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Human citrate synthase (hCS) was kinetically characterized through full progress curve kinetic modelling using
kinetic simulation, global fitting of the direct AcCoA to CoA transition, and a coupled thiol probe reaction to
better determine the kinetics with low substrate concentration. Our analysis provides one of the most rigorous
kinetic analyses of any citrate synthase ruling out the need to invoke complex cooperative mechanisms to explain
progress curve data. Furthermore, we collected and modeled stopped-flow pH-dependent kinetic data with CoA
and popular thiol probes such as Ellman’s reagent (DTNB) and 4,4’-Dithiodipyridine (DPS), providing the op-
portunity for detailed kinetic simulations using these thiol probes with CoA producing enzymes. Global fitting
suggests that the DPS/CoA bimolecular rate constant increased 100-fold via protonation of the pyridine ring
(pKa = 5.2), quantifying its kinetic advantage relative to DTNB. To explore the kinetic effects of polar sub-
stituents on the pyridine ring, we synthesized three different DPS analogs by adding either an alcohol, amine, or
carboxylic acid moiety to the pyridine ring. Of these, the alcohol group provided the most similar kinetic

characteristics to DPS but greatly increases thiol probe polarity offering an alternative to DPS.

1. Introduction

Citrate synthase (CS) catalyzes the aldol condensation of oxaloace-
tate and acetyl-CoA forming citrate and CoA in the first step of the
tricarboxylic acid (TCA) cycle. CS activity is used as a metric for mito-
chondrial function [1], a regulator of TCA cycle flux [2], and its
dysfunction is associated with metabolic disease [3].

Here we provide one of the most kinetically rigorous analyses of any
CS by globally fitting a large collection of stopped-flow progress curves
in the absence and presence of initially added products and natural
nucleotide inhibitors AMP, ADP, and ATP. Our analysis of the CS
stopped-flow progress curve data utilizes kinetic simulation to avoid
simplifying steady-state and equilibrium assumptions [4]. Our analysis
thus provides rate constants, which were used to calculate steady-state
constants, including rigorously determined confidence intervals for
these parameters [5,6]. We found that our data and modeling are
consistent with an ordered bi bi mechanism, which might be the
consensus mechanism for CS but has been challenged by some promi-
nent enzymologists [7-11]. For example, mammalian CS have been re-
ported to follow a bi bi ordered ternary mechanism [7,8], but hysteresis
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[9], cooperativity [10,11], and a rapid-equilibrium random-order
ternary mechanism [11-13] have been proposed.

Importantly, we followed the CS catalyzed transition of AcCoA to
CoA spectra directly, in the UV [6] rather than coupling the reaction to a
thiol probe, to gain a more accurate kinetic signal. For example, CS ki-
netic data is most often followed by coupling the reaction using a thiol
reactive probe such as DTNB (5,5-dithiobis (2-nitrobenzoic acid)), also
known as Ellman’s reagent [11,13-15], to react with CoA. Since the
reaction of DTNB with CoA is concentration and pH dependent [16,17],
its addition complicates analysis of the kinetic data. Despite this, we
have been unable to find an enzyme kinetic analysis that accounts for
this typical coupling step.

Even though following the AcCoA to CoA transition without a
coupling reaction is ideal, the absorbance difference in the UV is rela-
tively minor making the reaction difficult to follow at low concentra-
tions. Therefore, in the low concentration regime (<5 pM substrates) use
of another chromophore can be beneficial, if correctly accounted for.

To more accurately account for the coupled CoA to thiol probe re-
action, we collected and modeled pH-dependent stopped-flow progress
curves with CoA and DTNB, and 4,4-dithiodipyridine (DPS), another
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popular thiol probe [18]. Global fitting of the CoA/DPS reaction prog-
ress curves required an additional proton binding step aligning with the
pKa of the pyridine ring (pKa = 5.2), where proton binding increases the
bimolecular rate constant by 100-fold.

To explore modifications of the pyridine ring on the kinetic perfor-
mance of DPS with CoA, we synthesized three simple DPS analogs
adding the following substituents: CH,OH, ~-CH,NH,, and ~-COOH. We
found that all modifications decreased the kinetic performance of DPS
with CoA to some degree with the alcohol group having the least effect.
However, increasing DPS polarity could decrease unwanted protein re-
actions, by avoiding non-polar protein environments to deter reaction
with buried cysteine residues [19-21]. Thus, a more polar DPS analog,
such as DPS- CH,OH, not only increases water solubility but also pro-
vides an alternative probe to help avoid enzymatic inactivation.

2. Material and methods
2.1. Materials and reagents

Chemicals were purchased from Sigma-Aldrich and Fisher scientific,
except CoA and acetyl-CoA were purchased from COALA biosciences
(Austin, TX).

2.2. Human citrate synthase purification

Purified human citrate synthase was purchased through a custom-
ized protein purification project commissioned through Genscript (Pis-
cataway, NJ). The wildtype human CS amino acid sequence was
obtained from Uniprot ID: 075390 and used to generate the wildtype CS
gene without the mitochondrial localization sequence. The protein was
expressed using the pET30a expression vector with a N-term 6X histag.
The plasmid was expressed in BL21 Star (DE3) cells and induced with
0.4 mM IPTG. Protein was purified with Ni-NTA chromatography and
analyzed using SDS-PAGE, Western blot, and mass spectrometry. Protein
concentration was determined by the Bradford protein assay with a final
storage buffer of 50 mM Tris-HCl, 500 mM NacCl, 10 % glycerol at pH 8.
Protein was stored at —80 °C.

2.3. Human citrate synthase stopped-flow assays and global fitting

All kinetic assays were performed at ambient temperature in 50 mM
Tris at a pH of 7.8 and 0.25 pM CS with 0.22 pm filtered solutions. Ki-
netic absorption assays were performed on a KinTek SF-300X stopped-
flow mixing device utilizing a deuterium lamp and followed using a
multiwavelength CCD array detector. The CS reaction was followed by
observing the absorbance change at 232 nm between acetyl-CoA and
CoA, which has a molar extinction difference of approximately 2 mM !
em ! [6]. Averaged kinetic data (at 232 nm) were then imported into
KinTek Global Kinetic Explorer software (Austin, TX) and globally fitted
to an ordered bi bi mechanism using non-linear least squares and nu-
merical integration [4]. The CS reaction was also followed by adding
DPS (4,4'-dithiodipyridine), 1.5 mM after mixing, where progress curves
were fitted at 325 nm. All parameter sets that produced an error ratio
(errorpegt.fir/errorj) threshold value within 0.833 of the best-fit value
were used to determine upper and lower parameter bounds [5]. All ki-
netic figures were generated using MATLAB R2024a software.

2.4. DTNB/CoA, DPS/CoA, and DPS-x analog/CoA stopped-flow
kinetics

DTNB (5,5 -dithiobis-(2-nitrobenzoic acid)) and CoA were rapidly
mixed on a KinTek SF-300X stopped-flow mixing device utilizing a
deuterium lamp and followed using a multiwavelength CCD array de-
tector using a mixed buffering system at pH 6.5, 7.0, 7.5, 8.0, and 8.5.
The mixed pH buffering system consisted of 50 mM HEPES, Tris, and
histidine. Final concentrations of DTNB were 0.25, 0.5, 1.0 and 2.5 mM,
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with CoA at 0.125 mM after mixing. Single wavelength kinetic progress
curves at 412 nm were then extracted from the multiwavelength data
and globally fitted to the kinetic mechanism shown in Scheme 2A using
KinTek Global Kinetic Explorer software. All kinetic figures were
generated using MATLAB R2024a software.

DPS (4,4-dithiodipyridine) and CoA were rapidly mixed in the same
way as DTNB at pH 6.0, 6.5, 7.0, 7.5, and 8.0 using the same mixed
buffering system as DTNB described above. These experiments were
conducted by varying DPS concentrations at each pH, which were 0.25,
0.50, 1.0 and 1.5 mM with a fixed concentration of CoA at 0.10 mM, all
after mixing. Single wavelength kinetic progress curves at 325 nm were
then extracted from the multiwavelength data and globally fitted to the
kinetic mechanism shown in Scheme 2B using KinTek Global Kinetic
Explorer software. All DPS analog stopped-flow data collection and
modeling were handled in the same way as DTNB.

2.5. Uncoupled/coupled hCS simulation comparison

Determined kinetic mechanisms and rate constants for hCS, DTNB/
CoA, and DPS/CoA were used to conduct three separate simulations. All
simulations were conducted with 0.25 pM hCS, 10 pM AcCoA, and 20
UM oxaloacetate for 1.25 s. The uncoupled reaction was simulated based
on the signal of the molar absorptivity of the AcCoA/CoA spectral
change. The DTNB coupled reaction signal was simulated using the
fitted molar absorptivity of DTNB at 412 nm with 2.5 mM DTNB. The
DPS coupled reaction used the fitted molar absorptivity of DPS as a
signal at 325 nm with 1.5 mM DPS. Simulations were performed with
KinTek Global Kinetic Explorer software. The final kinetic simulation
figure was generated using MATLAB R2024a software.

2.6. Organic synthesis of DPS analogs

Thiol probes DPS-X (X, = -CH20H, X}, = -CHoNH,, X, = -CO2H)
were synthesized according to Scheme S1, in the supporting information
where procedures are provided. As an example, for synthesis of the
benzyl amine-containing disulfide (X, = -CH3NHy), the primary amine
of chloropyridine 1 was first protected using a Boc group. Displacement
of 2’s chlorine using sodium hydrosulfide gave thiopyridine analogs 3.
Oxidation of 3 using (diacetoxy)iodobenzene gave disulfides DPS-X,
which were all purified by flash chromatography or recrystallization.
Deprotection of the Boc amine for DPS-X},, (Xp» = -CHaNHBoc) using
HCI gave desired DPS-Xy,. Disulfides were characterized by *H NMR and
LC-MS.

3. Results and discussion

Mammalian CS have been reported to follow a bi bi ordered ternary
mechanism [7,8], but hysteresis [9], cooperativity [10,11], and a
rapid-equilibrium random-order ternary mechanism [11-13] have been
proposed. Subsequent analysis of classic data sets from bovine heart, rat
kidney and liver CS showed that many of these data could be best-fit to
an ordered bi bi mechanism by globally fitting initial velocity data
across several independent data sets [22].

Most published CS kinetic data sets are composed of initial velocity
data often analyzed by double reciprocal plots [11,13,23]. Although the
primary kinetic data, in progress curve data [6] has been shown in a few
studies, it is not usually analyzed by the more modern approach of ki-
netic simulation [6,24], which models the primary data using less as-
sumptions. To our knowledge, no large collection of CS kinetic data,
from any organism, has been analyzed by the combination of kinetic
simulation and global fitting. Therefore, our first objective was to
accurately characterize the enzyme kinetics of human citrate synthase
(hCS) by collecting full progress curve data and global fitting of the data
with a model provided by kinetic simulation, including a rigorous con-
fidence interval search of kinetic parameters.

Full progress curve data was collected by following the recombinant



N. Shackelford et al.

hCS reaction in the forward direction using a stopped-flow mixer and
CCD array multiwavelength detector (Fig. 1A). The hCS reaction was
monitored while varying substrate concentration (Fig. 1B-E). For
instance, hCS was separated from both substrates prior to stopped-flow
mixing while varying the concentration of one substrate (Fig. 1B and D).
Alternatively, hCS was pre-mixed with one of the substrates (oxaloace-
tate, Fig. 1C and AcCoA Fig. 1E) before mixing with the other substrate
to determine effects of pre-mixing on the kinetics. Our variation in
mixing strategy was implemented due to the observation that pre-
mixing of AcCoA greatly inhibited a previously studied enzyme in
carnitine acetyltransferase kinetics [6]. All progress curves were well
fitted to an ordered bi bi kinetic mechanism (Scheme 1), with an added
step for nucleotide inhibition characterized below. The data fitted in
Fig. 1 is part of a global fit including data discussed below in Figs. 2 and
5.

Due to a report of detected reverse CS activity using a coupled
enzyme system [11], we tried to monitor hCS activity in the reverse
direction (Fig. 1F) using the non-coupled detection method and found
that the change in absorbance is below the limit of detection. This result
is consistent with an estimated equilibrium constant for the overall re-
action at pH 7.8 being 1.2 x 107 [25].

To help determine the hCS kinetic mechanism, we collected product
inhibition data with citrate and CoA. Notably, product inhibition with
CoA cannot be carried out using the typical strategy of coupling the
reaction with DTNB [11,13-15], since it would react with CoA. We
found that along with all other data, product inhibition data were well
fitted to an ordered bi bi mechanism (Fig. 2A and B).

By following the reaction using the AcCoA to CoA transition (Fig. 1)
we found that the change in absorbance for substrates 5 pM and below
was very minor. Therefore, we were interested in using a coupling re-
action to better resolve the signal. Although it would be ideal to avoid a
coupling reagent, explicitly accounting for the coupling reaction in the
kinetic modeling while globally fitting both uncoupled and coupled data
together can more accurately determine kinetic constants.

To this end, we explored two popular thiol probes, 4,4-
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Scheme 1. Bi bi ordered ternary mechanism of citrate synthase, with the
addition of a dead-end step for nucleotide (NT) inhibition. E denotes
the enzyme.

dithiodipyridine (DPS) [26] and Ellman’s reagent (DTNB) [18], to
determine which probe has better kinetics upon reaction with CoA. To
accurately account for the kinetics of the reaction of DTNB with CoA, we
collected pH and concentration dependent data with DTNB and CoA on
the stopped-flow and modeled the data using global fitting (Fig. 3) based
on the kinetic model shown in Scheme 2A. This model accounts for the
CoA pK, of 9 [27] and the second order reaction between CoA and DTNB
(Scheme 2A). The fitted rate constant for this reaction can be found in
Table S1.

When collecting data between DPS (Fig. 4) and CoA, we found an
interesting difference between DTNB and DPS kinetics with CoA. To fit
the DPS data, an extra protonation step is required in the kinetic
mechanism (Scheme 2B), with a pK, of 5.2 consistent with that on the
pyridine ring. This step accounts for a faster reaction between DPS/CoA
at lower pH compared to DTNB [28]. The pH-dependent kinetic differ-
ence between DTNB and DPS has been discussed elsewhere [28,29], but
it has not been kinetically characterized by global fitting. Altogether the
DPS/CoA two-step bimolecular rate constants were greater than the
single step kinetic constant required to fit the DTNB/CoA kinetic data,
with the protonated DPS species (DPSH+) rate constant being 100-fold
greater than with DTNB (Scheme 2B and Table S1).
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Fig. 1. hCS stopped-flow progress curves following AcCoA to CoA transition and globally fitted to an ordered bi-bi kinetic mechanism. A) Example of
multiwavelength time-dependent CCD array scan of AcCoA transition to CoA by hCS. B) Fitted progress curves varying AcCoA and 20 pM oxaloacetate after mixing.
C) Fitted progress curves varying AcCoA with hCS pre-mixed with oxaloacetate (20 pM after mixing). D) Fitted progress curves varying oxaloacetate with 20 pM
AcCoA after mixing. E) Fitted progress curves varying oxaloacetate with hCS pre-mixed with 20 pM AcCoA after mixing. F) hCS reverse progress curve conditions of
100 pM CoA and 2 mM citrate. In B though F, data is shown as filled circles with line representing model prediction with matching color. Error bars represent
standard deviations of the data. Starting absorbances were normalized to the highest absorbance to better observe all progress curves in a single figure panel. Global

fitting also includes data in Fig. 2 and 5.
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Scheme 2. DTNB and DPS-x kinetic models. A) One step kinetic model of
DTNB reacting with CoA, with CoA proton binding/dissociation equilibrium
step. B) Two step kinetic model of DPS-x (X, = -CH;OH, X}, = -CH,NH,, X, =
-CO,H) reacting with CoA, with CoA and DPS-x proton binding/dissociation
equilibrium step.

After determining improved kinetics with DPS/CoA relative to
DTNB, we chose to use DPS as a CoA probe for the hCS reaction. To
theoretically account for the DPS/CoA reaction, we used the DPS/CoA
fitted model (Scheme 2B) and rate constants (Table S1) to accurately
account for the DPS/CoA coupled reaction at lower AcCoA and oxalo-
acetate concentrations to improve the signal (Fig. 5A and B). CS is
inhibited by nucleotides such as ATP, ADP, and AMP [30], which are
likely important for biochemical regulation of CS. Therefore, we
generated these data sets to include inhibition by AMP (Fig. 5C), ADP
(Fig. 5D), and ATP (Fig. 5E) to create a more comprehensive data set for
hCS kinetic modeling. Since each of these nucleotides absorb strongly in
the AcCoA-to-CoA spectral region, following these reactions using the
direct method is not feasible. Therefore, we used the DPS coupling
method to collect data and corresponding kinetic modeling and global
fitting to simulate the experiments. Each nucleotide inhibitor was
included in the mechanism and simulated by competing for the
AcCoA/CoA binding site, with oxaloacetate bound (Scheme 1).
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All hCS data (Figs. 1, 2 and 5) were simultaneously fitted, or globally
fitted, using non-linear least squares fitting to the numerically integrated
solution of the ordered bi bi kinetic mechanism including nucleotide
inhibition (Scheme 1). The global simulation also includes Scheme 2B
kinetic steps when accounting for the DPS/CoA reaction using the rate
constants found in Table S1. Fitting the data in this manner directly
estimates rate constants (Table 1) that were then used to calculate
steady-state constants (Table 2), as previously discussed for the bi bi
kinetic mechanism [6].

To estimate rigorous confidence intervals for rate constants and then
steady-state constants, we implemented a computation within KinTek
Global Explorer software that systematically adjusts parameter values
while calculating the error between the model prediction and the data.
All parameter sets that produce an error ratio (errorpeg.fit/€rror;)
threshold value within 0.833 of the best-fit value were used to determine
upper and lower parameter bounds (Table 1) [5]. As expected, rate
constants (Table 1) are difficult to constrain relative to steady-state ki-
netic constants (Table 2) [4,5].

To compare methods of following CS, we simulated progress curves
based on the determined rate constants (Fig. 6). Our simulation shows
that DPS responds more quickly and accurately to the production of CoA
relative to DTNB, while providing a better signal even at pH 7.8.

We looked to commercial sources to find DPS analogs to further
improve DPS/CoA reactivity and DPS polarity but could only find ana-
logs that would increase the likelihood of an unwanted reaction or
would decrease polarity. Therefore, we synthesized a few simple DPS
analogs by modifying the pyridine ring with the following substituents:
CH,OH, -CH,NH,, and —-COOH (Scheme 3).

We found that the DPS-CH,OH analog (Scheme 3) had the most
similar kinetics at pH 7 (Fig. 7C) and 8 (Fig. 7F) to DPS, with a 15 % drop
in apparent equilibrium. Therefore, we generated a full concentration
and pH-dependent data set and modeled the data as with DPS (Fig. S1),
and further confirmed that the DPS-CH,OH analog gave similar rate
constants to DPS (Fig. 8 and Table S1). The DPS-CH;NH, analog
demonstrated a much greater drop in apparent equilibrium (2.5-fold),
which would severely limit its use at 325 nm (Figs. S2C and F); although
a larger absorbance change is seen at about 290 nm (Fig. S2E). Given the
apparent decrease in equilibrium and/or signal we decided not to pursue
this probe further.

The DPS-COOH analog demonstrated similar kinetics at pH 8
(Fig. S3F) to DPS and somewhat attenuated kinetics at pH 7 (Fig. S3C).
Notably, the absorbance maximum red shifted from 325 nm with DPS to
337 nm in DPS-COOH. We generated a concentration and pH-dependent
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Fig. 2. hCS stopped-flow progress curves with added products following AcCoA to CoA transition globally fitted to an ordered bi-bi kinetic mechanism. A)
Fitted progress curves of hCS with pre-mixed oxaloacetate mixed against AcCoA and varied Citrate. B) Fitted progress curves of hCS with pre-mixed oxaloacetate
mixed against AcCoA and varied CoA. Data is shown as filled circles with line representing model prediction with matching color. Error bars represent standard
deviations of the data. Starting absorbances were normalized to the highest absorbance to better observe all progress curves in a single figure panel. Global fitting also

includes data in Fig. 1 and 5.
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data set to determine the full impact of the carboxylic acid (Fig. S4) and
found that the carboxylic acid moiety reduced rate constants by about a
factor of three overall (Fig. 8 and Table S1).

4. Conclusions

Here we applied modern kinetic simulation and global fitting
methods to human citrate synthase (hCS) stopped-flow progress curves
to provide a comprehensive and consistent data set, delivering one of the
most rigorously determined models of this enzyme. Our progress curve

cheme 2B). All panels have varied amounts of DPS as shown in the legend in panel B.

data and modelling strategy supports the ordered bi bi mechanism for
hCS rather than the need to invoke more complex cooperative [10,11] or
hysteric [9] mechanisms that have been suggested in the past.

The majority of our hCS kinetic data was collected by following the
direct UV spectral change between AcCoA and CoA [6], rather than
coupling the reaction to a thiol probe such as DTNB or Ellman’s reagent,
which is the common strategy to follow CoA producing enzymatic re-
actions [11,13-15,31-41]. This strategy allowed for a more direct ki-
netic analysis of the hCS data, which provided the ability to monitor CoA
inhibition and the reverse hCS reaction. However, we found that at
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Fig. 5. hCS stopped-flow progress curves with nucleotide inhibition coupled with DPS and globally fitted to ordered bi bi kinetic mechanism. A) Fitted
progress curves of hCS varying AcCoA with pre-mixed oxaloacetate followed at 325 nm with DPS. B) Fitted progress curves of hCS varying oxaloacetate with pre-
mixed AcCoA and followed at 325 with DPS. C) Fitted progress curves of hCS with pre-mixed oxaloacetate against AcCoA and varied AMP followed at 325 nm with
DPS. D) Fitted progress curves of hCS with pre-mixed oxaloacetate against AcCoA and varied ADP followed at 325 nm with DPS. E) Fitted progress curves of hCS with
pre-mixed oxaloacetate against AcCoA and varied AMP followed at 325 nm with DPS. Data is shown as filled circles with line representing model prediction with
matching color. Error bars are standard deviations of the data. Starting absorbances were normalized to the highest absorbance to better observe all progress curves
in a single figure panel. Global fitting also includes data in Figs. 1 and 2. DPS reaction with CoA was modeled using Scheme 2B using rate constants found in Table S1.

Table 1
Human citrate synthase globally fitted rate constants from ordered bi-bi
mechanism.
Rate constant Best-fit “Lower bound “Upper bound
ky (pM s ) 91.9 36.7 916
ki 0.113 1.13 x 107* 1.13
ko (M 15 7 161 33.7 1.61 x 10°
ko™ 1140 131 1.15 x 10°
ks (s ™) 830 234 1.32 x 10*
ks (M s ) 48 12.6 481
ka(s™h 273 148 822
kg (M s 7 0.758 0.197 6.42

@ Upper and lower bounds were calculated from the maximum and minimum
calculated parameters within a 0.83 relative error threshold [5].

Table 2
“Calculated steady-state constants for the ordered bi-bi mechanism and inhibi-

tion constants.

Steady-state constant Best-fit "Lower bound Upper bound
Ko (s71) 225 138 578

KOxalo (M) 2.51 0.19 153

KACoA (M) 4.24 1.08 9.42

KACoA (M) 8.55 1.39 37.8

KA (uM) 22.3 6.17 60.3

KGitrate (M) 380 34.9 1.64 x 10°
KA (mM) 0.0449 0.0157 0.0841
KAPP(mM) 0.301 0.101 0.536

KAMP (mM) 2.16 0.910 4.59

? Steady-steady constants were calculated as previously described for the bi bi
kinetic mechanism [6].

b Upper and lower bounds were calculated from the maximum and minimum
calculated parameters within a 0.83 relative error threshold [5].
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Fig. 6. Comparison of kinetic simulations of human citrate synthase ac-
tivity followed by different methods. The human citrate synthase kinetic
model was simulated and followed by either the AcCoA to CoA spectral tran-
sition (blue), DPS thiol probe in saturating conditions (red, 1.5 mM), or DTNB
thiol probe in saturating conditions (gold, 2.5 mM). To better compare the
signals, the simulated progress curves were normalized to zero.

substrate concentrations below 5 pM this strategy suffered from low
signal. To circumvent this, we kinetically characterized the reaction
between CoA and DTNB and another thiol probe, DPS [17-19,26,28,42,
43]. By using stopped-flow and global fitting kinetic methods, we
determined that the DPS/CoA rate constant improved at least 100-fold
over DTNB at lower pH by incorporating an additional kinetic step ac-
counting for protonation of the pyridine ring. We then merged the bi bi
ordered kinetic mechanism of hCS with the DPS coupling mechanism to
simulate hCS data with DPS at low substrate concentration, which also
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Fig. 7. DPS-CH,-OH stopped-flow kinetics with DPS control. A) DPS-CH,-OH rapidly mixed (1.5 mM after mixing) with CoA (0.1 mM after mixing) at pH 7,
following UV-Vis spectra as a function of time. B) Difference spectra between first and last spectra from panel A. C) Single wavelength kinetic trace at 325 nm for
both DPS (gold) and DPS-CH,-OH (blue) at pH 7. D) DPS-CH,-OH rapidly mixed (1.5 mM after mixing) with CoA (0.1 mM after mixing) at pH 8, following UV-Vis
spectra as a function of time. E) Difference spectra from panel D. F) Single wavelength kinetic trace at 325 nm for both DPS (gold) and DPS-CH,-OH (blue) at pH 8.
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enabled nucleotide inhibition (K;) estimation.

Like DTNB, DPS has also been used as a thiol probe for enzyme ki-
netic analysis [19,42,43], but to a much lesser degree probably due to its
non-polar properties causing it to permeate enzymes and inactivate
them [20,21]. Some have implemented site directed mutagenesis of the
enzyme to avoid reaction of cysteine residues with DPS [19]. Analogs of
DPS, with selectable characteristics such as increased polarity, or
negative and positive charges could help to avoid unwanted probe re-
actions. To this end, we synthesized three simple DPS analogs with the
following substituents: CH2OH, —-CHyNHj, and —COOH. Of these, we
found that the DPS-CH,OH and DPS-COOH analogs had the most similar
kinetic characteristics to the original DPS and could serve as a more
polar alternative to DPS to potentially decrease the possibility of adverse
protein interactions due to a non-polar thiol probe.
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