Figure 2.15: Fitting of AHA into cobalt(l1) isotherms. An overlay of the three duplicate titration experiments of 50
mM AHA into 5 mM cobalt(ll) is shown with the open symbols. The AHA controls are shown with the closed
symbols. The controls were averaged and then subtracted from each isotherm before fitting the curve. Another run
was performed using the same conditions but was not shown on the curve because it looked identical to the previous

runs.
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To confirm the binding parameters and determine whether or not the different injection
order (i.e. higher local concentration of AHA rather than cobalt(I1)) results in a different binding
mode, cobalt(ll) was titrated into AHA, the opposite of the previous runs. Thus the binding
interaction of 50 mM cobalt(ll) into 5 mM AHA was determined in buffer. Figure 2.16 shows
raw data and the resulting binding isotherm for a sample cobalt(ll) into AHA titration
experiment. Figure 2.17 shows an overlay of the isotherms of three triplicate experiments. The
cobalt control and plateau heat were subtracted as previously described. It is important to note
that this type of experiment could not be conducted using zinc because of its limited solubility

under the chosen solvent conditions.
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Figure 2.16: Titration calorimetry of Cobalt(l1) into AHA. A 50 mM solution of CoCl, and a 5 mM solution of
AHA were prepared in 50 mM NEM, 150 mM NaCl buffer pH 6.80. The cobalt(ll) solutions were titrated into AHA
at 25°C using 10 pL injections.
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The average binding parameters obtained when titrating 50 mM cobalt(Il) and 5 mM
AHA are an n-value of 0.23 £ 0.08 cobalt(Il) per AHA, an equilibrium binding constant of 2.8 £
0.6 x10* M, a AH of -7.8 + 2.2 x10°® cal/mol, a AS of -15.1 + 7.9 cal/mol-deg and a AG® of -
13.9 + 0.5 kJ/mol (Tables 2.1 and 2.3). When comparing these data to the data obtained when
titrating AHA into cobalt(ll), the values for K, are within error of each other. However, the
stoichiometry of binding, is changed significantly when the local concentration of AHA and
cobalt(1l) are changed. This could be caused by an actual shift in the binding mode or simply just
error with the experiment or an error in the data analysis caused by the low c-value due to
solubility constraints. Despite the differences in the n-value, the affinity is the same and is not
dependent on the local concentration of one molecule over the other. This suggests that the

equilibrium binding constant obtained for AHA and cobalt(I1) in buffer is reliable.
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Figure 2.17: Fitting of Cobalt(ll) into AHA isotherms. An overlay of the three triplicate experiments of 50 mM
CoCl, into 5 mM AHA is shown with the open symbols. The cobalt(ll) control is shown with solid symbols. The
control was subtracted from each isotherm before fitting the curve.
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2.7 Summary of Binding Parameters

A summary of the experimental conditions and average thermodynamic binding
parameters is shown in Table 2.1. All errors are reported as standard deviations calculated from
two, three, four or five trials. For experiments where there is no standard deviation reported for

the n-values, it was fixed at the given number (typically 0.5) to yield the lowest reduced chi-

squared for the curve.
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Table 2.1: Summary of Run Conditions and Average Thermodynamic Binding Parameters.

Solvent Conditions Titrant Titrate Average Thermodynamic
Binding Parameters
60% anhydrous 10 mM SAHA | 1 mM ZnCl; n = 0.50 (fixed) sites
methanol and 40% 50 K=4.3+0.5x10°M™*
mM NEM, 150 mM AH= -8.0 % 0.2 x10° cal/mol
NaCl buffer pH 6.80 AS=-14.7 + 0.6 cal/mol-deg
AG°=-15.0 + 0.3 kJ/mol
20 mM SAHA | 3 mM CoCl, n = 0.50 (fixed) sites

K=2.0+0.5x10*°M*
AH= -5.6 + 0.7 x10° cal/mol
AS=-8.5 £ 2.7 cal/ mol-deg

AG°=-13.1 £ 0.7 kd/mol
20 mM AHA 2 mM ZnCl, n =0.52 + 0.17 sites

K=4.4+0.8x10* M™

AH= -8.6 + 3.2 x10° cal/mol
AS=-17+ 11 cal/ mol-deg
AG°=-15.0 £ 0.5 kJ/mol

20 mM AHA 2 mM CoCl, n=0.58 + 0.12 sites

K=3.2+0.4x10°M*
AH= -5.0 + 1.2 x10° cal/mol

AS=-5 + 4 cal/ mol-deg
AG°=-14.3 £ 0.4 kJ/mol

50 mM NEM, 150 50 MM AHA | 5mM ZnCl, n=0.51 + 0.06 sites
mM NaCl buffer pH K=3.6+0.4 x10° M™
6.80 AH=-2.5 + 0.2 x10° cal/mol

AS= 3.2 + 0.8 cal/ mol-deg
AG°=-14.6 £ 0.3 kJ/mol
100 mM AHA | 10 mM ZnCl, n =0.33 £ 0.06 sites
K=6.5+0.2x10°M*
AH=-2.5 + 0.2 x 10% cal/mol
AS=4.57+ 0.69 cal/ mol-deg
AG°=-16.1 £ 0.1 kd/mol
50 mM AHA 5mM CoCl, n=0.26 £ 0.01 sites
K=21+03x10°M*
AH= -7.2 + 0.3 x10° cal/mol
AS=-13.5+ 1.0 cal/ mol-deg
AG°=-13.2+0.1
50 mM CoCl, 5mM AHA n=0.23 + 0.08 sites
K=28+06x10°M*
AH=-7.8 + 2.2 x 10° cal/mol
AS=-15.1 + 7.9 cal/ mol-deg
AG°=-13.9 + 0.5 kJ/mol

N is the number stoichiometric binding sites on the titrant, K is the equilibrium binding constant, AH is the change
in enthalpy and AS is the change in entropy and AG® is the change in Gibbs free energy.
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Tables 2.2 and 2.3 show the parameters obtained under each solvent condition. These
data were previously unavailable prior to this study. As stated earlier, the parameters obtained for
AHA were used to determine if the thermodynamic parameters for SAHA could be extrapolated
into aqueous conditions. Table 2.2 shows the parameters obtained for the interaction of AHA
with zinc(l1) and cobalt(Il) as well as the interaction of SAHA with zinc(l1) and cobalt(ll) in the
methanol: buffer mixture. Table 2.3 shows the parameters obtained for the interaction of AHA
with zinc(I1) and cobalt(ll) in NEM buffer. Using the parameters and associated errors it can be
seen that the values obtained in the two different solvents agree. These conclusions are what
allow the interactions with SAHA with the metal ions in NEM buffer to be extrapolated. Based
on this, the parameters obtained for the interaction of SAHA with zinc(Il) and cobalt(ll) in the

methanol: buffer mixture are most likely within error of what they would be in buffer.

Table 2.2: Summary of Thermodynamic Binding Parameters Obtained in the 60% Methanol 40% Buffer
Mixture.

Titrant | Titrate N K AH AS AG®
(sites) (M™ (cal/mol) (cal/mol-deg) | (kJ/ mol)
SAHA Zn 0.5 (fixed)* | 4.3+0.5x10° | -8.0+0.2x10° | -14.7+0.6 -15.0+£0.3
Co 0.5 (fixed)* | 20+0.5x10° | -5.6+0.7x10° | -85+27 | -13.1+0.7
AHA Zn 052+0.17 | 44+08x10° | -86+3.2x10° | -17+11 -15.0+0.5
Co 0.58+0.12 | 3.2+0.4x10° | -5.0 + 1.2 x10° 5+4 -14.3+0.4
*Curve is not unique enough to yield a unique set of binding parameters
Table 2.3: Summary of Thermodynamic Binding Parameters Obtained in Buffer.
Titrant | Titrate N K AH AS AG°®
(sites) (M (cal/mol) (cal/mol-deg) (kJ/ mol)
AHA Zn 0.51+0.06 | 3.4+0.4x10° | -2.5+0.2 x10° 3.2+0.8 -14.6 £ 0.3
0.33+0.06 | 6.5+0.2 x10° | -2.5 + 0.2 x10° 46+0.7 -16.1+0.1
Co 0.26 +0.01 | 2.1+ 0.3 x10° | -7.5 + 0.3 x10° -135+£1.0 -13.2+0.1
Co AHA | 0.23+0.08 | 2.8+ 0.6 x10” | -7.8 + 2.2 x10° -151+£7.9 -13.9+0.5
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2.8 Final Remarks

There were several problematic steps within this set of ITC experiments. First, the poor
solubility of SAHA in aqueous solution forced us to turn to methanol as the solvent which is not
a physiological solvent. The methanol: buffer mixture at pH 6.80 was a step closer towards a
physiologically relevant condition and it effectively reduced the baseline noise, a problem that
plagued the signals in titrations using 100% methanol. Other ratios of solvent mixtures were not
examined in this work but the differences in the binding energetics obtained in the methanol:
buffer mixture and in NEM buffer were insignificant. This suggests that slight variations in the

solvent percentages do not make a significant contribution to the resulting parameters.

Another problem encountered was the effect of degassing samples prepared in methanol
on data reproducibility. Degassing is normally necessary to remove trapped air, preventing heat
spikes that can result from air bubbles as they get dislodged during a titration experiment.
Degassing thus lowers the signal-to-noise level and increases accuracy of the resulting binding
parameters. However, degassing became problematic for samples prepared in methanol or in the
methanol: buffer mixture due to the volatile nature of methanol. Degassing significantly changes
the composition of the solvent, i.e. the solvent is no longer 60% methanol and 40% buffer, and
also changes the overall concentration of the solute by reducing the total volume. To avoid these
complications, the samples prepared in the methanol: buffer mixture were not degassed. This
proved to more than compensate for the disadvantage of an occasional air bubble due to not

degassing.

Initially, we planned on examining the binding interaction of SAHA to zinc(ll) and

copper(1l). The poor solubility of copper(ll) also posed a challenge because copper(ll) was not
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soluble enough in NEM buffer or the mixture (both at pH 6.80) to yield the minimum
concentration needed for the ITC experiments. Cobalt(Il) ion was chosen instead. For the future,
if the interaction of copper (I1) with SAHA or other HDAC inhibitors is to be studied using ITC,
different solvent ratios, different buffers and different pH values could be tested until a high

enough solubility is reached.

The hygroscopic nature of AHA was also a problem. When a molecule is hygroscopic it
immediately absorbs water from the air it is exposed to thereby altering the molecular formula
weight of the compound. This makes it extremely difficult to mass out an accurate amount of
AHA. To counteract this physical property of AHA, it was removed in small portions under
nitrogen atmosphere and the bottles were then sealed to avoid air contact. When solutions were
made, the solid was massed as quickly as possible to try to limit the amount of water absorbed by
the compound. Once the bottle was opened and the required amount was removed for solution

preparation, the remaining AHA in the bottle was discarded.

Another factor examined was the stability of SAHA and AHA under the chosen solvent
conditions. Currently, the solution stability data of SAHA and AHA is not readily available.
However, it is well known that the hydroxamic group is relatively unstable and the hydrolysis of
this functional group results in a hydroxyl amine and a carboxylic acid. To ensure that the results
obtained in these studies was a direct result of a binding interaction between AHA or SAHA and
zinc(I1) or cobalt(ll), fresh solutions of AHA and SAHA were prepared and used no more than
25 minutes before beginning the titration experiment. This was done to ensure that the majority
of the solution was composed of fully intact molecules. The additional runs obtained using fresh
SAHA or AHA did not differ significantly from runs using much older solutions. This evidence
implies that the binding curves obtained are a result of the binding interaction between the metal
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and the hydroxamic acid group. The runs using freshly prepared solutions were incorporated
when calculating the average binding parameters for each system. Additionally, titration
experiments using a mixture of the hydrolysis products of AHA (hydroxyl amine and acetic acid)
and zinc(Il) or cobalt(Il) were completed. The binding curves obtained from the runs using the
hydrolysis products were compared to previous runs using AHA. These curves show that the
degradation products of AHA look like control experiments with small heats of binding that are
constant throughout the entire titration experiment. This implies that the binding isotherms are a
result of a binding interaction between the metal ion and the intact AHA or SAHA molecules,
not between the metal ion and the hydrolysis products or the heat related to the hydrolysis of

AHA or SAHA (data not shown).

The quality of the data may be improved if the percentage of buffer in the solvent mixture
was increased. This may allow for less baseline noise and the ability to obtain reproducible
results easily. Additional experiments to determine the highest percentage of buffer (in a
methanol:buffer mixture) that solubilizes SAHA would be beneficial knowledge, as the increased
solubility of SAHA could allow for a more reliable binding curve. Currently the c-value is
between 0.20 and 0.30 which is well outside of the desired range. This introduced significant
error when determining the binding parameters because the resulting curves lack the unique
characteristics to fit one set of parameters. Increasing the c-value to be within the 1-1000 range
would increase the accuracy of the binding parameters extracted, especially the binding
stoichiometry. However, a significant increase in SAHA solubility would need to occur in order
to be within the desired range of c-values. The concentration within the cell would need to be 5
mM which means that the concentration of SAHA in the syringe would need to be approximately

50 mM. Currently, under the chosen solvent conditions the maximum solubility of SAHA is 20
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mM. Perhaps exploring other buffers, a lower salt concentration or different pH would affect the
solubility and allow SAHA to become more soluble thereby increasing the reliability of the

binding parameters obtained.

Future directions of this project would be to express and purify an HDAC isoform in a
high enough quantity that ITC experiments using the protein and SAHA could be done. This
would be valuable data that could be used to directly determine the binding affinity of SAHA.
Another future direction is to test other hydroxamic acid inhibitors of HDAC such as
Trichostatin A (TSA) or using other analogs of SAHA to determine the variations in the binding
energetics. These data would be valuable because no thermodynamic binding data is available
for these types of inhibitors. The binding energetics data obtained would be invaluable to design

better inhibitors en route to the development of anti-cancer therapeutics..
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Chapter 3: Fluorogenic Assays of HDACs and
Small Molecule NO Donor Inhibitors

To determine if HDACS is inhibited by the selected nitric oxide donors which covalently
modify free cysteine residues on the solvent exposed surface, a discontinuous fluorogenic assay
of HDAC8 was performed. A broad range inhibitor screen (10 and 100 pM) was done to
determine if and at what potency the NO donors were inhibiting the enzyme. These
determinations were based off a 7-amino-4-methylcoumarin (AMC) standard curve. Once
screened, NO donors were selected based on their percent inhibition and a tighter range
screening was conducted to try and determine the half maximal inhibitory concentration (ICsp)
for the commercial NO donors. Additional screens of synthesized compounds, S-nitrosocysteine
and ethanesulfohydroxamic acid as well as commercially available SAHA and AHA were

performed. Overall only SAHA showed inhibitory effects on HDACS.
3.1  Constructing an AMC Standard Curve

The deacetylation assay of HDACS8 produces the fluorescent molecule 7-amino-4-
methylcoumarin (AMC), after deacetylation and subsequent cleavage by the developer. The
chemical structure of AMC is shown in Figure 3.1. We can accurately determine the
concentration of AMC produced during a reaction because the concentration is relative to the
RFUs (relative fluorescent units). The RFUs are dependent upon the settings of individual
instruments deeming it necessary to prepare our own standard curve. The equation of the line,
y = 0.00015x + 0.113, for the standard curve of RFUs versus the concentration of AMC was
used to calculate the amount of AMC produced once HDAC8 was exposed to the NO donors.
The standard curve, represented in Figure 3.2, contains concentrations ranging between 0 and 10
MM. This is sufficient to cover the experimental assays. Even though each well had 25 puM
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AMC-containing substrate, significantly less free AMC was produced (< 10 pM) after reaction

with HDACS.
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Figure 3.1: Chemical Structure of AMC.
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Figure 3.1: AMC Standard Curve. The points on the curve represent 0, 0.5, 1 and 10 uM AMC in DMSO
in the HDACS8 assay buffer at pH 8.0. The linear trend line of y=0.000150x+ 0.113 is reliable as
determined by the R?value close to 1.0 implying a linear fit.
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3.2 Screening Nitric Oxide Donors

In order to determine if any of the commercially available nitric oxide donors are possible
inhibitors of HDACS a broad concentration assay using inhibitor concentrations of 100 uM and
10 uM was completed. Table 3.1 shows the results which include the concentration of AMC
produced during the assay and the percent activity of HDAC remaining as compared to the

control HDACS reaction.

Table 3.1: Broad Range Inhibition Screen of Commercial NO Donors.

Inhibitor | RFUs [AMC] % Inhibitor, | RFUs | [AMC] %

100 uM UM Activity | 10 uM UM Activity
SNAP 3062 0.7254 81 SNAP 2677 0.6484 72

SNP 2467 0.6064 67 SNP 2813 0.6756 75

DEA 2851 0.6832 76 DEA 2345 0.5820 65

JS-K 2365 0.5860 65 JS-K 3612 0.8354 93
Control | 3932 0.8994 100

Screening performed using 400 nM HDACS in each well.

Based on the data in Table 3.1, the inhibitors that resulted in the lowest percent activity of
HDACS, or the greatest amount of enzymatic inhibition, were 10 uM DEA and 100 uM JS-K
both with percent activities of 65%. Therefore, a smaller range of concentrations for these two
inhibitors were screened with the goal of determining the ICs, for each inhibitor. More detailed
screens of SNP and SNAP were performed because they are well known nitric oxide donors that
inhibit a variety of enzymes. An additional assay using the NO-donor S-nitrosocysteine was also
performed. Figure 3.3 shows the results of the more detailed screen using JS-K. At the high
concentrations of 150 and 125 uM, a small extent of inhibition occurred, as observed though the
percent activities of 86% and 63%, respectively. These are extremely high concentrations and are
not considered relevant in drug discovery as typically, to be considered a potential drug
candidate the potency must be below 10 uM. Figure 3.4 shows that DEA NONOate activated

rather than inhibited HDACS. This is evident though the percent activities ranging from 105% to
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153%. These results suggest that the screens performed (Table 3.1) were not reliable because

they were not performed in replicate.

Activation of HDACS8 with DEA
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Figure 3.3: Activation of HDAC8 with DEA NONOate. A plot of inhibitor concentration versus the percent
HDACS activity remaining relative to a DMSO control. Varying concentrations of DEA NONOate between 20 uM

and 5 uM and 400 nM HDACS8 were screened in triplicate. The RFUs measured were averaged. Error bars are
calculated using root mean square error.

Weak Inhibition of HDACS using JS-K
160
140 T
o0
< 120 %+ T
% 100 T — 'I'
> 80 1
2 60 »
8 40 :
®
20
O T T T T
70 90 110 130 150
Inhibitor Concentration, pM

Figure 3.4: Weak Inhibition of HDACS using JS-K. A plot of inhibitor concentration versus the percent HDAC8
activity remaining relative to a DMSO control. Varying concentrations of JS-K between 150 uM and 75 uM and 400

nM HDACS8 were screened in triplicate. The RFUs were measured and averaged. Error bars are calculated using
root mean square error.
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The assays in Figures 3.3 and 3.4 were performed using 400 nM HDACS8 which is very
high for medium-to-high throughput 96-well plate assays. To optimize the assay conditions and
conserve enzyme, a control assay of HDACS8 using varying concentrations between 25 and 400
nM was conducted to determine the lowest concentration of HDACS required for visible activity.
Table 3.2 shows that the enzyme at all concentrations used were visibly active. Thus, the
concentration of HDAC was reduced to 25 nM for subsequent assays to conserve enzyme.
However, in the presence of the lower concentration of HDAC, the NO donors still yielded

significant activation rather than inhibition as shown in Figure 3.5.

Table 3.2: Optimization of HDAC8 Concentration.

[HDACS](nM) | RFUs | [AMC] (uM)
400 2216 0.556
333 1405 0.394
166 1043 0.322
83.6 947 0.302
41.8 863 0.286
25 852 0.283
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Activation of HDACS8 with NO Donors
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Figure 3.5: Activation of HDACS8 with Nitric Oxide Donors. A plot of inhibitor concentration versus the percent
activity of HDACS relative to a DMSO control. Varying concentrations of a nitric oxide donor inhibitor in uM were
incubated with 25 nM HDACS8 and the fluorescence in RFUs of the triplicate wells were averaged. Inhibitor
abbreviations are as follows: S-nitrosocystene (L-Cys-NO), Sodium nitroprusside (SNP), and S-nitroso-N-acetyl-
penacillamine (SNAP). Error bars were calculated using root mean square error.

The results in Figure 3.5 were suspicious because these are all well known NO donors
that were expected to show slight inhibition. The large error bars shown in Figure 3.5 indicate
that the results are unreliable because most points have error bars ranging from as low at 50%
activity all the way up to 250% activity. This large range does not allow us to conclusively
comment on the effectiveness of the inhibitors. To verify these results, a repeat screening of SNP
was conducted. This assay yielded even higher percent errors suggesting there was a flaw in the
assay itself. Therefore, two controls were performed; one using the normal incubation procedure
of HDACS8 and inhibitor at room temperature and the other on ice. The results of this assay
showed that there were no differences in the observed RFUs between the two controls suggesting
that the incubation at room temperature was not the issue. (results not shown). An additional

control assay was conducted to determine the background fluorescence of HDACS. This assay
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showed that the enzyme had slight fluorescence but not a significant amount (results not shown).
Based on these data it was concluded the HDACS activity was too low to accurately monitor the
activity; suggesting the enzyme may have become inactivated due to multiple freeze and thaw
cycles.

Using a newly acquired enzyme sample, a repeat screen of SNP using 25 nM HDAC was
conducted. Table 3.3 shows the data obtained using concentrations of SNP between 150 uM and
10 uM with 25 nM HDACS. Again, no inhibitory activity was observed which is evident from
the data in Table 3.3 which shows that the lowest percent activity value was 97%. In
combination with the initial broad screening results, this suggests that an increased concentration
of HDAC is required to reproducibly visualize enzymatic activity.

Table 3.3: SNP Assay Using New HDACS.

[Inhibitor] (uUM) RFUs [AMC] (uM) % activity
0 159 0.145 100 + 27

150 142 0.142 98 + 22

110 135 0.140 97+ 24

80 155 0.144 99 + 22

40 157 0.144 100 + 28

10 139 0.141 97+ 19

Assay was set up using 25 nM HDACS. Error is reported as root mean square error.

At low enzyme concentration with the same amount of substrate (25 puM), the enzyme is
in the presence of a higher ratio of substrate than if an optimized concentration of HDACS8 (400
nM ) was used. Because the ICsy values are unknown, it is beneficial to prevent flooding the
enzyme with substrate by having a greater ratio of enzyme to substrate; if the enzyme is saturated
with substrate then the likelihood of inhibition decreases because the enzyme is going to act on
the substrate (which is present in higher concentration) than the NO donor. Thus, the
concentration of HDACS8 was increased to 100 nM to ensure that the ratio of enzyme to substrate
was higher. In addition, because SNP, JS-K and DEA NONOate did not show evidence of

significant inhibition, additional NO donor functional groups were tested. A known inhibitor of
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HDAC, suberoylanilide hydroxamic acid, or SAHA, a small molecule hydroxamic acid
acetohydroxamic acid, or AHA, SNAP and L-CysNO were used in this screening. Table 3.4
shows the results of these screens. Despite the use of a higher concentration of enzyme no
significant inhibition was observed. Table 3.4 shows that even SAHA, a potent, known inhibitor
of HDACs showed only slight inhibition, as evidence by the percent activities ranging from 83%
to 104%. Additionally, the percent activities for AHA ranged from 90% all the way up to 115%
and L-CysNO had percent activities ranging from 90% to 103%.

Table 3.4: SAHA, AHA, and SNP Screening.

[Inhibitor] (uM) | Average RFUs [AMC] (uM) % Activity

Control 0 898 0.293 100 £ 23
SAHA 150 643 0.242 83+ 14
110 810 0.275 94 + 38

80 869 0.287 98 + 29

40 955 0.304 104 £ 76

10 815 0.276 94 £ 29

AHA 150 1070 0.327 112 + 29
110 1110 0.335 115+ 20

80 787 0.270 92 £58

40 1023 0.318 108 + 23

10 746 0.262 90 £ 28

110 804 0.274 94 + 23

80 938 0.301 103 £ 36

40 753 0.264 90 £ 23

10 824 0.278 95+ 29

Data collected using 100 nM HDACS8 enzyme. Reported error values are shown as root mean square error.

It is hypothesized that the absence of inhibition observed in previous assays was a
consequence of using too low an enzyme concentration. Thus, the results obtained from the
assays using concentrations of enzyme other than 400 nM are unreliable. Once the concentration
of HDAC was increased to the originally tested concentration 400 nM, L-CysNO, SNAP and
ESHA, a sulfonyl derivative of a hydroxamic acid yielded inconclusive evidence on whether or

not inhibition was occurring due to large percent errors. However, SAHA, which has been
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shown to act as both a competitive active site inhibitor as well as an NO donor upon oxidation in
the body, showed strong evidence of inhibition as the percent activity using only 40 uM SAHA
was 35% (Table 3.5) This could be indirect evidence supporting a dual inhibitory mechanism
through active site competitive inhibition and release of nitric oxide. * However, these studies
did not determine how much inhibition is caused by competitive inhibition and how much is
caused by the release of NO. The percent activities observed using SNAP, L-CysNO, and ESHA
at 400 nM enzyme seems to be suggest that the interaction of these small molecule inhibitors is

weak under the chosen assay conditions as evidence by the minimal decreases in percent activity

as well as the large associated errors.

Table 3.5: SAHA, ESHA, L-CysNO and SNAP Screening.

[Inhibitor] (uUM) RFUs [AMC] (uUM) % activity

Control 0 2053 0.0464 100 + 10
SAHA 150 588 0.0133 29+4
110 616 0.0139 30+£3
80 875 0.0198 43+ 17
40 727 0.0164 35+3
SNAP 150 2225 0.0503 108+ 7
110 2282 0.0516 111 +38

80 2162 0.0489 105 £ 12
40 1922 0.0434 94+9
L-CysNO 150 1932 0.0437 94 +6
110 1852 0.0418 90 + 13

80 2379 0.0538 116 + 12

40 2096 0.0474 102 + 11
ESHA 150 1347 0.0304 66+ 38
110 1487 0.0336 72+ 28
80 1436 0.0325 70+ 20

40 2659 0.0601 130 + 38

Data collected using 400 nM HDACS. The error is reported as a root mean square error percentage.

3.3 Final Remarks
Overall, this study shows that the commercially available NO donors tested did not
inhibit HDACS8 under the chosen assay conditions. Suberoylanilide hydroxamic acid, a positive

control due to the fact that it is a known HDAC inhibitor, did inhibit strongly. This is
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exemplified by the percent activities of HDACS8 ranging between 29% and 43%. Figure 3.6
shows the surface structure of HDACS. There are 10 cysteine residues present in the protein with
3 exposed to the surface. None of the cysteines are involved in disulfide bonds. In addition,
Figure 3.6 shows that most of them are buried within the protein and are not accessible to the
solvent and therefore not accessible to nitric oxide. Nitric oxide inhibition occurs through
covalent modification of solvent exposed free sulfhydryl groups on cysteine residues. The low
number of solvent exposed cysteine residues could be the main explanation of why only the

hydroxamic acid and sulfonyl derivative showed any inhibition.

Figure 3.6: Surface Structure of HDACS8 with Labeled Cysteine Residues. Figure of surface diagram of PDB
structure 1T69 visualized using Pymol. Structure on left and right are a 180° rotation of each other.

In future studies, the assay could be further optimized using a lower concentration of both
substrate and enzyme to lower the overall cost of the assay. Furthermore, a reducing agent such
as dithiothreitol (DTT) or tris(carboxyethyl) phosphine (TCEP) could be added to the reaction
mixture. This would be useful because while there are no structural disulfide bonds present in the
protein, disulfides readily form in air under oxidizing conditions when cysteine residues are close

enough in space making them much more stable. By adding the reducing agent to the mixture it
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would prevent the cysteine residues that are exposed to the surface from being oxidized into
disulfide bonds. Screening of additional NO donor compounds such as a known effective NO
donor for histone deacetylases, GSNO, could be done to determine its inhibitory strength.
Overall the development of a new assay for HDACs that is continuous and does not use a
cysteine protease would be extremely beneficial to furthering assays using HDACs. The assay
we used likely contains a cysteine protease because it cleaves after lysine residues in the
substrate. The use of a cysteine containing protease is going to affect the assay because it
contains an extremely reactive cysteine so the NO donor will likely act on that reactive cysteine

as opposed to the cysteine residues in HDACS.
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Chapter 4:
Experimental Methods

4.1 Isothermal Titration Calorimetry

a. General Considerations

Stock solutions of each component (SAHA, AHA, ZnCl, and CoCl,) were prepared using
stoichiometric calculations to determine the grams required to prepare the solution. All solutions
were prepared using the highest grade of purity reagents available. The transition metals zinc(l1)
(1) chloride, 99.99%, extra pure was purchased from Acros Organics and cobalt(I1) (I1) chloride,
98%, ACS reagent was purchased from Sigma-Aldrich. The HDAC inhibitor suberoylanilide
hydroxamic acid was purchased from Fischer Scientific. Acetohydroxamic acid, 98+% was
purchased from Acros Organics. All reagents were massed on the Ohaus analytical standard
balance. The pH meter was calibrated using buffer solutions at pH 4.00+£0.01, 7.00£0.01, and
10.00+0.02 purchased from Fischer Scientific. The buffer was prepared using MilliQ water with
a purity of < 18 MQ. The methanol: buffer mixture was prepared using 99.8% pure anhydrous
methanol removed under nitrogen atmosphere. All solution pHs were corrected using the Orion
pH meter (model 420A). The Rainin p1000, p200, p20 and p10 pipettemen were for removing
small volumes. Stock solutions were prepared in 50 mL and 15 mL Fischer brand disposable
centrifuge tubes. Stock solutions were mixed on the Maxi Mix Il Thermolyne Type 37600 mixer.
Samples were degassed using the Thermovac (GE, formerly MicroCal, Piscataway, NJ). All
calorimetric measurements were carried out using a VP-ITC Isothermal Titration Calorimeter

(GE, formerly MicroCal, Piscataway, NJ).
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b. Solution Preparation

The solutions of metal ions and hydroxamic acids were prepared based on mass
measurements determined by stoichiometric calculations. The metal ions are stable in solution
thus fresh solutions were only prepared when previously prepared solutions ran out. However,
fresh solutions of both copper and zinc(ll) were prepared to determine if the results obtained
differed with new solutions. The same principle remained true for AHA. However, since the
solution stability of AHA is lower than the metal ions the fresh AHA solutions were prepared for
one run for each system within 25 minutes of beginning the experiment. Stock solutions were

diluted following the M1V;= M,V; to prepared the necessary concentrations for each experiment.

c. Experimental Procedure

Prior to titration, the samples were usually degassed for 5 minutes to remove air bubbles
that otherwise can get dislodged during the experiment, generating unwanted heat. When
methanol or methanol: buffer mixture was used, samples were not degassed to avoid changes in
solvent composition and solute concentration. A 250-uL injection syringe was filled with the
titrant and the 1.4 mL reaction cell was filled with titrate. The reference cell was filled with
buffer or solvent depending on the experiment. A typical experiment involved 28 injections of
titrant of 10 pL each into the reaction cell. Each injection lasted 20 seconds and injections were
spaced 250 or 300 seconds apart. The syringe was rotated at 307 rpm and the cell temperature

was calibrated to 25°C.

For most ITC experiments, the transition metal solutions of either zinc(Il) or cobalt(ll)
were loaded into the sample cell and SAHA or AHA was loaded into the syringe and inserted
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into the sample cell. Concentrations of titrant and titrate for the different experiments varied
(Table 1) while the basic experimental parameters of number of injections, injection volume,
injection duration, and spacing remained the same through the experiments. Control titrations
were performed by titrating titrant into solvent or buffer or titrating solvent or buffer into titrate.
The heat data from these control titrations were later subtracted to remove heat effects due to
processes other than titrant-titrate interaction. All titrations were repeated in triplicate to ensure

that the results were reproducible.

Table 4.1: Concentrations of Titrant and Titrate.

Solvent Compound Titrant (mM) Compound Titrate (mM)
Methanol: Buffer SAHA 10 Zn** 1
20 Co®* 3
AHA 20 Zn* 2
20 Co? 2
Buffer AHA 50 Zn* 5
50 Co®" 5
100 zZn** 10
Co”™* 50 AHA 5

The 60:40 mixture is 60% anhydrous methanol and 40% buffer (50 mM NEM, 150 mM NacCl buffer pH 6.80). The
final pH of the mixture was 6.80. The buffer is 50 mM NEM, 150 mM NacCl buffer pH 6.80.

d. Data Analysis Procedures

Analysis of calorimetric data was carried out using the Origin 7.0 software. Data were fit
to a one set of sites binding model using a nonlinear least square approach (Levenberg-
Marquardt algorithm). This program package uses the heats generated for each injection and
integrates the area under or above the curve to determine binding parameters including: n (the
number titrant of binding sites on the titrate), K, (the equilibrium binding constant), AH (the
enthalpy change per mole of titrant), and AS (entropy change per mole of titrant). The AG® (the

Gibb’s free energy change per mole of titrant) can be calculated using the K.
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The process of fitting experimental data to a binding model involves the following steps:
manual correction of the baseline in the raw data plots to ensure that the baseline represents the
data correctly, subtraction from the binding isotherm an average of control isotherms, fit the data
to the one set of sites binding model to determine the binding parameters and view the fit to
determine if it fits the curve well. We often find it necessary to subtract an additional constant
equaling the plateau heat of the isotherm to minimize the value for Chi-squared. This likely
reflects the fact that the control titration isn’t a perfect control for the real control heat resulting
from the processes other than binding, such as dilution of the titrant and titrate upon titration.
The fitting parameters obtained after these manipulations were taken as the final binding
parameters for each experiment. This process was repeated for each titration experiment and the

parameters obtained were averaged and a standard deviation was calculated for each system.

4.2 HDACS8 Fluorogenic Assays
a. General Considerations

Stock solution in dimethyl sulfoxide of each nitric oxide donor were prepared at 50 mM , 500
MM and 50 pM using stoichiometric calculations to determine the mass required of each
component. All solutions were prepared using the reagents purchased from Sigma Aldrich at the
highest purity available. The nitric oxide donors sodium nitrite, > 98.0%, sodium nitroprusside
dehydrate, > 98.0%, JS-K, > 97%, Diethylamine NONOate sodium salt hydrate, S-nitroso-N-
acetyl-DL-penicillamine, > 97.0%, Diethylenetriamine/nitric oxide adduct, > 97.0% and L-
Cysteine, > 97% were used as received. All NO donor solutions were prepared in DMSO (Sigma
Aldrich, > 99.6%) and then diluted except DETA NONOate which was prepared in MilliQ water
with a purity of < 18 MQ. The Fluor de Lys HDACS substrate and developer were purchased

from Enzo Life Sciences and were used as received. The HDACS8 assay buffer was prepared
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using reagents from Sigma Aldrich. The assay buffer was composed of 50 mM Trizma base( >
99.9%), 137 mM NaCl (> 99.0%), 2.7 mM KCI, (> 99.0%) and 1 mM MgCl, (> 98.0%). The pH
of the buffer was corrected to 8.0 using a Fischer Scientific Accumet Basic AB15 pH meter. The
pH meter was calibrated using buffer solutions at pH 4.00+0.01, 7.00+0.01, and 10.00+0.02
purchased from Fischer Scientific. All small volume pipetting for the assays were carried out
using Eppendorf pipettmen. Stock solutions were prepared in 1.5 mL and 0.5 mL
microcentrifuge tubes. Solutions were mixed using the Fischer Scientific Vortex Mixer. The
microtitrate plate was read on the LBioTech Synergy H1 Hybrid Reader visualized using the
Gen5 2.00 software . All data obtained was analyzed using Microsoft Excel 2007. All enzyme
assays were performed in triplicate in 96 well plate format and the average values were used for

analysis.

b. Assay Procedures

To begin, 15 unLL HDACS8 enzyme (> 90.0% Sigma Aldrich) at 400 nM (some assays using
100 or 25 nM) was incubated for 30 minutes with 10 pL the required concentration of nitric
oxide donor. Additionally, a DMSO control containing no nitric oxide donor was performed for
each assay. After the incubation, 25 pL of 50 uM Fluor de Lys substrate was added and allowed
to react for 30 minutes. Finally, 50 pL of 1X Fluor de Lys Developer was added and incubated
for 1 hour. After the incubation, the microtitrate plate was read at 360 and 480 nm (the optimum

wavelengths for coumarin fluorescence)

c. 4-Amino-7-methylcoumarin (AMC) Standard Curve

A standard curve plotted using the concentration of AMC versus the relative fluorescence

units was constructed. The volume of DMSO did not exceed 10% of the 50 pL total reaction
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volume. Using a 100 mM stock of AMC in DMSO, serial dilutions of 10 mM, 1 mM and 0.1
mM were prepared. Concentrations of AMC between 500 nM and 100 uM were prepared in the
wells using the AMC stocks, DMSO and assay buffer as shown in Table 4.1. The plate was read

at 380 and 460 nm.

Table 4.2: Sample Components for AMC Standard Curve.

[AMC] Volume AMC (uL) | Volume DMSO (uL) | Volume Buffer (uL)
0 0 5 45
500 nM 2.5 0f 10 uM 2.5 45
1uM 0.5 of 100 uM 4.5 45
10 uM 0.50f 1 mM 4.5 45
25 uM 1.25 of 1 mM 3.75 45
50 uM 2.50f 1 mM 2.5 45
100 uM 0.5 of 10 MM 4.5 45

d. Preparation of S-nitrosocysteine

In a microfuge tube, 0.05 mmol L-cysteine was dissolved in 1.0 mL of 0.5 N HCI. Once
dissolved, 0.5 mmol sodium nitrite was also dissolved in the solution. The pH of solution was
adjusted to neutral using 1.0 M NaOH. Once prepared, the stock solution was diluted to 500 uM

and 50 uM in DMSO.
e. Preparation of Ethanesulfohydroxamic acid

Ethanesulfohydroxamic acid was prepared in the Karver lab according to literature

procedures. ¥
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