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Curve fitting to one-sct-of-sites model yiclded the following binding parameters: TtC binds
with a stoichiometry ol 0.347 + 0.007 Ca® per T{C, and an alfinity constant o 2.4 + 0.07 x 10°
M™ (Kq =420+ 10puM). MC was found to have a stoichiometry of 0.369 + 0.002 Ca™™ per MC
and an affinity constant of 2.5 £ 0.2 x 10" M (K4 = 41 =4pM). TgC was found to bind twicc
as much Ca®" as tetracycline or minocycline, at 0.69 + 0.07 Ca®" per TgC. The aflinity constant
of 2.0+ 0.2 x 10* M (Ky = 50 + 10 uM) for TgC was comparable to MC but higher (8.3-fold)
than that for TtC. Binding is apparcntly exothermic at pH 6.8 in the NEM buffer for TtC, MC,

and TgC with values of AH® of 9.9+ 0.2, -16.4 + 0.8, and -8.0 + 0.2 kcal mol™ Ca*
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respectively. Entropy change values (or all three antibiolics are negative, suggesling a decrease

of entropy and an enthalpically driven binding process for each.
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{kcal mol”’ ) {cal mol”’ K")

" AG® ]
Compound (_Cazv {kcal mal™)

antibiotic

MC 0369+ 0.002 2.5+ 02010 41+4 -16.4 £ 0.8 -35+3 -104£0.9

2.2. Ca*" Coordination to Tetracycline, Minocycline and Tigecycline in 50 mM NEM buffer
containing 0.15 M NaCl at pH 7.50.

Titration experiments were carried out at 25 °C in 50 mM NEM buffer containing 0.15 M
NaCl at pH 7.5 to examine the cffect of pH, and thus of the ionie state of TtC, MC, and TgC on
their interaction with Ca*', Binding isotherms were overlain in Figures 17, 18 and 19 (or TIC,
MC, and TgC, respectively. Average values for binding parameters are listed in Table 2.

Control heat values of Ca” titration into buffer were negligible and were not subtracted.
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Ca** titration into TIC was found 1o bind almost [our times as much as MC, at a

stoichiometry of 0.98 £ 0.01 Ca®* per TtC with an average K, of 3.8 £ 0.1 x10° M or Ky of 270
+ 10 pM for TtC. Ca™ titration into MC resulted in reproducible binding isotherms that fit the
one-sel-ol-siles model well. Binding was exothermic. MC binds with a stoichiometry of 0.25 +
0.04 Ca* per MC and a K, of 1.0 £ 0.1x10° M (Ky = 10+1 pM). Binding isotherms for Ca*"
titration into TgC were also highly reproducible. However, the first few data points clearly

lollow a difTerent trend from the rest ol the data points, suggesting either the presence ol an
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additional Ca’" binding site or the presence of a small amount ol a contaminant with a dillerent
Ca*" affinity. Binding is also exothermic for TgC at pH 7.5 in NEM buffer. When data were fit
to a two-sets-of-sitcs-model, the resulting stoichiometry (r; and n,) were 0.35 = 0.09 Ca®" per
TgC and 0.3 + 0.1 Ca®" per TgC, respectively, and the corresponding binding alTinities (K, and
Kap) were 4+1x10* M™ and 2.140.8<10° M™, respectively. Alternatively, the first ten data points
were deleted and the rest of the data points were fit to a onc-set-of-sitecs modcel. The resulting
binding parameters for TgC were a stoichiometry of 0.66 + 0.07 Ca®” per TgC and K, of 7 +

1x10* M (Kg =14 + 2 uM).

At pH 6.8, TtC has a stoichiometry of 0.347 Ca™ per TtC and almost triples to 0.98 Ca™
per TIC at pH 7.5. Unlike T1C, stoichiometry decreases as pH increase for MC from 0,396 Ca™'
per MC at pH 6.8 to 0.25 Ca™ per MC at pH 7.5. No dramatic change in stoichiometry is seen
for TgC. The stoichiometric valucs at pH 6.8 and 7.5 of 0.69 and 0.66 Ca™* per TgC,
respectlively, are the same within error. The tetracyclines exist as dilTerent 1onic species al pH 6.8
and 7.5 which may explain the difference in stoichiometric trends [16]. Overall, affinity for Ca™
is the weakest for TtC at pH 6.8 (K, =2.40 x10° M) in NEM buffer, but it increased slightly as
pH was increased (0 7.5 (K, = 3.8210° M™). The same trend is seen for MC and TgC with a 3-
fold increase in affinity for MC (K, =2.5%10° M at pH 6.8 and K, = 1.0x10° M at pH 7.5) and
a 2.5-fold increase for TgC (K,=2.0x10*M™ at pH 6.8 and K,=7.07<10°M™" at pH 7.5). The
binding enthalpy trend agrees (or TIC, MC, and TgC with a decrease in AH” as pH was
increascd. The binding enthalpy and entropy arc both negative for all three antibiotics, indicating
a [avorable enthalpy change but unfavorable entropy change. Ca" binding for TiC, MC and

TgC are enthalpically driven in this condition.
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AlF°
(kcal mol™ )

AS®

{eal mol” K™

TAS®
{kecal mol'])

AG®
{kecal mol'])

1.0 +0.1x10°

0.25+£0.04

10+1

-15.7+0.2

30+1

-8.9+03

-6.8+04

*Per mole values are for per mole Ca™"

2.3 Ca*" Coordination to Tetracycline, Minocycline and Tigecycline in 50 mM Tris buffer
containing 0.15 M NaCl at pH 6.80.

Interaction of TtC, MC, and TgC with Ca®" was also studied in Tris buffer to determine if the

buller system allecls the binding parameters. The bulTer that was used contained 50 mM Tris

and 0.15 M NaCl with pH 6.8, Binding isotherms are shown in Figures 20, 21 and 22 for TtC,

MC, and TgC, respectively. Binding parameters arc listed in Table 3.
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TtC was found to bind 0.280 4 0.004 Ca™" per TtC with a K, 0f 1.12 + 0,01x10° M™ (K4
= 890 + 10 pM). MC was found to have a slightly higher stoichiometry of 0.38 £ 0.01 Ca*" per
MC and a greater affinity (K, 0f 2,12 £ 0.07x 10°'M™! or K4 =47+2 UM} compared to that of
TtC. TgC was found to have the highest binding stoichiometry of 0.890 = 0.004 Ca*" per TeC of
the three tetracyclines in Tris buffer at pH 6.8. TgC affinity was similar to that of MC at a K, of
1.94 £ 0.09 x10"M™ (Ky= 52 + 3 uM). Binding enthalpy values for TtC, MC, and TgC arc
exolthermic at this condition with AH® values ol -26.4+ 0.7, -25.22 + 1.4, and -14.08 =0.01 keal

mol™ of Ca® respectively.
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TAS® AG®
(kealmol™) | {keal mol™)

"
Compound (Ca®'t
antibiotic)

AS®
{cal mol” K'])

K, AP
(LM} (keal mol™)

.

M 0.38 1 0.1 2121 00714 47 12 -252 114

*Per mole values are for per mole Ca™"

2.4. Ca™ Coordination to Tetracycline, Minocycline and Tigecycline in 50 mM Tris buffer
containing 0.15 M NaCl at pH 7.50.

Binding inieraction ol TIC, MC, and TgC was studied in 50 mM Tris bulTer containing 0.15
M NaCl with pH 7.5 at 25°C. Binding isotherms of Ca’” titration into minocycline and
tigecycline are shown in Figures 23 and 24 respectively, Binding parameters for TtC in the
present buffer condition were taken from the previous work done by Jin, et al. [16] and presented
in this work [or comparison with results lor MC and TgC in Tris bulTer at pH 7.5, and wiih the
binding parameters obtained for TtC in Tris buffer at pH 6.8, Average binding parameters are

listed in Table 4. Controls were negligible and not subtracted from the final titration data.
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MC was found to have a stoichiometry of 0.38 £ 0.08 Ca™™ per MC, which was the lowest
of all three antibiotics in Tris bulTer at pH 7.5. Furthermore, MC was [ound to have a K, 09 +2
«10° M (Kq=12 £ 3 uM), which, out of the three had the greatest affinity in Tris buffer at pH
7.5. TgC was found to bind twice as much Ca™ comparcd to MC with a stoichiometry of 0.65 +
0,02 Ca®' per TgC, but had a slightly lower aflinity with a Ko 7.1 + 0.1x10*M™ (Ky=14.1 =
0.2 uM). MC and TgC both bind less Ca** compared to that of TtC (n = 0.94 + 0.01 Ca™ per
TtC), but have a higher affinity than TtC (Ky= 590 £ 60 uM). Stoichiometry decreased for TtC
and TgC bul remains the same [or MC when the pH 1s raised [fom 6.8 to 7.5 in Tris buller, All

antibiotics appear to exhibit an increase in affinity when pH is increased. Binding enthalpy
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becomes less exothermic and eniropy change decreases [or TIC, MC, and TgC [rom pH 6.8 io

7.5.

e E o o
Vrelnbi e {7 i
Fahbe oA a0 0

TAS® AG®

L]
AS (keal mal™) {keal mol™)

Nl
L2
(Ca™/ {cal mol”! K™

antibiotic)

Compound

0+2:10%

0.38 £0.08 -220+009

5144 -5+l SN

Per mole values are for per mole Ca™
2.5, Discussion on Calcium Interactions with the Tetracyclines

In this study, ITC was cmployed to determine binding stoichiometry (n2), affinity constant
(K.}, Gibbs free energy change (AG®), enthalpy change (AH®), and entropy change (AS®) for
complex formation between Ca’* and tetracycline, minocycline and tigeeyeline. Binding

paramelers were determined in NEM and Tris bulTers conlaming 0.15 M NaCl al pH 6.8 and 7.5.

Results for tetracycline Ca®” binding revealed a pH dependent stoichiometry in both
NEM and Tris buffer. Specifically, stoichiometry increased from 0.35 to 0.98 Ca™™ per TtC from
pH 6.8 1o 7.5 in NEM bulfer and from 0.28 to 0.94 Ca®" per TIC in Tris bulTer. From our study,
it 18 unclear why a fractional stoichiometry was observed. Other studies also showed a similar
trend for tetracycline binding to Ca’ but no cxplicit justification was offered [26]. A feasible
cause lor the observed [ractional stoichiometry, as mentioned by Ohyama and Cowan (1995}, 1s
partly due to the immediate effect of a changing pH, which has the potential of converting the

tetracyclines to a different ionic state since the molecules contain ionizable groups. As
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previously mentioned, tetracycline has [our ionizable groups (Figure 25) with approximale pK,

values of 3.2, 7.6, 9.6 and 12 [27, 28].
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At pH 6.8, the Ca™ binding site, the keto-enol moiety at C11-C12, is 14% deprotonated as
calculated using the pK, valuc of 7.6. Howcver, as Ca”" binds the C11-C12 deprotonated form,
the deprotonation equilibrium for C11-C12 will shill lowards deprotonation until all tetracycline
molecules are deprotonated and bound with Ca*". All tetracycline molecules should therefore
bind a Ca™ at the C11-12 site given sufficient Ca™* concentration. Thercfore the effect of pH on
ionic slale does not explain the resulling [ractional stoichiometry as suggested by Ohyama and
Cowan, Since stoichiometry is the number of sites on tetracycline that are capable of
Ca**coordination, one site, the keto-enol moicty at C11-C12, is expected to bind one Ca™". The
fractional stoichiometry of 0.35 Ca®t per TtC obtaining in NEM buffer at pH 6.8 can be
interpreted as three tetracycline molecules coordinating to one Ca®". However, a net neutral
charge on TIC, which exists when the C11-C12 1s hall deprotonaled, may [avor sell-association
between tetracycline molecules, minimizing Ca”” interaction, and resulting in a reduced binding

stoichiometry at a lower pH values such as pH 6.8 as seen in this study.
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It was observed thal binding allinity, X, [or TiC increased [rom pH 6.8 1o 7.5 in both
NEM and Tris buffer to 1.6-fold and 3.4-fold, respectively, reflecting the decreasing encrgetic
cost of deprotonation of the C11-C12 keto-cnol moicty as pH is increased.  Affinity within error
was lhe same 1n the lwo bulTers alTirming the known [act that neither NEM nor Tris has
appreciable affinity for Ca®", or that their affinity for Ca®", however small it may be, is
comparable. Results for minoceycline reveal a pH-dependent stoichiometry in NEM buffer but
not for Tris buffer. On average, a fractional stoichiometry of approximately one Ca*" for three
MC molecules was observed at both NEM and Tris buffer at both pH 6.8 and 7.5, Unlike the
results for TtC, stoichiometry did not increase to the expected onc Ca** per MC as pH was
increased (rom 6.8 o 7.5. Based on ils chemical structure (Figure 26) MC is also nonpolar
lacking a hydroxyl and methyl group at position C6, but does contain an additional dimethyl

amino group at position C7.

pR, =5 pK, =03
HyG CH HaC CH:
£ \._\ / 3 3 \\ / 3
i M
| o nof
< Co. = _Ca_ 3 .G OH

The pK, of the additional amino group is approximately 5.0, making it a poor chelator to a mctal
ion, I the [ractional stoichiometry 1s a resull ol sell-association, as was suggested lor TIC,

minocycling i8 more prone to this event than TtC. Self-association may be a result of pi-stacking
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since MC, and also TgC, contain an amide that contributes to the electron delocalization of the n-
system in the D ring. As a result of greater sell-association among imdividual MC and TgC
molecules even at pH 7.5, less Ca”" binds to an individual molecule, accounting for the fractional

stoichiometry observed for both buffers.

Similar to TtC, the affinity of MC and TgC for Ca’™ is higher (4-times as much) at pH 7.5
than at pH 6.8 in both the NEM and Tris bulTer, due Lo a higher population of the deprotonaied
form of the keto-cnol moicty at the higher pH prior to Ca®” coordination. An important point to
address is the greater extent of increased binding affinity with increasing pH for MC and TgC
compared to TLC. TwC exhibits a one (o iwo-[old increase in binding allinily where as MC and
TgC display a 4-fold increase. This may be attributed to the cooperative nature of Ca® binding
to the sclf-associated MC and TgC at pH 7.5 that is not scen for TtC. Morcover, the higher
affinity for Ca*"is due (o the presence ol a dimethyl amino group at position C7 that is expected
to be electron donating, thus increasing the electron density at the keto-enol moiety directly

coordinated to Ca™™,

TgC binding to Ca™ also resulled in a fractional stoichiometry in both NEM and Tris bufler
at either pH values., However, the stoichiometry was approximately twice as much as that of MC
at both pH valucs and TtC at pH 6.8 and can be viewed as three TgC molecules sharing two Ca®”
ions. A possible explanation could be that the doubled stoichiometry may ndicate TgC contains
two Ca”" binding sites. Evidence may lie in the isotherms for TgC in Tris and NEM buffer at pH
7.5. It can be argued that the curve shows two binding cvents with the sccond being morce
pronounced than the first (Figure 19 and 24). A plausible second Ca®" binding is the  amino

ketone moiety with the secondary aniino group having a pKa of 8.9 (Figure 27},
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Binding at this sile requires the deprofonation ol the amino group. Similar Lo the case lor the
keto-enol moiety at the C10-C11, affinity at this site is predicted to be a pH-dependent. The
affinity of TgC for Ca™, within crror, is the same as that of MC, suggesting that the presence of
the extra substitution at C9 does not alfect Ca®" allinity (or the keto-enol moiety. Binding
affinity also increases with increasing pH.

The binding of Ca™ to TtC, MC, and TgC is enthalpically but not entropically driven in both
NEM and Tris bulTer at both pH 6.8 and 7.5, which further supports the location of the Ca®'
coordination site because the keto-enol group is conserved over all tetracycline generations. The
same has been reported for TtC Ca’™ binding in Tris buffer at pH 7.5 [16, 26]. The negative Af/°
can be explained as a net release ol heal upon desolvation ol Ca*" and formation of coordination
bonds between Ca®" and the keto-enol moiety at C11-C12. Furthermore, the negative AH® is also
the resull ol the net gain in bonding strength by the increase in coordination bond strength with
Ca®" and the negalively charged oxygen atoms in keto-enol moiety. The extent of deprotonation
at this location for each antibiotic is dictated by the buffer and pH condition, which is different

for cach antibiotic as obscrved in our cxperiments.
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The negative sign ol AS® is associated with antibiotic Ca®" binding in both NEM and Tris
buffer at both pH 6.8 and 7.5. In order for Ca™* to coordinate to the TtC, specifically at the keto-
cnol moicty at C11-C12, both Ca® and the charged oxygen atoms in keto-cnol moicty undergo
partial desolvation, which causes an increase in entropy. The subsequent coordination between
Ca*" and the keto-enol moiety is expected to drastically increase the entropy of the now bound
Ca’" and, to a Icsser extent, deercase the entropy of the bound antibiotic. However, the increase
in entropy due to release ol waler molecules [rom the solvation shell surrounding the keto-enol
moiety does not compensate for the lost of entropy due to the restriction of Ca™ when forming
the Ca™ bond. This explains the negative valuc for AS®. Ca’” and antibiotic binding is thus
driven by [avorable enthalpy only, with binding becoming possible due o the higher

polarizability of the tetracyclines compared to the water molecules when coordinating with Ca*".

When comparing the A//° and AS® valucs for the tetracyclinge, there is a clear different in the
iwo buller condilions at given pH. This dilTerence is a resull ol the dilTerent ionization enthalpies
for NEM and Tris buffer. For example, with tigecycline at pH 7.5 in Tris and NEM, the AH® for
the titration experiment done in Tris buffer (-13.9 keal mol™) is morc negative than the A//°
found in NEM (-6.1 kcal mol™} at the same pH. The ionization enthalpy lor Tris bulTer (47.3 kJ
mol™) is greater than NEM (27.4 kJ mol™) positive which means that the ionization of Tris
releases more heat therefore contributing more to the overall A/f° of the system compared to the

NEM buffer.
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n
" K K, AH® AS® TAS® AG®
Compound Condition (M 4 4 R 1 geed 1
antibiotic) (M™) {uM) (keal mol™) (cal mol” K™) {cal mol” K™) (keal mol™)
e :::-h.::- ..:
NEM 0.98 +0.01 3.8+0.1x10° 270 £ 10 61405 4= 12403 4905
pH?Z.3
S
P,T‘,";‘s 0.94£001 170£008%10° | 590+60 S13.9£05 321£08 Sl0£2 434 £007
Samn o S S W
0.25 +0.04 10=0.1=10° 10=1 157 £02 A0 1 8903 -6.8+0.4
Tris } ) ; ;
038+ 0.08 9+ 24100 123 220409 Sl+4 A5+1 TE1
pH 7S
D =i
- i - e
T -
NEM 0.66£0.07 | 7.07+£1.09x 10° 1422 727£003 22202 0.66 £ 0.06 6.610.07
plIs
e SR S
Tris 4
0.65 +0.02 71201510 141202 | 129203 211209 63203 6604
pH7S

47



Chapter 11I: Interaction between Calcium, Bile Salts,

The interaction of bile salts with metal ions such as Ca™™ may play a role in the way bile
acids function. Studics suggest that formation of Ca’"-bile acid complexcs may also serve as a
mechanism to buller (ree Ca*" activily in the gastrointestinal tract [29]. This can ultimately afTect
the bioavailability of drugs such as antibiotics, which bind Ca*", as shown in Chapter II, In
addition, studics of Ca’™ bile acid intcractions may shed light on the prevention of gallstone
formation by Ca®" precipitation [rom complexation with bile salts. The formation ol Ca®"-bile
salt complexes has been extensively studied. Binding stoichiometry has been investigated using
clectrochemical and paramagnetic NMR methods. Results indicate that the binding of Ca’* to
bile salls 1s essentially dependent on the structure ol the bile salts. More specilically, il 1s
dependent on the number of hydroxyl groups on the steroid nucleus and on the group linked to
the carboxyl [29, 30]. However, equilibrium and thermodynamic binding parameters for the
formation of such complexes remain unknown.

Here, ITC was employed to examine the interactions of taurocholate (TC}, a bile salt,
with Ca®™ as well as [Ca’ -antibiotic], the latter being Ca’™ complexed with one of the three
tetracyclines. Experiments (or TC and [Ca*"-antibiotic] interaction allowed the determination of
cquilibrium and thermodynamic binding parameters including #, K, AG°, Af{° and AS®. Titration
experiments were run to determine the ellect TC has on the antibiotics already bound to Ca™"

Furthermore, binding parameters of this effect were measured.
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3.1. Ca®" and Taurocholate (TC) binding interactions
Experiments were carried out by titrating 25.0 mM Ca*" into 250 mM TC solution in 50

mM 2-(N-morpholino)ethanesulfonic acid (MES, pK, 6.10} buffer, 0.100 M NaCl at pH 6.8. It
was soon determined that the control heat (or the titration of Ca’" into MES bulfer is nearly as
large as the titration into TC. The order of injection was then reversed to titrate TC into Ca™",
The first set of raw data for buffer control titration showed complex peaks of multiple heat
components ol both exo- and endothermic TC dilution (Figure 28). For the Ca™* TC titration, the
(irst hall ol the raw data shows endothermic peaks that are hypothesized Lo be due to TC
solvation and dissociation and the second half may represent binding. It was not clear which heat
component was duc to Ca”™ binding and which was duc to additional proccsses. Additional heat
processes could include that for TC micelle dissocialion as it is injecled into the cell, because the
concentration of TC as a titrant was well above its CMC of 13 mM, and TC dilution as it is

injected into a much larger volume of titrate with increased solvent availability.
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