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ABSTRACT: The interaction of the dinucleotide inhibitor 5′-phosphothymidine(3′,5′)pyrophosphate adenosine
3′-phosphate (pTppAp) with bovine pancreatic ribonuclease A (RNase A) was characterized by calorimetry
and solution NMR spectroscopy. Calorimetric data show that binding of pTppAp to RNase A is exothermic
(∆H ) -60.1 ( 4.1 kJ/mol) with a dissociation constant of 16 nM at 298 K. At this temperature, the
binding results in an entropy loss (T∆S) -16.8( 7.3 kJ/mol) that is more favorable than that with the
product analogue, 2′-CMP (T∆S) -31.3( 0.9 kJ/mol). Temperature-dependent calorimetric experiments
give a∆Cp for ligand binding of-230 ( 100 J/mol K. Binding of pTppAp results in noticeable effects
on the backbone amide chemical shifts and dynamics. Amide backbone15N NMR spin-relaxation studies
were performed on both apo RNase A and RNase A/pTppAp as a function of temperature. At each
temperature, the model-free-determined order parameters,S2, were significantly higher for RNase A/pTppAp
than for the apo enzyme indicating a decrease in the conformational entropy of the protein upon ligand
binding. Furthermore, the magnitude of this difference varies along the amino acid sequence specifically
locating the entropic changes. The temperature dependence ofS2 at each residue enabled assessment of
the local heat capacity changes (∆Cp) from ligand binding. In an overall, average sense,∆Cp for the
protein backbone, determined from the NMR dynamics measurements, did not differ between apo RNase
A and RNase A/pTppAp indicating that backbone dynamics contribute little to∆Cp for protein-ligand
interactions in this system. However, residue-by-residue comparison of the temperature-dependent change
in entropy (∆SB) between free and bound forms reveals nonzero contributions to∆Cp at individual sites.
The balance of positive and negative changes reveals a redistribution of energetics upon binding.
Furthermore, experiment and semiempirical estimates suggest that a large negative∆Cp should accompany
binding of pTppAp, and we conclude that this contribution must arise from factors other than amide
backbone dynamics.

NMR studies of the temperature dependence of enzyme
dynamics can provide access to site specific kinetic and
thermodynamic information while aiding to define the
potential energy surface of the motion. The study of enzymes
in conformational states resembling an activated complex
or nonground state configuration is facilitated through the
use of ligands designed to mimic a particular reaction path
intermediate. This practice is commonly employed in crystal-
lographic or NMR structural analysis to aid in understanding
enzyme mechanisms but has not been widely exploited to
assess the role of protein dynamics at positions along the
reaction coordinate. Here, we address this issue through a
comparison of the temperature-dependent backbone amide
order parameters derived from solution NMR for the enzyme
ribonuclease A in the apo form and in a complex with the
nanomolar inhibitor, pTppAp.1

Bovine pancreatic RNase A catalyzes the cleavage of
single-stranded RNA. The enzymatic reaction occurs in a
distributive fashion in which RNase A binds the RNA
polymer, cleaves the nucleic acid chain, and releases the
products into solution (1). RNase A is secreted in large
amounts by the pancreas and is thought to function primarily
as a digestive enzyme. More recently, the ribonuclease family
of enzymes has received increased attention due to the
therapeutic benefits elicited by their cytotoxic and angiogenic
properties (2-4). These unanticipated effects present en-
couraging new routes for the treatment of disease.

RNase A has been a model system for the study of protein
folding (5), chemistry (6, 7), and structure (8) as well as
mechanistic enzymology (9, 10, and references therein). The
overall shape of RNase A approximates an ellipse. The active
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site resides in a cleft, the bottom of which is primarily
comprised of three long antiparallelâ-sheets. The enzyme
is also composed of two shortâ-strands, threeR-helices, and
six loop or turn regions (Scheme 1). Additional structural
integrity is provided by eight cysteine residues, all involved
in disulfide bonds resulting in a highly stable enzyme. RNase
A is a small (13.7 kDa) enzyme that cleaves single-stranded
RNA specifically on the 3′-side of pyrimidine residues. The
enzyme is a very efficient catalyst (kcat/kuncat ∼ 1011) (11);
in addition, substrate binding occurs with a bimolecular rate
constant on the order of 107-108 M-1 s-1 (11, 12) and
product release at a rate of∼103 s-1 (13). During the catalytic
cycle, RNase A displays significant flexibility and undergoes
several conformational changes (14) and we have previously
uncovered evidence of a functional role for these dynamics
(15).

Enzymes, in general, represent ideal systems for investi-
gating the role of dynamics in macromolecular function. By
necessity, enzymes alter their conformation as the catalytic

reaction progresses from substrate to transition state to
product state (16). Recent studies have additionally acknowl-
edged the potential role of ground state motions in catalytic
processes (17, 18). Efforts to elucidate the role of fast time
scale (picosecond to nanosecond; ps-ns) dynamics in
enzyme function are numerous and cover a range of
experimental and theoretical approaches. Among these,
spectroscopic (19-24) and X-ray crystallographic (25, 26)
investigations of enzyme dynamics have been carried out.
Other studies such as hydrogen/deuterium exchange experi-
ments have linked protein flexibility with the degree of
hydrogen tunneling in alcohol dehydrogenase (27). Further-
more, computational arguments (17, 18, 28-30) for the role
of dynamics in enzyme function have been reported.
Experimental work has demonstrated correlation of both
specificity (31) and entantioselectivity (32) with enzyme
dynamics. In addition to the aforementioned ps-ns dynamics,
motions on a slower time scale (microsecond to millisecond;
µs-ms) that can limit substrate binding, product release,
and catalytic steps have been characterized by NMR (15,
23, 33-36). The close link between function and flexibility
implied by these studies warrants further investigation into
the details of the energy landscape and mechanistic impact
of enzyme motion.

Temperature can have a profound affect on macromolecu-
lar function via changes in structure and dynamics. For
example, RNase A ceases to bind ligand at 200 K (9).
Variable temperature (98-300 K) X-ray crystallographic
studies of ribonuclease A indicate a modest linear expansion
in protein volume with temperature (26), primarily due to
movement of solvent-exposed loop regions. Interestingly, the
concurrent change in the Debye-Waller factors and broad-
ening of their distribution suggests an increase in anharmonic
protein motions (26). A complementary view of protein
dynamics can be obtained from NMR spectroscopy. The
amplitudes of intramolecular bond vector fluctuations (the
order parameter,S2) have been characterized via solution
NMR spin-relaxation studies, for example, in characterization
of the thermodynamics of Ca2+ binding and cooperativity
in the protein Calbindin D9K (37). In other works, a
relationship betweenS2 and configurational entropy has been
established (38, 39) and subsequently used to dissect the
contributions of conformational entropy to protein folding
(39) and DNA binding (40). Additionally, the temperature
dependence ofS2 was used to describe the protein backbone
contribution to the conformational heat capacity in the folded
and unfolded state for an SH3 domain, for staphylococcal
nuclease and for protein G (41, 42). In a significant
achievement, Wand and co-workers characterized side chain
and backbone dynamics of a calmodulin-peptide complex
at 13 temperatures (43, 44). Their work indicates that protein
dynamics are remarkably heterogeneous and provides ad-
ditional insight into the factors governing protein stability.
NMR studies with the enzyme ribonuclease HI established
that the mobility of loops and termini exhibits substantial
temperature dependence while secondary structure dynamics
were not as temperature sensitive (45). In regard to these
studies, a fundamental question of enzymology emerges; how
do the fluctuations of an enzyme respond to the presence of
ligands, especially those ligands that structurally mimic
positions along the reaction coordinate? To address this issue
here, we have characterized the temperature dependence of

Scheme 1: (A) Chemical Structure of pTppAp and (B)
Ribbon Diagram of Bovine Pancreatic Ribonuclease with 2°
Structure Elements Identified
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ps-ns backbone dynamics in RNase A in the ground state
and for RNase A bound to the nanomolar inhibitor pTppAp
through the use of15N spin-relaxation measurements. These
studies also provide further insight into the response of
millisecond motion to ligand binding.

METHODS AND THEORY

Protein Expression and Purification. Escherichia coli
strain BL21(DE3) was from Novagen (Madison, WI). All
buffers and salts were from Sigma Chemical (St. Louis, MO).
Deuterated buffers were from Cambridge Isotope Labora-
tories. The plasmid, pBXR, encoding for bovine pancreatic
ribonuclease A, was a generous gift of Professor Ronald T.
Raines (University of Wisconsin-Madison). Isotopically15N-
labeled RNase A was expressed and purified according to
published protocols (46) with the modification that the final
growth be performed in M9 media containing 1 g/L15N NH4-
Cl and glucose and supplemented with vitamins and trace
metals. Ribonuclease was purified and refolded by the
method outlined by Raines and co-workers (46). The purity
of the final RNase A product was determined to be>98%
by sodium dodecyl sulfate polyacrylamide gel electrophoresis
and mass spectrometry. For NMR experiments, RNase A
was in a solution containing 5 mM deuterated MES, pH 6.4,
and 10 mM NaCl. The concentration of RNase A was
determined using an extinction coefficient,ε278 ) 9800 M-1

cm-1 (47).
Inhibitor Synthesis and Characterization.The inhibitor

pTppAp (5′-phosphothymidine-3′-pyrophosphate adenosine-
3′-phosphate) was synthesized in a fashion similar to
published protocols (48, 49). Briefly, a mixture of 2′,5′- and
3′,5′-adenosine diphosphate was converted to the corre-
sponding morpholinium salts using a Dowex-50 cation
exchange column. Treatment of the resulting mixture with
DCC and morpholine furnished adenosine 2′,3′-cyclic phos-
phate 5′-phosphomorpholidate as its bis(4-morpholine-N,N′-
dicyclohexylcarboxamidinium) salt. This material was dried
via several evaporations from anhydrous pyridine. The
phosphomorpholidate moiety was sufficiently activated to
form the desired pyrophosphate bond upon treatment with
the tri-n-butylammonium salt of thymidine-3′-phosphate in
anhydrous pyridine at 40°C. The 2′,3′-cyclic phosphate was
then selectively cleaved to the corresponding 3′-phosphate
by incubation with ribonuclease T2. The material was
purified by anion exchange chromatography using a Resource
Q column and linear gradient of triethylammonium bicarbon-
ate (TEAB) that was eventually removed by lyophilization.
The final 5′-phosphate group on the thymidine nucleotide
was then introduced through the action of the enzyme T4-
polynucleotide kinase. Pure pTppAp was isolated by ion
exchange chromatography, again using the Resource Q
column and TEAB gradient elution. The progress of all
reactions was monitored by31P NMR. The final product was
characterized by electrospray ionization-MS analysis,1H-
1H correlation spectroscopy (COSY), and1H-31P HMQC
NMR experiments. All spectroscopic data were fully con-
sistent with the proposed structure. The concentration of
pTppAp was determined by1H NMR in the following
manner. ATP, at a concentration of 50µM (determined using
an extinction coefficient of 15 400 M-1 cm-1), was placed
in an NMR tube with a measured but unknown concentration

of pTppAp (triethylammonium salt). A fully relaxed one-
dimensional 1H NMR spectrum (2000 transients) was
acquired with a 25 s recycle delay (the R1 of the relevant
protons is ca. 1 s-1 (50)). The areas of the resonances
corresponding to the adenine H2 protons of ATP and
pTppAp and the thymidine H6 proton of pTppAp were
determined (supplemental information). The ratio of pTppAp-
to-ATP peak areas was used to determine the amount of
pTppAp present in the original stock solution.

Inhibitor Binding. Binding of pTppAp and cytidine 2′-
monophosphate (2′-CMP) to RNase A was determined using
titration calorimetry. Ligand was titrated into a thermostated
solution of RNase A in 20 mM MES, pH 6.4, using Microcal
MCS and VP titration calorimeters. RNase A concentrations
were 43.7 and 2.8µM, respectively, for the 2′-CMP and
pTppAp binding experiments. Cytidine monophosphate
concentrations were determined using a molar extinction
coefficient of 7600 M-1 cm-1 (47), and pTppAp concentra-
tion was determined as described above. Binding of pTppAp
to RNase A was quantitated by fitting the evolved heat to
the following equation (51)

in which R is the root of

In eqs 1 and 2,∆q is the apparent heat change upon ligand
binding,∆qdil is the heat of dilution,∆qns is the heat due to
nonspecific interactions,n is the number of binding sites,
Vcell is the volume of the calorimetric cell,Ka is the
association constant, MT and LT are the total macromolecule
and ligand concentrations, respectively, andYi is the degree
of saturation. OnceKa and∆H° are known from calorimetry,
∆G° and∆S° were calculated from

in which R is the gas constant andT is the absolute
temperature.

The heat capacity change (∆Cp) for pTppAp binding to
RNase A was measured from temperature-dependent calo-
rimetric enthalpy values and estimated by semiempirical
methods based on the burial of polar and nonpolar surface
area concomitant with the binding reaction (52, 53). Precise
values of enthalpies of pTppAp binding to RNase A at the
three temperatures (280, 298, and 310 K) were determined
in separate titration experiments. Aliquots of pTppAp were
injected into the cell containing an excess amount of RNase
A to ensure complete inhibitor binding. Experiments were
carried out in triplicate at each temperature. Heats of pTppAp
injections into the buffer without RNase A were subtracted,
and results were averaged. The heat capacity change was
determined by linear fitting of∆H as a function of temper-
ature. Surface area calculations were performed with the
program Naccess (54). A probe radius of 1.4 Å was used
for surface area calculations. For the binding reaction, RNase
A + pTppApT RNase A/pTppAp, the changes in the polar

∆q ) n[M] TVcell∆Happ× R ) ∆qapp- ∆qdil - ∆qns (1)

Yi
2 - Yi × (1 + 1

nKa[M] T

+
[L i]T

n[M] T
) + n[L i]T[M] T ) 0 (2)

∆G° ) -RT ln Ka (3)

∆S° ) (∆H° - ∆G°)/T (4)
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and nonpolar solvent accessible surface area (SAS) were
determined from

where np and p indicate nonpolar and polar contributions to
the SAS for the free and bound protein and ligand. The
structure of the free ligand was determined using the Merck
94 force field as implemented in Spartan 5.1 (Wavefunction,
Inc., Irvine, CA). The surface area calculation for apo RNase
A was based upon the atomic coordinates from the crystal
structure 7RSA (55). No three-dimensional structure for the
RNase A/pTppAp complex exists. However, an X-ray crystal
structure of RNase A bound to the related compound, p(dU)-
ppAp, is available (56). The SAS calculation of the RNase
A/pTppAp complex was determined by building the thymi-
dine moiety of pTppAp onto the uridine group in the crystal
structure of the RNase A/p(dU)ppAp complex (accession
1QHC) (56).

NMR Experiments.All protein NMR experiments were
performed on a 600µM 15N-lableled RNase A sample using
a four channel Varian Inova 600 MHz instrument and aZ
gradient-equipped Varian HX probe. Typically, 22µs 15N
90° pulse widths were achievable with this probe. The
experimental temperature was calibrated using a 100%
methanol standard. Ambiguities in resonance assignments
were resolved by recording a15N-nuclear Overhauser en-
hancement spectroscopy (NOESY)-HSQC at each temper-
ature. NMR spin-relaxation experiments were performed at
each temperature using published, gradient-selected, sensitiv-
ity-enhanced pulse sequences (57-59). The longitudinal (R1)
spin-relaxation rates were measured with T1 delays of 2
(×3), 132, 272, 442, 632, 862 (×2), 1502, and 1802 ms.
The transverse (R2) relaxation rates were obtained with 1.0
ms spacing between15N 180° CPMG pulses at total
relaxation delays of 2 (×2), 12, 36, 54, 78 (×2), 134, and
250 ms. For R2 measurements, temperature-compensating
15N 180° pulses were applied during the recycle delay and
15N 180° pulse widths were lengthened to 76µs to reduce
sample heating (60). The heteronuclear cross-relaxation rate
(NOE) was obtained by interleaving pulse sequences with
and without proton saturation. Measurement of transverse
cross-relaxation (ηxy) rates mediated by15N-CSA/dipolar
interference was achieved as described previously with
relaxation delays of 32, 53.4, 74.8, 96.1, and 106.7 ms (61,
62). All relaxation spectra were acquired with the1H carrier
set coincident with the water resonance and15N frequency
set to 120 ppm; spectral widths were 12 000 and 1900 Hz
in thet2 andt1 dimensions with 2048 and 128 complex points
in each dimension, respectively. A recycle delay of 2.6 s
was used in all (R1, R2, andηxy) relaxation experiments. NMR
data were processed with NMRPipe (63) and visualized with
Sparky (64). Longitudinal and transverse relaxation rates
were determined by fitting the peak heights (obtained from
a 3 × 3 grid located at the peak maxima) to a single
exponential decay by a nonlinear least squares routine using
in-house written software and the program Curvefit provided
by Professor Arthur G. Palmer (http://cpmcnet.columbia.edu/
dept/gsas/biochem/labs/palmer/software.html). The hetero-
nuclear NOE was determined from the ratio of peak heights

for experiments with and without1H saturation pulses. The
transverse cross-relaxation rate (ηxy) was determined from
the ratio of peak intensities from experiments detectingSy

(Icross) and 2IzSy (Iauto) coherences (61, 62) where

in which τ is the experimental relaxation delay. Relaxation
rates for overlapping peaks were determined using a separate
Lorentz-to-Gauss resolution enhancement processing scheme
(58).

Model-Free Analysis.Protein amide backbone dynamics
were characterized by fitting NMR spin-relaxation rates to
one of five semiempirical forms of the spectral density
function using model-free analysis (65, 66). The five models
used to describe the spin-relaxation data are described
according to their corresponding free parameters in eq 8 (21)

in which τe is the internal correlation time;S2 is the
generalized order parameter;Sf

2 is the order parameter for
fast motion, with typical correlation time<10 ps; and Rex is
the additional line broadening due to conformational ex-
change and depends on the equilibrium site populations, the
chemical shift differences, and the rate of exchange between
conformers. Fitting of motional parameters to the spin-
relaxation data was performed using the selection protocol
described for the program FAST-Modelfree (67) interfaced
with Model-Free 4.01 (21, 68). Model selection was based
on the statistical testing protocol described previously by
Mandel et al. (21). The rotational diffusion tensor for RNase
A was estimated from R2/R1 ratios and the program
R2R1_diffusion using the X-ray crystal coordinates, (7RSA
(55)) and the program pdbinertia (provided by Professor
Arthur G. Palmer). The criteria for inclusion of residues in
the diffusion tensor estimate relied on the method of Tjandra
et al. (69) and by additional exclusion of residues withηxy/
R2 greater than one standard deviation from the mean value.
During the model-free analysis, N-H bond lengths were
assumed to be 1.02 Å and the15N chemical shift anisotropy
was estimated as-160 ppm (70, 71). Some studies have
indicated the existence of variability in15N CSA values (72);
however, these experiments were not performed with RNase
A, and therefore, standard values were used in this work.
For each model, 1000 randomly distributed data sets were
generated. Models were selected by comparing the sum-
squared error of the optimal fit with the 0.05 critical value
of the distribution. In cases whereF statistics were applicable,
comparisons were made with the 0.20 critical value of the
distribution. During the model selection process, the diffusion
tensor parameters were kept fixed. Once models had been
assigned to each spin, the diffusion tensor and model
parameters were optimized simultaneously. The process of
model selection was then repeated until the optimized tensor
parameters andS2 did not differ significantly from those from
the previous round of model selection. Spin-relaxation data
at all temperatures were analyzed independently to obtain
values forD|/D⊥, φ, and θ. The resulting values at each
individual temperature varied over the full temperature range
by 3, 4, and 0.4%, respectively. Therefore, after model

∆SASnp) SASnp
complex- (SASnp

free-enzyme+SASnp
free-ligand) (5)

∆SASp ) SASp
complex- (SASp

free-enzyme+ SASp
free-ligand) (6) Icross/Iauto) tanh(ηxyτ) (7)

model 1,S2; model 2,S2, τe; model 3,S2, Rex;

model 4,S2, τe, Rex; model 5,Sf
2, S2, τe (8)
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selection and parameter optimization, all motional parameters
were optimized a final time by rerunning Modelfree 4.01
with fixed average values ofD|/D⊥, φ, andθ.

The order parameter,S2, obtained from model-free analy-
sis, can be expressed in terms of a configurational entropy
value for the angular fluctuation of the individual N-H bond
vector according to (38, 39, 73)

in which SB is the entropy andkB is Boltzmann’s constant.
The temperature dependence ofSB can be further expressed
in terms of a local heat capacity

for each N-H bond (42).
Alternatively, if the N-H bond vector motion is modeled

as angular fluctuations within an axially symmetric parabolic
potential, then the temperature dependence of the order
parameter is (45)

where, as described by Palmer and co-workers (45), T*
defines the characteristic temperature that represents the
density of energy states thermally accessible to the bond
vector andθ is the angle of deviation, not to be confused
with θ from model-free results given above. IfT*/T e 1,
then many additional conformational states are accessible
to the N-H bond vector and theCp of that conformational
state resides in the classical limit. However, ifT*/T . 1,
few additional states are thermally accessible and the
conformation therefore has a low heat capacity.

RESULTS

Ligand Binding to RNase A.The synthesis of pTppAp was
achieved with slight modifications of published procedures
(49). Successful synthesis of pTppAp was confirmed by two-
dimensional1H-1H COSY and1H-31P NMR COSY, which
showed only the expected resonances, as well as negative
mode electrospray mass spectrometry, which yielded an
experimental mass, M3- ) 269.4 (theoretical 269.3) (see
Supporting Information). The chemical structure of this
molecule is depicted in Scheme 1.

Binding of pTppAp and 2′-CMP was quantitated using
isothermal titration calorimetry under identical pH conditions
(MES buffer, pH 6.4, 10 mM NaCl) as the subsequent NMR
experiments. CMP binding was performed as a control and
for comparison with thermodynamic values obtained for
pTppAp. Shown in Figure 1 is the calorimetric titration of
RNase A with pTppAp and 2′-CMP at 298 K. The calori-
metric titration data were fit to eq 1 to yield thermodynamic
values associated with ligand binding to RNase A. The
product state analogue, 2′-CMP, binds to RNase A with a
dissociation constant (Kd) of 3.6( 0.2µM, a ∆H° ) -62.3
( 0.9 kJ/mol, and a stoichiometry of 0.94( 0.01, which is
in good agreement with literature values (74). The inhibitor,
pTppAp, binds with higher affinity to RNase A than 2′-CMP
at 298 K with thermodynamic constants,Kd ) 16.2 ( 2.3

nM, ∆H° ) -60.1 ( 4.1 kJ/mol, and a stoichiometry of
0.95 ( 0.05. Using eqs 3 and 4, the following values for
∆G° and T∆S° were calculated at 298 K for 2′-CMP and

SB ) kB ln[π(3 - (1 + 8S)1/2)] (9)

CP )
dSB

d ln (T)
(10)

d(1 - S)
dT

) 3
2

d
dT

〈θ2〉 ) 3
2T*

(11)

FIGURE 1: Ligand binding to RNase A. Titration calorimetry was
used to monitor the binding of (A) pTppAp (ovals) and (B) 2′-
CMP (squares) to RNase A. Binding studies were performed at
298 K in 20 mM MES buffer (pH 6.4). In A, [RNase A]) 2.8
µM, and in B, [RNase A]) 43.7µM. The titration data were fitted
to eq 1. (C) Heat capacity change from pTppAp binding to RNase
A determined from separate experiments as described in Methods
and Theory.
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pTppAp, respectively:∆G° ) -31.0 ( 0.1 and-43.3 (
6.1 kJ/mol;T∆S° ) -31.3( 0.9 and-16.8( 7.3 kJ/mol.
For pTppAp, binding was measured as a function of
temperature and the data are shown in Table 1 and Figure
1C. The heat capacity change (∆Cp) for the interaction
between pTppAp and RNase A was determined from the
slope of the fitted line (Figure 1C) to be∆Cp ) -230 (
100 J mol-1 K-1. For comparison,∆Cp for the pTppAp/
RNase A interaction was estimated from burial of polar and
nonpolar surface area upon ligand binding. Binding of
pTppAp by RNase A buries 1639 Å2 of surface area, which
can be partitioned into 1010 and 629 Å2 of nonpolar and
polar groups, respectively. These values yield a theoretical
∆Cp of -1100 J mol-1 K-1 (52, 53) for binding of pTppAp.
For comparison, the experimental∆Cp for 2′-CMP binding
to RNase A is∆Cp ) -670 (75) and -970 J mol-1 K-1

(76).
NMR Studies (Interaction between RNase A and pTppAp).

After the characterization of the binding of pTppAp to RNase
A, NMR experiments for apo and pTppAp-bound RNase A
were initiated. Formation of the RNase A/pTppAp complex
resulted in changes in chemical shifts for the backbone amide
resonances for many amino acid residues. Addition of excess
pTppAp (>1:1 pTppAp:RNase A) to RNase A resulted in
no additional significant changes in amide peak positions.
The results of this experiment are shown in Figure 2, in
which the changes in1H and 15N chemical shifts, upon
interaction between RNase A and pTppAp, are mapped onto
the RNase A structure.

NMR Studies (Backbone Dynamics).NMR spin-relaxation
experiments were performed at 294, 301, and 311 K to
characterize the temperature dependence of internal protein
dynamics in RNase A in the apo and pTppAp form. To
achieve this, measurements of R1, R2, NOE, andηxy were
performed at each temperature for RNase A and the RNase
A/pTppAp complex (Supporting Information). For the apo
enzyme, spin-relaxation data could be reliably quantitated
for 102, 104, and 102 backbone amide positions of the 120
nonproline residues at 294, 301, and 311 K, respectively.
For the pTppAp enzyme complex, the number of residues
in which spin-relaxation data could be reliably quantitated
was 93, 96, and 97 at the respective temperatures. The 10%
trimmed average R1, R2, NOE, andηxy values for apo RNase
A and the RNase A/pTppAp complex at each temperature
are given in Table 2. The nearly complete set of spin-
relaxation rates at the three temperatures allowed model-

free analysis to be performed at each. The resulting dynamics
parameters for apo RNase A at 294, 301, and 311 K were
τm ) 8.20( 0.02, 6.61( 0.01, and 5.30( 0.01 ns, while
at all temperaturesD|/D⊥ ) 1.30, θ ) 86°, andφ ) 240
(vide infra). Similar analysis of the RNase A/pTppAp
complex gave values ofτm ) 9.02( 0.02, 6.80( 0.01, and
6.00 ( 0.01 ns at 294, 301, and 311 K, respectively, with
D|/D⊥ ) 1.27,θ ) 78°, andφ ) 240.

Apo RNase A.At 294 K, 88 residues were assigned to
model 1, 13 to model 3, and one to model 4 as described by
eq 8. At 301 K, 72 residues were fit to model 1, 30 to model
3, and two residues (Ser22 and Ser80) could not be fit with
any model. At 310 K, 64 residues required model 1 and 38
residues were best fit by model 3. Over the full temperature
range for RNase A, 72 residues are assigned to the same
model. Generalized order parameters were determined for
each of the resonances described above that could be reliably
fit to models 1-5. Figure 3 depicts theS2 values for
each residue at 294, 301, and 311 K. The meanS2 values
for all quantifiable residues at 294, 301, and 311 K are
0.887 ( 0.015, 0.867( 0.011, and 0.851( 0.013,
respectively. In Figure 4, theS2 values for individual residues
are color-coded onto the RNase A ribbon structure. Many
residues were observed to be involved in a conformational
exchange process, indicated by the necessary inclusion of a
nonzero Rex term in the model-free fitting. The number of
residues for which Rex > 0 increased from 13 to 30 to 38 as
the temperature was increased from 294 to 301 to 311 K
(Figure 3).

RNase A/pTppAp Complex.Upon formation of the RNase
A/pTppAp complex, numerous amide resonances in RNase
A experience changes in chemical shift that are localized at
the enzyme active site (Figure 2). Several resonances
disappear presumably due to exchange broadening. NOESY-
HSQC experiments (77-79) were performed to reassign
ambiguous resonances in the RNase A/pTppAp complex.
After resonance assignment, identical NMR spin-relaxation
experiments and model-free analysis were performed on the
RNase A/pTppAp complex as for apo RNase A. For the
pTppAp complex, 71 residues were assigned to model 1,
21 to model 3, and one to model 4, and one residue (Thr17)
was not fit by any model at 294 K. At 301 K, 71 residues
were fit to model 1, 25 to model 3, and one residue (Ser16)
could not be fit with any model. At 311 K, 77 residues
required model 1 and 20 residues were best fit by model 3.
For the RNase A/pTppAp complex, 77 residues are assigned
to the same model at all temperatures. Generalized order
parameters were determined for each of the resonances
described above that could be reliably fit to models 1-5.
The averageS2 values at 294, 301, and 311 K for the

Table 1: Summary of Thermodynamic Values Determined for
pTppAp Binding to RNase Aa

temp (K)
Kd

(×10-9 M)b
∆H

(kJ/mol)c
∆G

(kJ/mol)d
T∆S

(kJ/mol)e

280 ND -58.3( 2.5 ND ND
288 7.9( 1.2 -59.5( 1.0 -44.7( 6.7 -14.8( 6.8
298 16.2( 2.3 -60.1( 4.1 -43.3( 6.1 -16.8( 7.3
311 33.4( 1.0 -66.0( 3.0 -44.4( 0.8 -21.6( 3.1
a All thermodynamic values are the average of multiple measure-

ments, and reported uncertainties are the deviations of these multiple
measurements from the average value.b Dissociation constants were
determined from fits of calorimetric binding data.c Enthalpies were
determined from separate experiments with excess RNase A as
described in Methods and Theory. The enthalpy value at 288 K was
determined from fits to titration data.d Binding energies were obtained
from eq 3.e Entropies of binding were calculated using eq 4.

Table 2: Summary of NMR Spin-Relaxation Rates for RNase A in
apo and pTppAp Forms

temp (K) R1 (s-1) R2 (s-1) NOE ηxy (s-1)

apo RNase A
294 1.44( 0.08 11.18( 1.74 0.780( 0.043 7.30( 0.62
301 1.66( 0.07 9.43( 1.77 0.777( 0.037 6.32( 0.53
311 1.89( 0.09 8.00( 1.98 0.770( 0.033 5.14( 0.44

RNase A/pTppAp
294 1.35( 0.07 13.26( 1.73 0.773( 0.045 8.29( 0.80
301 1.74( 0.08 10.10( 1.65 0.775( 0.041 6.71( 0.55
311 1.84( 0.09 9.06( 1.99 0.778( 0.043 5.35( 0.44
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inhibited form of RNase A are 0.924( 0.016, 0.922( 0.018,
and 0.901( 0.013, respectively. The values ofS2 for each
amino acid residue in the inhibited RNase A/pTppAp
complex at 294, 301, and 311 K are shown in Figure 3. In
contrast to the results with apo RNase A, the number of
residues for which a chemical exchange term was required
for model-free fitting does not increase substantially with
increasing temperature. These results are depicted in Figure
3. For comparison with apo RNase A, the order parameters
for the pTppAp complex are color-coded onto the RNase A
ribbon structure (Figure 4).

Temperature Dependence of S2. The order parameters for
residues in RNase A are dependent upon the experimental
temperature. The value ofS2 decreases with increasing
temperature for apo RNase A and for RNase A/pTppAp.
Figure 5A shows the reduction in the average value ofS2

for all residues in RNase A as temperature increases. A
similar plot is shown in Figure 5B in which only residues
with the same motional model at all temperatures were
included in the calculation of the meanS2 value. The identical
slopes of the lines in Figure 5 indicate that the overall
temperature dependence ofS2 does not change significantly
between apo and pTppAp forms of RNase A. However, on
a residue-by-residue basis, this is not the case. Figure 6 shows
the temperature dependence of the order parameter for
residues inR-helix 1, loop 2, andâ-sheet 5. A comparison
of changes in order parameter with temperature for apo and
pTppAp RNase A shows that differences exist on a per
residue basis. The values of d(1- S)/dT for the residues
shown in Figure 6 are for Gln11: 7.5( 0.4 × 10-4 K-1,

2.9 ( 2.6 × 10-4 K-1; for Lys41: 2.0( 0.7 × 10-3 K-1,
1.6 ( 0.2 × 10-3 K-1; and for Thr99: 0.2( 0.1 × 10-3

K-1, 1.5 ( 0.1 × 10-3 K-1 for RNase A and RNase
A/pTppAp, respectively. Equation 11 was used to calculate
the characteristic temperature,T*, for these residues. For the
apo and inhibited forms of RNase A, these values are for
Gln11: ∼2000, 5000 K; for Lys41:∼750 and 940 K; and
for Thr99: ∼7500 and 1000 K, respectively. The variability
of d(1 - S)/dT grouped by 2° structure is shown as a box
plot in Figure 7.

DISCUSSION

The use of substrate mimics or enzyme inhibitors is often
used to study enzymatic reaction mechanisms. This approach
has not widely been exploited to address the role of protein
dynamics in enzyme function. As an initial step in this area,
we have compared and characterized the temperature de-
pendence of the dynamics in RNase A in the ground and
pTppAp-bound states. The construction of pyrophosphate-
based ligands such as pTppAp was originally suggested by
the observation, from kinetic inhibition studies, that 5′-ADP
(ppA) bound to RNase A 70-fold tighter than 5′-AMP (pA)
(80). Chemical elaboration of the core ppA molecule yielded
several nanomolar affinity dinucleotide inhibitors containing
the pyrophosphate linkage. Subsequently, a high-resolution
crystal structure of one of these inhibitors, pdUppA-3′-p,
bound to RNase A was solved (56). Several features of this
complex are worth noting. The 5′-â-phosphate occupies the
P1 (cleavage) site, and the adenine ring (normally in the anti
configuration in the RNase A/substrate complex) is rotated

FIGURE 2: Spatial localization of altered1H-15N chemical shifts in RNase A. The changes in chemical shift are mapped onto the van der
Waals surface of RNase A. The surface is color-coded to reflect the magnitude,∆, of chemical shift changes upon interaction with pTppAp.

The value,∆ ) x(∆δNH
2 + ∆δN

2 /25)/2 reflects the average chemical shift change upon ligand binding in which∆δNH and ∆δN are the
chemical shift differences for the1H and15N atoms between the apo and the RNase A/pTppAp complex (97). Chemical shift values with
∆ > 0.2 are indicated in dark blue with linear interpolation from blue to white for 0.2> ∆ > 0. Resonances that disappear in the HSQC
upon binding pTppAp are colored red and are presumed to be exchange broadened. Amino acids colored black are prolines or unassigned
residues. The structure of the inhibitor, pTppAp, is shown in yellow and surrounded by dots representing its van der Waals surface. The
placement of pTppAp at this location is based upon the crystal structure of a similar ligand (pdUppAp) bound to RNase A as described in
the text. The two figures are related by a 90° rotation.

Enzyme Dynamics Biochemistry, Vol. 42, No. 18, 20035285



nearly 180° into the syn conformation. Despite these differ-
ences in bound ligand conformation, nearly all observed
enzyme-substrate interactions exist in the pyrophosphate
complexes. In specific, the exocyclic amino group of the
adenine ring is in a similar position as it is in the normal
substrate and makes hydrogen bonds with Asn71, Asn67,
and Gln69 at the B2 subsite. Theâ-phosphate makes similar
contacts (Gln11, His12, Lys41, His119, and Phe120) as those
formed by theR-phosphate at the P1 site with the normal,
monophosphate nucleotide ligands. In addition, the location
of the â-phosphate is very similar to that occupied by the
oxyvanadate anion in the RNase A/uridyl vanadate complex.
The uracil base forms identical hydrogen bonds as uridyl
vanadate with Thr45 at the B1 subsite, and the terminal 5′-
phosphate interacts weakly with Lys66. Thus, the majority
of the canonical ligand/enzyme interactions is realized in the
structurally characterized dinucleotide pyrophosphate com-
plex. While no structure of the RNase A/pTppAp complex
has been reported, we anticipate, given the similarities in

structure and affinity for RNase A, that pTppAp and
pdUppA-3′-p occupy the active site in a comparable fashion.
Furthermore, addition of pTppAp to15N-labeled RNase A
results in changes in the chemical shifts for a significant
number of residues suggesting their interaction with the
inhibitor. The largest changes occur in the active site region
and localizes toâ-sheets 1, 4, 5, 6, and loop 4, which includes
the B2 and P0 subsites (Figure 2 and Scheme 1). Resonances
for residues 43-48 located inâ-sheet 1 are absent in spectra
of the RNase A/pTppAp complex, a fact that may be
attributable to exchange broadening. The latter set of residues
also shows large pH-dependent chemical shift changes in
apo RNase A (15). As a whole, the pattern of chemical shift
changes is consistent with pTppAp binding at the RNase A
active site (Figure 2). In addition, pTppAp is an inhibitor
against the RNase A-catalyzed cleavage of cytidylyl(3′,5′)-
guanosine (49). On the basis of these observations, we have
modeled the thymidine moiety of pTppAp into the RNase
A active site using the structure of pdUppA-3′-p bound to

FIGURE 3: Temperature dependence of dynamical parameters for RNase A. The results of model-free analysis for apo RNase A (open
circles) and the inhibited RNase A/pTppAp complex (filled circles) are depicted. On the left, order parameters,S2, are shown as a function
of the amino acid primary sequence and experimental temperature. On the right, amino acid residues that exhibit chemical exchange (Rex)
are shown. Breaks in the lines indicate residues in which quantitation of dynamical parameters was not possible. Error bars have been
removed to aid in visualization of the data trends. Uncertainties inS2 values for the data shown above, in all cases, is∼1-2%.
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RNase A as a scaffold (Figure 2). The pyrophosphate ligands
are not strict mimics of the transition state; yet, they do
interact with RNase A with 104-fold and 50-fold greater
affinity than the corresponding dinucleotide substrate (46)
and transition state analogue uridine 2′,3′-cyclic vanadate
(81, 82) and thus combine with the enzyme to form a higher
energy enzyme complex. RNase A and pTppAp interact with
nanomolar affinity over the temperature range studied.
Furthermore, calorimetric measurement of these dissociation
constants agrees with values determined from kinetic inhibi-
tion studies (49). Tight binding is also supported by NMR
results in which no significant changes in amide chemical
shifts are observed above a 1:1 stoichiometric mixture of
pTppAp and RNase A. The main determinant of the
increased binding affinity of pTppAp appears to be entropic
in origin ∆(T∆S) ) [(T∆SpTppAp) - (T∆SCMP)] ) 14.5 (
7.4 kJ/mol.

Temperature Dependence of Motional Parameters.The
internal amide backbone dynamics were determined at three
temperatures for apo RNase A and RNase A/pTppAp.
Typically, protein dynamics derived from model-free analysis
are discussed in terms of two time scales: (i) theµs-ms
time scale, which is characterized by the exchange broaden-
ing parameter, Rex, and (ii) motional amplitude of the amide
N-H bond vector on the ps-ns time scale described by the
generalized order parameter,S2.

Conformational Exchange (µs-ms Motion). Chemical
exchange broadening of resonances occurs throughout the
apo RNase A structure, consistent with previously reported
relaxation-compensated CPMG measurements (15), which
indicated the occurrence of a global concerted motional
process with a rate constant of ca. 1600 s-1. In the present
work, some amino acid residues such as Gln101 have similar
temperature dependencies of Rex in both enzyme forms.

Glutamine 101 exhibits an increase in Rex as the sample
temperature increases, whereas other residues such as Thr17
display a decrease in Rex with increasing temperature.
Overall, the temperature dependence of Rex for residues in
RNase A does not differ significantly between the apo and
the pTppAp forms, suggesting that inhibitor binding does
not substantially affect backbone mobility on theµs-ms time
scale. Notable exceptions are residues Gln11 and Met13. In
the apo enzyme, Gln11 requires no Rex term for successful
model-free fitting at any of the temperatures. Yet, in the
pTppAp/enzyme complex, Gln11 experiences a conforma-
tional exchange process at all three temperatures in which
the value of Rex decreases as the temperature is increased.
Likewise, methionine 13 (apo RNase A) exhibits no chemical
exchange behavior at 294 K and requires a small (<1 s-1)
Rex term at 301 and 311 K. In contrast, when pTppAp is
bound, Met13 has Rex values of 9.3( 1.3, 5.6( 0.7, and
2.5( 0.4 s-1 at 294, 301, and 311 K, respectively. Glutamine
11 and Met13 are both located at the enzyme active site;
therefore, their dynamics are likely responding to the effects
of ligand binding. In a straightforward scenario, an increase
in Rex with temperature suggests a transition from the slow
exchange regime to that of intermediate exchange, while a
decrease in Rex with increasing temperature implies a shift
to the fast exchange time scale (83). However, interpretation
of chemical exchange is often complicated because the
populations, chemical shift differences, and kinetics, which
contribute to the Rex, are usually not known (84). A more
detailed description of these effects will require additional
experiments (85), which are in progress. Overall, these
studies imply that the binding of pTppAp does not signifi-
cantly alter theµs-ms dynamic processes in RNase A. This
effect has been noted in other enzyme systems, such as for
the enzyme triosephosphate isomerase in which ligand bound

FIGURE 4: Temperature dependence of dynamical parameters for RNase A. Values ofS2 are colored onto ribbon representation of the
RNase A structure.S2 results for apo RNase A are shown in the top panel, while the bottom panel pertains to the RNase A/pTppAp
complex. The color scheme for the order parameters is shown by the bar at the right of the figure and is represented by red forS2 < 0.85
and linearly interpolated to yellow atS2 ) 1.0. Gray represents proline residues and residues in which low signal-to-noise or overlap
prevented reliable quantitation ofS2.

Enzyme Dynamics Biochemistry, Vol. 42, No. 18, 20035287



to the active site did not affect the kinetics of the active site
loop motion (36).

Comparison of S2 for Apo and Liganded RNase A (ps-ns
Motion). In contrast to the minor changes in conformational
exchange processes caused by pTppAp binding, significant
differences in motional dynamics on the ps-ns time scale
are observed between the apo RNase A and the RNase
A/pTppAp enzyme forms. The order parameters, for residues
in the pTppAp complex, are clearly elevated relative to
uninhibited ribonuclease A, indicating a rigidification of the
protein backbone upon ligand binding. The increase inS2

values due to the presence of ligand is observed for all of
the highly conserved, catalytically important residues in
RNase A including K7, Q11, H12, K41, K66, N71, D83,
E111, H119, and D121. Of these, the observation of motional
restriction of K41 in the presence of ligand concurs with
previous neutron diffraction studies (86). However, decreased
mobility is not localized solely to the residues at the enzyme
active site and as depicted in Figures 3 and 4 occur
throughout the protein structure. The difference in the overall
averageS2 values between the apo and the inhibited RNase
A (Sapo

2 - SpTppAp
2 ) at 294, 301, and 311 K is-0.037,

-0.055, and-0.050, respectively. These differences inS2

values, between the two enzyme forms, implies an average
decrease in N-H bond vector mobility of∼3-4° upon
pTppAp binding, assuming a restricted diffusion in a cone
motional model (65, 87). The freezing of motion upon ligand
binding has been documented previously. Fushman et al.
showed that the backbone mobility in certain regions of

ribonuclease T1 decreases upon binding of GMP (20). For
the enzyme oxalocrotonate tautomerase both an increase and
a decrease inS2 values was observed upon inhibitor binding
(88). In that work, the authors suggested that residues with
increased mobility as a consequence of inhibitor binding
reduced the total entropic penalty for the ordering of other
residues. In contrast, observations on RNase A indicate that
the decrease in mobility caused by pTppAp binding occurs
throughout the enzyme.

Temperature Dependence of S2. Considering only the
averageS2 for RNase A and RNase A/pTppAp reveals that
ligand binding has no apparent effect on the temperature
dependence of these values, i.e., the lines in Figure 5 are
parallel.S2 and configurational entropy are related; therefore,
the identical temperature dependence ofS2 (and entropy) for
the two enzyme forms indicates no contribution to changes
in heat capacity originates from the backbone dynamics.
However, as shown in Figure 6, changes in the temperature
dependence of the order parameter do exist at the level of
individual amino acid residues. These differences are such
that there is an overall cancellation of positive and negative
contributions to the total heat capacity change, resulting in
no net contribution to∆Cp. This implies that there is a
complex redistribution of the backbone energetics upon
pTppAp binding and an alteration of the protein energy
landscape. However, these NMR studies suggest that changes
in backbone dynamics contribute little to the overall∆Cp

for RNase A/pTppAp interaction and the net heat capacity
change for binding pTppAp (-230 J/mol K) must arise from
other sources (89). As mentioned above, examination of the
temperature dependence ofS2 for individual residues reveals
site specific differences between free and pTppAp-bound
RNase A. A weaker dependence ofS2 on temperature implies
a reduction in the thermally accessible states available to a
particular residue (i.e., the residue has a larger characteristic
temperature,T*, or similarly a reduced local heat capacity)
(45). For example, theS2 values for Gln11 (inR-helix1) have
a weaker temperature dependence in the pTppAp complex
than in the free enzyme. When bound to ligand, Gln11 has
access to fewer conformational states than in apo RNase A;
the opposite is true for Thr99. For many residues, there is
no substantial change in d(1- S)/dT. The observed decrease
in the slope of (1- S) with temperature for certain residues
in RNase A/pTppAp relative to apo RNase A implies a
flattening of the bottom of the potential energy well for these
residues. Thus, the temperature dependence ofS2 provides
constraints to the potential energy function describing the
motional process (38, 39, 45).

Interestingly, grouping of d(1- S)/dT values by secondary
structure element shows a marked reduction in the variation
of these values for RNase A/pTppAp relative to apo RNase
A. This is depicted in Figure 7 in box plot form (90). The
box plot allows simultaneous visualization of the median
value of a set of measurements, their variability, as well as
asymmetry in the data and data outliers. Figure 7 high-
lights two main differences in the response of (1- S)
to temperature. First, there is a decrease in the median
d(1 - S)/dT values for several regions of 2° structure in the
inhibited complex. Second, the spread in d(1- S)/dT values
is significantly reduced for RNase A/pTppAp relative to apo
RNase A, indicating a reduced dynamic for the RNase
A/pTppAp complex and a redistribution of the backbone

FIGURE 5: Temperature dependence of the averageS2 for RNase
A. The overall average value ofS2 for RNase A is shown as a
function of temperature for apo RNase A (open circles) and RNase
A/pTppAp (filled circles). In A,S2 was calculated by averaging all
of the S2 values from the model-free results. In B, the averageS2

value was determined only for residues that exhibit the same
motional model over the entire temperature range. The slope of
the lines for all four data sets is within experimental error.
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energetics. This is especially apparent for loops 1 and 5,
â-sheets 4-6, and to a lesser extentR-helix 3. When bound
to ligand, the dynamics of these regions of the enzyme
possess a more uniform response to temperature than in the
absence of ligand. This implies that the energy landscape
for individual regions in RNase A/pTppAp is very different
from that of apo RNase A and suggests that optimization of
binding interactions may be achieved by altering the protein
dynamics in specific protein regions, through mutagenesis
for instance.

NMR and Entropy.The total entropy change (∆S°) for
the interaction between protein and ligand can be measured
by titration calorimetry and partitioned as

in which ∆Shyd is the entropy change due to changes in
hydration of protein and ligand,∆SRT is the change in
translational/rotational entropy, both∆Shyd and∆SRT can be
estimated, and∆Sconf is the change in configurational entropy
of the protein and ligand and is trivially determined once
∆S°, ∆Shyd, and∆SRT are known. Alternatively,∆Sconf for
the protein can be obtained from NMR measurements (38,
39, 42) and subsequently compared to the calculated value.
The change in rotational/translational entropy (∆SRT) for
protein/ligand interactions has been estimated to be-210
J/mol K (89). To estimate∆Shyd, we use the data of Dubins
et al. (91) who used volumetric studies to determine the
release of 210( 40 water molecules upon RNase A/ligand
binding. Using this value and small molecule thermodynamic
transfer data (92, 93), Dubins et al. calculate∆Shyd ) 1130

FIGURE 6: Temperature dependence of the order parameters for RNase A. The values of 1-S for glutamine 11, lysine 41, and threonine 99
are shown as a function of temperature for apo RNase A (open circles/solid lines) and RNase A/pTppAp (filled circles/dashed lines). These
residues represent three different elements of 2° structure: R-helix 1 (Gln11), loop 2 (Lys41), andâ-sheet 5 (Thr99). The slopes of the
fitted lines are Gln11: 7.5( 0.4 × 10-4 K-1, 2.9 ( 2.6 × 10-4 K-1; Lys41: 2.0( 0.7 × 10-3 K-1, 1.6 ( 0.2 × 10-3 K-1; and Thr99:
0.2 ( 0.1 × 10-3 K-1, 1.5 ( 0.1 × 10-3 K-1 for apo and RNase A/pTppAp, respectively.

FIGURE 7: Distribution of d(1- S)/dT for RNase A 2° structure. The variation in d(1- S)/dT within each secondary structure element in
RNase A is depicted in the box plots for (A) apo RNase A and (B) RNase A/pTppAp. Elements of 2° structure are arranged in order of
occurrence in the RNase A primary structure. The bar inside the box indicates the median value of d(1- S)/dT, while the ends of the box
mark boundaries with the upper and lower quartile of the data, and the bars extending from the box indicate the minimum and maximum
data values. The circles represent outliers in the data set, specified as points whose value is either greater than upper quartile+ 1.5× IQD
or less than lower quartile- 1.5 × IQD, in which IQD (interquartile distance) is defined as the upper quartile- lower quartile. The ratio
of the number of residues from each 2° structure element used in the box plot relative to the total number of nonproline residues in that
segment of 2° structure for apo RNase A (RNase A/pTppAp) isR-1, 9(9)/9; loop-1, 8(6)/12;R-2, 7(8)/8; loop-2, 8(8)/9;â-1, 5(0)/5; loop-3,
2(2)/3; R-3, 9(9)/9;â-2, 4(4)/4; loop-4, 8(7)/8;â-3, 3(3)/3; loop-5, 4(4)/4;â-4, 7(5)/8; loop-6, 7(7)/9;â-5, 13(13)/15; loop-7, 3(3)/3;â-6,
7(6)/7. The d(1- S)/dT values presented in this plot represent all residues in whichS2 could be quantitated over the full temperature range.
The dashed red lines are drawn to aid in comparison of plots A and B only.

∆S° ) ∆Sconf + ∆Shyd + ∆SRT (12)

Enzyme Dynamics Biochemistry, Vol. 42, No. 18, 20035289



( 580 J/mol K. The ligand 2′-CMP was used in that study,
not pTppAp, but given the more positive value of∆S° for
binding of pTppAp, this value is likely a lower limit estimate
of ∆Shyd for the RNase A/pTppAp interaction. Subtracting
these values from the calorimetrically determined value for
pTppAp (∆S° ) -56 J/mol K) gives a value for∆Sconf

est )
-980 J/mol K. This estimated value for the change in
configurational entropy can be compared with the value
determined by NMR spectroscopic measurements (40).
Assuming the overall change in order parameters between
the RNase A and the RNase A/pTppAp complex represents
the average change per residue, then the room temperature
change in configurational entropy determined from eq 9 is
approximately-3.5 J/mol K residue. Summing this value
over the number of residues (124 amino acids) in RNase A
provides an NMR-derived entropy change associated with
RNase A binding to pTppAp∆Sconf

NMR ) -430 J/mol K,
which represents ca. 44% of the value for∆Sconf

est deter-
mined above. The NMR measurements in this study provide
insight into the configurational entropy of the backbone only
and do not account for contributions from amino acid side
chains or the ligand. On the basis of these NMR results, the
contribution from the side chains would therefore represent
∼56% of the total configurational entropy lost upon pTppAp
binding, neglecting any contributions from the ligand.
Theoretical considerations of protein folding indicate that
the contribution to configurational entropy provided by the
side chains is∼55-60% (94, 95); therefore, a 44% contribu-
tion from the backbone appears to be a reasonable estimate.
The validity of solution NMR-determined thermodynamic
quantities has been supported from an experimental and
theoretical basis (37-42, 96). The derivation of expressions
for configurational entropy from NMR-derived order pa-
rameters assumes that individual bond vector motion is
independent. In cases in which correlated motion exists, the
determined entropy values are an overestimate of the true
value. However, as Bru¨schweiler has recently shown, for
ubiquitin, correlated motion surprisingly does not lead to a
severe overestimation of entropy values (96). An additional
concern with RNase A arises if∆Shyd is underestimated, a
real possibility since pTppAp buries more nonpolar surface
in its interaction with RNase A than 2′-CMP. The potential
inequivalence of∆Shyd for 2′-CMP and pTppAp would result
in an overestimation of the backbone contribution to∆Sconf.
On this basis, the estimated value of-430 J/mol K of
configurational entropy, attributed here to the backbone of
RNase A upon binding pTppAp, likely represents an upper
limit.

CONCLUSIONS

Comparison of the temperature dependence ofS2 for
RNase A in two enzyme forms demonstrates an overall
rigidification of the protein backbone upon ligand binding.
The change in backbone configurational entropy determined
by NMR is in reasonable agreement with calorimetric values
and with theoretical estimates for binding of pTppAp. The
temperature dependence of the backbone dynamics for both
enzyme forms indicates that while the backbone contributes
little to the total overall heat capacity change for pTppAp
binding, different regions of the enzyme respond differently
to the presence of ligand. This redistribution of backbone

energetics is complex; however, it generally appears that the
spread in the temperature dependence ofS2 decreases and
becomes more uniform in the presence of ligand.
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