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ABSTRACT: Class I ribonucleotide reductase (RR) main-
tains balanced pools of deoxyribonucleotide substrates for
DNA replication by converting ribonucleoside diphosphates
(NDPs) to 2’-deoxyribonucleoside diphosphates (dNDPs).
Binding of deoxynucleoside triphosphate (dNTP) effectors
(ATP/dATP, dGTP, and dTTP) modulates the specificity of
class I RR for CDP, UDP, ADP, and GDP substrates. Crystal
structures of bacterial and eukaryotic RRs show that dNTP
effectors and NDP substrates bind on either side of a flexible
nine-amino acid loop (loop 2). Interactions with the effector
nucleobase alter loop 2 geometry, resulting in changes in
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specificity among the four NDP substrates of RR. However, the functional groups proposed to drive specificity remain untested.
Here, we use deoxynucleoside analogue triphosphates to determine the nucleobase functional groups that drive human RR
(hRR) specificity. The results demonstrate that the S-methyl, O4, and N3 groups of dTTP contribute to specificity for GDP. The
06 and protonated N1 of dGTP direct specificity for ADP. In contrast, the unprotonated N1 of adenosine is the primary
determinant of ATP/dATP-directed specificity for CDP. Structural models from X-ray crystallography of eukaryotic RR suggest
that the side chain of D287 in loop 2 is involved in binding of dGTP and dTTP, but not dATP/ATP. This feature is consistent
with experimental results showing that a D287A mutant of hRR is deficient in allosteric regulation by dGTP and dTTP, but not
ATP/dATP. Together, these data define the effector functional groups that are the drivers of human RR specificity and provide

constraints for evaluating models of allosteric regulation.

Regulation by allostery is a fundamental property of
proteins and of enzymes in particular." Enzymes acting
as key control points in metabolism are typically under tight
allosteric regulation;2 therefore, functional insights into the
nature of protein allostery can provide a better understanding
of biology as well as design principles for therapeutic
development. Decades of research beginning with inquiries
into the structure and function of hemoglobin have revealed
numerous examples of allostery, and mechanisms of site-to-site
communication have been thoroughly explored in many
systems.” > Providing experimental constraints useful for
developing and benchmarking models of protein allostery
remains an important challenge in biochemistry. Ribonucleo-
tide reductases (RRs) present a key example of enzyme
regulation by allostery in which additional mechanistic detail at
a chemical level would be highly valuable to both biology and
biomedicine.

RRs make up a ubiquitous and highly conserved class of
enzymes that catalyze the reduction of ribonucleotides to
produce 2’-deoxyribonucleotides. RR is essential for DNA
synthesis and deoxynucleotide pool maintenance, and the
activity of various RRs is tightly regulated at the levels of
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transcription, localization, and allostery.”"'* The total enzy-

matic activity of class I RR and its specificity among the four
NDP substrates are under tight allosteric control by nucleoside
and deoxynucleoside triphosphate effectors.” ATP and dATP
regulate total activity through binding at the Activity site (A-
site). In eukaryotic class Ia RRs, this association results in the
formation of active or inactive hexamers of RR."*~*° Binding of
dNTP effectors to the Specificity site (S-site) of class I RR
modulates the relative k_,,/K,, for ADP, CDP, GDP, and UDP
at the Catalytic site (C-site) (Figure 1A). A general model in
which ATP/dATP binding directs reduction of CDP and UDP,
dGTP directs reduction of ADP, and dTTP directs reduction of
GDP is well-supported by biochemical and structural
data.®”'*'>?°72> However, key information about the precise
workings of RR allostery is still lacking. Areas in which open
questions still exist include the role of specific protein—ligand
interactions in altering RR structure and a description of the
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Figure 1. Structure of human ribonucleotide reductase and location of
the S-site and C-site (PDB entry 3HND, 3.21 A resolution). (A)
Three-dimensional structure of the large subunit dimer of hRR. The
polypeptide backbone is colored gray with loop 2 colored red. The
locations of the S-site, C-site, and loop 2 are indicated. dTTP is bound
in the S-site, and GDP is bound in the C-site. (B) Detail of the S-site,
loop 2, and C-site motif involved in allosteric regulation. Effector
(dTTP, blue sticks) binding alters the loop 2 conformation (dark blue
sticks) to determine the optimal substrate (GDP, green sticks) in the
C-site. Loop 2 amino acids are shown as dark blue sticks with the
conserved residues Q288, G289, and R293 shown as red sticks. Q288
and R293 have been implicated in substrate recognition through in
vitro and in vivo studies (see the text). G289 is also well-conserved and
likely adds additional flexibility to loop 2, though its role has not been
tested via structure—function studies. In this structural model, R293
forms an indirect contact with the phosphate groups of the NDP
substrate (GDP).

energetic coupling among effector binding, protein conforma-
tional changes, and the resulting effects on substrate
discrimination.

Recent high-resolution crystal structure models of the large
subunits of human RR (hRR), Saccharomyces cerevisiae RR
(ScRR), Thermotoga maritima RR (TmRR), and Escherichia coli
RR (EcRR) provide key insights into how allosteric
communication is accomplished. They highlight the importance
of a flexible nine-amino acid region called loop 2 that forms
part of both the C-site and the S-site”'"'>*° (Figure 1A). For
both bacterial and eukaryotic class I RRs, binding of ANTP
effectors to the S-site biases the conformational distribution of
loop 2 such that it presents a binding pocket with more
favorable potential interactions for a particular NDP substrate
in the C-site (Figure 1B). Amino acids in loop 2 that are
proximal to the effector nucleobase are conserved at positions
Q288, G289, and R293 (hRR numbering), consistent with a
central role in allosteric communication (Figure 2A). Residues
G295 and A296 are also conserved and may play a more
structural role involving loop flexibility. Several residues,
including Y285, D287, and K292, are also conserved in
eukaryotic RR enzymes and are variable between eukaryotes
and bacteria. The pattern of substrate specificity and regulation
by effector binding is highly similar among bacterial and
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Figure 2. Comparison of RR loop 2 across species. (A) Sequence
alignment of the loop 2 region of RRs discussed in this
study.”'#1220%3355¢ positions 288, 289, and 293 (human numbering)
are colored red. Positions 288, 289, and 293 are fully conserved within
this sample, while considerable variation exists at position 287. hRR
has an aspartic acid residue at position 287, and mutation of D287 to
alanine severely restricts the ability of hRR to modulate its specificity
in response to effector binding (Figure 9). (B) Crystal structure of
EcRR bound to dATP and CDP (not shown) (PDB entry SCNS, 2.97
A resolution).’® (C) Crystal structure of SRR bound to AMPPNP
and CDP (not shown) (PDB entry 2CVU, 2.9 A resolution).” In
panels B and C, the S-site ligand is shown as dark blue sticks. Loop 2
amino acids are shown as white sticks, with the conserved glycine,
glutamine, and arginine residues shown as red sticks. Key contacts
described in the original references are shown.

eukaryotic RRs (Figure S1), consistent with common
mechanisms of allosteric communication among these enzymes.

Because of recent advances in RR structural biology and
limited structure—function studies, the roles of conserved
residues as well as the potential consequences of phylogenetic
sequence variation in loop 2 are now coming into focus. The
available X-ray crystal structures of class I and II RRs show that
the effector nucleobase functional groups form contacts with
the N-terminal amino acids of loop 2. Structural models of both
T. maritima and E. coli RR suggest that N1 and N6 of dATP are
hydrogen-bonded to the main chain amide and carbonyl groups
of the same homologous residue in both enzymes [K202 in
TmRR (PDB entry 1XJM) and $293 in EcRR (PDB entry
SCNS)]" (Figure 2B). Similar interactions between ScRR and
ATP are inferred from data obtained in the presence of
AMPPNP (PDB entry 2CVU).” The use of AMPPNP as an
analogue of ATP/dATP has the potential to produce
adventitious interactions and binding modes that are not
representative of those that occur between the enzyme and
native effector in vivo. In spite of this, the ScRR structural
model remains valuable for our studies of the biomedically
important human enzyme because it depicts a eukaryotic RR in
complex with an S-site ligand that is similar to the native ATP/

DOI: 10.1021/acs.biochem.6b00594
Biochemistry 2016, 55, 5884—5896


http://pubs.acs.org/doi/suppl/10.1021/acs.biochem.6b00594/suppl_file/bi6b00594_si_001.pdf
http://dx.doi.org/10.1021/acs.biochem.6b00594

Biochemistry

dATP. This model shows that the adenine N1 and N6 atoms
also contact the main chain amide and carbonyl of the same
homologous position (D287 in hRR). The overall geometry of
loop 2, including the positions of conserved residues, appears to
be similar to the model of EcRR (Figure 2C). However, the
relative importance of adenosine functional groups in stabilizing
the appropriate conformation of loop 2 is not known.

The model of allosteric regulation by dGTP and dTTP is less
clear, although some common features can be observed. N1
and N2 of dGTP appear to direct specificity for ADP in both
the TmRR model (PDB entry 1XJK)'* and the EcRR structure
(PDB entry SCNU)'? by interacting with backbone functional
groups. However, dGTP contacts the same K202 position as
ATP in the TmRR structure, while in ECRR, dGTP contacts the
universally conserved Q294 (PDB entry SCNU) (Q288 in
hRR). In contrast, 06 of dGTP contacts the main chain amide
groups of G289 and G290 and N1 hydrogen bonds to the side
chain of D287 (PDB entry 2CVX) in ScRR. As a consequence,
the loop geometries and positions of conserved residues are
distinct between the bacterial and eukaryotic RR models of the
dGTP- and ADP-bound forms (Figure S2A,B). A similar
situation is observed for dTTP, which makes minimal contacts
with loop 2 in the T. maritima RR structural model (PDB entry
1XJJ). In the EcRR structure, the nucleobase N3 atom contacts
the backbone carbonyl of C292, altering contacts involving
Q294 (PDB entry SCNV). The dTTP nucleobase contacts
residues outside loop 2 in models of ScRR and hRR. This
allows a more compact geometry (PDB entry 2CVW)
compared to that of the bacterial enzyme (Figure S2C,D).

The available structural models make it clear that non-
covalent interactions between the effector nucleobase and the
N-terminal side of loop 2 are likely to contribute to allosteric
communication. However, there is still significant ambiguity
regarding the chemical features of the effector that drive
specificity and the interactions that stabilize the appropriate
loop 2 conformations. Importantly, our current understanding
of the interactions between loop 2 and the NTP effector in the
biomedically important human enzyme remains comparatively
limited. Determining the precise contributions of effector
functional groups to substrate specificity is essential for
evaluating any model of RR allosteric regulation. Therefore,
we systematically tested the ability of a series of deoxynucleo-
side triphosphate analogues to allosterically regulate hRR
specificity. The results identify the primary nucleobase
functional groups that direct hRR specificity for its four native
NDP substrates. This new information provides experimental
support for current structural models of effector recognition by
eukaryotic class I RR. Achieving a detailed chemical picture of
RR regulation by nucleotide binding also contributes to a more
complete understanding of protein allostery in general.
Although this study is directed at understanding basic principles
of RR regulation, because altered nucleotide pools inhibit cell
growth, insight into the chemical basis for RR specificity is
potentially useful for the development of artificial effectors with
therapeutic applications.

B EXPERIMENTAL PROCEDURES

Purification of Human and Yeast Ribonucleotide
Reductases. The two human RR subunits hRRM1 and
hRRM2 were purified according to procedures described by
Fairman et al.”’ Briefly, ARRM1 was recombinantly expressed
in BL-21 (DE3) RIL E. coli cells, while hRRM2 was expressed
in BL-21 (DE3) E. coli cells. hRRRM1 was purified via peptide
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affinity chromatography. The wild-type hRR specific activity
across all substrates in the presence of 50 uM dTTP was 0.0066
+ 0.00052 mol s™' (mol of hRRM1)~1.*° The specific activity
across all substrates in the presence of 50 uM dGTP was 0.0055
+ 0.0017 mol s™' (mol of hRRM1)~.*° hRRM2 was purified
by addition of an N-terminal six-His tag and subsequent Ni-
NTA affinity chromatography. The hRRM2 subunit was
assembled into the active cofactor via iron loading under
anoxic conditions using ferrous ammonium sulfate. The two RR
subunits from S. cerevisiae, SCRR1 and ScR2R4, were purified by
a method similar to that used for hRRRM1 and hRRM2 except
that ScRR1 was recombinantly expressed in BL-21 (DE3)
pLysS E. coli cells and purified to homogeneity using peptide
affinity chromatography. The specific activity for ScRR across
all substrates in the presence of 1 mM ATP was 0.11 + 0.017
mol s (mol of SCRR1)~'.*° Similar values were obtained when
ATP was present in the presence or absence of dGTP or dTTP.
After one freeze—thaw cycle, active ScR2R4 still contained
~0.15 Y*/ppB’ (0.15 tyrosyl radical per small subunit
heterodimer) (data not shown).

In Vitro Measurement of Ribonucleotide Reductase
Multiple-Turnover Kinetics. Kinetic assays were conducted
at 37 °C in 50 mM gly-gly (pH 7.7), 15 mM MgCl,, and 20
mM DTT. Reaction mixtures used to validate internal
competition kinetics as shown in Figure 3 contained 0.5 yM
Rl, 5 uM R2, 1 mM ATP, and 0.75 mM dGTP. Substrates
ADP and CDP were present at concentrations that range from
300 kM to 3 mM. Prior to the start of the reaction, all
components except R1 were mixed in 250 pL of reaction buffer
and incubated for 2 min at 37 °C. Two 30 uL aliquots were
removed prior to initiating the reaction. These samples were
used to measure the substrate concentrations and verify the
efficacy of subsequent boronate chromatography. The reactions
were started by adding hRRM1, and aliquots were removed at
specific times after mixing (2—30 min) and the reactions
quenched (see below). Reaction times were chosen to permit 'k
(relative k.. /Ky;) measurements for slow substrates while
maintaining product accumulation in the linear phase of the
reaction under steady-state conditions (<10% reacted).

Upon removal, all aliquots were quenched by being rapidly
cooled to —80 °C. Substrate and product concentrations were
quantified by UV absorbance, as described below. Measuring
substrate and product concentrations independently permits
greater precision in 'k (relative k./Ky) measurements and
allows for confirmation that steady-state assumptions are
satisfied. Accumulation of product concentration as a function
of time yielded the observed velocity (v,,,) for each substrate.
Relative velocity is measured via product accumulation rather
than substrate depletion because of the small fraction of
reaction in experimental aliquots. Substrate concentration and
Vops data were combined via eq 1°”*°7** (see below) to yield ',
or the ratio of each substrate’s k,/K,, relative to that of the
reference substrate. hRRM2 or ScR2R4 was added in 10-fold
excess over hRRM1 or ScRR1.

(kcat/ Km)l

_ [ ] [S,]
(keat/ K ret | [Seef] (1)

Quantification of Ribonucleotide Reductase Sub-
strate Specificity by Internal Competition. Experiments
measuring native hRR and ScRR specificity were performed
essentially as described above. Mixtures for ATP experiments
contained 1 mM ATP as the only allosteric effector. Mixtures

(S]
[Seer]
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Figure 3. Application of internal competition to measurement of hRR
specificity. (A) Simplified kinetic scheme showing reaction of substrate
(S) with the enzyme—effector complex (E-F) to produce product (P).
Substrate S, reacts with second-order rate constant (k../Ky), to
produce P,. (B) Representative chromatogram of a t = 0 aliquot from
an assay of hRR specificity containing all four NDP substrates. This
aliquot experienced all aspects of experimental workup except
boronate chromatography, so substrate NDPs are present. (C)
Representative chromatogram of a t = 30 min aliquot with substrates
removed by boronate chromatography, showing only dNDP products.
The inset shows details of the region of the chromatogram containing
dCDP, dUDP, and dADP. (D) Plot of the observed reaction velocity
(vops) vs [S11/[S,)- Each symbol represents one independent trial. (E)
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Figure 3. continued

Data from panel D were used to calculate the relative k_/K, (k)
using eq 1 with ADP as the experimental substrate and CDP as the
reference. The calculated value is plotted as a function of [S;]/[S,]
that was measured directly for each reaction by integration of the NDP
peaks from the t = 0 chromatogram as shown in panel A.

for dGTP experiments also contained 0.75 mM dGTP, and
mixtures for dTTP experiments also contained 1.6 mM dTTP.
These concentrations ensure that ATP is excluded from the S-
site.">** Substrates ADP, CDP, GDP, and UDP were present at
concentrations ranging from 50 uM to 1.5 mM. Typically,
substrates were present at 0.5 mM. However, substrates with
high "k values were given concentrations as low as 50 yM, and
substrates with low 'k values were given concentrations as high
as 1.5 mM to facilitate v, measurement.

Quantitative analysis of the specificity induced by deoxy-
nucleotide analogues was performed essentially as described
above. All deoxynucleotide analogues were purchased from
TriLink at stock concentrations of 100 mM in H,0. ATP (1
mM) was omitted to prevent competition with effectors of
interest. Substrates were present at equimolar concentrations
(0.6 mM). In experiments with pyrimidine analogues, ADP was
omitted to prevent adventitious binding of ATP present as a
minor contaminant. Nucleoside triphosphate effector analogues
were present at the concentrations indicated in the text. All
nucleotide effector analogues tested were present at a
concentration of 100 M. This concentration is ~100-fold
greater than the dissociation constants for the natural effectors
dGTP and dTTP and stimulated enzymatic activity for all
analogues except dCTP derivatives (Figure 5).>* Measurement
of the apparent dissociation constant between hRRMI and
dTTP in the presence of S0 yuM 2-aminopurine-drTP or dITP
was performed by varying the concentration of dTTP and
measuring the 'k value for GDP with all four NDP substrates
present at 600 uM (Figure 8C). Measurement of the
dissociation constant between hRRMI1 and dTTP was
performed by measuring the specific GDP reductase activity
in the presence of 1.2 mM GDP, no other NDP substrates, and
varying concentrations of dTTP (Figure 8B).

Reaction mixtures of RR substrates and products were
processed according to procedures described by Hendricks et
al.”* Briefly, frozen aliquots were thawed by addition of 169.4
uL of boronate chromatography buffer [150 mM ammonium
acetate and 15 mM MgCl, (pH 9)] and 1 M MgCl, to a final
MgCl, concentration of 18 mM. For experiments described in
Figure 8B, 1 uL of dATP was added as an internal standard.
Diluted aliquots were immediately processed by application to
a tuberculin syringe packed with >250 uL of Affi-Gel 601 (Bio-
Rad). Aliquots were pushed through the syringe at a flow rate
of ~1 mL/min. The resin was then washed with 400 uL of
boronate chromatography buffer at the same flow rate. The
resulting mixture was acidified with ~5 uL of 85% phosphoric
acid to pH 3; 100 pL was immediately injected onto a
Phenomenex SphereClone anion exchange column with 150
mM sodium phosphate (pH 3.7) as the mobile phase. Analytes
were eluted via a gradient of 150 to 800 mM sodium phosphate
(pH 3.7) on a Shimadzu LC 20-AB chromatograph. The
chromatograph’s dual-wavelength detector was set to 259 and
271 nm. Peaks were identified by comparing their retention
times and A,s/A,7; values with those of standards. ADP, GDP,
and UDP were quantified by their A,s5; CDP was quantified by
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its Ay7;. A final aliquot was treated identically but not subjected
to boronate chromatography, so that the concentration of each
substrate in the reaction mixture could be measured in a
manner independent of the expected concentration.

Site-Directed Mutagenesis of Human Ribonucleotide
Reductase. Site-directed mutagenesis of hRRM1 was con-
ducted using the Thermo Phusion Site-Directed Mutagenesis
Kit. The D287A mutant was generated using primers 5'-
ACAGCTAGATATGTGGCTCAAGGTGGGAACAAG-3’
and §’-GTTGTTATATACTCTCAGCATCGGTACAAGGC-
3'. Plasmid DNA was purified using the QIAgen Miniprep and
Midiprep plasmid purification kits. Plasmid sequences were
verified by Sanger sequencing from primers 5-TTCGGCTT-
TAAGACGCTAGA-3', 5'-CTTGGCATTTAGACATCTT-
TGA-3, 5""TTGGCTGAAGTCACTAAAGTCG-3’, §'-CGC-
AGAGTCTTGTCAGGAGA-3’, and the T7 promoter. D287A
hR1 was purified via the same method as wild-type hR1. The
specific activity for D287A hRR in the presence of 1 mM ATP
was 0.053 =+ 0.002 mol s™' (mol of hRRM1) 7/, in the presence
of 50 uM dGTP 0.0028 + 0.00048 mol s™* (mol of hARRM1)7?,
and in the presence of S0 uM dTTP 0.0072 + 0.0025 mol s™*
(mol of hRRM1)™,

Sequence Alignment. Amino acid sequence alignment
was performed using the Multiple Sequence Alignment feature
of Clustal Omega.”>”° cDNA sequences of the ribonucleotide
reductase large subunit were retrieved from GenBank.”’

B RESULTS

Quantification of the NDP Substrate Specificity of
Yeast and Human RR by Internal Competition. RR is
intrinsically a multisubstrate enzyme. Thus, a means for
determining the rate constants for all four NDP substrates is
required to dissect mechanisms of allosteric regulation.
Relatively few studies comprehensively interrogate RR
specificity, because of the technical difficulties and low
throughput of single-substrate assays.'””" Internal competition
is an alternative method for quantifying enzyme rate constants
that involves analyzing the change in the ratios of
concentrations of alternative substrates or products as a
function of reaction progress in reaction mixtures containing
multiple substrates.”” > This approach has potential advan-
tages over direct fitting of kinetic data by offering higher
precision, increased throughgut, and less sensitivity to variation
in enzyme specific activity. 239 Internal competition kinetics
have been used extensively to measure kinetic isotope
effects,”*® and substrate and product ratios have been
measured using a wide range of analytical methods.
Importantly, Mathews and colleagues demonstrated simulta-
neous quantification of RR reduction of all four NDP substrates
using boronate chromatography to remove unreacted ribonu-
cleotides followed by separation of ANDP products using ion
exchange high-performance liquid chromatography (HPLC).**
This method has been used previously to investigate RR
enzymology and permits direct, sensitive, and quantitative
comparison of the effects of different allosteric effectors on
specificity using internal competition kinetics.

As shown in Figure 3A, a single RR enzyme can combine
with one of four NDP substrates and react to form dNDP
products. Thus, multiple substrate enzymatic reactions of this
kind follow internal competition kinetics in which differences in
observed reaction rates reflect differences in k./K, for
individual NDP substrates.”*** Under steady-state conditions,
the reaction velocity for a given substrate relative to a reference
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substrate should be proportional to the relative concentrations
of the two substrates and their relative specificity constant or "k
(eq 1).

Therefore, quantification of the distribution of dNDP
products in RR reaction mixtures containing all four NDP
substrates in steady-state reactions permits the relative k,./K,,
for each substrate to be calculated. To validate this approach for
hRR, we tested whether changes in the concentrations of two
NDPs ([S;]/[S.]) affect the observed 'k values. We assayed
hRR in the presence of varied concentrations of substrates ADP
and CDP (0.3 mM ADP and 3 mM CDP, 1.8 mM ADP and 1.8
mM CDP, or 3 mM ADP and 0.3 mM CDP) and effectors
ATP and dGTP at concentrations of 1 and 0.75 mM,
respectively (Figure 3D,E). Product accumulation and the
initial substrate concentrations were quantified directly by
anion exchange HPLC, providing increased precision in the
calculated "k values and ensuring that experimental reaction
mixtures remained within steady-state conditions. The results
show that vy pp/Vobscop i proportional to [ADP]/[CDP] and
that the calculated relative specificity constant, "k,pp, varies <2-
fold over the 100-fold range of substrate concentrations
examined.

To provide a baseline for comparison of the effects of
nucleoside analogue triphosphates on allosteric regulation, we
first quantified the specificity of hRR and ScRR bound to one of
the three native allosteric effectors (ATP, dGTP, or dTTP)
included in the reaction mixture at a concentration of 1, 0.75, or
1.6 mM, respectively (Figure 4). Consistent with amino acid
sequence conservation in loop 2, the two species’ enzymes have
highly similar specificity.””’ The substrate specificity directed
by the three native nucleotide effectors is not absolute; each
effector state will accept multiple substrates, albeit over a wide
range of k_,/K,, values. The data in Figure 4 show that all three
effector-bound states process an alternative substrate with a 'k
value within ~10-fold of that of the cognate substrate. Multiple
NDPs can serve as substrates for hRR and ScRR regardless of
which effector is bound, although there can be a >1000-fold
difference in the highest and lowest k /K, values,' 724283940
For example, we find that for ATP-bound hRR, CDP is the
favored substrate as expected; however, the k_./K,, values for
ADP, GDP, and UDP are within 100-fold of the value for CDP.
The yeast enzyme is similar but has a 100-fold lower k,./K,,, for
GDP than for ADP and UDP. In the dGTP-bound state, the
optimal ADP substrate is favored over CDP by only ~10-fold,
while there is 100-fold discrimination against UDP relative to
ADP. The k_,/K,, for GDP is at least 1000-fold lower than the
value for ADP, although an accurate measurement was not
possible because of a low level of hydrolysis of the dGTP
effector to form dGDP. Analysis of the dTTP-bound state of
RR demonstrates >10-fold discrimination against CDP relative
to the optimal substrate GDP. For hRR bound to dTTP, both
ADP and UDP have k_,/K,, values that are 100-fold lower than
that of the optimal substrate, GDP. However, the dTTP-bound
state of ScRR displays further discrimination over UDP, which
was not detectable in our assay.

Several groups previously used internal competition or
individual substrate assays to quantify specificity for RR
enzymes from diverse species. In some studies, the data were
interpreted quantitatively in terms of relative specificity
constants, while others report the relative activities when
substrates are present at equimolar concentrations,'”***%3%4
These inquiries provide important context and calibration
points for these new data, and they are summarized in Figure

DOI: 10.1021/acs.biochem.6b00594
Biochemistry 2016, 55, 5884—5896


http://pubs.acs.org/doi/suppl/10.1021/acs.biochem.6b00594/suppl_file/bi6b00594_si_001.pdf
http://dx.doi.org/10.1021/acs.biochem.6b00594

Biochemistry

ATP-bound RR specificity

(kmr/KM)/(kca!/KM)ref
0.01

A

0.0001 0.001 0.1 1

AP

(@)
o
o

Orange: Human

GDP - ! Blue: S. cerevisiae
uop

Substrate

dGTP-bound RR Specificity

(Keat/Kna)/ (Kear/Kna)ret
0.01 0.1 1

Substrate

uop RS

dTTP-bound RR Specificity

(Keat/Km)/ (Keat/Knadres
0.01 0.1 1

Substrate

(9] (@)
o o
o o

uDP
t

Figure 4. Measurement of native hRR and ScRR specificities. Data are
shown as dimensionless 'k values. 'k values may be considered equal to
the proportion of each product formed relative to the reference
product when the two substrates are present at equimolar
concentrations. (A) Specificity of hRR (orange bars) and ScRR
(blue bars) in the presence of 1 mM ATP. (B) Like panel A, but in the
presence of 1 mM ATP and 0.75 mM dGTP. (C) Like panel A, but in
the presence of 1 mM ATP and 1.6 mM dTTP.  indicates a product
that was not present in sufficient quantity to accurately measure its
formation.  indicates a product that co-elutes with a hydrolysis
product from an effector. The specific activity for ScRR across all
substrates in the presence of 1 mM ATP was 0.11 + 0.017 mol s~
(mol of ScRR1)7™1.*° See Figures 5 and 7 for hRR specific activity
values.” Similar values were obtained when ATP was present in the
presence or absence of dGTP or dTTP.

S1. When compared across RR enzymes from different species
and methods of analysis, the data confirm the universal core
selection rules but also reveal some variation in the relative
rates for nonoptimal substrates. For example, the data
presented here show good qualitative agreement with the
allosteric rules derived from studies of EcRR, though ATP-
bound EcRR processes UDP more efficiently and dGTP-bound
EcRR processes CDP less efficiently than hRR or ScRR."

As described above, current models of eukaryotic and
bacterial RRs include key interactions between effector
nucleobases and amino acids proximal to D287 and the
conserved Q288 (hRR numbering) in loop 2. However,
functional tests of the proposed chemical interactions between
loop 2 and nucleotide effectors remain comparatively limited,
especially for the biomedically important hRR. Therefore, we
systematically varied effector nucleobase functional groups and
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quantitatively compared the resulting effects on hRR substrate
specificity.

Identification of the Chemical Groups Responsible for
Allosteric Regulation of hRR Specificity by dTTP. To
determine the molecular features of dTTP that contribute to
substrate discrimination, we tested the specificities directed by a
set of pyrimidine nucleotide effector analogues (2-thio-dTTP,
SFAUTP, dCTP, S-methyl-dCTP, dUTP, and dZeb) (Figure
5). When assayed individually at 100 uM, all of the analogues
tested except dCTP and S-methyl-dCTP result in significant
RR activity that is within 3—5-fold of that observed in the
presence of dTTP. The concentration of 100 #M is ~200-fold
greater than the measured Kp for dTTP binding. For
comparison, this concentration is also 2-fold higher than the
concentration of dTTP in control reaction mixtures. The ability
to induce activity similar to that of the native effector is
consistent with functional binding of the analogues to the S-
site. Nonetheless, it is possible that the S-site may not be fully
saturated even though this concentration is significantly greater
than the dissociation constant for dTTP (see Figure 8B).
However, for most of the analogues, the total rate of product
accumulation is within a few-fold of that of the control reaction
of the mixture containing 50 yuM dTTP.

Amounts of products formed are sufficient to accurately
identify the optimal substrate and observe reproducible effects
on specificity, except when dCTP or 5-methyl-dCTP is used as
an effector. Consistent with previous biochemical studies of RR,
hRR discriminates exquisitely against the N4 group of
dCTP.*"** This observation is also consistent with a crystal
structure of hRR in complex with dTTP and GDP, which
features O4 of dTTP proximal to the backbone amide groups
of D287, Q288, and G289 (PDB entry 3HND) (Figure 6).*
Removal of the 5-methyl group from dTTP reduces the level of
discrimination between GDP and CDP by ~2-fold (compare
dTTP and dUTP). This functional group packs against a side
chain methylene group in the S-site of the hRR structure
model, and replacement with a fluorine atom increases the 'k
for GDP, consistent with a nonpolar contact (compare dUTP
and SFAUTP) (Figure S). Substitution of O2 with a sulfur atom
also increases specificity for GDP, indicating that the larger size
and reduced electronegativity can be accommodated by the S-
site at this position.

Importantly, removal of the O4 atom and the concomitant
deprotonation of the N3 atom in dZeb are sufficient to
eliminate discrimination between GDP and CDP (compare
dUTP and dZeb). This result is consistent with interactions
involving these functional groups contributing to specificity for
GDP over CDP; however, the overall shape of the residual
pyrimidine base still enforces some degree of native specificity.
The structural model of the hRR—dTTP—GDP complex
predicts interactions between O4 and N3 of dTTP and the
backbone of loop 2 and nearby N270, while the O2 group does
not appear to be involved in a contact (PDB entry 3HND)
(Figure 6A). Thus, the results reveal a pattern of sensitivity to
chemical modification consistent with interactions involving
primarily N3 and O4 with hydrophobic packing interactions
with the S-methyl group contributing incrementally to
discrimination between CDP and GDP.

N1 of the Purine Nucleobase Is a Primary Determi-
nant That Differentiates Allosteric Regulation by dGTP
versus ATP. Structures of eukaryotic RR in which dGTP/ADP
and AMPPNP/CDP are the effector/substrate ligands bound
to the S-site and C-site suggest differential interactions with the
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purine nucleobase at the S-site (PDB entries 2CVX and 2CVU
in panels B and C, respectively, of Figure 6). We identified the
chemical features of the purine effectors ATP and dGTP that
drive specificity for CDP and ADP, respectively, by testing a
series of purine effector analogues (2-aminopurine-drTP,
N2dATP, 7-deaza-dATP, 7-deaza-dGTP, and dITP) for their
ability to allosterically regulate hRR.

Because both the S-site and the A-site bind dATP, we first
considered whether confounding effects due to A-site binding
could lead to inaccuracies in observed specificity. Importantly,
we observed that all effectors tested stimulated RR activity to
some degree at concentrations that are fully inhibitory for
dATP." This observation suggests that the analogues do not

5890

inhibit hRR to the same extent as dATP. Moreover, the
presence or absence of A-site ligands is not known to have
significant effects on substrate specificity (compare Figure 4
with Figures S and 7). Also noteworthy is the fact that none of
the dATP analogues abrogated substrate processing. It is
therefore possible that they were unable to bind in the A-site.
Such binding would likely lead to inhibition because the
analogues all lack a 2'-hydroxyl group and dATP A-site binding
inhibits eukaryotic class I RR."* Thus, the observed specificity
in the presence of nucleotide analogues is most likely due to S-
site binding. This assumption is tested directly for dITP and 2-
aminopurine-drTP (Figure 8). Nonetheless, modulation of
overall activity by A-site binding cannot be entirely excluded
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Figure 6. Structures of eukaryotic RR bound to S-site ligands. (A)
Crystal structure of hRR bound to dTTP and GDP (not shown) (PDB
entry 3HND, 321 A resolution).”® (B) Crystal structure of ScRR
bound to dGTP and ADP (not shown) (PDB entry 2CVX, 2.2 A
resolution). (C) Crystal structure of ScRR bound to AMPPNP and
CDP (not shown) (PDB entry 2CVU, 2.9 A resolution).” S-Site
ligands are shown as dark blue sticks. Atoms that perturb specificity
when modified are shown as small spheres. Loop 2 amino acids are
shown as white sticks. Q288, G289, and R293 are shown as red sticks.
Potential contacts involving D287 are shown as yellow dashes.

even though there is no current evidence that nucleotide
binding at the A-site influences substrate specificity at the C-
site.

As shown in Figure 7, the specificities observed with purine
analogues strongly suggest that the protonation state of the N1
atom on the purine ring and the presence of a guanosine O6
group determine whether hRR recognizes it as ATP or dGTP.
Most purine nucleobase modifications have relatively weak
effects on the total activity [v(obs)T(analogue)/V(obs)T(dGTP)] at the
concentration of effector tested (100 uM). The purine N7
atom is dispensable for specificity determination because 7-
deaza-dATP and 7-deaza-dGTP have specificity comparable to
that of ATP and dGTP, respectively. Furthermore, N2dATP
and 2-aminopurine-drTP both direct C-site specificity for CDP,
while dITP directs specificity for ADP. This result argues
strongly against any model in which either guanosine N2 or
adenosine N6 is the main determinant of specificity. These
positions are proximal to the loop 2 peptide backbone, but they
do not appear to influence C-site specificity (PDB entries
2CVX and 2CVU in panels B and C, respectively, of Figure 6).
The experimental results strongly implicate the N1 atom of the
purine nucleobase in making a large binary contribution to
determining whether the enzyme has an optimal k_/K,, for
ADP or CDP. The identity of the group at position 6 is also
likely to contribute to the specificity directed by dGTP;
however, removal of the O6 group necessarily results in
deprotonation of the N1 group, making these variables difficult
to deconvolute.
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Evidence That dITP and 2-Aminopurine-drTP Direct
Specificity by Binding at the Specificity Site. When dNTP
analogues are added to in vitro hRR specificity assays as the only
effector, they stimulate NDP reduction and cause shifts in
specificity, consistent with S-site binding. However, mammalian
RR has three known nucleotide binding sites, and Pseudomonas
aeruginosa RR is known to bind two ATP molecules in its N-
terminal ATP cone domain."”">** Given the complexity of RR
regulation and nucleotide binding, we tested whether
nucleotide analogue triphosphates and native dNTP effectors
compete for S-site binding. The possibility of alternative
binding at the A-site is strongest for the purine analogues
because they are chemically most similar to dATP, a ligand that
is known to bind to both the S-site and the A-site of hRR.
However, the native effector dTTP is known to bind at only the
S-site, and the specificity it directs is different from the
specificity directed by any purine effector or effector
analogue.”””® Therefore, competition between dTTP binding
and analogue binding at the S-site should necessarily result in
both a concentration-dependent change in the proportions of
the products formed and a weaker apparent affinity for dTTP.

As described above, data gathered in the presence of dITP
and 2-aminopurine-drTP as effectors support the interpretation
that the N1 atom directs specificity for purines. Accordingly, we
tested whether dTTP competes with dITP or 2-aminopurine-
drTP for binding at the S-site (Figure 8). When a mixture of
hRR and 50 M dITP or 2-aminopurine-drTP is challenged
with dTTP, the specificity directed by the analogue is
suppressed in a concentration-dependent manner (Figure
8A). The specificity of hRR for GDP over CDP can be used
to estimate the degree to which the S-site is occupied by dTTP.
The data fit to hyperbolic binding isotherms (Figure 8B,C) that
in the presence of dITP or 2-aminopurine-drTP yield apparent
dissociation constants for dTTP that are approximately 2
orders of magnitude higher than the observed value of 0.46 M.
Assuming a simple competitive binding model, the dissociation
constants for dITP and 2-aminopurine-drTP are in the range of
100—200 nM. These values are comparable to the dissociation
constant for binding of dGTP to murine RR (700 nM).>* While
binding of some of the tested analogues at additional sites on
hRR cannot be entirely excluded, the results are most
consistent with a model in which dITP and 2-aminopurine-
drTP exert their effects on specificity through S-site binding.

The Side Chain of D287 in Loop 2 of hRR Is Essential
for Specificity Regulation by dGTP and dTTP, but Not
ATP. Although a unifying model of RR allostery has yet to be
fully realized, the available ScRR structures with effectors bound
in the S-site provide a context for identifying potential
interactions that may interpret the signals directed by the N1
and O6 groups of purine effectors (Figure 6). In the structure
of ScRR containing AMPPNP in the S-site, the N1 atom of the
adenine nucleobase accepts a hydrogen bond from the
backbone amide group of D287 in loop 2 while the side
chain is pointed away from the S-site (PDB entry 2CVU).***
In contrast, the protonated N1 group of dGTP acts as a
hydrogen bond donor and contacts the carboxylic acid moiety
of D287 in the dGTP/ADP structure of ScCRR (PDB entry
2CVX). In a crystal structure of hRR with dTTP bound in the
S-site, the nucleobase does not contact D287. Instead, D287
forms a hydrogen bond with N270, which in turn contacts the
N3 group of dTTP (Figure 6, PDB entry 3HND).*****’ These
different interactions with D287 appear to favor alternative
conformations of loop 2. Consistent with this notion, previous
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studies of RR function in vivo showed that a D287A mutation in
ScRR results in larger cellular dCTP and dTTP pools.*
Together, the structure modeling and available mutagenesis
data suggest that the D287 side chain may play a role in the
recognition of dGTP and dTTP but is not apparently involved
in contacting ATP (Figure 6).

To address the potential role of D287 in hRR function, we
constructed the D287A mutant of hRR and assayed its
specificity in the presence of the native effectors ATP, dGTP,
and dTTP (Figure 9). This mutant shows essentially identical
specificity when ATP is used as the effector. In contrast, this
mutant fails to efficiently discriminate among any specificity
drivers intrinsic to either dGTP or dTTP and favors CDP as
the optimal substrate for all three effectors. When dGTP is used
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as the effector, the D287A mutant has the highest k_,/K,, for
CDP while wild-type hRR prefers ADP. When dTTP is used as
the effector, only GDP and CDP are processed detectably,
which is somewhat similar to the case for the native enzyme.
However, the k_,/K,, of CDP is greater than that of GDP by
10-fold. Thus, the primary effect of deleting the D287 side
chain is to silence allosteric information provided by the dGTP
and dTTP nucleobase functional groups and shift hRR
substrate selection toward ATP-driven specificity.

B DISCUSSION

In summary, the results provide a chemically detailed picture of
the effector functional groups responsible for directing the
allosteric regulation of hRR substrate specificity. The data
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Figure 8. Competition between purine effector analogues and the
natural S-site effector dTTP. dITP or 2-aminopurine-drTP (50 uM)
was challenged with dTTP in the presence of all four NDP substrates.
Substrates were present at a concentration of 600 uM. (A)
Representative chromatograms from a competition assay. hRR in the
presence of SO uM dITP was challenged with 10 yuM dTTP (black), S0
UM dTTP (red), 100 uM dTTP (blue), or 1000 uM dTTP (green).
The specificity directed by dITP (dADP favored) is suppressed by
specificity directed by dTTP (dGDP favored). (B) Measurement of
the dissociation constant between hRRM1 and dTTP. GDP reductase
activity in the presence of 1.2 mM GDP was measured in the presence
of 0 uM dTTP, 0.1 uM dTTP, 0.5 uM dTTP, 1 uM dTTP, 2 uM
dTTP, S uM dTTP, and 10 uM dTTP. (C) Plot of [dTTP] vs the
relative second-order rate constant for GDP over CDP in the presence
of 50 uM dITP (@, dashed line) or SO yM 2-aminopurine-drTP (M,
solid line). In panels B and C, data can be fit to a hyperbolic binding
isotherm to derive an apparent dissociation constant for dTTP.

provide experimental evidence that N1 of the purine
nucleobase is a primary chemical signal that differentiates
specificity directed by the effector dGTP versus ATP/dATP.
Guanosine O6 is also likely to contribute to specificity, as
suggested by structural models of both eukaryotic RR and
EcRR. However, effects of individual functional group
modifications at this position also affect the conjugation of
N1, complicating interpretation of the effects on specificity.
Although adenosine N6 figures prominently in structural
models, this functional group does not appear play a major
role in allosteric communication. This interpretation is based
primarily on the observation that 2-aminopurine-drTP directs
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Figure 9. Effects of the D287A substitution on hRR substrate
recognition. (A) Specificity of D287A hRR under the indicated
conditions. Specificity is defined as in Figure 4. § indicates a product
that was not present in sufficient quantity to accurately measure its
formation. T indicates a product that co-elutes with a hydrolysis
product from an effector. The specific activity for D287A hRR in the
presence of 1 mM ATP was 0.053 + 0.002 mol s™' (mol of
hRRM1)™, in the presence of 50 uM dGTP 0.0028 + 0.00048 mol s™*
(mol of hRRM1)™}, and in the presence of 50 uM dTTP 0.0072 +
0.0025 mol s™' (mol of hRRM1)™". (B) For each substrate, the
difference between its k in the presence and absence of the D287A
mutation is shown. Negative values indicate that the D287A mutant
prefers the substrate less than the wild type does; positive values
indicate that the opposite is true. For example, if a substrate is not
appreciably processed by wild-type hRR but is the favored substrate for
D287A hRR, the difference has a value of 1.

CDP specificity like ATP despite the fact that it has an exocyclic
N2 atom like dGTP and lacks an N6 atom like that
characteristic of adenosine.

The data suggest that the exocyclic amine of dCTP acts as an
antideterminant for overall effector function. This interpreta-
tion is based on the ability of dZeb to act as an effector. The
dZeb nucleobase is essentially identical to cytosine but lacks an
exocyclic amine at position 4 on the pyrimidine ring.
Nonetheless, at equivalent concentrations (100 yM), dZeb is
able to direct hRR catalytic activity while dCTP fails to do so.
Importantly, dZeb has greatly reduced specificity for GDP over
CDP when compared to the specificity directed by the native
dTTP effector. This effect may be due to the deprotonated N3
atom of the zebularine nucleobase, which could function like
the deprotonated N1 atom of adenosine and form interactions
that drive specificity for CDP. Surprisingly, dZeb drives GDP
reduction in spite of its lack of a S-methyl group, an O4 group,
and a deprotonated N3 atom relative to the native dTTP
effector. Thus, none of these characteristic functional groups is
absolutely required to favor the loop 2 conformation that is
specific for GDP. Interestingly, none of the pyrimidine
modifications caused hRR to adopt a new preferred substrate
other than GDP. Together, the results reveal an S-site that is
highly sensitive to the presence of an N4 amine, but otherwise
remarkably accommodating of variation in the size and
electronic properties of the pyrimidine nucleobase.
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The observation that D287A mutant hRR primarily reduces
CDP in the presence of any of the three effectors is consistent
with the presence of functional interactions between dGTP/
dTTP and the side chain of D287. In current structural models
of eukaryotic RR, the adenosine N1 atom contacts the
backbone amide of D287, while the protonated N1 atom of
dGTP can hydrogen bond to the carboxylic acid side chain
(PDB entries 2CVU and 2CVX). Loss of this interaction could
weaken the ability of dGTP to induce the loop 2 conformation
that is optimal for ADP binding. While the D287 side chain
does not directly contact dTTP, it is part of a network of
hydrogen bonding interactions that includes N270 (PDB entry
3HND). Disruption of this network could weaken the ability of
dTTP to induce loop 2 conformations that favor interactions
with GDP in the C-site.

As illustrated in Figure 2A, the conservation of loop 2
sequence is very strong and mutations at these positions can
generate aberrant substrate recognition phenotypes in
ScRR,**%*  consistent with its central role in allosteric
communication. The major features of substrate recognition
are conserved among RRs from various species, and the roles of
conserved amino acids in loop 2 are likely to be analogous
(Figure S1). It is less clear how phylogenetic variation in loop 2
affects structure—function relationships involved in allostery.
Comparisons of structural models and inferences from
functional experiments are consistent with a role for R293 in
interactin§ with the phosphate groups and nucleobase of the
substrate.” However, structures of ScRR do not show direct
contacts between R293 and the phosphate groups of the
substrate, raising a potential issue with interpretation of these
structural models.” Q288 occupies a similar position in the
EcRR and ScRR structural models of the dATP/AMPPNP-
bound states (Figure 2), consistent with a conserved role in
stabilizing the loop 2 structure. The corresponding positions of
Q288 differ more significantly between the bacterial and
eukaryotic RR models with dGTP or dTTP bound in the S-site
(Figure S2). Phylogenetic comparative sequence analyses show
that the identity of D287 is not conserved among all species,
though it is strongly conserved among eukaryotes. While the
D287 side chain of ScRR contacts N1 of dGTP, a similar
interaction is not observed for the corresponding serine residue
in EcCRR (PDB entries 2CVX and SCNU). N1 is instead
contacted by the conserved Q294 (EcRR numbering), and it is
possible that this contact is key for ECRR effector recognition.
Additional structure—function studies of RR loop 2 interactions
and conformations are required to test proposed functional
interactions. Importantly, although structural models are vital
tools for model building and hypothesis generation, the
biochemical data presented here represent a complementary
yet independent line of inquiry that is foundational for any
model of hRR allostery.

The ability to quantify specificity for all four NDP substrates
in the presence of a range of nucleotide analogues reveals
several important general features of RR substrate discrim-
ination. A well-known characteristic of RRs that is further
documented here is the ability of the enzyme to accept multiple
alternative substrates even in the presence of a single dNTP
effector. Interestingly, CDP has the highest k,./Ky,, or its value
is within ~10-fold of that of the optimal NDP substrate for
both hRR and ScRR regardless of which effector is bound.
Additionally, the D287A hRR mutant is defective in allosteric
communication induced by dGTP and dTTP and reduces
primarily CDP regardless of the identity of the effector
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nucleobase. These results together suggest that the CDP-
reducing conformation of loop 2 may be a default state with
respect to specificity. It has previously been suggested that loop
2 conformations exist in dynamic equilibrium and key
interactions with the effector nucleobase serve to perturb that
equilibrium. In this model, binding of dGTP or dTTP acts to
shift the conformation or conformational ensemble away from
this default state."”

Indeed, interactions between protein and ligand are typically
accompanied by a redistribution of thermally accessible
conformations.””' Mutations can cause multiple direct and
indirect changes in allosteric communication,”””* and pinning
down the individual roles of particular interactions is difficult.
Importantly, Cooperman and colleagues have developed
foundational equilibrium thermodynamic schemes that describe
levels of activity based on the population of effector- and
substrate-bound states.">'®** Current challenges now include
the need to incorporate specific structural and functional detail
and to account for the contributions from both optimal and
nonoptimal substrates for a given effector. Moreover, a
complete comprehension of RR allostery necessarily requires
understanding the linkages among effector and substrate
binding thermodynamics, the dynamic behavior of loop 2
conformations, and other elements of RR protein structure.
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relative to a given reference substrate [(k../Ky)npp/(ke/
Ky reference); SFAUTP,  S-fluorodeoxyuridine triphosphate;
dUTP, deoxyuridine triphosphate; dZeb, deoxyzebularine
triphosphate; 2-aminopurine-drTP, 2-aminopurine-deoxyribose
triphosphate; N2dATP, 2-amino-deoxyadenosine triphosphate;
dITP, deoxyinosine triphosphate; PDB, Protein Data Bank.
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