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ABSTRACT: Chlorophyll (Chl) is one of Nature’s most complex
pigments to biosynthesize and derivatize. This pigment is vital for
survival and also paradoxically toxic if overproduced or released from
a protective protein scaffold. Therefore, along with the mass
production of Chl, organisms also invest in mechanisms to control
its degradation and recycling. One important enzyme that is involved
in these latter processes is chlorophyllase. This enzyme is employed
by numerous photosynthetic organisms to hydrolyze the phytol tail of
Chl. Although traditionally thought to catalyze the first step of Chl
degradation, recent work suggests that chlorophyllase is instead
employed during times of abiotic stress or conditions that produce
reactive oxygen species. However, the molecular details regarding
how chlorophyllases are regulated to function under such conditions
remain enigmatic. Here, we investigate the Arabidopsis thaliana chlorophyllase isoform AtCLH2 using site-directed mutagenesis,
mass spectrometry, dynamic light scattering, size-exclusion multiangle light scattering, and both steady-state enzyme kinetic and
thermal stability measurements. Through these experiments, we show that AtCLH2 exists as a monomer in solution and contains
two disulfide bonds. One disulfide bond putatively maps to the active site, whereas the other links two N-terminal Cys residues
together. These disulfide bonds are cleaved by chemical or chemical and protein-based reductants, respectively, and are integral to
maintaining the activity, stability, and substrate scope of the enzyme. This work suggests that Cys residue oxidation in
chlorophyllases is an emerging regulatory strategy for controlling the hydrolysis of Chl pigments.
KEYWORDS: chlorophyll, photosynthesis, photosynthetic pigment, lipase, enzyme catalysis, hydrolase, enzyme kinetics

■ INTRODUCTION
Estimates suggest that 108 to 1012 tons of light-absorbing
chlorophyll (Chl) pigments are produced every year by an
assortment of organisms to support photosynthesis.1,2 In this
essential biological process, Chl pigments are employed to
capture light energy from the sun, which is used to fuel
formation of O2 and chemical energy.

1 The value of Chl to
photosynthetic organisms, however, comes with challenges. The
same properties that render Chl well suited to absorb light
energy also have the potential to adversely impact the health of a
photosynthetic organism.3,4 For example, singlet oxygen (1O2)
can be produced via reaction of an excited triplet state Chl
pigment with O2, and superoxide (O2

•−) can be generated by
transfer of a leaked electron from the photosynthetic electron
transport chain to O2.

5,6 These O2-derived molecules, together
with peroxide (O2

2−), hydroxyl radicals (OH•), and hydrogen
peroxide (H2O2), are known as reactive oxygen species (ROS).
ROS have the ability to oxidatively damage photosynthetic

complexes and the plethora of biomolecules found in the cell.5−7

Therefore, photosynthetic organisms must balance the biosyn-
thesis and degradation of Chl to avoid dangerous levels of
pigment production, and must also embrace mechanisms to
degrade Chl if aberrantly released from a protective protein
home due to environmental stress, disease, or herbivory.3,4

Beneficially, additional mechanisms also exist to mitigate the
potential phototoxic effects of Chl.8−10 Such defense mecha-
nisms involve a host of chemical and protein-based antioxidants,
as well as thioredoxin proteins to resolve the ROS-induced
disulfide bonds that can be formed in proteins.7−10 ROS are also
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well-known signaling molecules that are propagated to facilitate
acclimation of photosynthetic organisms to abiotic stress.7

Integral to the degradation of Chl a is the liberation of the
hydrophobic tail from the macrocyclic chlorin scaffold to
produce chlorophyllide (Chlide) a. This reaction is routinely
suggested to be catalyzed by an α/β hydrolase enzyme known as
chlorophyllase (Figures 1 and S1).3,4,11 However, recent reports
show that the A. thaliana chlorophyllase isoforms, CLH1
(AtCLH1) and CLH2 (AtCLH2), are not required for Chl
degradation during senescence and are not localized to the
chloroplast, an organelle typically considered to house key
enzymes from the degradative Chl pathway.3,12,13 Consistent
with these observations and the notion that the A. thaliana
proteins play a different role in Chl metabolism, several studies
have implicated chlorophyllases in the biotic and abiotic stress
response.3,14−17 In particular, the gene encoding AtCLH1 is
known to be induced under conditions that simulate the effects
of wounding or pathogen infection.3,14,15,17 Additionally, the
hydrolysis activity of Triticum aestivum chlorophyllase (Ta-
chlorophyllase) has been demonstrated to rely on the presence
of disulfide bonds in vitro.14 More specifically, it has been shown
that Tachlorophyllase, which is 47% identical in sequence to
AtCLH1, adopts anα/β hydrolase fold, contains a divalent metal
ion binding site, and contains both intramolecular and
intermolecular disulfide bonds (Figure 1).14 Whereas the
metal ion does not appear to have an appreciable effect on the
activity ofTachlorophyllase, the disulfide bonds impact both the
activity and stability of the enzyme. These covalent linkages thus
provide a direct mechanism to sense varying environmental
stressors that form ROS.14

Despite the importance of disulfide bonds to the chemistry of
Tachlorophyllase, bioinformatic analyses revealed that outside
of the grass family, the Cys residues that make up the disulfide
bonds are not universally conserved among annotated

chlorophyllases14 (Figure 1). Rather, there are an abundance
of chlorophyllase protein homologues that contain alternative
Cys-rich motifs14 (Figure 1). Due to the importance of these
residues to the function of Tachlorophyllase, it is possible that
these differences correlate with contrasting levels of activity or
divergent roles in Chl metabolism. Indeed, two chlorophyllase
homologues from S. lycopersicum, contain only four-to-five of the
seven T. aestivum Cys residues and have been suggested to
additionally participate in the degradation of pheophytin a
(Phein a) in vivo.18 Likewise, chlorophyllase homologues from
C. sinensis and B. oleracea, which contain just four of the
Tachlorophyllase Cys residues, are thought to be involved in Chl
dephytylation during fruit ripening and postharvest senescence,
respectively.18−21 AtCLH1 and AtCLH2 proteins similarly each
contain just the equivalent of four of the disulfide-bond forming
T. aestivum Cys residues. However, as described above, despite
this divergent Cys architecture, available data for AtCLH1
appears to support its role in the A. thaliana stress
response.3,15−17 The function of AtCLH2, on the other hand,
remains more mysterious.3,15−17 To date, AtCLH2 has been
shown to be phylogenetically separated from AtCLH1,13

transcriptionally induced in a light-dependent manner in
young plant leaves,22 and a less prominent player, relative to
AtCLH1, in Chl dephytylation in vivo.12 Nevertheless, other
studies have revealed that disruption of the AtCLH2 encoding
gene results in a lower cellular population of Chlide relative to
Chl.23 Based on the noted importance of chlorophyllases to crop
growth, produce lifetime, and the growth of photosynthetic
organisms,3,4,24,25 it is paramount to identify how different
sequence fingerprints contribute to different noted function-
alities.
In this work, we use site-directed mutagenesis, steady-state

enzyme kinetic experiments, intact mass spectrometry, dynamic
light scattering (DLS), size-exclusion multiangle light scattering

Figure 1. Chlorophyllases catalyze the transformation of chlorophyll (Chl) a into chlorophyllide (Chlide) a and show variability in the identity of
catalytically important Cys residues. (A) A subnetwork of the previously calculated plant sequence similarity network reveals separation of
chlorophyllases into groups.14 Here, the abbreviations At, Bo, Sl, and Cs correspond to A. thaliana, Brassica oleracea, Solanum lycopersicum, and Citrus
sinensis, respectively. These proteins do not contain the same seven Cys residues as the previously investigatedT. aestivum (Ta) chlorophyllase protein.
Therefore, these proteins may lack some of the previously observed Tachlorophyllase disulfide bonds. (B) Tachlorophyllase contains seven Cys
residues.14 Five of these Cys residues are used to form an active site disulfide bond (Cys220 and Cys264), an intramolecular disulfide (Cys234 and
Cys238), and an intermolecular disulfide bond (Cys270). These Cys residues are highlighted in gold, cyan and gray, respectively. Two additional Cys
residues found in the primary sequence are indicated in blue. Despite the importance of these disulfide bonds to the activity and stability of dimeric
Tachlorophyllase, this Cys residue architecture is not universally conserved. Therefore, in this work, a plethora of biochemical experiments were
performed to understand how the divergent Cys architecture of A. thalianaCLH2 (AtCLH2) impacts catalytic function. AtCLH2 lacks the equivalent
of the Cys residue needed to complete one of the intramolecular disulfide bonds (Cys238) of Tachlorophyllase and also lacks the Cys residue that
forms the intermolecular disulfide bond of Tachlorophyllase (Cys270). For AtCLH2, the Cys residues that align with Cys220 (gold), Cys264 (gold),
andCys234 (cyan) ofTachlorophyllase are highlighted. Four additional Cys residues found in the primary sequence are highlighted in purple. (C) The
disulfide rich dimer of Tachlorophyllase14 is the active form that catalyzes formation of Chlide a. The active site is also shown in Figure S1.
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(SEC-MALS), and thermal stability measurements to identify
how the alternate Cys architecture of AtCLH2 affects its activity
and stability in vitro. Through these experiments, we show that
AtCLH2 exhibits a different oligomeric state than the
Tachlorophyllase homologue and contains two disulfide
bonds. This protein shows lower hydrolysis activity and is less
thermal stable in vitro. Additionally, this work reveals that the
disulfide bonds and the activity of AtCLH2 are sensitive to both
small molecule- and protein-based reductants. Therefore, this
work contributes to an emerging trend by which α/β hydrolase
proteins can be modulated by changes in the primary and
quaternary structures and via post-translational modification of
Cys residues. Furthermore, it highlights that post-translational
modification remains an important regulatory mechanism that
governs catalysis in chlorophyllases and emphasizes the
importance of studying the sequence-structure−function
relationships in this enzyme class.

■ RESULTS

AtCLH2 Exists as a Monomer in Solution

To examine the activity of AtCLH2 in vitro, a codon optimized
gene encoding C-terminally His-tagged AtCLH2 was synthe-
sized and used for overexpression in Escherichia coli. AtCLH2
was thereafter purified using a two-step series of affinity and size

exclusion chromatography columns (Figure S2). Based on the
latter size-based purification step, it was estimated that purified
AtCLH2 behaves as a monomeric species in solution. This
finding is different from the dimeric state observed for
Tachlorophyllase in crystallo and using gel filtration purifica-
tion14 (Figure S2B).
To further probe the apparent difference in the oligomeric

states of AtCLH2 and Tachlorophyllase in solution, DLS and in-
line SEC-MALS experiments were conducted (Figure S3).
These experiments revealed that Tachlorophyllase (69 kDa), as
predicted based on gel filtration and X-ray crystallography
experiments,14 exists predominantly as a dimer in solution with a
hydrodynamic radius (Rh) of 47 Å (Tables S1, S2 and Figure
S3A,B). Further screening of protein concentrations in the range
of 5−250 μM by DLS demonstrated a consistent Rh value
(Figure S3D and Table S3). This value is larger than the
calculated Rh (32.6 Å) for the previously published X-ray crystal
structure of the dimeric enzyme.14,26 Interestingly, the SEC-
MALS experiments with AtCLH2 reveal the presence of three
species (Figure 2A and Table 1). The two major species, which
account for more than 90% of the total protein population, have
molar masses that are most consistent with an AtCLH2
monomer (36 kDa, Figure 2A and Table 1). A third species is
also present in the analyzed sample, but it accounts for
approximately only 6% of the total protein population, and

Figure 2. AtCLH2 behaves as a monomeric protein in solution. (A) As evidenced by size-exclusion multiangle light scattering (SEC-MALS), AtCLH2
exists predominantly as amonomeric species in solution. Themolecular weight is denoted here by dark lines whereas light scattering is indicated by fine
lines. All three replicates are included in this panel. As detailed in Table 1, peak 1 corresponds to an aggregated protein fraction (approximately 6% of
the total protein population) and peaks 2 and 3 correspond to monomeric AtCLH2 species (approximately 94% of the total protein population). (B)
AtCLH2 shows differences in the identity of residues found at the dimeric interface in Tachlorophyllase. The dimeric interface residues highlighted in
this panel were identified using the ePISA server.27 These residues are highlighted in light gray in the sequence alignment. The residues in bold blue
font ligate the divalent metal ion ofTachlorophyllase. The residues shown in bold black font form electrostatic interactions at the interface. Cys270 is in
red and forms the intermolecular disulfide bond of Tachlorophyllase. (C) The side chains of residues from the monomeric units that form interactions
with residues on the adjacent monomer, or ligate the metal ion (teal sphere) are shown as sticks (see bold residues in panel B). Pink and blue
highlighted residues correspond to those from panel B that were identified using the ePISA server27 in the left and right monomeric units of
Tachlorophyllase (PDB: 8FJD14), respectively. Residues that are not conserved in AtCLH2 are highlighted in green. Only a portion of the full
sequence alignment from Figure S4 is shown in this figure.
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corresponds to an aggregated protein fraction (Figure 2A and
Table 1). DLS experimental data for this protein reveals a
smaller Rh value of 40 Å (Figure S3C and Table S1). Again, this
value is similar, albeit larger than the calculated Rh (24.9 Å) for a
single protomer of the dimeric Tachlorophyllase structure.14,26

Perhaps related to these differences in oligomeric state, a Protein
Interfaces, Surface and Assemblies (PISA) analysis27 and
sequence alignment reveal that AtCLH2 has the equivalent of
only a number of the 25 dimeric interface residues found in
Tachlorophyllase (Figure 2B,C). More precisely, through this
analysis, it was determined that AtCLH2 lacks an equivalent of
the Tachlorophyllase residues that form a covalent linkage
(Cys270), coordinate a divalent metal ion (His76), and engage
in electrostatic interactions at the dimeric interface (Glu79 and
His80, Figure 2B,C). To probe the importance of these residues
to oligomeric state, three variants of Tachlorophyllase were
produced (Table S4 and Figure S4). From this series, it was
determined that a triple Tachlorophyllase variant in which
His76, Glu79, and Cys270 are mutated into Ser residues, still
exists, based on DLS and SEC-MALS experiments, as a dimeric
species in solution (Tables S5, S6 and Figures S5, S6).
Additional variants that contain either five (H76S/E79S/
H80Q/R83L/C270S) or six (H76S/E79S/H80Q/R83L/
C270S/G272R) mutations at the interface also have Rh values
reminiscent of the dimeric enzyme (Table S7 and Figures S7−
S10). These experiments reveal that only focusing on these
highlighted residues is not sufficient to convert Tachlorophyl-
lase into a monomeric species that resembles AtCLH2.
AtCLH2 Contains Two Disulfide Bonds
As evident from a sequence alignment and AlphaFold29,30

model, only four of the seven Tachlorophyllase Cys residues
(Cys220, Cys234, Cys262, and Cys264) appear to be conserved
in AtCLH2 (Figures 1 and S4). These four Cys residues
correspond to Cys216, Cys230, Cys262, and Cys264 in
AtCLH2, and accompany two N-terminal Cys residues
(Cys28 and Cys29), as well as a seventh Cys residue
(Cys303) that is located in the C-terminal region of the primary
sequence (Figure S4B,C). This analysis suggests that AtCLH2
likely contains only the equivalent of theTachlorophyllase active
site disulfide bond. To confirm this alternate disulfide bond
architecture, an investigation into the disulfide bond character of
AtCLH2 was undertaken using wild-type AtCLH2 and a series
of variants (C28S, C29S, C216S, C230S, C262A, C262S,
C264S, C303S, C216S/C262S, and C216S/C264S, Table S4

and Figure S11). These variants were created using site-directed
mutagenesis and were subsequently expressed and purified using
the samemethods described for the wild-type enzyme (Table S4
and Figure S11).
Using the wild-type protein and the purified library of

AtCLH2 variants, a series of mass spectrometry experiments
were employed to assess the protein samples following
treatment with reducing (dithiothreitol (DTT)), oxidizing
(H2O2), and thiol-labeling agents (iodoacetamide (IAA)). As
a baseline for these experiments, it was first determined that the
as-purified, wild-type sample of AtCLH2 is four protons short of
its calculated mass (Figure 3A). This mass is not altered by the
addition of H2O2 to the protein sample but is increased by four
protons in the presence of DTT (Figure 3A). These findings are
consistent with the presence of two disulfide bonds in the wild-
type protein. In agreement, wild-type AtCLH2 incorporates two
to three molecules of IAA per monomer, indicating the presence
of just two to three free Cys residues (Figure S12).
Using the same set of mass spectrometry experiments, it was

next explored whether one of the identified disulfide bonds in
the wild-type enzyme involves the equivalent of the active-site
disulfide bond forming Cys residues (Cys216 and Cys264) in
Tachlorophyllase. In this endeavor, it was determined that a
C264S AtCLH2 variant is two protons short of the calculated
mass (Figure 3B). This mass is increased by the addition of DTT
and is decreased by just one proton in the presence of H2O2
(Figure 3B). These results, along with IAA labeling experiments,
suggest that there is one disulfide bond, rather than two, present
in the C264S protein (Figures 3B and S13A). These results also
signify that Cys264 is involved in a wild-type AtCLH2 disulfide
bond (Figure 3B). Analysis of the C216S and C216S/C264S
variant data is less straightforward (Figure 3C). As-purified,
these variants lack a disulfide bond and incorporate high levels of
IAA (Figures 3C and S13B,C). Furthermore, unlike that
observed with the wild-type and C264S variant, treatment of
these samples with H2O2 leads to the formation of oxidatively
modified protein samples (Figure 3C). These results, reminis-
cent of that observed in Tachlorophyllase,14 suggest that
replacement of the Cys216 residue (Cys220 inTachlorophyllase
numbering) is destabilizing to the structure of AtCLH2.
Consistent with this theory, an analogous set of experiments
also revealed that the C216S/C262S variant lacks a disulfide
bond (Figure S13D).
To further verify the presence of a Cys216−Cys264 disulfide

bond, a C262S variant was analyzed (Figure S14). The as-
purified sample of this variant is two protons short of the
calculated mass (Figure S14A). However, based on the fact that
this variant can be oxidized to contain a second disulfide bond, it
was hypothesized that Cys262 is not part of a linkage in the wild-
type enzyme (Figure S14). To confirm this proposal, a
complementary variant, C262A was recombinantly expressed
and purified (Figure S15A,B). This variant is four protons short
of the calculated mass (Figure S15C). Like the C262S variant,
the C262A protein can be reduced with DTT and trapped in a
state that contains two disulfide bonds (Figure S15C). These
results indicate that indeed, Cys262 is not part of a disulfide
bond in AtCLH2. Equivalent experiments performed with
C230S and C303S AtCLH2 variants similarly confirm that
Cys230 and Cys303 are also not involved in an AtCLH2
disulfide bond (Figure S16).
In contrast, following purification, the C28S and C29S

variants are each approximately two protons short of the
calculated mass (Figure S17). One disulfide bond of these

Table 1. SEC-MALS Peaks of AtCLH2a

peak 1 peak 2 peak 3

MW
(kDa)

mass
fraction
(%)

MW
(kDa)

mass
fraction
(%)

MW
(kDa)

mass
fraction
(%)

AtCLH2-1 1407.3 5.5 32.4 64.1 29.8 30.3
AtCLH2-2 932.6 6.6 24.3 62.9 21 30.5
AtCLH2-3 909.4 6.7 23.5 62.8 20.6 30.5
average 1083 6.3 26.7 63.3 23.8 30.4
std. dev. 281 0.7 4.9 0.7 5.2 0.1

aThis table contains the experimental molecular weights and percent
mass fraction for each detected peak. Based on use of the ProtParam
tool,28 the calculated molecular weight of an AtCLH2 monomer is
approximately 36 kDa, whereas the calculated molecular weight of the
dimer would be approximately 72 kDa. This data indicates there are
two monomeric fractions of AtCLH2 that likely show subtle
differences in tertiary architecture.
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variants is reduced by the addition of DTT, but neither of these
variants is further oxidized with H2O2 (Figure S17). These
results suggest that both of these residues are involved in an
AtCLH2 disulfide bond. To provide additional support for this
conclusion, a C28S/C29S double variant of AtCLH2 was

recombinantly expressed, purified, and investigated using mass
spectrometry (Table S4, Figures 3D and S18). This variant
purifies with one disulfide bond that is reducible via incubation
with DTT (Figure 3D). As expected, based on mutation of the
N-terminal Cys residues and the presence of one disulfide bond,

Figure 3. AtCLH2 contains two intramolecular disulfide bonds. (A) Intact mass spectrometry experiments reveal that the two disulfide bonds found in
wild-type AtCLH2 can be reduced by incubation of the protein with 10 mM DTT. In contrast, as-purified wild-type AtCLH2 cannot be further
oxidized via incubation withH2O2. (B) In theC264SAtCLH2 variant, one disulfide bond can be reduced. One proton is lost from this variant following
treatment with H2O2. (C) The C216S and C216S/C264S variants do not purify with intact disulfide bonds and are not susceptible to complete
reduction with DTT. These variants unlike the wild-type and C264S variant are oxidatively modified following exposure to H2O2. (D) The C28S−
C29S AtCLH2 double variant purifies with just one intact disulfide bond. Whereas this bond is susceptible to reduction with DTT, the as-purified
protein cannot be further oxidized with H2O2. The masses for the wild-type, single, and double variant proteins are 36,128, 36,112, and 36,095 Da,
respectively.
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this variant is not susceptible to oxidation by H2O2, but can be

labeled with IAA (Figures 3D and S19). In total, these results

indicate that two disulfide bonds are present in wild-type

AtCLH2. One disulfide bond is formed between Cys216 and

Cys264, and a second is formed between Cys28 and Cys29.

Variants of AtCLH2 and Tachlorophyllase Exhibit Altered
Catalytic Activity

To evaluate whether the two identified disulfide bonds are
important to the hydrolysis activity of AtCLH2, a high
performance liquid chromatography (HPLC)-based method
was designed to separate Chl a from Chlide a (Figures S20 and
S21). In these experiments, it was determined that whereas the

Figure 4. The Cys variants of AtCLH2 are impaired in their ability to hydrolyze Chl a. Here, HPLC was used to detect the amount of Chlide a
produced following a 35 min incubation of 5 μM AtCLH2 with 500 μM of Chl a. As observed with the Cys variants, treatment of AtCLH2 with DTT
leads to reduced activity (bars on right in the box). In contrast, treatment with Trx f has no appreciable impact on the hydrolysis activity of AtCLH2
(bars on right in the box). In this figure, data were measured using n = 3 independent experiments and are presented as the mean value ± SD of these
measurements. In this figure, ****p < 0.0001, ***p < 0.001, **p < 0.01, and *p < 0.1, indicating significant difference from themean values of wildtype
AtCLH2 for each respective variant, as determined from an ordinary one-way ANOVA Tukey analysis.

Table 2. Summary of Kinetic Parameters for Wild-Type and Variant AtCLH2 and Tachlorophyllase Proteinsa

aIn this table, Chl a was used as the substrate of the wild-type and variant AtCLH2 proteins unless otherwise noted. *This kinetic data is from
previously published work.14 Blue shades are used to highlight disulfide bond forming Cys residues in AtCLH2 and yellow is used to highlight
variants that were made to assess the importance of catalytic residues.
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C262A variant does not show a significant deviation in its
activity profile relative to the wild-type enzyme, all of the Cys-to-
Ser AtCLH2 variants are impaired in their ability to hydrolyze
Chl a (Figures 4 and S22). Of these variants, the C216S, C230S,
C264S, C216S/C262S, and C216S/C264S proteins show the
largest decrease in hydrolysis activity (Figures 4 and S22).
Incubation of DTT with wild-type AtCLH2 results in reduction
of the two aforementioned disulfide bonds, and correspondingly
leads to a decreased level of activity (Figures 3A, 4, and S23).
This decrease is similar to that observed with the C216S, C230S,
C264S, C216S/C262S, and C216S/C264S AtCLH2 variants
(Figures 4 and S22, S23).
To further analyze the activity of the AtCLH2 variants, the

steady state kinetic parameters for Chl a dephytylation were
measured (Table 2 and Figure S24). With Chl a as a substrate,
wild-type AtCLH2 shows a kcat value of 1.3 ± 0.1 s−1 and a KM
value of 46 ± 9 μM (Table 2 and Figure S24A). As observed in
the activity assays described above, the measured kinetic
parameters and overall catalytic efficiencies of the C28S,

C29S, C262S, C262A, and C303S variants, are relatively similar
to those measured for the wild-type enzyme (Table 2 and Figure
S24B−F). These parameters fall within a range of values
reported for other chlorophyllase homologues that have been
assayed in lysate or as partially purified enzymes from plant
tissue.31 However, the catalytic efficiency of AtCLH2 (28,000 ±
6000 M−1 s−1) is remarkably reduced relative to that measured
for Tachlorophyllase (230,000 ± 40,000 M−1 s−1).14 The
C216S, C230S, C264S, C216S/C262S, and C216S/C264S
AtCLH2 variants, on the other hand, each showcase lower kcat
andKM values than the wild-type enzyme, and therefore exhibit a
wide range of calculated catalytic efficiencies (Table 2 and
Figure S24G−K). These results show that overall, and analogous
to that observed in Tachlorophyllase, an intact Cys216−Cys264
disulfide bond is critical for the hydrolysis activity of AtCLH2
(Table 2). On the contrary, it seems that the presence of the
distinctive N-terminal disulfide bond does not have an
appreciable impact on catalysis (Table 2).

Table 3. Melting Temperatures Measured for the Proteins and Variants Investigated in This Worka

a*This Tm data is from previously published work.14 The ΔTm for the Tachlorophyllase variants are calculated relative to wild-type
Tachlorophyllase whereas all ΔTm for the AtCLH2 variants are calculated relative to wild-type AtCLH2. Blue shades are used to highlight disulfide
bond forming Cys residues in AtCLH2. Yellow and pink shades are used to highlight catalytic residue variants and added chemical reductants/
oxidants, respectively.
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To investigate the origin of the decreased hydrolysis activity of
AtCLH2 relative to Tachlorophyllase, the steady state kinetic
parameters for each of the three Tachlorophyllase variants were
measured using a Chl a substrate and previously described
methods14,31 (Table 2 and Figure S25). From this series of
experiments, it was determined that the introduced residue
changes have a negative impact on the catalytic efficiencies of the
variants. In particular, relative to the wild-type enzyme, the
H76S/E79S/C270S Tachlorophyllase variant exhibits an
approximate 5-fold increase in KM and a moderate decrease in
kcat (Table 2 and Figure S25A). The H76S/E79S/H80Q/
R83L/C270S also has an inflatedKM value of 110± 30 μMand a
decreased kcat. In the case of this variant, however the kcat is
approximately 14-times lower than that measured with the wild-
type enzyme (Table 2 and Figure S25B). The H76S/E79S/
H80Q/R83L/C270S/G272R variant, based on catalytic
efficiency, is the least impacted by the residue changes. That

being said, this variant still exhibits a 4-fold decrease in kcat
relative to the wild-type enzyme (Table 2 and Figure S25C).
These results collectively suggest that the dimeric architecture of
Tachlorophyllase is important to its hydrolysis activity.
To investigate whether the lack of the “extra” Tachlor-

ophyllase disulfide bonds may also impact the amount of
observed activity in AtCLH2, an attempt was made to rationally
engineer an additional disulfide bond into AtCLH2.11 For this
approach, three protein variants of AtCLH2 (A234C, W235C,
and E269C) were designed, expressed, and purified (Table S4
and Figure S26). These variants were made because it was
anticipated that Ala234 and Trp235 may correspond to the
location of Cys238 in Tachlorophyllase, and that Glu269 would
likely assume a similar position in the structure to Cys270
(Figure S4). However, none of these variants contain more than
two disulfide bonds, or show improved activity relative to the
wild-type enzyme (Figures S27 and S28). Rather, these variants

Figure 5. AtCLH2 dephytylates a diverse set of pigment substrates. (A) An HPLC assay was used to measure the ability of AtCLH2 to transform
pigment substrates, Chl a, Chl b, Phein a, Bchl a, and 7-hydroxymethyl (7-OH) Chl a, into their tail-free counterparts. In this panel, product formation
was measured following a 35 min incubation of 2.5 μM AtCLH2 with 250 μM pigment substrate. For this experiment, Chl a was almost completely
consumed by the wild-type enzyme (meaning that the limit of detection was approached for accurate measurement of the amount of substrate
consumed). (B) The hydrolysis activity of wild-type AtCLH2 and its Cys-to-Ser variants was assessed with Chl b and Phein a substrates. (C) Variants
of AtCLH2 exhibit diminished catalytic activity and altered substrate specificities. The wild-type data shown in this panel with Chl b and Phein a
substrates is reproduced here from panel B and the Chl a substrate data is reproduced here from Figure 4 for clarity. For panels B and C, HPLC was
used to detect the amount of product formed following a 35min incubation of 5 μMAtCLH2 orAtCLH2 variant with 500 μMof pigment substrate. In
this figure, for all panels data were measured using n = 3 independent experiments and are presented as the mean value± SD of these measurements. In
this figure, ****p < 0.0001, ***p < 0.001, **p < 0.01, *p < 0.1, and indicating significant difference from themean values of wild typeAtCLH2 for each
respective pigment, as determined from an ordinary one-way ANOVA Tukey analysis.
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each showcase significantly lower activity than wild-type
AtCLH2. These results highlight, that consistent with our
inability to manipulate the oligomeric state of Tachlorophyllase,
at this point, we are also unable to rationally alter the quaternary
architecture of AtCLH2. Therefore, it is expected that the
monomeric protein scaffold of AtCLH2 has distinct differences
relative to that of the T. aestivum homologue.
Variants of AtCLH2 and Tachlorophyllase Showcase
Differences in Thermal Stability

As previous work indicates that the active site and
intermolecular disulfide bonds of Tachlorophyllase are
important for enzyme stability,14 protein thermal shift experi-
ments were used to probe the influence of the Cys residues on
the stability of AtCLH2 (Table 3). For comparison purposes, it
was first determined that the melting temperature (Tm) of wild-
type AtCLH2 is 59.4± 0.3 °C (Table 3 and Figure S29). For the
majority of AtCLH2 Cys-to-Ser variants, no notable change in
Tm is detectable (Table 3 and Figure S29A). However, a striking,
and greater than 10 °C decrease in thermal stability is evident for
the C216S, C216S/C262S, and C216S/C264S AtCLH2
variants (Table 3 and Figure S29A). A similar ΔTm of −8.9
°C is observed for the DTT-treated sample of wild-type
AtCLH2 (Table 3 and Figure S29B). Albeit less substantial than
measured with the DTT-treated or the C216S variant, the
C264S and C28S/C29S variants also have decreased Tm values
relative to the wild-type enzyme (ΔTm of−2.6 to−2.9 °C, Table
3 and Figure S29A). These measurements are consistent with
the idea that disulfide bonds stabilize protein structure by
reducing flexibility of the unfolded and folded forms of the
protein. Perhaps as expected, based on the above-described
activity data, the A234C, W235C, and E269C variants of
AtCLH2 each show a decreased thermal stability relative to the
wild-type enzyme (Table 3 and Figure S29C). These results
suggest that these variants introduce destabilizing structural
perturbations, which again is inconsistent with the insertion of
an extra disulfide bond (Table 3 and Figure S29C). Collectively,
these differential scanning fluorimetry experiments confirm that
comparable to Tachlorophyllase, the AtCLH2 disulfide bonds
are important to maintaining protein architecture at increasing
temperatures.
Notably, however, theTm of wild-typeAtCLH2 is significantly

lower than that previously measured for Tachlorophyllase14 in
an equivalent experiment (74.8 ± 0.8 °C, Table 3).To
investigate the molecular underpinnings of this difference, the
thermal stabilities of the Tachlorophyllase interface variants
were also measured. Here, it was determined that unlike the
wild-type enzyme, two distinct values are measurable for each of
these variants (Table 3 and Figure S30). We hypothesize that
these values correspond to two individual events. First, the
noncovalently attached dimer breaks apart, and second the
tertiary architecture of the monomeric units unfold. As
evidenced by the incremental decrease in the Tm of the first
unfolding event for the triple, quintuple, and sextuple variants,
this data suggests that as mutations are made at the interface, the
dimeric quaternary architecture is weakened (Table 3 and
Figure S30). This bimodal unfolding scheme contrasts that
observed with the wild-type enzyme for which we predict the
covalent attachment of monomeric units results in the
quaternary and tertiary structures being concurrently disrupted
(Figure S30).

AtCLH2 Variants Exhibit Altered Substrate Preferences
Tachlorophyllase exhibits a broad substrate scope in vitro,
meaning that it can accept and hydrolyze a myriad of
photosynthetic pigments, including Chl b, Phein a, bacterio-
chlorophyll (Bchl) a, and 7-hydroxymethyl Chl a.14 To evaluate
whether AtCLH2 similarly performs chemistry on these
molecules, the same activity assays described above, were used
to demonstrate that wild-type AtCLH2 also accepts and
hydrolyzes Chl b, Phein a, Bchl a, and 7-hydroxymethyl Chl a
substrates (Table 2, Figures 5A and S31−S37). When AtCLH2
is provided with a Chl b substrate, a near doubling in the KM
value is detectable with only minor changes being measurable
with respect to the kcat (Table 2 and Figure S37A). In contrast,
despite the observed KM values with a Phein a substrate
resembling that measured with a Chl a substrate, the kcat is
approximately 80% of that observed with the wild-type enzyme
and Chl a (Table 2 and Figure S37C). For Bchl a, theKM value is
nearly double that observed with Chl a, and the kcat value is lower
than that measured with any other tested pigment (Table 2 and
Figure S37B). These values equate to a markedly reduced
catalytic efficiency. Similar kinetic experiments were not
performed with 7-hydroxymethyl Chl a due to the limited
amount that can be synthesized. Nevertheless, this molecule,
was determined to be turned over to a greater extent than Phein
a (Figures 5A and S35).
Each of the Cys variants of AtCLH2 also has the inherent

ability to hydrolyze Chl b. For this substrate, the trend is
relatively similar to that observed with Chl a. Namely, the
C216S, C230S, C262A, C264S, C216S/C262S, and C216S/
C264S variants have the lowest observed levels of dephytylation
(Figures 5B and S38). With regard to the metal-free derivative,
Phein a, all of the Cys variants show significant impairment in
hydrolysis activity (Figures 5B and S39). In fact, the activity of
the C216S, C264S, C216S/C262S, and C216S/C264S variants
is so low, it is almost undetectable in the HPLC-based assay
(Figures 5B and S39). This result is intriguing because it
suggests that the introduced flexibility into the enzyme by
removal of the stabilizing disulfide bonds, makes the scaffold
incompatible with Phein a, the least planar option of the tested
suite of pigment substrates (Figure S31).
An additional investigation was undertaken to understand

whether some of the previously identified catalytic residues in
Tachlorophyllase are important to the activity of AtCLH2.
Specifically, the impact of mutating residues found in the
canonical catalytic motifs was interrogated (Figure S1).
Typically, three residues, or a catalytic triad of Ser, His, and
Asp residues, are employed to facilitate the hydrolysis reaction.
Additionally, the backbone of two residues is needed to form the
oxyanion hole and stabilize the negative charge of the formed
tetrahedral intermediate. In Tachlorophyllase, Ser145 serves as
the nucleophile for the hydrolysis reaction. The equivalent of
this residue in AtCLH2 is Ser138, and as expected, is found in
the canonical G−X−S−X−G−Xsmall sequence motif that is
characteristic of other α/β hydrolase enzymes14,32 (Figure S4).
As observed in Tachlorophyllase, the S138A variant of AtCLH2
retains hydrolysis activity (Table 2 and, Figures 5C and S40,
S41). However, the activity with a Chl a substrate is significantly
decreased and the measured kcat of the hydrolysis reaction is
approximately 10-times lower relative to the wild-type enzyme
(Table 2, Figures 5C and S41). The S138A variant also
demonstrates a slight preference for a Chl b pigment over Chl a
suggesting that it may play an important role in dictating the
substrate selectivity of AtCLH2 (Figures 5C and S41B). As the
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measured activity of this variant is still higher than anticipated
based on comparison toTachlorophyllase, an additional S135A/
S138A variant was created and assessed with similar activity
assays (Table 2 and, Figures 5C and S42). However, this variant
shows similar activity and substrate preferences to the single
variant.
The equivalent of the Phe residue in Tachlorophyllase which

constructs the oxyanion hole using its backbone atoms and
forms part of the substrate binding site with its side chain was
also probed.14,32 In AtCLH2, we determined that mutation of
Tyr65 into its Tachlorophyllase Phe counterpart results in
creation of an AtCLH2 protein that does not exhibit a clear
preference for a Chl a, Chl b, or Phein a substrate in our assay
(Table S4, Figures 5C, S40 and S43). The Y65FAtCLH2 variant
hydrolyzes each of these substrates to a similar extent, which is

reminiscent of that observed with Tachlorophyllase in an
equivalent assay.14 In terms of kinetic parameters, consistent
with the altered substrate specificity of this AtCLH2 variant, an
approximate doubling in the Michaelis constant with a Chl a
substrate is detectable for this protein. Combined with a distinct
decrease in the kcat of the hydrolysis reaction, the catalytic
efficiency of this variant more closely resembles that of the Ser
variants than the wild-type enzyme (Table 2 and Figure S43D).
Two additional AtCLH2 variants were made to explore the

importance of a second Tyr residue found at what appears, based
on the AlphaFold29,30 model of AtCLH2, to occupy a position
equivalent to the active site residue Phe72 in Tachlorophyllase.
This T. aestivum residue protrudes from the active site, is
hypothesized to interact with the substrate, and corresponds to
Tyr68 in AtCLH2. Therefore, the activity profiles of AtCLH2

Figure 6. The N-terminal disulfide bond of AtCLH2 can be reduced with a protein-based reductant. (A) As-purified Trx f exists with a single disulfide
bond that can be reduced via anaerobic incubation with DTT (additional details are included in Figure S51). The Trx f disulfide bond can subsequently
be reformed through incubation with AtCLH2. (B) This incubation step also results in reduction of a single disulfide bond in AtCLH2. (C) A H2O2-
treated sample of the C216S/C262S variant (C216S/C262S (ox)) was desalted and incubated with a reduced and desalted sample of 30 μM Trx f
((red) Trx f). This experiment reveals that Trx f is competent to reduce the N-terminal disulfide bond of AtCLH2. In contrast, the C28S/C29S variant
which purifies with the active site disulfide bond intact, is not reduced by Trx f. For this panel, the expected masses of the double Cys-to-Ser variants is
36,095 Da.
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Y68F and Y65F/Y68F variants were measured (Table S4 and
Figures 5C and S44). From these variants, it was determined
that the Y68F variant hydrolyzes Chl a, Chl b, and Phein a
substrate pigments similarly to that observed with the wild-type
enzyme (Table 2, Figures 5C and S44C−F). A Y65F/Y68F
AtCLH2 variant, on the other hand, appears to adopt a median
level of activity relative to the two single variants. Most
interestingly, this double variant exhibits the same trend in
substrate selectivity as the wild-type enzyme, suggesting this
second mutation at least partially compensates for the loss of
selectivity noted in the Y65F single variant (Table 2, Figures 5C,
and S44C−F). Finally, based on nearly equivalent Tm values for
this set of AtCLH2 variants, it appears that each of the noted
changes in activity or substrate scope is directly correlated with a
change in residue identity rather than an alteration in protein
stability (Table 3 and Figure S45).
Disulfide Bonds of AtCLH2 can be Reduced with Chemical
and Protein-Based Reductants

As described above, the addition of DTT to AtCLH2 results in
reduction of two disulfide bonds, decreased catalytic activity,
and reduced thermal stability (Tables 2, 3, Figures 4, S23, and
S29B). To evaluate the extent of reductants that are similarly
competent to affect AtCLH2, intact mass spectrometry
experiments were performed in the presence of tris(2-
carboxyethyl)phosphine (TCEP), β-mercaptoethanol, and
reduced glutathione (GSH). These experiments revealed that
incubation of AtCLH2 with either TCEP or β-mercaptoethanol
results in partial reduction of the wild-type disulfide bond
content, and similar, albeit less substantial decreases inTm (ΔTm
of −1.5 to −3.9 °C, Table 3 and Figures S46A−C and S47). On
the other hand, addition of an equivalent amount of GSH to
AtCLH2 results in a large mass increase (Figure S46D). This
increase is consistent with the addition of one or multiple
molecules of GSH to the protein, and again is representative of
partial disulfide bond reduction (Figure S46D). Two similar
experiments, which rely on incubation of GSH with the H2O2-
treated C216S/C262S or C28S/C29S variants of AtCLH2 also
revealed the addition of either one or two molecules of GSH to
the protein (Figure S48). As these variants, based on the data
described above, presumably contain only the N-terminal or
active site disulfide bond, respectively, this result suggests that
both bonds are susceptible to reduction by GSH. For this
reductant, and perhaps related to the observed GSH-mediated
S-glutathionylation ofAtCLH2, a slight increase in themeasured
Tm is observed (Table 3 and Figure S47). As expected, all of the
Tm data for AtCLH2 in the presence of these small molecule
reductants are in opposition to that measured with oxidants such
as H2O2 or oxidized GSH (GSSG), which have only negligible
impacts on the thermal stability of AtCLH2 (Table 3 and Figure
S47).
To further understand conditions that facilitate the reduction

of AtCLH2, a chloroplastic thioredoxin (Trx) protein, Trx f,
from A. thaliana was recombinantly expressed and purified
(Figures S49 and S50). Using intact mass spectrometry
experiments, it was first identified that Trx f purifies in its
oxidized form (Figure S51). Based on a sequence alignment of
Trx f with Spinacia oleracea Trx f, this oxidized form likely
contains a disulfide bond between two Cys residues from the
characteristic Trp−Cys−Gly−Pro−Cys sequence motif (Figure
S50).33,34 As evidenced by a two-proton mass increase of the
sample, anaerobic incubation of this oxidized sample with DTT
results in reduction of this bond (Figure 6A). To test whether

this DTT-treated and reduced sample of Trx f is competent to
reduce AtCLH2, DTT was desalted from the Trx f protein
sample. This DTT-free, reduced sample of Trx f was
subsequently incubated with as-purified AtCLH2. Remarkably,
this experiment resulted in formation of oxidized Trx f and a
sample of AtCLH2 that has one less disulfide bond than the as-
purified wild-type enzyme (Figure 6A,B). This result indicates
that Trx f can reduce a disulfide bond in AtCLH2 (Figure 6B).
However, unlikeDTT, Trx f does not appear to have a significant
impact on the hydrolysis activity of the enzyme (Figures 4 and
S52).
To probe the identity of the disulfide bond being reductively

cleaved by Trx f, an equivalent experiment was also performed
with the H2O2-treated C216S/C262S variant, which contains
just the N-terminal disulfide bond. As observed with the wild-
type enzyme, Trx f is also capable of reducing this protein
(Figure 6C). An analogous experiment with the C28S/C29S
variant reveals that Trx f, however, is not competent to reduce
the active site disulfide bond (Figure 6C). These results show
that both disulfide bonds of AtCLH2 are susceptible to
reduction to small molecule reductants and only the N-terminal
bond can be cleaved by Trx f.

■ DISCUSSION
Less than 1000 distinct protein folds have been suggested to
exist in Nature.35−38 This statement means that there are far less
known accessible folds than there are encoded proteins.
Therefore, to account for the vast and diverse set of enzymes
used by living organisms, there must be mechanisms available to
modulate, mix, or reprogram these existing core folds to exhibit
attenuated activity or to facilitate a different type of
chemistry.38−40 Consistent with this notion, the α/β hydrolase
enzyme superfamily encompasses a large set of proteins that use
common catalytic machinery to function as esterases, lipases,
peroxidases, dehalogenases, epoxide hydrolases, and pro-
teases.40−42 Quite interestingly, here, we show that even within
just one functional class of this enzyme superfamily, two proteins
can be tailored to exhibit markedly different biochemical
properties. In principle, different catalytic efficiencies, substrate
specificities, and reaction selectivities can be evolved in proteins
by subtle changes or mutation of residues within the primary
structure of a protein.39 Similarly, changes to the quaternary
structure can tune cooperativity, protein stability, and enzymatic
activity.39,43 Finally, gene duplication, gene fusion, and post-
translational modification are each approaches that can be
capitalized upon to further diversify the functions of a common
protein scaffold.39 For the chlorophyllases, the use of these
protein tailoring strategies are exemplified: an inconsistent
quaternary architecture, altered identities of primary sequence
residues, a different pattern of Cys residues and number of
disulfide bonds, relative to that observed in Tachlorophyllase,
support the creation of a protein that exhibits divergent catalytic
properties. These alterations are likely in place to fine-tune
AtCLH2 to support the needs of A. thaliana and to cope with the
environmental stressors and stimuli that are native to the
environmental niches that A. thaliana inhabits. Alternatively,
and as previously suggested, it is possible that the protein is
instead tailored to the characteristic “ROS signature” of the
compartment that it inhabits.7 Regardless of the reason, for all
photosynthetic organisms, these coping mechanisms are
imperative to maintain steady state levels of Chl, prevent
photodamage, and to support the process of photosynthesis.3,4
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First and foremost, in this work, it is shown that AtCLH2
behaves as a monomer in solution (Figure 2). Because
Tachlorophyllase, which shares 47% sequence identity with
AtCLH2 exists as a dimeric species in crystallo14 as well as in
similar solution-based conditions (Figures 1, 2, and S3), this
finding was unexpected. However, based on the suggestion that
proteins, which share on the order of 30−40% sequence identity,
are only about 70% likely to showcase the same oligomeric
state,44 and the several known examples of α/β hydrolases that
function as monomers, dimers, or higher-order oligomers,41 this
switch in oligomeric state is certainly not unprecedented. In fact,
in cases where homooligomerization is not used to support
cooperativity, such as in the Chl dephytylase enzyme class,14 it is
possible that more variation in quaternary structure should be
expected. As far as the reason for the observed differences
between Tachlorophyllase and AtCLH2, some studies suggest
higher order oligomeric states lend to enhanced protein thermal
stabilities.39,45,46 Consistent with this idea, here it is identified
that the Tm of AtCLH2 is 59.4 ± 0.3 °C (Table 3 and Figure
S29), an approximate 25 °C less than that previously measured
forTachlorophyllase (74.8± 0.8 °C14). Furthermore, in support
of the proposal that higher order assemblies endow greater
stability to a protein, rational mutations designed to disrupt the
dimericTachlorophyllase structure, are also shown, in this work,
to influence thermal stability (Table 3 and Figure S30).
Alternatively, as our previous work indicates that dimeric
Tachlorophyllase contains five disulfide bonds,14 it is also
possible that the lack of equivalent number of covalent linkages
in AtCLH2 is, at least partially, responsible for the measured
differences in Tm (Figure S4). In fact, a range of native and
engineered α/β hydrolases have been shown to embody
elevated stabilities in the presence of these bonds.47−49 Building
on studies which have indicated that both post-translational
modification and the binding of a small molecule at an interface
can favor oligomerization,46 it was also investigated whether the
absence of the divalent metal ion coordinating and weak
interaction forming residues found at the Tachlorophyllase
dimeric interface are the culprit of the monomeric nature of
AtCLH2. Indeed, here it is shown that changes in the identity of
these residues in Tachlorophyllase, as described above, do
appear to have an effect on Tm and correspondingly are
anticipated to contribute to the stability of the dimeric structure
(Table 3 and Figure S30). However, as comparison of the
Tachlorophyllase and AtCLH2 primary sequences and available
models for these enzymes is insufficient to rationally alter the
oligomeric states of these enzymes, future AtCLH2 structural
studies are needed to understand the molecular basis for the
architectural differences.
Here, the AtCLH2 protein scaffold is further demonstrated to

support a lower level of hydrolysis activity on Chla in vitro
relative to Tachlorophyllase.14 Yet, despite the differences in the
measured kinetic parameters of wild-type AtCLH2 and
Tachlorophyllase, several parallels between the activity of
these enzymes can still be drawn. For example, both proteins
show a preference for hydrolyzing Chl a relative to other
available pigment substrates (Table 2 and Figure 5A).
Disruption of the disulfide bond formed between the equivalent
of Cys residues at the 216 and 264 positions has the largest
overall impact on enzyme activity in both homologues (Table 2,
Figures 4, S22 and S24). AtCLH2 Cys-to-Ser variants at these
positions showcase both decreased kcat and KM values (Table 2).
As previously described, the typical α/β hydrolase mechanistic
proposal proceeds via covalent catalysis, meaning that whereas

kcat informs on the dismantling of the covalent acyl-enzyme
intermediate, KM reports on the kinetics involved in forming the
enzyme−substrate complex.14 Therefore, as described for
Tachlorophyllase, disruption of the active site disulfide bond
perhaps allows Chl a to more easily react with the active site Ser
nucleophile. Release of the hydrolysis product, however, must in
some way, be compromised.14

Impairment of product release in some of the tested AtCLH2
variants may be attributable to not only loss of the active site
disulfide bond, but also disruption of what has been coined the
“catalytic acid zone”.41 This zone involves a series of residues
that use hydrogen bonds to ensure that the catalytic His residue
is maintained in a proper orientation for catalysis.41 We
hypothesize that for AtCLH2, consistent with that observed
for Tachlorophyllase,14 disruption of the active site disulfide
bond, which like a seatbelt, links one Cys residue on the His-
containing loop to a second Cys residue located within the core
of the α/β hydrolase fold, should certainly impact the
positioning of catalytic triad residues (Figure 7). In this

scenario, product release, which relies on the catalytic triad
His-residue, would be impaired and thereby provides an
explanation for the observed negative impacts on the kcat of
the C216S, C264S, C216S/C264S, and C216S/C262S protein
variants (Table 2, Figures 7, and S24). Likewise, it is intuited
that the increased flexibility of these variants imparted by the
loss of the active site disulfide linkage, account for the nominal

Figure 7. The active site disulfide bond of Tachlorophyllase acts like a
seatbelt to maintain the proper orientation of residues in the catalytic
acid zone. Opening of the seatbelt likely leads to disorder, which
inhibits the optimal positioning of the catalytic triad residues (Ser145,
His248, and Asp172). Disorder among the catalytic triad residues
should negatively impact catalysis. The His loop (cyan) in
Tachlorophyllase (PDB: 8FJD14) appears to be held in place by the
buckle (Cys220) and latch (Cys264) of the seatbelt, and by the belt
attached to the latch, which involves the dimeric interface residues that
coordinate a metal ion or form electrostatic interactions with the
adjacent protomer of the enzyme. As described in this work, the lack of a
dimeric architecture, divalent metal ion binding site, and intermolecular
disulfide bond, likely means that the catalytic acid zone of AtCLH2
exhibits more flexibility.
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level of hydrolysis that is observed with the non-rigid Phein a
molecule, relative to the planar Chl a and b substrates. A similar
explanation can also be used to comprehend the observed
alterations in the kinetic parameters of the S138A and Y65F
variants, which not only change the identity of key catalytic
residues, but would also be expected to perturb the arrangement
of residues located within the catalytic acid zone. The AtCLH2
C230S variant also has low activity. In fact, the kinetic
parameters of the C230S variant resemble those of the active
site disulfide bond variants (Table 2). In Tachlorophyllase, the
equivalent of Cys230 is Cys234, which forms a disulfide bond
with Cys238. These residues are found in the secondary
structure elements that connect Cys220 to the catalytic triad
His-residue (Figure S4). Again, changes of the side chain
properties in this location may also propagate to perturb the
positioning of the residues in the catalytic acid zone. In
Tachlorophyllase, dimeric interface residues such as those that
are used to coordinate the divalent metal ion (His76 and
Asp255), or to form covalent (Cys270), and electrostatic
(Glu79, His80, and Asp254) interactions at the interface are also
found on the His-containing loop (Figure 7). In line with our
assertions regarding alterations to the catalytic acid zone and
impaired hydrolysis activity, triple, quintuple, and sextuple
dimeric interface variants of Tachlorophyllase each exhibit
decreased kcat values (Table 2 and Figure S25). Likewise, and
akin to a recent report, it is also plausible that Tachlorophyllase
dimerization may propagate dynamic motions that support high
levels of chlorophyllase-mediated Chl a hydrolysis activity.50−52

Additional investigation into how this latter option affects
catalysis is paramount. However, at this point, we posit that the
lack of the Tachlorophyllase dimeric interface interactions
(including the Cys270 disulfide bond), and the lack of the
Cys234−Cys238 disulfide bond likely result in disordering of
the catalytic acid zone, or flexibility of the His loop, and the
positions of the catalytic triad residues. These disruptions then
account for the approximate 7-fold decrease in the measured kcat
of AtCLH2 relative to Tachlorophyllase (Table 2 and Figure 7).
Finally, here, it is shown that the disulfide bonds of AtCLH2

can be reduced by small molecule reductants. DTT, TCEP, β-
mercaptoethanol, and GSH each impact the as-purified
structure of AtCLH2. Whereas DTT can reduce both the N-
terminal and active site disulfide bonds, the other reductants
only afford partial reduction. For these molecules, incomplete
disulfide bond reduction in vitro is not unexpected. Both GSH
(−0.26 V) and β-mercaptoethanol (−0.26 V) have higher
reduction potentials than DTT (−0.33 V).53,54 TCEP, on the
other hand, which is generally considered to have a more
negative potential than DTT, may be unable to easily access the
formed AtCLH2 disulfide bonds due to its larger chemical
structure.54,55 Again, this result contrasts what is observed with
Tachlorophyllase for which an excess amount of DTT, TCEP, or
GSH have no impact on the disulfide bond character or in vitro
activity of the protein.14 Based on the structure of Tachlor-
ophyllase, it certainly appears plausible that a small molecule
cellular reductant, but not a protein-based reductant, could
access the active site disulfide bond (Figure S53). However, this
disulfide bond is not reduced by these small molecules in vitro.14

Therefore, we hypothesize that the purported decreased
flexibility of the dimeric Tachlorophyllase protein scaffold,
relative to the monomeric AtCLH2 architecture, is the reason
for the observed differences. At this point additional studies are
needed to identify whether the chlorophyllase homologue active
site disulfide bonds can undergo cycles of oxidation and

reduction, and how these changes in Cys residue oxidation state
are facilitated in vivo.
It is also demonstrated in this work that the N-terminal

disulfide bond of AtCLH2 can be cleaved by Trx f. This bond,
which is formed between two sequence-adjacent Cys residues, is
a rare find in a protein due its strained geometric arrangement.56

Nevertheless, a similar disulfide bond, has previously been
identified in the cyanobacterial transcription factor RexT.37 This
protein functions as a sensor of H2O2, and in its oxidized, vicinal
disulfide bond-containing state, allows for increased expression
of a thioredoxin protein known as TrxA2.37 Akin to what we
observe with AtCLH2, in RexT, the sequence adjacent Cys-
residue formed disulfide bond is also reduced by a thioredoxin
protein, although here, the implicated thioredoxin protein is
TrxA2.57 This latter point coupled with our observation that
disruption of the N-terminal disulfide bond has a less significant
impact on the catalytic activity of AtCLH2, relative to the active
site disulfide bond, suggests that this bond could serve an
alternative type of regulatory role in AtCLH2. One possibility is
that the oxidation state of this bond, as observed in RexT,37 is
involved in a structural change that regulates the ability of this
enzyme to interact with a partner biomolecule in the cell.
However, at this point, further investigation is needed to clarify
the role of this N-terminal linkage and to identify the native
reductants for this N-terminal disulfide bond ofAtCLH2 in vivo.
The ability of both small molecule and protein-based

reductants to reduce the disulfide bonds in AtCLH2, and affect
a catalytic response, highlights an important link with other Chl
metabolic proteins such as Mg2+-chelatase, Mg2+-protoporphyr-
in IX methyltransferase, and NON-YELLOWING/STAY
GREEN1.58,59 These proteins, which are also proposed to be
controlled via the oxidation state of Cys residues, are thought to
synchronize the biosynthesis and degradation of Chl pigments
with environmental conditions.58−62 We hypothesize that more
broadly, for chlorophyllases, the well-conserved active site
disulfide bond forming Cys residues14 and others found in the
primary sequence are used to respond to unpredictable
environmental stressors. More specifically, they function as
precisely tuned redox switches to adapt the α/β hydrolase
protein architecture to catalyze its reaction in alignment with the
evolving needs of an organism. Last, we posit that the identities
of the residues found at the dimeric interface of Tachlor-
ophyllase warrant further investigation in other homologues as
they too appear to function as dials that have the ability to
custom tune the hydrolysis activity of chlorophyllase. Studies
into the diversity of sequence−structure−function relationships
throughout the protein family are ongoing to illuminate the
regulatory mechanisms that photosynthetic organisms use to
degrade Chl pigments in different environmental niches.

■ EXPERIMENTAL PROCEDURES

Purification of AtCLH2
A construct of C-terminally His-tagged CLH2 (Uniprot: Q9M7I7) was
codon-optimized for E. coli expression, synthesized, and cloned into a
pET21(d+) vector by Genscript. This construct was transformed into
E. coli C41 (DE3) cells. In all purifications, a 10 mL overnight culture
was used to inoculate 1 L of Lysogeny Broth−Miller formulation (LB)
media supplemented with ampicillin (50 mg/L). The cultures were
then grown at 37 °C until the OD600 measured 1.0. A subsequent
induction with 0.5 mM isopropyl β-D-1-thiogalactopyranoside (IPTG)
and overnight incubation at 17 °C allowed for recombinant production
of AtCLH2. Following a centrifugation step, the AtCLH2-containing E.
coli cells were resuspended in a lysis buffer containing 20 mM
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tris(hydroxymethyl)aminomethane hydrochloride (Tris-HCl, pH 7.5),
150 mM NaCl, 5 mM imidazole and 5% (v/v) glycerol. After cellular
resuspension, a 10 min program that involved a cycling of steps (5 s of
sonication with 10 s rest) at 30% amplitude was used for cell lysis. The
supernatant from the sonication step was loaded onto a 5 mL Ni-NTA
column (Cytiva) which was pre-equilibrated with the above-defined
lysis buffer. After loading the supernatant on the column, two wash
steps were performed: first a 12-column volume wash step was run with
lysis buffer and second, a 6 column volume wash step was run with a
buffer that contained 20 mM Tris-HCl (pH 7.5), 150 mM NaCl, 50
mM imidazole, and 5% (v/v) glycerol. Finally, the protein was eluted
from the column using a buffer that consisted of 20 mM Tris-HCl (pH
7.5), 150mMNaCl, 200mM imidazole, and 5% (v/v) glycerol. Purified
AtCLH2was concentrated and loaded on a Superdex 200 size exclusion
column which was pre-equilibrated in buffer containing 50 mM 4-(2-
hydroxyethyl)-1-piperazine-ethanesulfonic acid (HEPES, pH 7.5), 150
mM NaCl, and 5% (v/v) glycerol. As described above, AtCLH2 eluted
from this column at a retention time that would be consistent with it
behaving as a monomeric species in solution. This conclusion is made
based off of comparison to a commercially purchased protein standard
that was run on the same column (Bio-Rad).
Purification of Wild-Type and Tachlorophyllase Variant
Proteins
The methods for expressing and purifying Tachlorophyllase and its
variants were previously described and followed here.14 In brief, cell
pellets were resuspended in 50 mMTris-HCl (pH 8.0), 150 mMNaCl,
20 mM imidazole, and 5% (v/v) glycerol. Following completion of the
sonication cycle described above, the supernatant was loaded onto a 5
mL Ni-NTA column and Tachlorophyllase was eluted with 50 mM
Tris-HCl (pH 8.0), 150 mM NaCl, 300 mM imidazole, and 5% (v/v)
glycerol. The protein was then concentrated and loaded onto a
Superdex 200 size exclusion column pre-equilibrated with 50 mM
HEPES (pH 8.0), 150 mM NaCl, and 5% (v/v) glycerol. Fractions
containing purified Tachlorophyllase were concentrated and flash
frozen for storage at −80 °C.
Purification of A. thaliana Trx f
The gene encoding Trx f (Uniprot: Q9XFH8) minus the first 57
residues was synthesized, codon optimized, and cloned into a pMCSG-
9 vector by Genscript. The N-terminal region was truncated due to its
prediction as a chloroplastic targeting sequence using the TargetP 2.0
Database.63 This construct was transformed into E. coli BL21 (DE3)
cells and grown in a 5 mL overnight starter culture, which was used to
inoculate 1 L flasks of LBmedia containing 50mg/L ampicillin. These 1
L cultures were then incubated at 37 °Cuntil theOD600 approached 0.7.
At this point, protein expression was induced with 0.5 mM IPTG and
the cultures were subsequently incubated and shaken at 16 °C
overnight. Cells were resuspended in 20 mM Tris-HCl (pH 7.5), 150
mM NaCl, and 5% (v/v) glycerol, sonicated, and centrifuged as
described above. The supernatant was loaded onto a 5 mL MBPTrap
column (Cytiva) using the same sonication buffer and eluted with 20
mM Tris-HCl (pH 7.5), 150 mMNaCl, 10 mMmaltose, and 5% (v/v)
glycerol. Elution fractions were then pooled and dialyzed into 1 L of
buffer containing 50 mM HEPES (pH 7.5) and 150 mM NaCl for tag
cleavage with Tobacco Etch Virus protease. The dialyzed sample was
then loaded onto a Ni-NTA column (Cytiva) and diluted with a buffer
containing 50 mM Tris-HCl (pH 7.5), 150 mM NaCl, and 20 mM
imidazole. Fractions containing the cleaved Trx fwere buffer exchanged
into storage buffer containing 50mMHEPES (pH 7.5), 150 mMNaCl,
and 5% (v/v) glycerol before being concentrated and flash frozen for
storage −80 °C.
Production of AtCLH2 Variants
To investigate the impact of changing the identity of the amino acid
residues in AtCLH2 on the activity and stability of the protein, variants
were created using either the QuikChange Lightning Site-Directed
Mutagenesis Kit (Agilent) or the Q5 Site-Directed Mutagenesis Kit
(NEB). The primers used in this work were purchased from Integrated
DNA Technologies (Supporting Information Table 1). Incorporation
of the desired mutations into the AtCLH2 plasmid was evaluated using

sanger DNA sequencing (Genewiz). All confirmed variant plasmids
were transformed into E. coli C41 (DE3) cells and purified using the
method described for wild-type AtCLH2 above.
Preparation of Pigments
The chlorophyll (Chl) a, Chl b, and bacteriochlorophyll (BChl) a
pigments used in this work were purchased from Sigma-Aldrich or
Frontier Scientific. In contrast, the 7-hydroxymethyl Chl a pigment
used in this work was produced via the reduction of Chl b and
previously described methods.64 More specifically, to create this
pigment, 3 mL of methanol and 1 mg of NaBH4 were added to a 1 mM
stock of Chl b. This step created 7-hydroxymethyl Chl a and was
followed by a quench with aqueous NaCl, and solvent evaporation. All
Chl substrates were prepared in DMSO to a final concentration of 10
mM for activity experiments. For the kinetic experiments described
below, 1 mM stock concentrations of the pigments were prepared in
acetone to support the needed liquid−liquid phase extraction step. The
solvents used to prepare the pigment stocks mirror those used in
previous work.14,64

Kinetic Experiments
The Michaelis−Menten kinetic parameters were measured using
Tachlorophyllase, Tachlorophyllase variants, His-tagged AtCLH2, or
His-tagged AtCLH2 variants. These values were calculated using a
colorimetric assay and previously developed protocols.14,31 Specifically,
all reactions performed here were made to contain protein, different
concentrations of Chl a, 50 mM HEPES (pH 7.5), 150 mM NaCl and
5% (v/v) glycerol. For these reactions, the concentration of Chl a was
varied between 5 and 450 μM (Tachlorophyllase) or 10 to 400 μM
(AtCLH2). To ensure that the reactions were conducted under
Michaelis-Menten conditions, either previously identified conditions
(Tachlorophyllase,14), or a range of protein concentrations (10−100
nM) for wild-type AtCLH2 and the variants were used. More
specifically, a protein concentration of 100 nM was used for the
C216S and C230S AtCLH2 variants. For the C262S variant, an enzyme
concentration of 10 nM was used. For all other variants and the wild-
type AtCLH2 protein, an enzyme concentration of 50 nM was used. All
reactions had a final volume of 300 μL, and all reactions were initiated
by the addition of substrate, incubated for 2 min at 25 °C, and were
quenched with 150 μL of a solution that contained acetone, hexane, and
10 mMNaOH in a 4:6:1 ratio. Following the quench step, all reactions
were centrifuged at 12,000g for 10 min and a liquid−liquid extraction
was used to liberate the Chlide a product from the reaction mixture.
The concentration of product formed was measured using an Epoch 2
microplate spectrophotometer (BioTek) and was calculated using the
absorbance at 665 nm and an extinction coefficient of 54.1 mM−1

cm−1.65 For wild-type AtCLH2, the kinetic parameters were also
measured with a Chl b, pheophytin a, and Bchl a substrate. For these
substrates, extinction coefficients of 42.0 mM−1 cm−1 at 650 nm, 47.2
mM−1 cm−1 at 667 nm and 42.1 mM−1 cm−1 at 773 nm were used to
calculate the amount of product formed, respectively.65,66 The kinetic
values were determined using GraphPad Prism software. All reaction
measurements were performed in triplicate.
Activity Experiments
All of the activity measurements (represented in bar graphs) for this
work were performed using His-tagged versions of AtCLH2 and its
variants. The methods were designed to mirror those previously
described with small deviations.14 Each reaction was first analyzed to
determine the amount of Chl a substrate needed to saturate the
enzyme. For this endeavor, 150 μL reactions were prepared that
contained 5 μM AtCLH2, 0.1−1 mMChl a, and 50 mM Tris-HCl (pH
7.5). Following a 35 min dark incubation at 30 °C, these samples were
quenched with 300 μL of a solution composed of acetonitrile and 0.5
mM of an internal standard (acetaminophen). A centrifugation step at
17,000g for 10 min was performed before triplicate samples were
analyzed using a Thermo Scientific UltiMate 3000 HPLC with an
Agilent ZORBAX SB-AQ 5 μm 4.6 × 150 mm column. The method
used for pigment analysis required injection of a 40 μL sample and two
solvents (solvent A: 85:15 methanol: 50 mM ammonium acetate (pH
5.2) and solvent B: methanol). A 15 min isocratic flow of solvent A
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followed by an additional 15 min isocratic flow of solvent B were
employed for used for separation of Chl a from the product, Chlide a.
This first analysis revealed that activity of AtCLH2 reached a maximum
at concentrations above 0.5 mM Chl a.
To calculate the activity of the different AtCLH2-containing

reactions, different concentrations of substrates and/or products were
used to create standard curves. To accomplish this task, 150 μL samples
that contained varying concentrations of Chl a, Chl b, Bchl a, Phein a, or
7-hydroxymethyl Chl a in 20 mM Tris-HCl (pH 7.5), were prepared.
These samples were incubated at 30 °C for 1 h in the dark and were
quenched with 300 μL of acetonitrile containing an internal standard
(acetaminophen). For the separation of Chlide a fromChl a, the HPLC
method described above was implemented. For the separation of Chl b,
Bchl a, Phein a, and 7-OH Chl a from their respective products, a
different method was employed. This method also used the ZORBAX
SB-AQ 5 μm 4.6 × 150 mm column but instead consisted of a 15 min
isocratic flow of solvent C (a solution of acetonitrile/methanol/ethyl
acetate in a 60:20:20 ratio). For all pigments, the identity of the
substrate and product peaks was confirmed using electrospray
ionization (ESI)-MS and an Agilent 6230 time-of-flight (TOF) mass
spectrometer.
The plotted activity values for AtCLH2 and its variants were

calculated from triplicate 150 μL reactions. For wild-type AtCLH2, the
activity values with various substrates were calculated from 150 μL
reactions containing 2 μM protein, 250 μM substrate, and 20 mMTris-
HCl (pH 7.5) that were quenched and injected onto the HPLC as
described above. The AtCLH2 variant activity values, on the other
hand, were assembled to contain 5 μM protein, 500 μM substrate, and
20 mMTris-HCl (pH 7.5). All reactions were allowed to progress at 30
°C for 35 min before a quench with 300 μL of acetonitrile containing an
acetaminophen internal standard. Substrate consumption was used to
quantitatively measure the activity for the a Chl a, Chl b, Bchl a, and 7-
hydroxymethyl Chl a reactions, as none of these substrates have
commercially available product standards. Pheophorbide a is the
commercially available product of Phein a, and therefore for the
hydrolysis of Phein a, product formation was used to measure activity.
The activity was calculated using the following equation: (the amount
of substrate consumed)/(the final concentration of AtCLH2, 5 μM).
Because the activity with a Chl a substrate is monitored by integration
of the amount of substrate remaining at the end of the experiment, these
calculations approached the limit of detection on our instrument
(meaning that a lot of substrate was consumed).
SEC and Light Scattering Experiments
Samples of AtCLH2 and Tachlorophyllase were thawed on ice,
centrifuged at 4 °C and 14,000g for 10 min and separated by size at 25
°Con anAgilent 1260 Infinity II HPLC system using a Yarra 3 μmSEC-
2000 300 × 7.8 mm size-exclusion column (Phenomex). Injections of
15 μL were used for each run. For AtCLH2, the mobile phase was 50
mM HEPES pH 7.5, 200 mM NaCl, and 5% (v/v) glycerol. For
Tachlorophyllase, the mobile phase was 50 mM HEPES pH 7.5, 150
mM NaCl, and 5% (v/v) glycerol. A 0.4 mL/min flow rate was used.
Eluent from the size-exclusion column was monitored using a DAWN
MALS instrument (Wyatt) and an Optilab differential refractive index
instrument (Wyatt). A NanoStar II DLS instrument (Wyatt) was used
with a 2 μL quartz cuvette (Wyatt) to collect three 5 s acquisitions
separated by 1 min. For the H76S/E79S/H80Q/R83L/C270S and
H76S/E79S/H80Q/R83L/C270S/G272R variants, DLS data were
collected using Wyatt disposable microcuvettes with ten averaged
acquisitions. Instrument performance was monitored using injections
of a bovine serum albumin standard. SEC-MALS data were analyzed
using Astra Software version 8.2 and DLS data were analyzed using
Dynamics Software version 8.2.
Differential Scanning Fluorimetry
To measure the melting temperatures (Tm) of the wild-type AtCLH2,
AtCLH2 variants, andTachlorophyllase variants, a QuantStudio 3 Real-
Time PCR system (Thermo Fisher Scientific) was used according to
previously described methods.14 In short, 15 μM of protein in buffer
(50 mM HEPES (pH 7.5), 150 mM NaCl, and 5% (v/v) glycerol) was
mixed with an 8-fold dilution of SYPRO Orange dye (Applied

Biosystems). All Tm values were measured in quadruplicate and were
calculated from experiments that employed a method of heating from
25 to 99 °C at a rate of 0.05 °C per second. The SYPRO Orange dye
fluorescence signal was recorded at a wavelength of 570 nm. Melting
temperatures were calculated from derivative fluorescence curves and
analyzed using Applied Biosystems Protein Thermal Shift Software v1.4
(Thermo Fisher Scientific).
Intact Protein Mass Spectrometry
To understand the state of the AtCLH2 Cys residues in as-purified
AtCLH2 and its variants, intact mass spectrometry experiments were
performed. These experiments generally followed methods that were
previously described.14 For this work, AtCLH2 and its Cys-to-Ser
variants were diluted to a concentration of 10 μM in 20 mM Tris-HCl
(pH 7.5) and assessed using an Agilent G6545A quadrupole-TOFmass
spectrometer equipped with a dual AJS ESI source. All LC−MS
experiments were conducted using an Aeris WIDEPORE C4 column
(2.1× 50mm, 3.6 μm, 200 Å) (Phenomenex). All results were analyzed
in the Agilent MassHunter Bioconfirm software.
Samples (20 μL) that were alkylated were incubated at 30 °C for 45

min in the presence of 10 mM IAA. Samples (20 μL) that were reduced
with DTTwere incubated at 30 °C for 30min in the presence of 10mM
DTT. Last, for samples that were reduced and subsequently oxidized,
the sample (20 μL) was incubated with 10 mM DTT for 30 min,
desalted via a Bio-Spin P-6 column (Bio-Rad), and incubated with 20
μL of 400 μM H2O2 (final concentration in the sample is 200 μM
H2O2). To identify the state of the Trx fCys residues, 50 μL of Trx fwas
incubated with 10 mMDTT on cold beads in a Coy anaerobic chamber
for 45 min and subsequently desalted with a Bio-Spin P-6 column (Bio-
Rad). Experiments conducted to observe the effect of incubating Trx f
with AtCLH2 were performed anaerobically. In brief, 10 μM AtCLH2
or its variants were combined with 20 μMTrx f in 20mMTris-HCl (pH
7.5) for 30 min at room temperature in an anaerobic chamber.
Bioinformatics
The chlorophyllase sequence similarity network, shown in Figure 1 was
visualized using Cytoscape 3.8.267 and created using the EFI-EST and
previously described methods.14 In short, an SSN was generated from
the chlorophyllase (IPR017395) protein family that consists of 1832
chlorophyllases that are represented as individual nodes.
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