E. coli growth
parameters (Figure 1E).

The fraction fracI turned out to be heterogeneous, with
the main component corresponding to a combination of
double biotinylation and methylation (Figure S3C and 3D).
This fraction showed an order of magnitude lower activity
than fracII (Figure S3F and 3G). It also demonstrated a
significant Ultralight/Normal ratio (termed here the accel-
eration factor) in maximum reaction rate (1.7�0.2, p=

2×10� 5), and a small reduction in Km (0.87�0.05, p=0.02)
(Figure S3H).

To test the refolding ability of the enzyme after thermal
unfolding, the fracII luciferase samples were incubated at

Figure 2. Thermal stability of bacterial proteins. (A) The melting curves of gltB in E. coli BL21 grown in Normal and Depleted media (n=3). (B)
Volcano plot of melting temperature differences of proteins in E. coli grown in Depleted versus Normal media (median values, n=3). The
horizontal line indicates the p value of 0.05 in two-tailed unpaired t-test. The proteins more stable in the Depleted media have positive ~Tm values
(red dots), while less stable proteins have negative ~Tm values (blue dots). (C) Volcano plot of slopes of the E. coli protein melting curves for
bacteria grown in Depleted and Normal media (medians, n=3). The horizontal line indicates the p value of 0.05 in two-tailed unpaired t-test. The
proteins from the Depleted media with steeper slopes have negative Log2 values (red dots), while those with more shallow slopes have positive
values (blue dots). (D) Comparison of median slopes of proteins in E. coli grown in Normal and Depleted media (n=3). The plots show mean �
SEM of experiments. P values were calculated using two-tailed Student’s t-test.
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50 °C for up to 100 min and then cooled down to RT. As
expected, the enzyme activity has dropped, but at all tested
time points, the Ultralight enzyme demonstrated a 1.6�0.1
times higher activity than the normal enzyme (Figure 3E).

Importantly, at lowering temperature below RT the accel-
eration factor for untreated fracII enzyme was increasing,
reaching 2.3�0.1 at 10 °C (Figure 3F). Nevertheless, thermal
profiling showed that the Ultralight fracII luciferase had a

Figure 3. Analysis of luciferase YY5 fracII by mass spectrometry and activity comparison of Ultralight and Normal enzyme. (A) Electrospray
ionization mass spectra of fracII of Normal and Ultralight luciferase YY5 with molecular ions in different charge states (73+ is marked) (left) and a
backbone fragment obtained by MS/MS of molecular ions; square denotes monoisotopic mass. (B) Activity curve of luciferase YY5 fracII. The
luminescence readings (n=4) were normalized to the total UV absorbance in SCX chromatography before being fitted with the Michaelis–Menten
equation. (C) Kinetic parameters Vmax (left) and Km (right) of the Normal and Ultralight luciferase YY5, fracII (n=4). (D) Dose-response effect of
the Depleted media dilution by the Normal media on activity of Luciferase YY5 (n=6). (E) The relative activity of the Ultralight luciferase YY5 fracII
compared to Normal enzyme after heating at 50 °C for different time intervals and cooling to RT (n=4). (F) The relative activity of the Ultralight
luciferase YY5 fracII compared to Normal enzyme at different temperatures (n=4). (G) Relative activity of luciferase YY5 fracII with individual
isotope depletion (n=12 in three independent experiments). The plots show mean � SEM of experiments. P values were calculated using two-
tailed Student’s t-test.
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lower Tm by (0.6�0.2) °C compared to the isotopically
normal enzyme (Figure S3K).

Activity assay of luciferase YY5 fracII obtained with
individual isotope depletion showed that 15N depletion led
to a 28% activity boost, while using (deuterium,18O)-
depleted water increased the activity by 32% on average
(Figure 3G). As expected, depletion of 13C gave a stronger
62% activity enhancement (13C is the main contributor to
isotopic distribution of proteins). Remarkably, simultaneous
depletion of all heavy isotopes resulted in a 151% boost,
some 29% higher than the arithmetic sum of the individual
isotope effects (+122%). This result may indicate the
presence of a collective phenomenon for acceleration factor
with isotopic depletion.

Melting curves showed that Ultralight luciferase YY5
fracII had a steeper slope and a significantly lower Tm
(� 0.64�0.2 °C, p=0.007, Figure S3K). Even at a 5 times
lower enzyme concentration compared to that used in
kinetic analysis, Ultralight luciferase YY5 fracII showed
similarly higher activity compared with the Normal enzyme
(Figure S3L).

Thioredoxin

Another tested enzyme was thioredoxin (Trx), an oxidation-
reduction active enzyme containing a cystine disulfide that is
reduced to the dithiol cysteine form by thioredoxin reduc-
tase (TrxR) with NADPH as a cofactor.[20] The reduced Trx
can oxidize again by reducing its substrate, such as insulin
that is composed of peptide chains A and B linked together
by two disulfide bonds. Consumption of NADPH in solution
results in the decrease of UV absorbance at 340 nm, which is
used for measuring Trx activity. Trx (Figure S4A–C) was
expressed recombinantly in E. coli grown in both Normal
and Depleted media, purified and quantified by SEC (Fig-
ure S4D), with the purity verified by MS (Figure 4A). As
expected, monoisotopic mass dominated in the isotopic
distribution of molecular ions in the Ultralight sample
(Figure S4E). The monoisotopic mass of the Ultralight
protein was 11,784.9�0.1 Da, which was by 1.9�0.1 Da
lower than expected. The difference was attributed to a
disulfide linkage between two cysteine residues, which is a
frequent post-translational modification in recombinant
proteins.[21] The depletion of Ultralight Trx was determined
to be 65%.

The activity of thioredoxin was measured in the presence
of 200 μM NADPH. The decrease in 340 nm UV absorbance
for the reaction catalyzed by Ultralight thioredoxin was
significantly faster compared with the Normal enzyme (Fig-
ure 4B), which was reflected in a steeper decreasing curve
for Ultralight thioredoxin. The kinetic curve of thioredoxin
was measured for different concentrations of the substrate
NADPH (Figure 4C) by fitting the Michaelis–Menten equa-
tion (Figure 4D). The maximum reaction rate of the Ultra-
light thioredoxin was found to be (17�1)% higher than the
Normal one (p=0.002, n=3), while the Km value was not
significantly altered.

The activity of enzyme was also measured at different
temperatures in the range 15–40 °C. As expected, the
enzyme activity dropped at lower temperature, but the
Ultralight/Normal activity ratio increased to 2.0�0.3 at
15 °C (Figure 4E).

Dihydrofolate reductase

Dihydrofolate Reductase (DHFR) is a ubiquitous enzyme
that is present in all eukaryotic and prokaryotic cells. DHFR
catalyzes the transfer of a hydride from NADPH to
dihydrofolate with an accompanying protonation to produce
tetrahydrofolate, during which NADPH is oxidized to
NADP+. By monitoring the decrease in absorbance at
340 nm, a NADPH-specific wavelength, the ability of
DHFR to catalyze the oxidation of NADPH can be
measured.[22]

DHFR from Geobacillus stearothermophilus (BsDHFR,
Figure S5A and 5B) was expressed recombinantly in E. coli
grown in both Normal and Depleted media, purified and
quantified by SEC (Figure S5C), with the purity verified by
MS (Figure 5A). Monoisotopic mass dominates in the
isotopic distribution of molecular ions in the Ultralight
sample, while charge and isotope deconvolution of the
Normal BsDHFR mass spectrum provided the average MW
of 33820.4�0.2, which was only 0.2 Da lower than expected
and within the experimental error. The average mass of the
Ultralight protein revealed the isotopic shift of only 5.0�
0.2 Da (Figure S5D), consistent with the depletion degree of
76%.

The activity of BsDHFR was measured in the presence
of 200 μM DHF and 200 μM NADPH. The decrease in
340 nm UV absorbance for the reaction catalyzed by Ultra-
light BsDHFR was significantly faster compared with the
Normal enzyme (Figure 5B). The activity of BsDHFR was
measured for different concentrations (0–200 μM) of
NADPH by fitting the Michaelis–Menten equation (Fig-
ure 5C), which revealed a (77�6)% acceleration factor for
the maximum reaction rate (p=10� 8, n=8), while the Km
value was again not significantly changed.

Similar to other tested enzymes, the activity of BsDHFR
measured in the range 10–30 °C dropped at lower temper-
ature, but the Ultralight/Normal activity ratio increased,
reaching 2.1�0.2 at 10 °C (Figure 5E).

Methotrexate (MTX) is a well-known inhibitor of
DHFR activity.[23] In TPP experiments, the melting temper-
ature of DHFR-MTX complex is significantly increased
compared to DHFR. To probe the ~Tm difference for
Normal and Ultralight DHFR, we mixed these two enzymes
at a 1 :1 ratio with and without added equimolar amounts of
MTX. After 3 min incubation, the samples were ultra-
centrifuged and the supernatant underwent trypsin digestion
followed by FT IsoR MS analysis. Depletion of heavy C and
N isotopes was found in DHFR incubated with MTX
compared (Figure S4E), indicating higher Tm of the com-
plex of Ultralight DHFR with MTX compared to the
isotopically normal complex.
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Pfu DNA polymerase

Polymerase chain reaction (PCR) proved to be one of the
biggest revolutions in molecular biology. Due to its
extremely high sensitivity and dynamic range, the potential
for high throughout as well as semi-quantitative nature,
PCR is now widely used in research, clinical diagnostics,
etc.[24] For example, viral nucleic acid detection by real time
(RT)–PCR remains the gold standard of current diagnostic
tests for the SARS-CoV-2 infection.[25] Although PCR is a
mature technology, research is still ongoing to obtain more
efficient and DNA polymerase less prone to sequence
errors.[26] Pfu DNA polymerase[27] is a high-fidelity, thermo-
stable enzyme isolated from Pyrococcus furiosus. In this
study, Pfu DNA polymerase was expressed recombinantly in
E. coli grown in both Normal and Depleted media, purified

and quantified by SEC (Figure S6A), with the purity verified
by MS (Figure 6A). In the Ultralight sample, monoisotopic
mass dominates in the isotopic distribution of b99

20+ ions
(20-times protonated dehydrated N-terminal fragment with
99 amino acid residues), which confirms strong depletion of
heavy isotopes (Figure 6A). Charge deconvolution of the
Normal Pfu DNA polymerase yielded the average MS of
100,194.3�0.6, which was by 43.4�0.6 Da higher than
expected (Figure S6B). The difference was attributed to
acetylation in combination with deamidation, which both
are common PTMs in recombinant proteins.[18] The bottom-
up LC–MS/MS analysis assigned the acetylation at His-21
and deamidation at Asn-757 (Figure S6C and 6D). Taking
the mass shift into account, the Ultralight sample gave the
isotopic shift of 12.1�0.6 Da (Figure S6B), which corre-
sponds to the depletion degree of 81%.

Figure 4. Analysis of Trx by mass spectrometry and activity comparison of Normal and Ultralight enzyme. (A) Electrospray ionization mass
spectrum of the SEC-purified Normal (top) and Ultralight (bottom) thioredoxin. The dots indicate the thioredoxin dimer, squares - the
monoisotopic masses (left). Isotopic distribution of the molecular ion in charge state 14+ (right). (B) Activity comparison of Normal and Ultralight
thioredoxin (n=3). (C) Kinetic curves of the Normal and Ultralight thioredoxin (n=3). (D) The kinetic parameters Vmax (left) and Km (right) of
the Normal and Ultralight thioredoxin (n=3). (E) The relative activity of the Ultralight thioredoxin compared to Normal enzyme at different
temperatures (n=4). The plots show mean � SEM of experiments. P values were calculated using two-tailed Student’s t-test.
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Human glyceraldehyde-3-phosphate dehydrogenase
(GAPDH), one the most used reference genes in RT-PCR
assays,[28] was selected as the targeted gene for activity assay.
RNAs extracted from human non-small lung cancer cell line
A549 cells was reverse transcribed to cDNAs which were
used as templates for RT-PCR. With the concentration of
input cDNAs 2 ng per 20 μL reaction it was found that RT-
PCR catalyzed by Ultralight Pfu DNA polymerase was
significantly faster compared to Normal enzyme (Figure 6B).
The cycle threshold (Ct) value for RT-PCR (the number of
cycles required for the fluorescent signal to cross the
threshold) was 11.1�0.3 cycles with Ultralight Pfu, while
with Normal Pfu DNA polymerase it was 13.6�0.4 cycles
(Figure 6D), consistent with faster kinetics of the Ultralight
enzyme. A qualitatively similar result was obtained at a
lower concentration of cDNA (0.2 ng/20 μL reaction, Fig-
ure 6C), with Ct values 14.4�0.4 cycles for Ultralight Pfu

DNA polymerase and 17.1�0.3 cycles for the Normal
enzyme (Figure 6E). The efficiency of PCR (the fraction of
target molecules that are copied in one PCR cycle) with the
Ultralight enzyme was significantly higher, (97.7�0.8)%,
compared to the Normal enzyme, (92.8�2)% (Figure 6F).
Moreover, the amount of final product in the reaction with
the Ultralight enzyme was higher than with the Normal
enzyme (Figure S6E), which additionally supported the
higher efficiency of Ultralight Pfu DNA polymerase.

The activity of the Pfu DNA polymerase at different
extension temperatures in the range 60–72 °C was studied by
detection of the fluorescence intensity of SYBR green I
which presented the amount of double-stranded DNA
(dsDNA) produced in PCR. As expected, the enzyme
activity dropped at lower temperature (Figure S6E), but the
acceleration factor increased, with a (54�5)% higher
activity for Ultralight enzyme at 60 °C (Figure 6G).

Figure 5. Analysis of BsDHFR by mass spectrometry and activity comparison of Normal and Ultralight enzyme. (A) Electrospray ionization mass
spectra of Normal and Ultralight BsDHFR in different charge states (45+ is marked) (left) and the isotopic distribution of the y37

5+ backbone
fragment obtained by MS/MS of molecular ions; square - the monoisotopic mass. (B) Activity comparison of Normal and Ultralight BsDHFR
(n=8). (C) Kinetic curves of the Normal and Ultralight BsDHFR (n=8). (D) The kinetic parameters Vmax (left) and Km (right) of the Normal and
Ultralight BsDHFR (n=8). (E) The relative activity of the Ultralight BsDHFR compared to Normal enzyme at different temperatures (n=3). The
plots show mean � SEM of experiments. P values were calculated using two-tailed Student’s t-test.
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The most important finding of this work is that at least
some enzymes expressed in E. coli grown in the Depleted
media show significantly faster kinetics than the identical
enzymes produced in the Normal media. This finding is
further supported by the faster E. coli growth in the
Depleted media, which necessitates faster (on average)
enzymatic activity in the growing organism. The size of the
heavy isotope depletion effect is large (�2.5-fold for
luciferase and at least 50% for other enzymes) at normal
temperature, with the effect increasing with cooling. It
should be noted that the isotope depletion, however large in
relative terms (>5-fold), is miniscule in terms of the
removed atoms, as the natural abundance of the most
abundant depleted isotope, 13C, is only 1.1%. Since only a
13% reduction in the reaction speed of the DHFR enzyme
with >90% substituted heavy isotopes of 13C, 15N and 2H at

40 °C[22] and a 40% reduction at 5 °C[22] were observed, the
heuristic expectation of the kinetics enhancement in strictly
monoisotopic enzymes is <1%. Thus the kinetics acceler-
ation by up to 250% in Ultralight proteins cannot be
accounted by the conventional kinetic isotope effect. The
low p-values obtained (p=3×10� 7 for luciferase and p<10� 11

for the combined results of four enzymes) greatly exceed the
five-sigma requirement for new discovery accepted in
Physics, not to mention the proposed p<0.005 threshold for
discoveries in Life Sciences.[29] The majority of the Ultralight
enzymes are more thermally stable than Normal enzymes
(interestingly, the stability of 13C-depleted diamond against
193 nm UV irradiation has also increased[2]), and the
superior kinetics of the Ultralight enzymes is preserved even
at higher temperatures.

Figure 6. Analysis of Pfu DNA polymerase by mass spectrometry and activity comparison of Normal and Ultralight enzyme. (A) Electrospray
ionization mass spectra from SEC of Normal and Ultralight Pfu DNA polymerase in different charge states (137+ is marked) (left) and the isotopic
distribution of the b99

20+ backbone fragment obtained by MS/MS of molecular ions; square - the monoisotopic mass. (B), (C), Comparisons of the
RT PCR analyses with 2 ng and 0.2 ng template cDNA catalyzed by Normal or Ultralight Pfu DNA polymerase (n=6). (D), (E), Comparisons of the
corresponding Ct values. (F), Efficiency of PCR with Normal and Ultralight Pfu DNA polymerase (n=6). (G), The relative activity of the Ultralight
Pfu DNA polymerase compared to Normal enzyme at different temperatures (n=3). The plots show mean � SEM of experiments. P values were
calculated using two-tailed Student’s t-test.
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Mechanistic hypothesis and its testing

As enzymes increase the rates of chemical reaction by up to
10 orders of magnitude compared to uncatalyzed reaction,
the acceleration factor of 2–3 observed in the current study
may be accounted by minute changes in the active
conformation of the enzyme and/or its dynamics. The most
plausible hypothesis for the enzyme kinetics acceleration
due to isotope depletion seems to be the reduction in
conformational and vibrational entropy. Indeed, there are
several well-documented cases where the activation free
energy decreased due to enzyme’s entropic effects by
around 10 kcal/mol.[30] The presence of heavy isotopes
contributes significantly to the overall protein entropy, with
the monoisotopic molecules having the lowest entropy.[31] A
single 13C atom in a protein molecule containing 10,000
carbon atoms (as in a �70 kDa enzyme) will have 10,000
different places to reside in, which immediately results in
10,000 distinct isotopomers. At a 1.1% abundance, there
will be on average 110 13C atoms in such a molecule, giving a
very large number of isotopologues[30] differing from each
other by the number of 13C atoms. With 2H, 15N, 17O and 18O
isotopes present, each protein isotopologue will have an
astronomical number of isotopomers.[32] The electronic
structures and the bond strengths of heavy isotopes are
slightly different from those of the most abundant light
isotopes, which results in a slight distortion of the Ram-

achandran angles in each isotopologue compared to the
monoisotopic molecule. As each protein isotopomer has a
spectrum of vibrational frequencies distinctly different from
other isotopomers,[33] vibrational entropy of a poly-isotopic
protein could greatly exceed that of the corresponding
monoisotopic molecule or of an Ultralight protein with
much fewer heavy isotopes than natural molecule.

Lower vibrational entropy is found to account for the
stability of short alpha-helices[34] and to contribute signifi-
cantly to the stability of globular proteins.[35] Vibrations
proximal to the active site are known to play a significant
role in the enzymatic activity, with heavy isotopes perturbing
the bond vibrations and usually reducing the enzymatic
rate.[36] The lower intrinsic entropy due to the isotope
depletion can also affect the rates of the protein thermal
unfolding and refolding.[37] Furthermore, enzymes such as
lactate dehydrogenase, hexokinase, thymidine phosphory-
lase and purine nucleoside phosphorylase showed surpris-
ingly high isotope effects in binding reactants into catalytic
sites.[38] Thus it the ultralight enzymes may be expected to
exhibit significantly altered kinetic parameters than the
same enzymes with natural isotopic distribution.

One evidence of the entropy difference between the
Ultralight and Normal enzymes is the experimentally
observed higher melting temperature of ultralight proteins
and their steeper melting curves. A change in entropy can
move the melting temperature up or down depending upon

Figure 7. Comparison of deuterium uptake in Ultralight vs Normal Pfu DNA polymerase and luciferase YY5 after 10 min of deuteriation. A, B, Third
order polynomial fitting of relative deuterium uptake in Ultralight vs Normal Pfu DNA polymerase (n=3) (A) and in luciferase YY5 frac II (n=3)
(B). The peptides with significant difference (p<0.1) in Normal vs Ultralight enzymes were used for this analysis. C, Comparison of deuterium
uptake in Ultralight luciferase YY5 frac II compared with Normal enzyme. D, Deuterium uptake in Normal luciferase YY5 frac II.
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the competition between enthalpy and entropy in thermal
transition.[39] Also, as the kinetic entropy effects increase
with temperature for both Ultralight and Normal enzymes,
at higher temperatures the kinetics of both types should
converge, and at lower temperatures diverge, in agreement
with increasing acceleration factor for Ultralight enzymes at
low temperature.

To provide additional experimental support to our
hypothesis, we performed hydrogen-deuterium exchange
mass spectrometry (HDX MS) analysis of both isotopically
depleted and isotopically normal Pfu DNA polymerase. The
amide protons from the sites with largest stabilities are the
ones most protected from exchange with solvent deuterium,
and in such sites the exchange occurs only when the protein
molecule acquires a higher-energy conformation via fluctua-
tion in the native state.[40] Therefore, proteins with lower
conformation entropy that rarely access such higher-energy
conformations should exhibit slower exchange rates in most
protected sites and overall. On the other hand, the least
protected sites in low-entropy molecules should exhibit
elevated exchange rates as deviations from native conforma-
tion due to fluctuations can only slow down the exchange
rate that is already close to a maximum limit. Our
observations on Pfu DNA polymerase agreed with these
predictions. While after 24 h in D2O the average numbers of
the protons exchanged to deuterons in 105 pepsin-produced
peptides were similar (3.5 and 3.4 in isotopically depleted
and normal molecules, respectively, p=0.63), after a shorter
10 min incubation the isotopically depleted peptides con-
tained on average only 1.0 deuterons versus 1.6 deuterons
for the isotopically normal Pfu DNA polymerase (p<10� 4,
Figure S7, Supporting Information Table 3). The tendency
of the sites that exchange slowly in isotopically normal
enzyme to exchange even slower in the isotopically depleted
molecule and the reverse tendency for the faster exchanging
sites was confirmed through the observation of a sigmoidal
curve on the corresponding plot (Figure 7A). HDX MS
analysis of luciferase YY5 fracII produced qualitatively
similar observations (Figure 7B–D, Supporting Information
Table 4).

Conclusion

Here we found that isotopically depleted enzymes exhibit
significantly faster kinetics than the isotopically normal
proteins, with the acceleration factor increasing at lower
temperature. A body of observations is in agreement with
the lower conformational and vibrational entropy of ultra-
light enzymes being responsible for the majority of the
kinetic acceleration effect. Applications demanding fastest
possible reaction rates may benefit from the use of ultralight
enzymes.
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