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Abstract

The gasotransmitter hydrogen sulfide (H,S) is thought to be involved in the post-translational
modification of cysteine residues to produce reactive persulfides. A persulfide-specific
chemoselective proteomics approach with mammalian cells has identified a broad range of zinc
finger (ZF) proteins as targets of persulfidation. Parallel studies with isolated ZFs show that
persulfidation is mediated by zinc(ll), O, and H5S, and intermediates involving oxygen- and
sulfur-based radicals were detected by mass spectrometry and optical spectroscopies. A small
molecule zinc(l1) complex exhibits analogous reactivity with H,S and O», giving a persulfidated
product. These data show that zinc(l1) is not just a biological structural element, but also plays a
critical role in mediating H,S-dependent persulfidation. ZF persulfidation appears to be a general
post-translational modification and a possible conduit for H,S signaling. This work has broad
implications for our understanding of H,S-mediated signaling and the regulation of ZFs in cellular
physiology and development.
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Persulfidation by H,S is a key modification of proteins. Using persulfide specific proteomics,
cysteine rich zinc finger (ZF) proteins were found to be targets of persulfidation. The reaction of
H,S with ZFs was evaluated using a series ZFs and a small molecule Zn coordination complex
that mimics the ZF site. Persulfidation by H,S occurred in an O, dependent manner, with the zinc
acting as a conduit for electron transfer and of S-S bond formation.
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Introduction

Hydrogen sulfide (H,S) was initially identified in the 1770s as a noxious gas present in
sewers.[1] It was later determined that H,S was present on the anoxic, pre-biotic earth, about
3.8 billion years ago, and was involved in the formation of early life (see Figure S1A).[2]

In the 1990s, H,S was discovered to function as an endogenous gasotransmitter, making

it the third gasotransmitter after CO and NO.[3] Many biological roles have since been
ascribed to H,S, including neuromodulation, regulation of inflammation, cardiovascular
function, metabolism, transcription, and apoptosis.[4l Misregulation of H,S is associated
with inflammatory diseases such as arthritis, cardiovascular disease, and cancer.[%] Although
H>S has been proposed as a key signaling molecule in biology, a molecular level
understanding of many of its mechanisms of action remains elusive.

Targets of H,S include heme and non-heme iron proteins, reactive oxygen-, sulfur-, and
nitrogen species, and cysteine residues (see Figure S1B).[16] The interaction of H,S with
cysteine residues, directly and indirectly, can lead to persulfidation, a post-translational
modification (PTM) that involves the addition of sulfur to the Cys sulfur terminus
(RSH—RSSH).[®¢.7] Evidence over the last two decades suggests that persulfidation by
H>S may be a PTM involved in the regulation of many important biological processes,
and developing a fundamental understanding of H,S-mediated modifications would be of
widespread significance.[1:30.4a.6c.e,7b]

Zinc finger proteins (ZFs) were initially identified as transcription factors and were
subsequently found to carry out a myriad of additional biological roles beyond transcription,
including RNA regulation and protein stabilization via ZF/RNA and ZF/other protein
interactions. ZFs are one of the most abundant types of cysteine-rich proteins in eukaryotes,
making them ideal targets for H,S signaling through persulfidation.[8] ZFs are comprised of
domains with distinct secondary structures that include four-coordinate zinc(ll) sites bound
by a combination of cysteine (Cys) and histidine (His) residues.[®] Since the discovery of
the first type of ZF, which contains two cysteine and two histidine residues (CCHH) that
serve as ligands for zinc, at least 30 other classes of ZFs have been identified.[8¢] Each

class or type of ZF is delineated based upon the ligand set, fold, and function. These classes
adopt a variety of secondary structures to facilitate their molecular interactions with DNA,
RNA, and proteins. As such, they regulate transcription, translation, as well as protein driven
regulation (e.g. ubiquitination) in multiple biological pathways. Figure 1 provides examples
of four classes of ZFs. The prevailing dogma is that the Zn!! centers in ZFs function
exclusively as structural cofactors, in keeping with their stable, d10 electron configurations
and the absence of any biologically relevant redox chemistry.[80.10]

There is emerging evidence of persulfidation of cysteine residues in ZFs by H,S.[11]
These data are primarily from cellular studies, and do not involve the direct assessment
of the reactivity of isolated and purified ZFs with H,S. There is a singular study of H,S
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reactivity with an isolated by ZF, reported by some of us.[*1a] This work was focused

on tristetraprolin (TTP) which is a CCCH type ZF protein that regulates inflammation

by controlling cytokine mRNA levels in cells.[*2] TTP binds to specific sequences in the
3’-UTR that are adenine and uracil rich (AU-rich), forming a protein/RNA complex that

is then targeted for degradation. RNA binding by TTP requires the two CCCH domains,
with Zn!' bound.[®] Given the role of TTP in regulating inflammation, a role also ascribed
to H,S, we sought to determine whether TTP is persulfidated by H»S. We found evidence
for persulfidation of the cysteine residues in TTP, provided that Zn!' was bound to TTP and
the reaction with H,S was performed under aerobic conditions. Several intermediates during
persulfidation including oxygen- and sulfur-based radical species were identified. The final
stage of the reaction involved disulfide bond formation, Zn!! ejection, and loss of TTP/RNA
binding function.[*1a] The data led to a proposed mechanism in which the Zn'' cofactor
functions as both an organizational element and electron conduit, bringing the Cys target
residue, H,S, and O together for electron transfer and S — S bond formation (see Scheme
1).

Our work on TTP, together with earlier ZF persulfidation studies by otherst1e-Nl led us to
hypothesize that persulfidation of ZFs might be a general PTM, and not simply operative
for a singular case of a TTP construct. We now present a chemoselective persulfide-specific
proteomics study in multiple eukaryotic cells, a systematic examination of new protein
constructs representing different canonical ZFs, and a novel small-molecule synthetic ZF
analog.

Results and Discussion

Zinc Finger Proteins are Broadly Persulfidated in Multiple Mammalian Cell Lines

The ZF proteome in MEF was determined using deep proteome analysis. 5927 proteins
were found in four biological replicates (see Table S1); of these proteins, 471 (8 %) were
identified as ZFs. ZFs make up 8-10 % of eukaryotic proteomes, and these results are in line
with this prediction.[82.13] A persulfide specific cell labeling strategy that utilizes a dimedone
probe to identify protein persulfides (Figure 2A)[14] revealed that 2435 proteins were
endogenously persulfidated (see Table S1), of which 118 were ZFs. The ZFs were grouped
based upon the ligand sets: CCCC, CCCH/CCHC and CCHH, corresponding to different
types of ZFs. The most frequent ligand set found among persulfidated ZFs was CCCC

(44 %), followed by CCCH/CCHC (38 %) and CCHH (18 %) (Figure 2; see also Table

S2) indicating that the ZFs with more cysteine residues are persulfidated more frequently.
Alternative persulfide specific proteomics methods have been applied to other cell types, and
we analyzed the available data from five different human cell lines (A431, A549, U20S,
HEK?293, MDA-MB-231) to determine the robustness and generality of our proteomics
findings.[X5] ZFs were identified in all cell lines evaluated, and a strikingly similar pattern
for the frequency of persulfidation emerges: CCCC (44-61 %), CCCH/CCHC (29-38 %)
and CCHH (11-18 %) (see Figure 2 and Table S2). This analysis reveals that ZF protein
persulfidation occurs for a variety of ZFs in a wide range of cells from human to mouse. To
our knowledge, broad persulfidation of ZFs in mammalian cells has not been documented up
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to now. This has potentially far-reaching implications, suggesting that persulfidation of ZFs
is a common, if not essential, mode of transport for H,S signaling in eukaryotes.

H>S Reactivity of Zinc Fingers with CCCC, CCCH, CCHH and CHHH Ligand Sets

The persulfide specific proteomics data revealed that a variety of ZFs can be persulfidated.
ZFs can be differentiated into classes based upon their ligand set, their structure or their
function. The H,S reactivity of isolated ZF peptides with varied ligand sets (CCCC, CCCH,
CCHH) was examined to determine if persulfidation of ZF sites, as seen via proteomics,
occurs at the protein level. ZF domains are modular, allowing for the isolation of single
peptide domains that bind Zn!' and fold.[916] ZF variants were prepared based upon TTP,
which contains two CCCH ZF domains and for which a single domain (TTP-D1) has been
previously isolated.[*7] Three ZF variants were prepared: TTP-D1-CCCC, D1-CCHH and
D1-CHHH, as well as ZF domain 2 (D2-CCCH) (for AA sequences, see Table S3). The
CCCC and CCHH variants are native ZF ligand sets whereas CHHH is an abiological
derivative.[%10] All ZF peptides were isolated in the apo-form and Zn!! binding affinities
were measured using competitive UV/Visible titrations with Co!! (Figure 3 and Table 1i; see
also Figure S2 and Table S4).[17.18] Circular dichroism and intrinsic tyrosine fluorescence
experiments showed that the ZF peptides form stable complexes with varying degrees of
secondary structure (see Table 1ii; see also Figures S3, S4).

The dimedone switch method utilized for the persulfide specific proteomics screen was
adapted to detect persulfidation in situ during the reaction of the ZF peptides with H,S (see
Figure S5A).[1421 NBF~CI was added to each Zn-TTP peptide variant in the presence of

0O, and H,S and the optical spectra was monitored (Figure 4A, /eft, see also Figure S5B).
The NBF - Cl signal at 350 nm decreased with a concomitant increase in absorbance bands
between 400 to 480 nm as the NBF labeled thiols, amines, sulfenic acids, and persulfide
groups.[1®] NBF labeling of persulfides forms a mixed disulfide in which one sulfur has
enhanced electrophilicity, making it uniquely positioned to react with nucleophilic dimedone
(the switch). Reaction with dimedone results in a decrease in the unique wavelength
attributed to TTP-SS-NBF (422 nm).[142.19.20] Thjs switch was observed upon addition

of dimedone to all Zn-TTP peptides (Figure 4A, right, see also Figure S5C), supporting
persulfidation with a variety of ZF ligand sets. To our knowledge this is the first time that
this approach has been employed to trap persulfide intermediates generated in situ, and has
the potential to inform on persulfidation in other systems.[14a]

Intrinsic tyrosine fluorescence was performed on the TTP-D1- and D2-CCCH peptides to
determine the effects of H,S reactivity on ZF structure. The Zn!! bound peptides exhibited

a fluorescence emission at 303 nm that diminished upon addition of H,S under aerobic
conditions. This suggests that persulfidation leads to protein unfolding (Figure 4B). Cryo-
ESI-MS (CSI-MS), a low temperature, high-resolution mass spectrometric technique that
allows for detection of native, metallated peptides and possible adducts with intermediate
species, was performed on the TTP-D1-CCCH and -CCCC peptides. Adducts of peptide,
superoxide (O,"7), and dihydrogen disulfide radical anion (H,S,""), were observed (Figure
4C), akin to what was previously observed for a two domain CCCH ZF construct (TTP-2D).
[11a] |n the case of D1-CCCH, this radical species was formed immediately upon mixing
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and could be observed within the first 5 minutes of recording. Some amounts of [(TTP)
(02"7)(H2S," )] were also observed when the CCCC variant was mixed with HS, but thiol
oxidation and demetallation predominated in the same time frame suggesting that the CCCC
ZF’s reaction with H,S may be faster than the CCCH ZF (see also Figure S6).

To detect the superoxide intermediates and understand the effect of ligand set, hydroethidine
(HE) was utilized as a probe for superoxide anion (see Figure S7A).[21] The ZF peptides
were reacted with H,S in the presence of O, and HE and the change in fluorescence was
monitored (emission A = 520-680 nm; excitation A = 466 nm). A fluorescence signal
developed over time for all ZF peptides (Figure 4D; see also Figure S8) indicating the
oxidation of HE by superoxide to products with greater fluorescence intensity.[22] These
spectra featured peaks with Amax (<595 nm) which is comparable to that of a control
experiment with the xanthine/xanthine oxidase (XOD) enzyme-substrate system, which
generates O,""; HE is oxidized by 05"~ to form the superoxide-specific product 2-OH-E*
(see Figure S7B).[221 Comparison of the HE signal that formed after 120 minutes between
the ZF peptides revealed that the TTP-D1- and -D2-CCCH peptides, which have the native
ligand set, exhibited the largest change in fluorescence signal, indicating the generation of
the greatest superoxide yields (see Table S5). Additional experiments with hydroethidine
and potassium superoxide (KO,) in solvent systems of either (a) DMSO (aprotic), or (b)
potassium phosphate buffer (protic) confirmed the blue-shifted fluorescence of superoxide-
specific oxidation vs the red-shifted fluorescence (Amyax~630 nm) of non-specific HE
oxidation (see Figure S7C). Taken together, the data for the ZF peptides align with

the previously proposed mechanism for the persulfidation of Zn-TTP-2D, which involves
reduction of oxygen to form O,"~ (see Scheme 1).

Oxygen-dependent Persulfidation of a Synthetic N,S~Zn!' Complex

The results obtained for the ZF peptides indicate that Cys persulfidation results from a Zn!!-
mediated reaction with H»S as the sulfur donor and O, as the oxidant. Such a reaction has
not been previously reported for a biological zinc(ll) center, and we wanted to determine if a
synthetic, sulfur-ligated Zn!' complex with a similar coordination environment could exhibit
the same reactivity. Previous work on sulfur-ligated Zn!' complexes have demonstrated

that Zn'! thiolates are activated towards polysulfide formation, but the reactivity of Zn'!
thiolates with H,S and O has yet to be investigated.[23] The structurally well-defined
Zn-(PATH)Br (1) (PATH= 2-methyl-1-[methyl-(2-pyridin-2-yl-ethyl)amino]propane-2-thiol)
[24] provides a Zn'" center with a biomimetic N,S(alkylthiolate) coordination environment
and a single thiolato donor, simplifying the analysis for persulfidated product. Complex 1
reacts with SH™ salts to give the new Zn(PATH)(SH) (2) as colorless crystals suitable for
X-ray structure determination (Figure 5C; see also Table S6). The crystal structure reveals

a pseudotetrahedral Zn'' complex in which the bromide ligand of 1 has been replaced by

a terminal hydrosulfide group. To our knowledge, 2 is the first example of a Zn!' complex
with both a terminal SH™ and a thiolato group in the first coordination sphere. The structure
of 2 is also notable in that little steric protection of the SH™ group is provided to prevent

Zn S(H)-Zn bridged structures, as opposed to the few other isolable, mononuclear Zn''(SH)
complexes.[2:25] The 1H nuclear magnetic resonance (NMR) spectrum of 2 versus starting
material 1 (see Figure S9) shows significant differences, including two new singlets at 1.47
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and 1.25 ppm, which are assigned to the diastereotopic, geminal methyl substituents. A
new upfield resonance at —1.9 ppm can also be seen for 2, corresponding to the terminal
SH™ group.[250] The 1H NMR data confirm that the crystal structure of 2 remains intact in
solution.

Complex 2 was surprisingly inert to O, but we hypothesized that addition of excess

SH™ might lead to enhanced reactivity, and possibly persulfidation. This idea was based

on the proposed mechanism for the persulfidation of TTP, which includes a Zn''-H,S,"~
intermediate as shown in (see Scheme 1). Addition of 1 equivalent of [(PPh3),N][SH] to

2 under anaerobic conditions in CD3CN leads to a 'H NMR spectrum consistent with
displacement of the pyridine arm by SH™. Analysis of the reaction mixture by FTIR
spectroscopy reveals that the vibrational mode for the coordinated pyridyl group (1607
cm™1) shifts to that seen for the free ligand (1587 cm™1)(see Figure $10).[26] Together

the NMR and IR data indicate that the pyridyl donor has been displaced by a second
equivalent of SH™, leading to [Zn-(PATH)(SH),]™ (3) (Figure 5A; see also Figure S11). This
assignment was confirmed by high-resolution ESI-MS (negative ion mode, see Figure S12).
This complex is reminiscent of the CCCH-ZF shown in Figure 1, with 3 anionic sulfur
ligands and one neutral nitrogen donor.

Unlike complex 2, the bis(sulfhydryl)-zinc(11) species 3 reacts with O,, as seen by a gradual
color change from colorless to yellow. The addition of an extra equivalent of SH™ to 3

helps push the equilibrium toward complete formation of the bis(SH)-ligated species 3,

and addition of excess O, gas under these conditions leads to persulfidation of the PATH
ligand (Figure 5A). The persulfidated ligand was identified following demetallation via

an acid/base protocol, which resulted in a mixture of persulfidated product together with
some free PATH ligand, as seen by 'H NMR spectroscopy (see Figure S13). The identity

of the persulfidated product was confirmed by high-resolution EI-MS ([M*] = 256.1071
m/z, calculated 256.1067 m/z; see Figure S14), and integration by 1H NMR against an
internal standard gives a persulfidated yield of 11.8 0.2 % (see Figure S15). This relatively
modest yield is likely a result of persulfide degradation during work-up; persulfides are well
known to be unstable and their isolation is challenging.[1-2:27] Several control reactions were
carried out to determine the requirements for persulfidation, as shown in Figure 5B. The
mono-sulfhydryl species 2 is unreactive toward O, (see Figure S16) and no persulfidation
occurs for the bis(sulfhydryl) species 3 in the absence of O, or excess SH™ (see Figure S17).
Free PATH ligand does not undergo persulfidation, giving instead unidentified products in
the presence of excess O, and SH™ (see Figure S18). Taken together, these data show that
both zinc(11) and O, are required for the SH™ mediated persulfidation of the alkylthiolate
donor in PATH. This work provides a synthetic example of persulfidation with a Zn'!-SR
complex, SH™ and O,.

Conclusion

The modification of cysteine residues to persulfides by H,S is emerging as an important
PTM thought to be connected to signaling by H,S. This PTM is widely observed,

for example, it is estimated that 30 % of proteins are persulfidated under resting
conditions.[6¢.28] However, the types of proteins that are persulfidated are not well defined,
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underscoring the importance of identifying proteins that are persulfidated by H,S. The
persulfide specific proteomics data presented here identified cysteine rich ZFs as a type of
protein that is widely persulfidated in mammalian cells. Persulfidation occurred for different
classes of ZFs (i.e. with different ligand sets and different functions), suggesting that ZF
persulfidation is broad. This finding challenges the long-held dogma that ZFs use the Zn!!
center for solely structural purposes. Our investigation of the reactivity of a series of isolated
ZF peptides with varied ligand sets as well as with a small synthetic, sulfur-ligated zinc(l1)
complex with a similar coordination environment as the ZFs, offered further evidence for
reactivity at the Zn'! center, as well as mechanistic insight. The reaction of ZFs requires Oy,
and the data support a mechanism whereby Zn!' serves as a conduit for electron transfer
between O, and HS™, similar to those proposed for iron and manganese dioxygenases(2°]
and models of Zn'! superoxide dismutase.[3°]

Persulfidation of cysteine residues (RSH—RSSH) is emerging as an important modification
for posttranslational regulation of protein function.[X.7¢l In addition to the enzyme activation
and inactivation, persulfidation also has a protective role, serving as the evolutionarily
conserved protective loop for protection of thiols from overoxidation.[14a] This is best
evidenced in protection against oxidative stress in aging.[242.31]

The finding that a variety of ZFs are persulfidated, including those with different ligand

sets (e.g. CCCC versus CCCH) and functions (e.g. transcription versus RNA regulation),
brings up the question of the biological significance of ZF persulfidation. To holistically
answer this question, detailed biological studies of each ZF identified as persulfidated are
needed; however, there are already a few published studies on these effects, from which

we can draw some preliminary conclusions. One of the studies is work by our laboratory,
on TTP (CCCH type), in which we reported that persulfidation increases TNFa RNA
levels.[11al TTP regulates cytokine mRNAs, including TNFa, and this finding supports a
model by which H,S modulates mRNA regulation via TTP. Another study focused on

the androgen receptor (AR) which is a CCCC type ZF that functions as a transcription
factor; here, ZF persulfidation was linked to a reduction of the expression of AR target
genes, indicating that H,S downregulates transcription for this specific protein.[11¢] Another
example is work on Sirtuin, a protein that regulates deacetylation of histones and includes

a singular CCCC type ZF domain that provides a structural element to indirectly regulate
deacetylase activity. Here, persulfidation of the ZF promoted deacetylase activity.[11€.]
Additional studies include work on Parkin, a protein that has E3 uibiquitin ligase activity
and contains a RING type (CCCH-CCCC), that revealed that persulfidation is connected to
increased ligase activity!1P] and work on SP1, a CCHH ZF that regulates transcription, that
showed that persulfidation leads to enhanced transcription of VEGF-1 by SP1.[11d] These
collective findings reveal that persulfidation can enhance or decrease specific ZF protein
activity related to transcription, translation and enzymatic activity (indirectly via a structural
role of the ZF), and suggest that as additional studies focused on the biological significance
are reported, a variety of effects on function will be discovered.

A major role for ZFs in biology is to regulate transcription and translation, and a myriad
of biological processes rely on this ZF activity. This regulation requires that Zn'! is bound
to the ZF such that the protein is folded and can directly interact with the DNA or RNA
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sequence associated with the transcriptional or translational event. The data presented here
show that Zn!! centers react with H,S and O, to give persulfidated ZFs and metal ion
release, suggesting an intriguing new mechanism for transcriptional/translational control.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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CCCH

HIV Ncp7 ZRANB2
CCHC ccce

Figure 1.
Structures of four different ZF domains/ligand sets; Cys colored pink and His green (made

in PyMol, PDB: YY1: 1UBD; Tis1l1d: 1IRGO; HIV Ncp7: 2L44; ZRANB2: 3G9Y).
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Figure 2.

A) Reaction Scheme of dimedone-switch labeling of cellular persulfides for proteomics
analysis. B) Pie charts representing the distribution of persulfidated ZFs in different cell
types, sorted by ZF ligand set: CCCC (purple), CCCH or CCHC (blue), and CCHH (cyan).
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Figure 3.
UV/Visible spectra from 520 to 820 nm of the apo-ZF peptides upon addition of 1 equivalent

of CoCl, (50 mM HEPES, pH 7.5).
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Figure 4.
A) UV/Visible spectra of Zn-TTP-D1-CCCH reacted with Na,S in 100 mM HEPES, pH 7.5.

Left: plot of spectrum between 300—700 nm after exposure to O, and addition of NBF~CI
(purple), followed by the spectra obtained every 30s (grey traces) until no further spectral
changes observed (black). Right. plot of spectrum between 375-525 nm following addition
of dimedone to the same reaction mixture (red), followed by the spectra obtained every 30s
(grey traces) until no further change observed (black). B) Plot of the change in the intrinsic
tyrosine fluorescence spectrum as apo-TTP-D1-CCCH is bound with Zn'! (dashed black to
solid blue trace, left) and reacted aerobically with H,S over 30 minutes (red to black trace,
right). C) CSI-MS spectra of the z= 4 + species of Zn-TTP-D1-CCCH (40 uM) in 20 mM
NH4HCO3 (pH 7.4), before (upper panel) and after (middle panel) addition of 400 uM Na,S
under aerobic conditions. /nset: simulated (blue) and experimental (red) spectra overlaid for
the intermediate species observed at 1092 m/z. D) Fluorescence emission spectra of oxidized
hydroethidine after the reaction of ZF peptides with H,S (aerobic, t= 120 minutes, 50 mM
sodium phosphate, pH 7.5).
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Figure5.
A) Synthesis of complexes 2 and 3, and persulfidation reaction with O,. B) Control

reactions between free ligand PATH, [(PPh3),N][SH] and O5 (top), 2 and O, (middle), 3 and
[(PPh3),N][SH] under anaerobic conditions (bottom), showing no formation of persulfide
product in each case. C) Displacement ellipsoid plot (50 % probability level) of 2 at 110(2)
K. Hydrogen atoms (except for S—H) are omitted for clarity.
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Scheme 1.
Proposed mechanism for the persulfidation of zinc finger domains by H,S in the presence

of O, The initial HS™ coordination to the Zn!! site, which acts as a conduit for the anionic
species present, facilities reduction of O, and activation of HS™ to the thiyl radical species
(HS"). This species could react with additional HS™ present or form a perthiyl radical
(HSS*") with a proximal Cys residue. Further reaction with ambient oxygen can form

the persulfide group (SSH), and depending upon the current oxidative environment, the
complete oxidation to a disulfide bond occurs.
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(i) Upper limit Zn'! binding affinities (Ky) for TTP peptides obtained from Co/Zn competitive titrations and

(i) observed change in fluorescence, as fold increase, for direct titrations of TTP variants with Zn'!.

TTPPeptide (i) Zn'' Kg (M) [@  (ii) Fluorescence Fold Increase [
D2-CCCH 1.4x107942,0x10710  1.30+0.02
D1-CCCH 2.1x1079+2,8x10710  1.37+0.02
D1-CCCC 2.7x107945,0x10710  1.11+0.01
D1-CCHH 1.6x10710£1,7x10°11  1.14+0.01
D1-CHHH 3.1x1077+1.5x1077 1.01+0.01
[a]Numbers following the + are S.E.M. from replicate experiments (N = 3)
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