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ABSTRACT: Human purine nucleoside phosphorylase (PNP) belongs to the trimeric class of PNPs and is
essential for catabolism of deoxyguanosine. Genetic deficiency of PNP in humans causes a specific T-cell
immune deficiency, and transition state analogue inhibitors of PNP are in development for treatment of T-cell
cancers and autoimmune disorders. Four generations of Immucillins have been developed, each of which
contains inhibitors binding with picomolar affinity to human PNP. Full inhibition of PNP occurs upon
binding to the first of three subunits, and binding to subsequent sites occurs with negative cooperativity. In
contrast, substrate analogue and product bind without cooperativity. Titrations of human PNP using
isothermal calorimetry indicate that binding of a structurally rigid first-generation Immucillin (K4 = 56 pM)
is driven by large negative enthalpy values (AH = —21.2 kcal/mol) with a substantial entropic (—TAS)
penalty. The tightest-binding inhibitors (Ky = 5—9 pM) have increased conformational flexibility. Despite
their conformational freedom in solution, flexible inhibitors bind with high affinity because of reduced
entropic penalties. Entropic penalties are proposed to arise from conformational freezing of the PNP-inhibitor
complex with the entropy term dominated by protein dynamics. The conformationally flexible Immucillins
reduce the system entropic penalty. Disrupting the ribosyl 5'-hydroxyl interaction of transition state
analogues with PNP causes favorable entropy of binding. Tight binding of the 17 Immucillins is characterized
by large enthalpic contributions, emphasizing their similarity to the transition state. Via introduction of
flexibility into the inhibitor structure, the enthalpy—entropy compensation pattern is altered to permit

tighter binding.

Human purine nucleoside phosphroylase (PNP) is required for
the catabolism of 6-oxynucleosides (and 2’-deoxynucleosides) to
free nucleobases for recycling by phosphoribosyl transferases or
oxidation to uric acid and excretion. Genetic deficiency of PNP in
humans causes deoxyguanosine accumulation in the blood, and
its conversion to dGTP causes arrest of DNA synthesis and
apoptosis specifically in activated T-cells. Human PNP is there-
fore a target for the treatment of autoimmune disorders and T-
cell cancers (1, 2).

The transition state structure of human PNP has permitted
the design of several transition state analogues with picomolar
dissociation constants (3—7). The transition state is characterized
by a fully developed ribocation with a C1’—=N9 distance of >3.0 A
and the phosphate nucleophile at a similar distance from C1’ of the
ribosyl cation (Figure 1) (3). Four structurally distinct generations
of transition state analogues have been synthesized (Figure 2). The
first-generation inhibitor, Immucillin-H (2, Table 1), was designed
to mimic the early dissociative transition state of bovine PNP (8, 9).
Immucillin-H ~ [(15)-1-(9-deazahypoxanthin-9-yl)-1,4-dideoxy-1,
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4-imino-p-ribitol] binds with a K4 of 23 pM to the bovine enzyme
and with a slightly higher K of 56 pM to human PNP (4, 9). The
fully dissociative (Sy1) transition state of human PNP led to
the second-generation DADMe-Immucillins [4'-deaza-1'-aza-
2'-deoxy-1'-(9-methylene)-Immucillins]. These include a methylene
bridge between the hydroxypyrrolidine mimic of the ribocation and
the 9-deazapurine to mimic the fully dissociative transition state of
human PNP. DADMe-Immucillin-H (6, Table 1) binds tightly to
human PNP, giving a dissociation constant of 8.5 pM (3, 10). The
third generation of Immucillins has the ribose ring replaced with
an acyclic, chiral ribocation mimic (the acyclic chiral imino
alcohols). The tightest-binding inhibitor in this group is
DATMe-Immucillin-H (8, Table 1) with a dissociation constant
of 8.6 pM for human PNP (). The fourth-generation transition
state analogues for human PNP are represented by SerMe-
Immucillin-H (4, Table 1), an acyclic, achiral mimic of the
ribocationic transition state with a dissociation constant of
52 pM for human PNP (7). Complete inhibition of trimeric
PNP occurs when transition state analogues bind to only one of
the three catalytic sites (9). X-ray structures of PNPs with substrate,
product, or inhibitor complexes reveal that all sites are filled under
ligand saturation (//—13). Thermodynamic parameters for Im-
mucillin binding have not been reported; however, those for the

© 2009 American Chemical Society
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FIGURE 1: Reactants, transition state structure, and a transition state analogue of human PNP. Key features of the human PNP transition state
include N7 protonation, formation of a ribocation, the 3.0 A C1’—N9 distance, and the phosphate nucleophile a similar distance from the ribosyl
group. Thisled to the development of the DADMe-Immucillins. The 9-deazahypoxanthine group provides N7 protonation and chemical stability.
A methylene bridge provides the extended geometry, and placing the nitrogen at the 1’-position in the pyrrolidine ring provides the electronic
mimic of the fully dissociative transition state of human PNP. Human PNP also uses 2/-deoxyinosine as a substrate, justifying the 2'-deoxy

structure in the DADMe-Immucillin-H transition state analogue.
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FIGURE 2: Four generations of PNP transition state analogue inhi-
bitors. Immucillin-H was designed to mimic the bovine PNP transi-
tion state. DADMe-Immucillin-H is a mimic of the human PNP
transition state. The acyclic, chiral imino alcohols provide the three
hydroxyl groups found in Immucillin-H and the amino cation
functionality to mimic features of the fully dissociated transition
state of human PNP. The acyclic, achiral imino alcohols provide the
two hydroxyl groups as in DADMe-Immucillin-H and provide ease
of synthesis. These inhibitors have dissociation constants in the
picomolar range (see Table 1).

binding of product and multisubstrate analogue inhibitors to
bovine PNP have been published (e.g., ref (/4)). Here, four
generations of transition state analogues and related inhibitors
were titrated against human PNP using isothermal titration
calorimetry (ITC). Transition state analogue binding to the
catalytic sites of PNP occurs with strong negative cooperativity.
In contrast, binding of 9-deazainosine, a substrate analogue
inhibitor, and hypoxanthine, a product, reveals normal binding
isotherms, clearly distinguishing the nature of transition state and
ground state interactions.

MATERIALS AND METHODS

Enzyme Purification and Preparation. His-tagged human
PNP was expressed in Escherichia coli and prepared in a manner

similar to published procedures (3). Briefly, cells were grown at
37 °C overnight in two 100 mL portions of LB medium with
ampicillin (100 ug/mL). This was used to inoculate 40 L of LB
medium containing ampicillin and the mixture allowed to
achieve an ODg of 0.4—0.6 (3—4 h). Expression was induced
with IPTG (1 mM) for 4 h at 37 °C. Cells were pelleted and
resuspended in 300 mL of 5 mM imidazole, 500 mM NaCl, 20 mM
Tris-HCI buffer (pH 8.0), protease inhibitor (four tablets of
EDTA-free protease inhibitor from Roche Diagnostics), and
approximately 1 mg each of DNase I (from bovine pancreas)
(Roche Diagnostics) and lysozyme (from chicken egg white)
(Sigma-Aldrich). Cells were disrupted twice with a French
press. The supernatant from centrifugation (39000g for
30 min) was applied to a 50 mL column of Ni-NTA resin
(QIAGEN) previously equilibrated with 3 column volumes of
5 mM imidazole, 500 mM NacCl, and 20 mM Tris-HCI buffer
(pH 8.0). After the sample had been washed [3 column volumes
of 20 mM imidazole, 10 mM NaCl, and 0.4 mM Tris-HCI buffer
(pH 8.0)], His-tagged human PNP was eluted with a 2 to 40%
gradient of I M imidazole, 500 mM NaCl, and 20 mM Tris-HCI
buffer (pH 8.0) in water on an AKTA FPLC system (GE
Healthcare). Fractions of pure human PNP (by SDS—PAGE)
were concentrated to approximately 50 mL by AMICON
ultrafiltration and dialyzed against 20 mM Tris-HCI (pH 8.0,
48 h) to give approximately 24 mg/mL PNP. Plastic tubes
containing 1.8 mL were frozen rapidly in liquid nitrogen and
stored at —80 °C. Human PNP prepared by this method has
two-thirds of its sites occupied with hypoxanthine. Removal of
hypoxanthine was effected by incubation in 100 mM KH,PO,
containing 10% (w/v) charcoal for 5 min followed by centrifu-
gation and filtration (15). Enzyme recovery is typically 80%,
and the steady state kinetic properties of the enzyme are
unaffected by charcoal treatment.

Inhibitors. The Immucillins were prepared and provided as
generous gifts by P. C. Tyler and G. B. Evans of the Carbohy-
drate Chemistry Team, Industrial Research Ltd. (e.g., refs (4), (6),
and (10)). Immucillins 13 and 14 were prepared from (3R,4R)-
and (35,4S)-1-benzylpyrrolidinediol, respectively, purchased
from Aldrich Chemical Co. The benzyls were removed by
hydrogenolysis, and the resulting amines were treated with
9-deazahypoxanthine and formaldehyde in a Mannich reaction
in the same manner we have reported previously to give the
substituted 9-deazahypoxanthines (/6). 9-Deazainosine was the
generous gift of B. A. Otter and R. S. Kline (Montefiore Medical
Center, Bronx, NY) (/7).



5228  Biochemistry, Vol. 48, No. 23, 2009 Edwards et al.

Table 1: Thermodynamics for Binding the Immucillins to the First Subunit of Human PNP Arranged in Order of Increasing Entropy (negative to positive AS)

entry structure Kq(pM)* AG AH -TAS
(kcal/mol)’ | (kcal/mol)* | (kcal/mol)’
1 9 32+ 10° -144+03 | 22704 | 8305
N N
\ P
N
e
F -
OH
2 b 0 5615 | -141+£03 | -212+02 | 7.1£04
N [N
AN
HON\ N N
HO"  “oH
3 b0 210+ 80° | -133+04 | -204+02 | 7.1+0.4
{“ [ NH
H ~
HO’\SN N
HO"  “oH
4 o9 52+04" [ -155+0.1 | 202+02 | 47=02
N 1 NH
\ P
HO N
b
HO
5 9 1820+ 80° | -12.0+0.04 | -15.6=0.1 | 3.6+0.1
HN)K/ILNE
N /
N
| F
OH
6 L0 85+02° |-151+0.02 | -18.6+04 | 35+04
N N
\ P
N
HO’ﬁN
HO
7 o 380+30° | -129+0.1 | -16.1+0.2 | 32+0.2
HNTY, N
~ Y
N OH
Nj
OH
8 b 9 8.6+0.6° | -152+0.1 | -17.5+02 | 23+0.2
N N
\ P
N
HO— HN
Ho' OH
9 b © 140+ 100 | -13.5+0.1 | -152+0.5 | 1.7+05
{“ [ NH
H ~
HON\N N
HO
10 L0 620+ 170° | -12.6+03 | -13.3+0.5 | 0.7+0.6
N [N
\ P
N
Ho N
HO%OH
11 b 9 383+ 6 -129+0.02 | -128+0.9 | -0.1+0.9
N N
\ P
N
N
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Table 1: Continued

entry structure Ka(pM)* AG AH -TAS
(keal/molY’ | (kcal/mol) | (kcal/mol)”
12 0 840000+ | -83+0.1 | -7.4+03 | -0.9+03
N 110000°
{“ N
13 . 0 156£72 | -13.5+05 | -123+03 | -12+0.6
N [N
\ _
HO, N
N
Ho'
14 0 53000= | -10.0£0.04 | -86+1.0 | -14+1.0
N 2000
N [ NH
I
HO, N
o
HO'
15 u 9 5500+ 900% | -113+02 [ -9.6+02 | -1.7+03
N e
N\
N
Cy
16 0 25000+ | -104+0.04 | -85+02 | -1.9+02
¥ 1000/
{“ N
AR
HO OH
17 o 12000+ | -109+0.2 | -84+02 | -25%03
) ] 2000
SN % H OH
OHOH

“Inhibition assays were performed in 50 mM KH,PO,4 at pH 7.4 and 25 °C. ® The AG values were calculated from the inhibition constants using the equation
AG = RTIn Ky. “The AH values were determined from ITC titrations of a single subunit on the enzyme in 50 mM KH,PO4at pH 7.4 and 27 °C. “The Gibbs free
energy equation was used to calculate —TAS. ¢ From ref (6). /From ref (4). ¢ From ref (5). "From ref (7). 'From ref (38). / From ref (10). ¥ From ref (39).

Enzymatic and Inhibition Assays. PNP catalytic activity
with inosine as the substrate monitored conversion of hypox-
anthine to uric acid (ex93 = 12900 M~" em™") in a coupled assay
containing 0.5 nM PNP, 50 mM potassium phosphate (pH 7.4),
and 60 milliunits of xanthine oxidase (from milk, 2.6 M ammo-
nium sulfate suspension) (Sigma-Aldrich) (9). Slow-onset inhibi-
tion was assessed by addition of enzyme (0.2 nM) to complete
assay mixtures with > 1 mM inosine and varied inhibitor concen-
trations. Concentrations were determined from the extinction
coefficients [human PNP &, = 28830 M~ cm ™' (Protparam,
www.expasy.org); Immucillins &55; = 9540 M~' cm™'] (17). The
inhibitor concentration was at least 10-fold greater than the
enzyme concentration, as required for simple analysis of slow-
onset tight-binding inhibition (/8). Rates were monitored for 2 h
to determine the initial reaction rate and slow-onset inhibition
(final reaction rate) (9). The K; or K;* values were determined by
fitting the initial and/or final steady state rates and inhibitor
concentrations to the expression

Vil Vo =[S}/ (K +18] + Kulll/K)

where V;and V, are initial (for K;) and final (for K;*) steady state
rates in the presence and absence of inhibitor, respectively, Ky is
the Michaelis constant for inosine, [I] is the free inhibitor

concentration, and [S] is the substrate concentration. K;* or K
values (if no slow onset occurred) are reported as the dissociation
constants (e.g., Table 1).

Isothermal Titration Calorimetry Studies. (i) Single-
Subunit Titrations. Calorimetric titrations of PNP with the
Immucillins were performed on a VP-ITC microcalorimeter
(MicroCal). Protein samples were dialyzed against 50 mM
potassium phosphate buffer (pH 7.4). Ligand solutions were
dissolved in dialysate and filtered (Millipore 0.2 um) and the
ligand and protein solutions degassed (Microcal Thermovac) for
5 min prior to titrations. The 1.46 mL sample cell was filled with
am approximately 30 uM PNP (monomer) solution and the
injection syringe with an ~450 uM ligand solution.

Single-subunit titrations involved seven or eight 4 uL injec-
tions. Each titration was performed six times to obtain an average
of the AH values. AG was based on K; values from inhibition
assays described above, and the —TAS term was calculated from
the Gibbs free energy expression

AG = AH —~TAS (1)

(ii) Trimer Titrations. Titrating the PNP trimer with
Immucillins used 30—35 injections at a rate of 4 uL every
3 min. The data were fit to independent and/or sequential sites
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models for three binding sites to give the thermodynamic
parameters AG, AH, and —TAS. When the sequential sites model
was used to fit the data, the stoichiometry for binding is assumed
to be one per binding site.

Titration of the trimer with 9-deazainosine and hypoxanthine
(~700 uM in the injector) used 20—50 uM PNP and involved 30—
60 injections. The data were fit to the independent sites model to
yield the thermodynamic parameters and an estimate for the
stoichiometry of binding, N.

(iii) Data Fitting. The equation used to fit data to indepen-
dent binding sites (used to fit 9-deazainosine and hypoxanthine
binding isotherms) is K = ©/(1 — O)[L]. where K is the binding
constant, © is the fraction of sites occupied by ligand L, and [L] is
the free ligand concentration and

0 = (NMAHV/2){1 + L/NM, +1/NKM,—

\/ (1 + L/NM, + 1/NKM,)* =4L,/NM]}

where Q is the total heat, N is the stoichiometry, M, is the total
PNP concentration, and L, is the total ligand concentration. The
equation used to fit data to three interdependent binding sites
(used to fit the binding isotherms of Immucillins 5 and 15) is

Ky = [ML]/M][L]; K; = [ML,]/[MLJ[L};
K; = [ML;]/[ML,][L]

0 = M(Vy|[F\AH, + F,(AH, + AH,) +
F3(AH1 + AH, -|—AH3)]

where F; is the fraction of PNP having i bound ligands
Fy =1/P; F| = K|[L]/P; F, = K\K:[L]?/P;
Fy = KK KL /P

P=1+KL +KK[L +KKK[L]

and the heat change in each case is given by
AQ(i) = 0(i) +dVi/2V0[Q() + (i —1)] —Q(i—1)

where AQ(i) is the heat released from the ith injection, Q(i) is the
total heat content, dV;is the injection volume, and ¥} is the active
cell volume

(iv) Competitive ITC. Competitive titrations were used to
determine the thermodynamics for binding of Immucillin 2 to the
PNP trimer. The enzyme was first titrated with a weaker ligand
(Immucillin 15 or 9-deazainosine) followed by displacement
titration with Immuecillin 2 (a tight ligand) to give apparent Ky
and AH values (eqs 2 and 3). A separate titration of PNP with
Immucillin 2 was used with the following equations to determine
the Kyiigne and AHjgn, values for binding of Immucillin 2 to all
three sites of human PNP (79, 20).

AHpp = AHigni —
AHyeak|(Kyeak [ligand i ]) /(1 + Kyeak[ligand ey ])] - (2)
Kapp = Kiight /(1 + Kueak[ligand i ]) (3)
where AH,,p, AHjight, and AH,,x are the apparent enthalpy of

the displacement ITC, the enthalpy change for the tight Im-
mucillin 2, and the enthalpy change for the weak ligand,

Edwards et al.

respectively. Kupp, Kijghi» and Kyeqx are the apparent K values
for displacement ITC, the K of the tight ligand, and the K of the
weak ligand, respectively; [ligand,eq] is the free concentration of
the preequilibrated weaker-binding ligand.

(v) Control Experiments. Control ITC experiments in-
volved titration of ligand into the buffer solution with correction
for any heat change using the “subtract reference” function in
Origin 7.0. Another control involved titration of the working
solution of PNP with Immucillin 2 each day before the start of
other titrations. This analysis ensured the protein was fully active
for each titration.

RESULTS

Immucillin Binding to the First Catalytic Site of Human
PNP. Substoichiometric titration of Immucillins 2, 8, 10, and 15
into the first catalytic site of human PNP caused a constant
enthalpy change per injection (Figure 3). The AH for binding to
the first subunit is calculated from the average of these values
(Table 1). Enthalpy changes for these four Immucillins are large
and exothermic, from —9.6 to —21.2 kcal/mol (Table 1 and
Figure 3). Accurate Ky values are known from kinetic studies
(e.g., refs (5) and (10)) for these and other Immucillins, permitting
resolution of the thermodynamic constants for binding to the first
catalytic site of this homotrimer. The same approach was used to
establish thermodynamic parameters (AH, —TAS, and their
contribution to AG) for binding of 17 Immucillins to human
PNP, arranged in order of TAS values (Table 1 and Figure 4).
Immucillin binding to human PNP is characterized by AG values
dominated by the enthalpy term, with enthalpies from —7.4
(Immucillin 12) to —22.7 kcal/mol (Immucillin 1). Entropy
changes (—TAS) vary from unfavorable (Immucillins 1-9) to
slightly favorable (Immucillins 13—17), and several Immucillins
(10—12) bind with entropy changes near zero. The most tightly
binding Immucillins (4, 6, and 8) are enthalpy-driven with
relatively small penalties in the entropy terms. The relative
enthalpy and entropy values for Immucillin binding demonstrate
an enthalpy—entropy compensation effect (2/—25) (Figure 5).
Immucillins with the largest favorable enthalpic values (Immucl-
lins 1-9) also exhibit unfavorable entropy changes. Immucillins
with favorable entropy changes (Immucllins 13—17) also have
less favorable enthalpic values and, consequently, bind more
weakly. Immucillins 4, 6, and 8 reveal less than expected
unfavorable entropy terms from a standard enthalpy—entropy
compensation plot (Figure 5) and therefore exhibit unusually
tight (picomolar) dissociation constants.

Immucillins Bind to Three Sites with Negative Coopera-
tivity. Human PNP is a homotrimer, and binding of Immucillins
2, 5, and 15 indicated a stoichiometry of three sites on human
PNP and could not be fit to simpler models (Table 2 and
Figure 6). Binding of Immucillin 2 is 56 pM for the first catalytic
site (Table 1) and demonstrates negative cooperativity at sub-
sequent sites (Figure 6). The tight binding precludes fits of the
data to the three-site model, but midpoint analysis for sites 2 and
3 permits estimates of enthalpy changes as these sites are filled.
The AH for first-site binding is —21.2 kcal/mol (Table 1), and as
sites 2 and 3 are titrated, the AH values at their midpoints are
—17.8 and —13.7 kcal/mol, respectively (Figure 6). Thus, values
of 3.4 and 7.5 kcal/mol are lost from the cooperative binding
enthalpy. The Ky values are not available for sites 2 and 3 from
this data, but if it is assumed that the —TAS term remains at
7.1 kecal/mol for second- and third-site binding, the Ky, for the
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FIGURE 3: Single-subunit substoichiometric titrations of human PNP with Immucillins 2 (A), 8 (B), 10 (C) ,and 15 (D). Titrations provide
enthalpic values for inhibitor binding to the first catalytic site of PNP. AG values are known from kinetic experiments, and the TAS can be
calculated to provide the values listed in Table 1. With picomolar to low nanomolar inhibitor dissociation constants and PNP subunit
concentrations near 30 uM, there is no significant accumulation of free inhibitor during these substoichiometric titrations.

second site can be estimated to be 16 nM, more than 200-fold
weaker than that for binding of 2 to the first site. Likewise,
binding at the third site can be estimated to be 15 uM by the same
approximation, but thisis likely a poor approximation because of
altered entropy as affinity changes. We explored third-site affinity
by competitive binding experiments (see below).

Immucillins 5 and 15 also provide examples of negative
cooperativity in binding to the three catalytic sites. When the
values for Ky are fixed from the results of Table 1 and the data
for full three-site titration fit to three cooperative sites, thermo-
dynamic values can be estimated for binding to sites 2 and 3.
Immucillin 5 binds to the first site with a Ky, of 1.8 nM (AG =
—12 kcal/mol, AH = —15.5 kcal/mol, and —TAS = 3.5 kcal/mol)

and to the third site with a Ky of 667 nM (AG = —8.5 kcal/mol,
AH = —8.4 kcal/mol, and —TAS = —0.1 kcal/mol). Immucillin
15 binds to the first site with a K4 of 5.5nM (AG = —11.3 kcal/mol,
AH = —9.0 kcal/mol, and —TAS = —2.3 kcal/mol) and to the
third site with a Ky of 402 nM (AG = —8.8 kcal/mol, AH =
—1.5 kcal/mol, and —TAS = —7.3 kcal/mol). Immucillin 5 binds
with a 370-fold affinity difference for first- and third-site binding to
give a AAG of 3.5 kecal/mol, a AAH of 7.1 kcal/mol, and a
A(—TAS) of —3.6 kcal/mol. Immucillin 15 binds to the trimer with
a 73-fold affinity difference between the first and third sites, a
AAG of 2.5 keal/mol, a AAH of 7.5 kcal/mol, and a A(—TAS) of
—5.0 kcal/mol. Sequential binding of Immucillins 5 and 15 to
human PNP results in Gibbs free energy and enthalpy changes that
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become less favorable as sites are filled. However, as enthalpy
changes become less exothermic, entropy changes becomes more
favorable, in keeping with the enthalpy—entropy compensation
effect.

Competitive ITC. Immucillin 2 binds with a dissociation
constant of 56 pM at the first binding site, and competitive ITC
was used to alter the apparent binding parameters to permit more
complete analysis of thermodynamic constants. The relatively
weakly bound Immucillin 15 was used to fully saturate the
catalytic sites and thereby provide displacement ligands for the
more tightly bound Immucillin 2. Titration of PNP with Im-
mucillin 15 [Ky = 5.5, 55, and 402 nM for the first, second, and
third sites, respectively (Tables 1 and 2)] was followed by a
displacement titration in which Immucillin 2 (K4 = 56 pM for the

10
L

"AG
= AH
= -TAS

kcal/mol

A NN FTNDONODOOTO A NMSSTLWL ON
R T o I B o B B o B B
Ligand Entry

FIGURE 4: Thermodynamic signatures of Immucillins binding to the
first subunit of human PNP (from Table 1): AG (blue), AH (red), and
—TAS (green). The most tightly bound Immucillins are characterized
by enthalpy-driven binding with smaller entropic penalties (Immu-
cillins 1-9). Several Immucillins bind with near-zero entropy (Im-
mucillins 10—12). Immucillins with favorable entropy (Immucillins
13—17) lack the 5'-hydroxyl group, known to interact with catalyti-
cally important His257 and to be involved in catalytic site dynamic
motion.
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first site) displaced Immucillin 15. Titration of Immucillin 2 into
unliganded PNP provides only estimates for Kj, and Kg3
(see above and Figure 6). Displacement of the PNP-Immucillin
15-PO4 complex with Immucillin 2 follows a normal binding
isotherm and gives a competitive K4 of 12 nM at each of the three
sites [AH = —12.9 and —TAS = 2.0 kcal/mol (Figure 6 and
Table 2)]. The normal binding isotherm indicates that saturation
of sites with Immucillin 15 has completed the cooperative
transition. With a displacement K4 of 12 nM for Immucillin 2
and a first-site Ky of 56 pM for this ligand, the difference between
first- and third-site binding affinity is approximately 214-fold.

The constants obtained by displacement of 15 represent the
affinity of 2 for the first binding site when the remaining two sites
are filled with 15. These thermodynamic constants establish a
decreased affinity transmitted from sites 2 and 3 which remain
filled with 15 as the first site is filled with 2 (Table 2). In contrast,
as the third site is filled by 2 with displacement of the last
remaining Immucillin 15, the first two sites are filled with 2 to
make the binding of 2 to the final site a true K4 for PNP fully
saturated with 2. Thus, the intrinsic binding difference between
sites 1 and 3 for binding of Immucillin 2 is 214-fold. In kinetic
studies, filling the first site with 2 causes complete inhibition of
PNP; therefore, filling the second and third sites is kinetically
silent, but the relative affinities are resolved here by the compe-
titive binding approach.

Negative cooperativity for 2 between sites 1 and 3 is caused by
a change in thermodynamic interactions. Thus, binding of 2 at
the first site is an enthalpic event (—21.2 kcal/mol) causing a large
loss in entropic freedom (7.1 kcal/mol). Binding of 2 to the third
site shows strongly altered thermodynamic properties with an
enthalpy of —12.9 kcal/mol and a small entropic penalty of
2.0 kcal/mol. This difference in binding thermodynamics estab-
lishes large protein structural reorganization forces driven by
transition state mimic contacts at sites 1 and 2.

Binding 9-Deazainosine and Hypoxanthine to Human
PNP. A nonreactive substrate analogue of inosine, 9-deazaino-
sine, binds to human PNP with an average affinity of 5.4 uM

AH (kcal/mol)
a

-3 -2 -1 /] 1

2

3 4 5 6 7 8 9

-TAS (Kcal/mol)

FiGure 5: Enthalpy—entropy compensation for Immucillin binding to the first subunit of trimeric human PNP. The numbers correspond to the
Immucilinsin Table 1. Ligands that bind with the most favorable enthalpy (1—3) also have the largest unfavorable entropy. Immucillins 4, 6, and 8
exhibit lower-than-expected unfavorable entropies and are the most tightly bound species. Ligands with favorable entropic contributions (12—17)
lack the ability to form a normal 5'-hydroxyl interaction at the catalytic site.



Article

Biochemistry, Vol. 48, No. 23, 2009 5233

Table 2: Thermodynamics for Binding of Immucillins 2, 5, and 15 to All Three Subunits of Human PNP“

2! Kq(nM) 12.0+3.3
N I i N AG (kcal/mol) -10.9£0.2
P\ e AH (kcal/mol) -12.9+0.6
HO” ow -TAS (kcal/mol) 2.0+£0.6
5 1% Site 2" Site 3 Site
HNO N K4 (nM) 1.8+0.17 | 6416 667 = 62
A AG (kcal/mol) | -12.0+0.1 | -9.9+0.3 | -8.5+0.1
“Q? " 'AH (kcal/mol) | -15.5+0.1 | -13.7£0.2 | -84+02
" s (kcal/mol | 3.5+0.1 | 38+04 | -0.1+£0.2
15° Kq(nM) 55097 | 55+13 | 402+ 106
\H | OJNH AG (kcal/mol) -11.3+02 | -10.0+0.2 | -8.8+0.3
) N AH (kcal/mol) 90+01 | -5.0£02 | -1.5+02
-TAS (kcal/mol) | -2.3+0.2 -5.0+0.3 -7.3+0.4

“ITC titrations were conducted in 50 mM KH,PO, at pH 7.4 and 27 °C. ° The thermodynamics for binding Immucillin 2 were determined using a
competitive titration and reflect average values for the three sites (see Figure 6). “The data were fit using the three-site sequential model provided in Origin
7.0. “ K4 values were determined from kinetic inhibition assays described in Materials and Methods.

(AG = —7.2 kcal/mol). The binding is strongly enthalpy driven
(AH = —15.9 kcal/mol) with entropic compensation reducing
most of the enthalpy change (—TAS = 8.7 kcal/mol). This
binding fits to an independent binding sites model but indicates a
total binding stoichiometry of approximately two sites. Thus,
binding to the third site differs in a significantly weaker affinity or
a near-zero enthalpic change (Figure 7 and Table 3). This
departure of the third binding site from the first two is also seen
in 15 binding, where sites 1 and 2 are enthalply-driven and site 3 is
entropy-driven (Tables 1 and 2).

Binding of hypoxanthine is similar to that of 9-deazainosine
with independent binding at two sites with an average affinity of
43 uM (AG = —7.2 kecal/mol) and no enthalpic evidence for
binding at the third catalytic site. Hypoxanthine binding differs
from 9-deazainosine binding with an extreme enthalpy change
(—30.5 kcal/mol) combined with a large and unfavorable
entropic component (—TAS = 23.1 kcal/mol) (Figure 7 and
Table 3). Trimeric PNPs are isolated with 2 mol of tightly bound
hypoxanthine, and in the case of the bovine PNP, the Ky value
has been estimated to be 2 pM for the binary PNP-hypoxanthine
complex, an affinity that decreases substantially in the presence
of phosphate (26).

Competitive binding of Immucillin 2 to PNP saturated with
9-deazainosine differs substantially from the displacement of
Immucillin 15. 9-Deazainosine is isosteric with Immucillin 2,
differing only in the substitution of the 4’-oxygen with nitrogen
and differing from substrate only in the replacement of N9 with
C9 (Table 3). Titration of Immuecillin 2 into the PNP-9-deazai-
nosine - PO, complex occurs with high affinity at all three catalytic
sites since no slope change occurs in the ITC titration plots until
all three sites are filled (Figure 7). 9-Deazainosine binding occurs
with a AH of —15.9 kcal/mol and a —TAS of 8.7 kcal/mol. When
Immucillin 2 displaces 9-deazainosine, an additional —8.3 kcal/
mol of AH occurs. Since fully occupied enzyme is present
throughout the displacement experiment, small entropic terms
are expected and the anticipated binding energy would include the
AG for 9-deazainosine in addition to the AH for 2 displacement of
9-deazainosine. This sum gives an expected AG for 2 binding of

—15.5 kcal/mol or a dissociation constant of 5 pM, fully
consistent with the observed displacement curve (Figure 7).

DISCUSSION

Energetics of Transition State Analogue Binding. The
physiologically relevant interaction of Immucillins with human
PNP is the first catalytic site since full catalytic inhibition occurs
when the first site is filled (9). Although the binding is too tight to
permit analytical ITC titration analysis, substoichiometric titra-
tions give AH values to permit calculation of —TAS from known
dissociation constants. The Immucillins inhibit PNP through
enthalpy-driven interactions with a smaller penalty in the entropy
term (Table 1). The best transition state analogue inhibitors
optimize binding at the first catalytic site through the formation
of specific hydrogen bond and ionic interactions. Crystal struc-
tures of the trimeric bovine PNP with Immucillin-H (2) and
phosphate reveal at least six new hydrogen bonds and/or ionic
interactions compared to the complex with isosteric substrate
analogues (/7). As each of these interactions is expected to be
worth ~2 kcal/mol (~12 kcal/mol total), they readily account for
the difference in substrate and transition state binding energy,
even with large entropic losses. Entropic penalties for ligand
binding can include loss of dynamic flexibility in the inhibitor
and/or protein scaffolds and/or altered solvent order and hydro-
phobic interactions. In summary, crystallographic data support
enthalpic interactions with 2 by favorable hydrogen bonds and an
ion pair interaction between the oxygen anion of the phosphate
molecule and N4’ of the iminoribitol ring ((//) and Protein Data
Bank entry 1rr6).

The entropy changes vary from significantly unfavorable
(Immucillins 1-9) to near zero (10—12) and slightly favorable
(13—17) with inhibitors of closely related chemical structures.
The entropic pattern suggests that the entropic term originates in
protein dynamic structure rather than the conformational flex-
ibility states of the inhibitors or the order parameters for water.
Changes in water order upon binding of these chemically similar
inhibitors are thought to be less likely than altered protein order
parameters.
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FIGURE 6: Full-saturation titrations of human PNP with select Immucillins. Immucillin 2 binds too tightly to the enzyme to permit analytically
meaningful fits to three cooperative sites, but the negative cooperativity in enthalpy is apparent in altered AH values as the first, second, and third
sites are filled. Titrations of Immucillins 5 and 15 were fit to the equation for three sequential sites, with thermodynamic parameters for the first site
filling fixed using the values from Table 1. Thermodynamic parameters for filling of sites 2 and 3, together with those for the first site (from
Table 1), are listed in Table 2. Immucillin 2 displacing Immucillin 15 could be fit to an equivalent, independent sites titration curve, and the values
from this displacement are listed in Table 2. The apparent dissociation constant for binding of Immucillin 2 to PNP saturated with 15 was
determined by the equations for competitive binding at independent sites. The PNP trimer concentration was 9.6 uM, and that of free Immucillin
15 at the start of the titration was 6.3 uM. The K value for Immucillin 15is assumed to be 402 nM, the dissociation constant for third-site filling for

this ligand (Table 2).

Entropy— Enthalpy Compensation. Depending on the affi-
nity of the Immucillins, a decreased entropic term reveals an
enthalpy—entropy compensation pattern such that, with a few
exceptions, the larger the AH of inhibitor binding, the larger the
entropic penalty for binding (Figure 5). Exceptions to the
entropy—enthalpy compensation include 4, 6, and 8, all exhibit-
ing a smaller-than-expected entropic penalty for their large
enthalpic driving forces. Each of these has more intrinsic flex-
ibility (rotatable bonds) than 2 does, suggesting that inhibitor
molecule flexibility is an advantage in maintaining entropic
disorder in the PNP-inhibitor complex relative to the more
chemically rigid 2 (Table 1).

Effect of the 5'-Hydroxyl Group. Compounds 11-17
depart from the others by binding with favorable entropy values
to the first site (Table 1). A common feature of these is the lack of
a 5'-hydroxyl group in the appropriate geometry to mimic that of

the normal substrate and the tight-binding transition state
analogues. The 5'-hydroxyl group is proposed (from mutational
and computational studies) to be involved in reaction coordinate
motion in PNP by orbital steering from its contact with
His257 (7, 11). The 5'-hydroxyl neighboring group participation
is proposed to act in a promoting vibration to delocalize bonding
electrons from the ribosyl group (27). The favorable entropy
components of inhibitors 11—17 suggest that catalytic site and
perhaps neighboring protein motion are organized by the
5'-hydroxyl interaction and that without it, more protein motion
occurs, preserving a favorable entropic component. This inter-
action may not be so apparent in Immucillin 17, which appears to
have an intact 5-hydroxyl (Table 1). However, this ribosyl
analogue is in the L-configuration, placing the 5'-hydroxyl group
in the wrong position with respect to the 9-deazaadenine ring and
His257 when bound. Despite the favorable entropic terms for
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FiGuRre 7: Titrations of human PNP with 9-deazainosine and hypoxanthine and displacement of 9-deazainosine with Immucillin 2. The titration
curves for hypoxanthine and 9-deazainosine were fit to the one-set-of-sites model. 9-Deazainosine (left) and hypoxanthine (middle) bind to two
sites with equal affinity and thermodynamic parameters. The stoichiometry of two sites per trimer (Table 3) indicates enthalpically silent or no
binding of hypoxanthine or 9-deazainosine to the third site. Displacement of 9-deazainosine by Immucillin 2 establishes tight binding at all three
sites with a AAH of —8.4 kcal/mol as 9-deazainosine is displaced. In the displacement (right panel), the PNP trimer concentration was 10 uM
(30 uM monomer concentration) and the 9-deazainosine concentration at the start of the displacement titration was 170 uM.

Table 3: Thermodynamics for Binding of 9-Deazainosine and Hypoxanthine to Human PNP*

9-Deazainosine | N (Stoichiometry) 1.98 +0.017
‘ 1 | Ka(uM) 5.4+0.2

ug " [AG (kcal/mol) 72+0.03

N AH (keal/mol) 15.9+02
o ou -TAS (kcal/mol) 8.7+0.2

Hypoxanthine | N 1.72 £ 0.071
Kq (LM) 43+03
. I [AG (keal/mol) 74%0.1
CLJT [AH (kealmol) 30516
-TAS (kcal/mol) 23.1+1.6

“ITC titrations were conducted in 50 mM KH,PO,4 at pH 7.4 and 27 °C, and the data were fit using the one-set-of-sites model provided in Origin 7.0.

these compounds, the relatively large loss in enthalpy that occurs
with the incomplete ribocation mimics in 11—17 results in weaker
AG values for binding of these compounds.

The specific effect of the interaction of His257 with the
5'-hydroxyl group is evident by comparing Immucillins 2 and
16 which differ only by the presence of the 5'-hydroxyl group. The
removal of the 5'-hydroxyl causes the AG for binding to become
more positive by 3.7 kcal/mol, the sum of the enthalpic and
entropic contributions. However, the —TAS term becomes
9.0 kcal/mol more favorable, interpreted as a large contribution
from increased protein dynamics because of the lost interaction
with His257.

Negative Cooperativity in Binding. The Immucillins bind
human PNP in a negative cooperative manner so that binding to
the first site hinders binding at the second and third sites. For
Immucillin 5, the entropic penalties are paid on binding to the first
two sites with small but favorable entropy for binding at the third
site. In contrast, the enthalpy for 15 binding to the first two sites is
large and favorable and decreases at the third site. In all three sites,
the entropic value is favorable. The relatively hydrophobic pyrrole

placement into the catalytic site is likely to involve favorable
hydrophobic changes and to permit dynamic motion of the protein
since all three hydroxyl groups found in Immucillin 2 are missing.

Filling the three binding sites alters the cooperative nature and
affinity of the PNP trimer for a transition state analogue. Thus,
PNP saturated with Immucillin 15 changes the K for all binding
of Immucillin 2 to 12 nM, compared to that for first-site binding
of 56 pM. Immucillin 5 binding changes from 1.8 to 667 nM as
the three catalytic sites are filled. The structural basis for catalytic
site cooperativity is likely to involve a catalytic site loop called the
Phel59 loop, a flexible loop that must be open for substrates to
bind and closes over the PNP Michaelis complex, to help stabilize
and exclude water from the catalytic site region (12, 28). The
Phel59 loop is the only part of the catalytic site contributed by
the neighboring subunit and creates a physical link between
subunit cooperativity and ligand binding.

Noncooperative Substrate Analogue and Product Bind-
ing. The substrate analogue 9-deazainosine binds independently
to the first two catalytic sites and is strongly enthalpy-driven with
a large entropic penalty. In contrast to transition state analogues,
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9-deazainosine is unable to form a ribocation ion pair mimic with
the phosphate anion but retains the 2'-, 3'-, and 5'-hydroxyl
groups, all of which form H-bonds in the catalytic sites. The
binding of N9-substituted guanine-based PNP inhibitors has
been reported to exhibit similar thermodynamics. For these,
micromolar Ky values are composed of weak enthalpic forces
(AH = —6.3 kcal/mol for binding ganciclovir) or are entropi-
cally driven as in the cases of acyclovir (AG = —6.7 kcal/mol;
—TAS = —5.2 kcal/mol) and 9-benzylguanine (AG = —7.8 kcal/mol;
—TAS = —4.2 kcal/mol) (29).

Binding of hypoxanthine to PNP in phosphate is remarkably
exothermic with a AH of —30.5 kcal/mol. Enthalpy changes of
this magnitude are usually observed in tightly bound complexes
such as the binding of biotin to strepavidin where the enthalpy
change is —28.6 kcal/mol (30). Binding of hypoxanthine is,
however, modest with a large —TAS of 23.1 kcal/mol giving a
K4 of 4.3 uM. These values are unlikely to tell the full story of
hypoxanthine binding, since 2 mol of hypoxanthine per trimer is
isolated with purified PNP and charcoal treatment is required to
remove the tightly bound hypoxanthine.

Weigus-Kutrowska and associates reported hypoxanthine
binding to calf spleen PNP in the absence of phosphate to be
highly exothermic (AH = —14.3 kcal/mol), but the status of
tightly bound hypoxanthine in these preparations is un-
known (37). Hypoxanthine forms H-bonds with Glu201 and
Asp243, and its binding also removes this planar, hydrophobic
molecule from solvent and places it in a hydrophobic environ-
ment near Phe200, Val245, Val217, and Met219 and near Phe159
[contributed by the neighboring subunit (//, /2)]. As hydropho-
bic interactions would contribute to a favorable entropic term
and the observed entropy is highly unfavorable, the thermo-
dynamic profile indicates that the binding energy comes primarily
from the favorable leaving group interactions. The entropic
penalty of hypoxanthine binding is therefore likely to reside in
increased order parameters for the protein.

Why should transition state analogues exhibit strong coopera-
tivity while the substrate analogue and product do not? We can
speculate that protein conformational collapse around the transi-
tion state analogues, structurally identified by at least six new
hydrogen and/or ionic bonds relative to ground state ligands,
transmits a structural change via the Phel59 loop, contributed by
the neighboring subunit. This reflects the nature of the transition
state. In contrast, loose interactions of the Michaelis complexes
do not involve tight interactions and do not transmit conforma-
tional rigidity to neighboring subunits. Experimental evidence
supporting this proposal comes from hydrogen—deuterium ex-
change in bovine PNP with Immucillin 2 and phosphate bound.
Filling of one catalytic site decreased H—D exchange rates in all
three subunits (32).

Comparison of Immucillins with Other Inhibitors. Ther-
modynamic studies of well-characterized systems, including the
binding of statins to HMG-CoA reductase and the binding
of presumptive transition state analogue inhibitors to HIV-1
protease, were conducted. These inhibitors bind with AG values
ranging from —9.0 to —14.9 kcal/mol (22, 33—35) (Figure 8). For
the 13 pM experimental HIV-1 protease inhibitor KNI-10033,
the tetrahedral carbon alcohol mimics the intermediate of this
aspartyl protease, contributing to favorable enthalpy, and
the multiple hydrophobic groups of protease inhibitors (exem-
plified here by KNI-10033) contribute to favorable entropic
interactions. This combination provides a remarkable AG of
—14.9 kcal/mol.
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F1GURE 8: Thermodynamic inhibitor signatures for comparison with
Immucillin 4. DFPP-DG is a bisubstrate analogue of bovine PNP;
Atorvastatin (Lipator) is an inhibitor of HMG-CoA reductase, and
KNI-10033 is an experimental tight-binding (13 pM) inhibitor of
HIV-1 protease. DFPP-DG, Atorvastatin, and KNI-10033 bind their
respective targets with similar contributions from the enthalpy and
entropy terms. Immucillin 4 exhibits a larger enthalpy contribution to
binding but an entropy penalty. Despite the entropic penalty, the
enthalpic elements of transition state binding give it the greatest
affinity of these ligands.

The statins are powerful inhibitors of HMG-CoA reductase in
wide use for mediation of blood cholesterol levels. Titration of a
type 1 statin (pravastatin) and four type 2 statins (fluvastatin,
cerivastatin, atorvastatin, and rosuvastatin) with HMG-CoA
reductase gave K; values of 2.3—256 nM with enthalpy values
ranging from zero to —9.3 kcal/mol (33). Thus, the entropic term
contributes significantly to all of these interactions. Structures of
these drugs include multiple hydrophobic groups, consistent with
the favorable entropic partition of the drugs from water to the
relative hydrophobic site of HMG-CoA reductase. Energetics of
Atorvastatin (Lipitor) binding (Figure 8) exemplify the thermo-
dynamics of statin binding, with the —10.9 kcal/mol AG value
consisting of a favorable AH of —4.3 kcal/mol and a favorable
TAS term contributing even more energy (—6.6 kcal/mol).
Thermodynamic analysis of five statins led to the conclusion
that binding affinity is correlated with binding enthalpy and the
most powerful statins bind with the strongest enthalpies (33).

The tightest-binding Immucillins for human PNP are power-
fully driven by unusually large enthalpy terms, in several cases,
greater than —20 kcal/mol. Thermodynamic interactions of
Immucillin 4 compared with Atorvastatin (Lipitor) and KNI-
10033 demonstrate the exceptional enthalpy of binding (Figure §).
Entropic penalties in the binding of transition state analogues are
unavoidable since the analogues convert the dynamic motions of
catalysis into more static binding energy, thus causing substantial
increases in protein structural order parameters (36). In contrast
to the entropic penalty for Immucillin 4, the substrate analogue
DFPP-DG binds with a favorable entropy component, but
without the interactions of transition state analogues, it suffers
in the enthalpic term.
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FIGURE 9: Thermodynamic signatures for binding of 9-deazainosine,
hypoxanthine, and Immucillins 4 and 6 to human PNP. The bars
represent AG (blue), AH (red), and —TAS (green). The thermody-
namic profiles for Immucillins 4 and 6 were taken from the single-
subunit titration study (Table 1). The signatures for the substrate
analogue inhibitor and product are less favorable for binding, and
although the enthalpy terms are large, they are compensated by large
entropic penalties. These are interpreted as protein organization
changes. Immucillins 4 and 6 exhibit thermodynamic signatures
marked by more favorable AG values due to larger enthalpy changes
and small entropy penalties.

We know of no other collection of transition state analogues or
inhibitors designed by any method that match the large, en-
thalpy-driven binding features of the interactions of Immucillin
with PNP. Thermodynamic results support an unusual ability to
capture the energetic interactions leading to transition state
formation. A fortunate feature of transition state analogue design
for PNP is the contrast between the electronically neutral
substrates (inosine and guansine) and the cationic transition
states. Thus, the ability to mimic the cationic transition state in
stable analogues and to form an ion pair with phosphate at the
catalytic sites provides a major contribution to the large enthalpic
values for binding of analogues to PNP. One specific example of
the transition state cation effect is the difference in binding of
Immucillin 2 and 9-deazainosine, where the replacement of a
single atom, the 4'-nitrogen cation with the 4'-neutral oxygen,
changes the binding affinity from 56 pM to 5.4 uM, a decrease in
binding affinity of a factor of nearly 10°.

Entropy— Enthlapy Compensation. A cruel fact of inhibi-
tor design is that every favorable hydrogen bond or ionic
interaction added into a catalytic site inhibitor ligand stabilizes
the complex and adds unfavorable entropic contributions to
binding. Building flexibility into inhibitors that preserve the
motion of the protein while maximizing the hydrogen bond
and ionic interactions between the inhibitor and the catalytic site
is one way to minimize the entropic penalty. Immucillin
8 contains the three hydroxyl groups present on a ribosyl group
or on Immucillin 2, and also the ribocation mimic in the
amine functionality. These interactions generate an impressive
AH of —17.5 kcal/mol while only paying a —TAS penalty of
2.3 kcal/mol to give a dissociation constant of 8.6 pM. Likewise,
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Immucillins 4 and 6 have modest entropic penalties (especially
when compared to hypoxanthine or 9-deazainosine binding) with
large enthalpy values generated from the favorable features of
transition state mimicry (Figure 9). Transition state analogues for
mammalian PNPs with binding constants of <10 pM have been
termed “the ultimate inhibitors” because a single inhibitor
treatment in mice saturates the target PNP and maintains
functional inhibition for the lifetime of erythrocytes [25 days in
mice (37)].

CONCLUSIONS

High affinity, specificity, and lack of toxicity have made the
Immucillins candidates for clinical studies in T-cell-related dis-
orders. The tight binding of these analogues to the first subunit
on human PNP is characterized by an enthalpy change as large as
—22.7 kecal/mol. Tight binding of the transition state analogues
comes with entropy penalties interpreted as increased order
parameters in the PNP—inhibitor complexes. As transition state
features are eliminated from the inhibitors, binding affinity
decreases and the entropic penalty decreases and becomes
favorable for binding with weaker inhibitors. Tight binding to
8.5 pM occurs when the features of the transition state are
preserved in inhibitor design, but flexibility is built into the
transition state analogue, presumably, to permit increased
dynamic flexibility in the enzyme—inhibitor complex.
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