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ABSTRACT. The active-site cleft of bovine pancreatic ribonuclease A (RNase A) is lined with cationic
residues that interact with a bound nucleic acid. Those residues interacting with the phosphoryl groups
comprise the PO, P1, and P2 subsites, with the scissil@sFbond residing in the P1 subsite. Coulombic
interactions between the PO and P2 subsites and phosphoryl groups of the substrate were characterized
previously [Fisher, B. M., Ha, J.-H., and Raines, R. T. (19B®)chemistry 3712121+-12132]. Here, the
interactions between these subsites and the active-site residues His12 and His119 are described in detail.
A protein variant in which the cationic residues in these subsites (Lys66 in the PO subsite and Lys7 and
Arg10 in the P2 subsite) were replaced with alanine was crystallized, both free and with Baurdirz
monophosphate (3UMP). Structures of K7A/R10A/K66A RNase A and the K7A/R10A/K66A
RNase A3'—UMP complex were determined by X-ray diffraction analysis to resolutions of 2.0 and 2.1

A, respectively. There is little observable change between these structures and that of wild-type RNase
A, either free or with bound'ytidine monophosphate. K7A/R10A/K66A RNase A was evaluated for

its ability to cleave UpA, a dinucleotide substrate that does not span the PO or the P2 subsites. In comparison
to the wild-type enzyme, the value &, was decreased by 5-fold and that lgf/K,, was decreased
10-fold, suggesting that these remote subsites interact with the active site. These interactions were
characterized by determining th&pvalues of His12 and His119 at 0.018 and 0.142 M"Naoth in
wild-type RNase A and the K7A/R10A/K66A variant. The side chains of Lys7, Arg10, and Lys66 depress
the K, values of these histidine residues, and this depression is sensitive to the salt concentration. In
addition, the PO and P2 subsites influence the interaction of His12 and His119 with each other, as
demonstrated by changes in the cooperativity that gives rise to microségpialpes. Finally, the affinity

of 3—UMP for wild-type RNase A and the K7A/R10A/KB6A variant at 0.018 and 0.142 M Nas
determined by isothermal titration calorimetry—8MP binds to the variant protein with 5-fold weaker
affinity at 0.018 M Nda and 3-fold weaker affinity at 0.142 M Nahan it binds to wild-type RNase A.
Together these data demonstrate that long-range Coulombic interactions are an important feature in catalysis
by RNase A.

Enzymes employ a variety of devices to effect catalysis vironments that increase association rates of a substrate for
(1, 2, with Coulombic forces being one of the most an enzymeJ), contribute to the stabilization of the catalytic
important. The side chains of four (or five, if histidine is transition state 4), or affect the ionization of active-site
included) of the 20 amino acids bear a charge under residues&).

physiological conditions. Coulombic forces can create en- Short-range Coulombic interactions, such as those between
neighboring residues, have long been known to contribute
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law: F = quop/(4mer?). altered charged residues-185 A from the active site of
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Ficure 1: Mechanism of the transphosphorylation (A) and hydrolysis (B) reactions catalyzed by ribonuclease A. B is His12, and A is
His119 (1, 19.

subtilisin BPN and found that these alterations affected the 20). The K, values of these histidine residues have been
binding of a transition-state analogue to the active glje (  investigated in detail withH NMR spectroscopy1—28).
One of the variants bound to the analogue with 0.6 kcal/ We are interested in the effect of long-range Coulombic
mol less free energy than did the wild-type enzyme. These forces on the active-site environment of RNase A. In an
results suggest that long-range Coulombic forces are impor-earlier paperZ9), we evaluated the role of RNase A residues
tant for transition-state stabilization. In addition, these results Lys7, Argl0, and Lys66 in the binding of polymeric
intimate that long-range Coulombic forces could play a substrates. Coulombic interactions between the cationic side
significant role in catalysis by other enzymes. chains of these residues and the anionic phosphoryl groups
Bovine pancreatic ribonuclease A (RNasé BC 3.1.27.5), of RNA contribute significantly to catalysis. Here, we have
the fourth protein and third enzyme for which a crystal used X-ray diffraction analyses to determine the structure
structure had been solved, has been an excellent modebf K7A/R10A/K66A RNase A, both with and without bound
system for studying protein structuréunction relationships  uridine 3-phosphate (3-UMP). After demonstrating the
(10). RNase A is an endoribonuclease that cleaves andsimilarity of these structures to that of wild-type RNase A,
hydrolyzes RNA in two distinct steps (Figure 1). In the first with and without bound cytidine’'$hosphate (3-CMP),
step, the imidazole side chain of His12 acts as a base towe used steady-state kineticé] NMR spectroscopy, and
abstract a proton from thé-RBydroxyl of a substrate, thereby isothermal titration calorimetry to show that the importance
facilitating its nucleophilic attack on phosphorus. The of these residuesxtends beyonttheir roles in RNA binding.
imidizolium side chain of His119 acts as an acid to protonate Indeed, Lys7, Arg10, and Lys66 are important not only for
the B-oxygen, facilitating its displacement®, 12. Both creating a cationic environment that attracts polyanionic RNA
products are then released to solvent. The slow hydrolysisbut also for depressing th&pvalues of active-site residues
of the 2,3'-cyclic phosphodiester occurs in a separate step Hisl2 and His119. Together, these results suggest the
that resembles the reverse of transphosphorylafiGni4. importance of long-range Coulombic interactions in the
His12 and His119 are the acid and base, respectively, incatalysis of RNA cleavage by RNase A.
the transphosphorylation reaction catalyzed by RNase A.
These assignments were deduced from chemical modificationEXPERIMENTAL PROCEDURES

studies, pH-rate profileslf, 16, X-ray diffraction analyses Materials. Wild-type and K7A/R10A/K66A RNase A
(17), and site-directed mutagenesis experimet®; (8- were produced inEscherichia colistrain BL21(DE3) as
described elsewher9). 2-(N-Morpholino)ethanesulfonic

2 Abbreviations: 3—-CMP, cytidine 3-phosphate; CpA, cytidylyl- acid (MES), obtained as the free acid, was from ICN
(3—5)adenosine; €p, cytidine 2,3-cyclic phosphate; DCI, deuterium  Bijomedicals (Aurora, OH). Uridylyl(3~5")adenosine (UpA),

chloride; DO, deuterium oxide; DSS, sodium 2,2-dimethyl-2-silapen- . oo
tane-5-sulfonate; IEF, isoelectric focusing; MES,Nefiorpholino)- synthesized by the methods of OgilvigQf and Beaucage

ethanesulfonic acid; NaOD, sodium deuterioxide; PDB, Protein Data and Caruthers3l), was a generous gift of J. E. Thompson.
Bank, which is maintained by the Brookhaven National Laboratory; 3'—UMP was from Sigma (St. Louis, MO). Deuterium oxide

pl, isoelectric point; ppm, parts per millioﬁ;—l NMR, proton nuclear (D-O; 99%) was from Aldrich Chemical (Milwaukee, WI).
magnetic resonance; RNase A, bovine pancreatic ribonuclease-A; 3 ! !

UMP, uridine 3-phosphate (otherwise Up); UpA, uridylylt35')- Deu_terium Chlori_de 30|Ut_i0n (DCI; 35% viv i_n M) and
adenosine; U p, uridine 2,3-cyclic phosphate. sodium deuteroxide solution (NaOD; 40% v/v in@) were
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from Isotech (Miamisburg, OH). Sodium 2,2-dimethyl-2-
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over 0.5 mL of reservoir solution [0.1 M sodium acetate

silapentane-5-sulfonate (DSS) was from Cambridge Isotopebuffer (pH 4.5) containing 36% (w/v) poly(ethylene glycol)

Laboratories (Andover, MA). Sigmacote was from Sigma.

4000]. Trigonal crystals of K7A/R10A/K66A RNase A

All other chemicals and reagents were of commercial grade appeared within 3 days of incubation at 20 and grew to

or better and were used without further purification.
General Methods.Ultraviolet and visible absorbance

a final size of 0.4 mmx 0.4 mmx 0.5 mm.
Crystals of K7A/R10A/K66A RNase A containing bound

measurements were made with a Cary Model 3 spectropho-3' —UMP were prepared by soaking native crystals for 2 days
tometer equipped with a Cary temperature controller from at 20°C in mother liquor to which 3-UMP was added to
Varian (Sugar Land, TX). RNase A concentrations were a final concentration of 5 mM.

determined by assuming th&t'*= 0.72 M cm ! at 277.5
nm (32). 3—UMP concentrations were determined by
assuming thateo = 10 000 Mt cm* at pH 7.0 83). pH

X-ray Diffraction Data CollectionThe crystals of K7A/
R10A/K66A RNase A were of space grof3,21, with a
=68.15 A,c = 6551 A a =8 =90°, andy = 12C°.

was measured with a Beckman pH meter fitted with a Minor changes in cell constants were observed for crystals
Corning electrode, calibrated at room temperature with soaked with 3-UMP, with a = 69.62 A andc = 66.98 A.
standard buffers from Fisher (Chicago, IL). Buffer solutions All X-ray data were collected with a Siemens HI-STAR

were prepared from the free acid of MES. The {Nia these

solutions was determined using the Hendersdasselbalch
equatiod and assuming aKy, value of 6.15 for MES at 25
°C (34).

Structural Analysednvestigation of protein structures was
performed on a Personal Iris 4D/TG workstation from Silicon
Graphics (Mountain View, CA) using the program MIDAS
(35). The Brookhaven Protein Data Bank (PDB) entry 1rph

detector mounted on a Rigaku rotating anode operating at
50 kV, 90 mA, and a 30@&m focal spot. The X-ray beam
was collimated by double focusing mirrors. The crystal-to-
detector distance was 12.0 cm. Data were obtained in 512
x 512 pixel format, processed with the program XDBS (

42), and scaled using the program Xscalibre (G. E. Wesen-
berg and I. Rayment, unpublished results). Frames of data
(900 x 0.15 = 135) were collected from single crystals

(36) was used to determine distances in native RNase A using a singlep-scan for both K7A/R10A/K66A RNase A
between Lys7, Argl0, or Lys66 and the active-site histidine and the K7A/R10A/K66A RNase & —UMP complex.

residues (His12 or His119). This structure was also used toReflections withl/o of <0.33 were rejected. The crystals
create electrostatic molecular surface maps of RNase A usingwere cooled in a 0.8C air stream, resulting in negligible

the program GRASP3(/). The electrostatic surfaces are
based on the charges of RNase A residues at pH 6.0.
Isoelectric FocusingThe isoelectric point (pl) of K7A/

crystal decay for the entire data collection. Full crystal-
lographic details are listed in Table 1.
Refinement of the K7A/R10A/K66A RNase A Structure

R10A/K66A RNase A was determined using a model 111 The starting model consisted of residues1P4 of D121A

Mini IEF Cell from Bio-Rad (Hercules, CA) and a poly-

RNase A $3) that was stripped of all solvent molecules.

acrylamide (5% w/v) gel with Pharmolytes ampholytes (3% The model was subjected to 10 cycles of least-squares

w/v; pl range 8-10.5) from Pharmacia (Piscataway, NJ).

refinement using TNT44) and gave an initiaR-factor of

Focusing was carried out in a stepped fashion (100 V for 15 0.217. Positive and negativi&, — F; showed clearly that

min, 200 V for 15 min, 450 V for 60 min) in a sealed
environment flushed continuously with,(g). In addition,

residues 7, 10, and 66 had indeed been replaced with alanine.
Manual adjustments to the model were performed in FRODO

strips of Whatman paper soaked in NaOH (1 M) were placed (45). After several cycles of manual adjustments and least-
on the bottom of the focusing apparatus to scavenge CO squares refinement, water molecules were added to the

and thereby reduce pH drift caused by Labsorption by
the ampholytes38). The pl of KTA/R10A/K66A RNase A

model. The peak searching algorithm in TNT was used to
place ordered water molecules. Water molecules were

was determined by comparing its migration to that of the retained if they had at leasvlof 2F, — F. density, & of
ampholytes. Strips from both sides of the polyacrylamide F, — F.density, and were within hydrogen-bonding distance
gel were cut into 0.5 cm pieces and placed in 1.6 mL of the protein or other water molecules.

microcentrifuge tubes filled with 0.5 mL of @ to remove

Refinement of the Structure of the K7TA/R10A/K66A RNase

the ampholytes. After 20 min of shaking, the tubes were spun A:3—UMP Complex The starting model consisted of
to pellet gel solids. The pH of the eluant was checked and residues 1124 of K7A/R10A/K66A RNase A that was

a plot of pH vs distance was construct&d)( The migration
distance of K7A/R10A/K66A RNase A was measured in
order to determine its pl. Similarly, the migration distance
of a chymotrypsin standard [pl 8.8@] was measured to
validate this technique for determining pl values.
Crystallization.Protein crystals were prepared by vapor
diffusion using the hanging drop method. Lyophilized K7A/
R10A/K66A RNase A was dissolved in unbuffered water to
a concentration of 60 mg/mL. Drops consisting of protein
solution (1.5uL), water (1.5uL), and reservoir solution (3.0

stripped of all solvent molecules. The model was subjected
to 10 cycles of least-squares refinement using TE4) &nd
gave an initialR-factor of 0.232. A positive~, — F. map
contoured at @ showed clearly the position of 3UMP in

the active site. Non-active-site water molecules were added
at this point using the crystalline structure of K7A/R10A/
K66A RNase A as a guide, and the model was subjected to
cycles of manual adjustment and least-squares refinement.
Then, the 3-UMP was built into the~, — F. density and
refined using geometric restraints provided by TNT. The

uL) were suspended from coverslips coated with Sigmacote solvent-accessible surface area buried upon K7A/R10A/
(to prevent protein from adhering to the coverslip surface) K66A RNase A binding to 3-UMP was determined using

8 Using the HendersenHasselbalch equation, 0.10 M MES-NaOH
buffer (pH 6.0) has a [Ng of 0.042 M.

the program GRASP3(). A 1.4 A spherical probe, which
mimics a water molecule, was rolled over the van der Waals
surface of K7TA/R10A/K66A RNase A and-3UMP and of
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Table 1: X-ray Diffraction Analysis Statistics

crystal data

K7A/R10A/K66A RNase A

K7A/R10A/K66A RNase3A-UMP

space group P3,21 P3,21

cell dimensions (A)
a 68.15+ 0.01 69.62+ 0.01
b 68.15+ 0.01 69.62+ 0.01
c 65.51+ 0.02 66.98+ 0.02

protein molecules/unit cell 6 6

crystallization conditions

PEG 4000 (36% w/v), sodium acetate buffer (pH 4.5)

Data Collection Statistics

PEG 4000 (36% w/v), sodium acetate buffer (pH 4.5)

resolution (A) 2.0 2.1

no. of measured reflections 33804 33552

no. of unique reflections 14 929 14 210

avg redundancy 2.3 2.4

avgl/o 20.1 19.8
completeness (362.0 A) (%) 91 88
completeness high-resolution shell (%)  (22.0 A) 84 (2.22.1A)88
Rsyn? 0.029 0.026

Rsym high-resolution shell

(242.0A)0.171

(2.22.14)0.122

Final Refinement Statistics

RNase A atoms 937 941

3'—UMP atoms 21

solvent atoms 84 94

R-factoP (30-2.0A)0.174 (36-2.1A)0.168

RMS deviation from ideal geometry

bond distances (A) 0.010 0.011

bond angles (deg) 2.2 2.2
averageB-factors (&)

main-chain atoms 37.8 36.7

side-chaint solvent atoms 42.6 40.5

3I—-UMP 40.0

aRsym = Y nall — O0VY nal, wherel is the observed intensity ardllis the average intensity obtained from multiple observations of symmetry
related reflections? R = S wa|Fo — Fel/SnulFol, WwhereF, and F; are the observed and calculated structure factors, respectively.

the K7A/R10A/K66A RNase A3'—UMP. The solvent-

terium. To exchange deuterium for hydrogen, protein (20

accessible surface area buried during complex formation wasmg) that had been dialyzed exhaustively against water and

calculated from these values.

Comparison of Variant Structures to that of Wild-Type
RNase A The K7A/R10A/K66A RNase A structure is
compared here to that of wild-type RNase A that was
likewise crystallized from high salt in tHe3,21 space group
[PDB entry 1rph 86)]. This wild-type RNase A structure
was solved to a resolution of 2.2 A. The structure of the
K7A/R10A/K66A RNase A3'—UMP complex is compared
here to that of the wild-type RNase 2—CMP structure of

lyophilized was dissolved in 0 (1 mL), lyophilized,
dissolved again in BD (1 mL), and lyophilized again. The
pH*, which was a direct pH reading and not corrected for
the deuterium isotope effect, was adjusted to 3.0 with DCI
and the solution was heated to 80 for 1 h toexchange
amide protonsZ5). Half of this solution was then removed
and adjusted to pH* 9.0 with NaOD. To remove salt
introduced during sample preparation, the solution was
diluted 10-fold by the addition of BD and concentrated by

the same space group that was prepared by soaking nativeentrifugation filtration using a Centriprep-10 from Amicon
crystals in a solution of'3-CMP [PDB entry 1rpf 86)]. This (Beverly, MA) that had been prerinsed with,®. Two
structure was solved to a resolution of 2.2 A. RMS deviations additional 5-fold dilutions and concentrations by centrifuga-
were determined from a least-squares superposition of thetion filtration were performed, effectively reducing the salt
two structures being compared with the program MIDAS concentration by approximately 250-fold. The final concen-
(35). tration step was repeated until the sample volume w@$

Steady-State Kinetic AnalysBpectrophotometric assays ML. The solution analyzed byH NMR spectroscopy
were used to determine the steady-state kinetic parameter§ontained protein (0.56 mM), NaCl (0.018 or 0.142 mM),
for the cleavage of UpA. The cleavage of UpA was and DSS (0.5mM). During the experiment, pH* was adjusted
monitored by following a decrease in absorbance at 286 nmusing the protein solutions. The pH* 9 protein solution was
as the products of the reaction>g and adenosine, were added to the low pH* solution to raise the pH* and the pH*
formed. TheAe for this reaction is—620 M~ cm! at 286 3 solution was added to the high pH* solution to lower the
nm (46). Assays were performed at 28 in 0.10 M MES- pH*, until the two solutions approached the midpoint of the
NaOH buffer (pH 6.0) containing NaCl (0.10 M). The values titration, pH* 6.0. Using this technique, it was possible to
of Keas K, andkea/Kyn Were determined from initial velocity ~ perform each titration at a constant salt concentration and
data with the program HYPERG!Y). protein concentration.

NMR SpectroscopyH NMR spectroscopy was used to Proton NMR spectra were acquired in 1D mode on a
determine the K, values of three of the four histidine Bruker DMX 500 MHz NMR spectrometer at Z%& using
residues in wild-type RNase A and K7A/R10A/K66A RNase 16K data points and an acquisition time of 1.5 s, with 64,
A at two [Na']. Prior to performing pH titrations of these 128, or 256 scans following four dummy scans. Chemical
proteins, exchangeable hydrogens were replaced with deu-shifts of the histidine C-2 protons, based on the assignments
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of Markley (25), are reported relative to DSS. Data were  The least-squared estimates of binding parametek$i®,
fitted using the program MATHEMATICA 3.0 (Wolfram  andKywere determined from the raw data using the program
Research; Champaign, IL). Data for His105 were fitted to ORIGIN (MicroCal Software; Northampton, MA). Values
eq 1, which describes the pH titration of a group with one of AG° andTAS’ were determined from values aH° and
pKa. Data for His119, which has two microscopikgs, were Kg by using eq 4.

fitted to eq 2. Data for His12, which has an acidic inflection
in the pH* titration in addition to two microscopid{as, were
fitted to eq 3. Data for Hisl2 and His119 were fitted ] o . )
simultaneously because the difference in the microscopicThe first data point in the sequence was omitted during data

AG° =RTInK;=AH® — TAS 4)

pKzs for each residue must be identical.

[H']
Oobs = Oa0ati+ —Kl()S (1)
Op+ Oppi——
AT Oan ]
n Kyodiaont KisgdH']
[H1(Kgza+ H])

K12&J<llgb + KllQe[H +]
T H (K ypat HD

Oobs= OpOan+

6A AH

2
KioKi19n T KipdH ']
T +
[H1(Kisgat [H7])

K12J<119b + KlZa[H +]
M H (K0, HD)

Oops= Op0an+

Oa

0o — Oy
S| ——| ®

o, + 5°H+ﬁ

processing due to error in the accurate delivery of a particular
volume of sample during the first injection.

RESULTS

Isoelectric Point of K7A/R10A/K66A RNaseThe pl of
K7A/R10A/K66A RNase A was determined by isoelectric
focusing to be 8.3 (data not shown). As expected for a protein
variant with several cationic residues replaced with neutral
residues, this value is lower than that for the wild-type
protein, which has pl 9.340). In addition to determining
this value, the presence of a single band in the lane
corresponding to K7A/R10A/K66A RNase A testifies to its
purity.

Crystalline StructuresThe statistics for X-ray diffraction
analyses of K7A/R10A/K66A RNase A (with and without
bound 3—UMP) are listed in Table 1. The final model for
K7A/R10A/K66A RNase A contains the complete protein
(residues +124), 84 water molecules, and an acetate ion.
The R-factor for all data in the range 3@.0 A is 0.174.
The RMS deviations for target geometries are 0.010 A for
bond lengths and 222for bond angles. AveragB-factors
for the main chain and side chains are 37.8 and 426 A
respectively. Atomic coordinates for K7A/R10A/K66A RNase
A have been deposited in the PDB with accession code 3rsk.

The final model for the K7A/R10A/K66A RNase-B —

In eq 2 and 3, the “a” subscript refers to the microscopic UMP complex contains the complete protein (residues
pK, of one active-site histidine residue when the other active- 1—124), 3—UMP, and 94 water molecules. THefactor
site histidine residue is protonated and the “b” subscript refersfor all data in the range 362.1 A is 0.168. The RMS
to the microscopic K, of this histidine when the other  deviations for target geometries are 0.011 A for bond lengths
histidine residue is unprotonated. In egk3, refers to the and 2.2 for bond angles. AveragB-factors for the main
pKa, of the acidic inflection in the His12 titration curve. chain, side chains, and-3UMP are 36.7, 40.5, and 40.0
Equations +3 are analogous to those used by Schechter A2, respectively. Atomic coordinates for the K7A/R10A/
and co-workers48) and us 49). K66A RNase A3 —UMP complex have been deposited in
Isothermal Titration CalorimetryThe binding affinities the PDB with accession code 4rsk.
of 3—UMP for wild-type and K7A/R10A/K66A RNase A The structures of residues-20 and the active site of K7A/
were determined by using a Micro Calorimetry System R10A/K66A RNase A, superimposed on the wild-type RNase
isothermal titration calorimeter from MicroCal (Northampton, A structure [PDB entry 1rph3g)], are shown in Figure 2,
MA). All buffer and protein samples were degassed by panels A and B. Shown in Figure 2C is the structure of the
vacuum prior to use. For the experiment at 0.142 M"Na active site of K7A/R10A/K66A RNase A with bound-3
RNase A was in the reaction cell at an initial concentration UMP, superimposed on the same region of the wild-type
of 0.4 mM. For the experiment at 0.018 M NaRNase A RNase A3'—CMP complex [PDB entry 1rpf36)].
was in the reaction cell at an initial concentration of 0.12  Steady-State Kinetic ParameteReplacing Lys7, Arg10,
mM. Following thermal equilibration of the system, there and Lys66 with alanine has an effect on the valueg&.gf
was a delay of 600 s before the first injection. Successive K, andk../Kn, for cleavage of UpA (Table 2). Thie, for
injections (48) of 3-UMP (5uL of a 9.2 mM or 3.0 mM UpA cleavage by K7A/R10A/K66A RNase A is 5-fold less
solution) were made into the cell at 240 s intervals, and heatsthan that of the wild-type enzyme and tKg, is increased
of binding were measured after each injection. Binding at by 2-fold. Accordingly, thek../K, is reduced 10-fold relative
the higher [Nd] was measured at 2%C in 0.10 M MES- to that of wild-type RNase A.
NaOH buffer (pH 6.0) containing NaCl (0.10 M final [NB. Histidine pk, Values The K, values for His12, His119,
The lower salt concentration experiments were performed and His105 of RNase A can be determined by analyzing the
in 0.020 M MES-NaOH buffer (pH 6.0) containing NaCl shift of the imidazolyl C-2 proton upon changing pH5).
(0.010 M final [Na']). The reference cell, acting only as a The other histidine residue in RNase A, His48, is inaccessible
thermal reference to the sample cell, was filled with water. to solvent and its titration curve shows anomalous behavior
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FiGure 2: Stereoviews of the least-squares superpositions of crystalline ribonucleases. Water molecules are depicted for the variant (red
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spheres) and wild-type (purple spheres) proteins. This figure was created with the program MOLSTZBIRA)(Residues 210 of

K7A/R10A/K66A ribonuclease A and wild-type ribonuclease A [PDB entry 1138)]( Residues of the variant protein (thick red lines) are
overlayed on those of the wild-type protein (thin purple lines). Salt bridges between Glu2 and Arg10 of the wild-type protein are indicated

by dashed lines. (B) Active sites of K7A/R10A/K66A ribonuclease A and wild-type ribonuclease A [PDB entry3B)phThe variant

protein (thick red lines) has an acetate ion in its active site. The wild-type protein (thin purple lines) has a sulfate ion in its active site. (C)

Active sites of the K7A/R10A/K66A ribonuclease 2—UMP complex (thick red lines) and the wild-type ribonucleasd ACMP complex
[(thin purple lines); PDB entry 1rpf3g)].



Biochemistry Coulombic Effects on an Enzymic Active SiteG

Table 2: Steady-State Kinetic Parameters for the Cleavage of UpA 9r A
by Wild-Type Ribonuclease A and K7A/R10A/K66A Ribonuclease
Aa

RNase A Keat (571 Kn (MM)  KealKm (1P M1 s7h)

wild-type 347+ 40 0.20+0.06 1.7£0.3
K7A/R10A/K66A  70+£9  0.39+0.10 0.184+0.03

aData were obtained at 28C in 0.10 M MES-NaOH buffer (pH
6.0) containing NaCl (0.10 M). 8 |-

with pH*, preventing a determination of itKp value @7).
Shown in Figure 3 is the pH* titration of wild-type and K7A/ L
R10A/K66A RNase A at 0.142 and 0.018 M NaHis105 9

is solvent exposed and its titration curve can be fitted to a B
model with a single K. In contrast, His12 and His119
interact with each other, necessitating the use of a model
that includes microscopickas. These microscopicKas
account for the effect of the protonation state of one histidine
residue on the protonation state of the other histidine residue
(28). In addition, His12 shows an inflection in the acidic
region of its pH* titration, necessitating the use of a third
pK, to fit the data accurately. This inflection is due to the
titration of a nearby carboxyl group, which perturbs the
chemical shift of the C-2 proton of His15(). This third

pKa value is the least precise of th&pvalues determined
due to the lack of data below pH* 3.

The K, values of His12, His119, and His105 and the
chemical shifts of the protonated and unprotonated forms of
these histidine residues in wild-type and K7A/R10A/K66A xxxx
RNase A at 0.142 and 0.018 M Nare listed in Table 3-
(51). The K, values of His105 in all four pH* titrations are 8 |
similar, whereas thely, values of His12 and His119 differ
dramatically in the four pH* titrations. For the wild-type
protein, reducing the [N results in a large decrease in the
pKa values of both His12 and His119. Th&pvalues of B

MUK

His12 are decreased by 0.4 unit&(p) and 0.6 units (K121 9 D
upon reducing the [N, and the K, values for His119 are
decreased by 0.5 unitsKpio9 and 0.5 units (K119 UpON
reducing the [N&]. The K, values for K7A/R10A/K66A =
RNase A are also decreased upon reducing the][Nait
to a lesser extent. Thekp values for His12 are decreased aah
by 0.5 units (K125 and 0.4 units (K121, and the K, values
for His119 are decreased by 0.3 unit&{p,) and 0.2 units 8 I-
(pK119y upon reducing the [Ng.

A comparison of the His12 and His11®pvalues in the

wild-type and K7A/R10A/K66A proteins, at either salt -
concentration examined, shows that the cationic side chains NS U S E——

'H Chemical Shift

X

of residues 7, 10, and 66 contribute to a depression in these 2 4 6 8 10
values. When these side chains are removed, kheg@lues
of His12 and His119 are increased. These increases are more pH*

dramatic at the lower [Ng examined than at the higher

+ ; ; Ficure 3: pH dependence of the histidifel! signals of wild-
[Na’] examined. At 0.018 M N, the [K, values of His12 type ribonuclease A and K7A/R10A/K66A ribonuclease A is(D

are increased by 0_'3 unltsl(@_a) and 0.7 units (512_‘3)' and (A) Wild-type ribonuclease A at 0.018 M Na (B) Wild-type
the [Ka values of His119 are increased by 0.4 units(jg) ribonuclease A at 0.142 M Na(C) K7A/R10A/K66A ribonuclease
and 0.8 units (K119 upon removing the side chains of A at0.018 M Na. (D) K7A/R10A/K66A ribonuclease A at 0.142
residues 7, 10, and 66. At 0.142 M Nahe K, values of M Na'. Chemical shifts are shown for all four histidine residues:

; : ; ; His12 ©), His119 @), His105 @), and His48 k). Titrations were
His12 are increased 0.3 unitspg) and 0.6 units (1), carried out at 25C. The K, values determined from fitting the

and the |, values of His119 are increased QuAits (K1199 data to eq +3 are listed in Table 3.
and 0.6 units (K119 UpoN removing the side chains of
residues 7, 10, and 66. the K7A/R10A/K66A variant with 3-UMP. The thermo-

Binding to 3—UMP. Shown in Figure 4 are representative dynamic parameters derived for these experiments, which
data for the calorimetric titrations of wild-type RNase A and were performed at 0.018 and 0.142 M™N\are reported in
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Table 3: Microscopic K, Values and Chemical Shifts from the Analysis of the pH Dependence of the Chemical Shifts'bftiduclei of
His12, His119, and His105 in Wild-Type Ribonuclease A and K7A/R10A/K66A Ribonuclease A

wild-type RNase A K7A/R10A/K66A RNase A
residue 0.018 M 0.142 M 0.018 M 0.142 M
His12 pPKo 4+1 4.0+ 0.8 4+ 1 4.3+ 0.4
PKi2a 53+0.3 5.87+ 0.05 5.6+ 0.1 6.15+ 0.07
pK12p 5.67+ 0.09 6.18+ 0.04 6.4+ 0.1 6.78+ 0.08
Oom© 9.1+0.3 9.01+ 0.06 9.1+ 0.2 9.07+ 0.05
Opr+ 8.8+0.3 8.87+ 0.04 8.8+ 0.1 8.77+ 0.06
Oa 7.65+ 0.01 7.65+ 0.01 7.67+ 0.03 7.67+ 0.03
His119 pK119a 55+0.2 6.03+ 0.05 5.9+ 0.1 6.28+ 0.04
pKi19p 5.924+ 0.06 6.34+ 0.04 6.71+ 0.07 6.91+ 0.06
Opm+ 8.80+ 0.02 8.80+ 0.02 8.78+ 0.03 8.78+ 0.01
Oa 7.74+0.02 7.75+ 0.02 7.73+0.03 7.72+0.02
His105 K105 6.70+ 0.02 6.82+ 0.03 6.80+ 0.02 6.81+ 0.01
OaH+ 8.74+ 0.01 8.74+ 0.01 8.75+ 0.01 8.75+ 0.00
Oa 7.69+0.01 7.68+ 0.01 7.72+0.01 7.70+ 0.01

a Data were obtained at 2% with a Bruker DMX 500 MHz NMR spectrometer. Solutions contained protein (0.56 mM), NaCl (0.018 or 0.142
M), and DSS (0.5 mM). Values were determined by fitting the experimental data to eq 1 for His105, eq 2 for His119, and eq 3 for His12. Errors
were determined by a nonlinear least-squares fit of the data te-8qQhemical shift values are in parts per millidrMicroscopic K, values are
reported for His12 and His119The value ford, was defined to be 8.861).

Table 4. These conditions are similar to those used in our during catalysis. The interactions of several of these basic
NMR experiments. Replacing Lys7, Argl0, and Lys66, residues with the RNA substrate had been characterized
which are all remote to the enzymic active site, with alanine previously. For example, the residues known to interact with
residues results in a decrease in binding affinity fer@MP the phosphoryl groups on RNA have been shown to belong
at both [N&] concentrations examined. The affinity of both to one of three phosphoryl group binding pockets, named
proteins for 3—-UMP is greater under the lower [Nh the PO, P1, and P2 subsites (Figure 5). The active-site
condition than under the higher [Nlgcondition. The value  residues His12, His119, and Lys41 comprise the P1 subsite.
of K4 for 3 —UMP binding to wild-type RNase A is 9,7ZM Lys66 comprises the PO subsite, and Lys7 and Argl0
at0.018 M N4. The value oKy increases by 5-fold to 53.8  comprise the P2 subsite. Chemical modification and mu-
uM at 0.142 M N4. The value oKq for binding to the K7A/ tagenesis experiments have been used to characterize these
R10A/KG66A variant is 47.4uM at 0.018 M N& and binding pockets10, 52). In addition, the salt concentration
increases by 3-fold to 1536V at 0.142 M Nd. The binding  dependence of binding of a single-stranded DNA oligomer
stoichiometries,n, are nearly 1.0 for all four binding to wild-type RNase A and the K66A, K7A/R10A, and K7A/
experiments, suggesting that a single BMP ligand binds R10A/K66A variants demonstrated that significant Coulom-
to each protein molecule under our conditions. bic interactions exist between the side chains of Lys7, Arg10,
Thermodynamic quantities obtained via calorimetry are and Lys66 and the phosphoryl groups of the bound nucleic
apparent quantities. A particular concern is that a measuredacid 29).
value of AH° contains a contribution from the protonation/ Enzymic residues can be involved in substrate binding and
deprotonation of the buffer. This contribution does not alter ¢ pstrate turnover. Distinguishing between these two func-
the value ofKq, bOUt does affect the value GAS’. Hence,  igns can be problematic. Although the PO and P2 subsites
the values ofAH® and TAS® are not readily interpretable, ot Rnase A have been characterized extensively in terms of
except perhaps for comparative purposes. _theirinvolvement in substrate binding, their roles in substrate
The enthalpies for binding vary slightly, with the enthalpies ,rnover have been described only briefly. Cuchillo and co-
for binding to the wild-type protein being more exothermic \yorkers noted an effect on boK, andkey for cleavage of
than those for binding to the variant protein. The'sid® CpA and poly(C), and hydrolysis of € when Lys7 and
values are-13.8 and—11.8 kcal/mol for binding to the wild- Arg10 were replaced with glutamine residues3)( The
type protein at the lower and higher [Naconditions,  reqyctions irk.: upon removing the positive charges in the
respgct!vely. The\H° values are—lO.l_and—9.4 kcal/mol P2 subsite were not expected, especially for CpA angC
for binding to the K7A/R10A/K66A variant at the lower and  hich do not interact directly with this subsite. Our results

higher [Na] conditions, respectively. The entropies for {0, the cleavage of UpA and poly(C) by variants at positions
binding of 3—UMP to RNase A appear to depend more on 7 14 and 66 are in accord with those of Cuchillo and co-

the protein than on the solution condition. ThaS’ values \orkers. As listed in Table 2, the catalysis of UpA cleavage
for binding to the wild-type protein are6.8 and—5.8 kcal/ is compromised by replacement of these residues with

mol at the lower and higher [N§ respectively. TheTAS’ alanine. Molecular dynamics calculations indicated that

\t/)all;]e folr binding g.) the variant prgtein is4.1 keal/mol at  pinging of CpA or the transition-state analogue uriding@?
oth solution conditions examined. cyclic vanadate displaces the side chain of Ly&4).(These

DISCUSSION

RNase A is a cationic protein under physiological condi-
tions [pl 9.3 @0)]. Its active-site cleft is lined with basic

calculations led Cuchillo and co-workers to suggest that the
role of Lys7 during catalysis is to stabilize the transition state
through a network of intervening water molecul&8)( A

role for Argl0 and Lys66 during catalysis had not been

amino acid residues that interact with the RNA substrate described previously.
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FiGure 4: Thermograms for the binding of - 3UMP to wild-type
ribonuclease A (A) and K7A/R10A/K66A ribonuclease A (B) at
0.142 M Na. The upper graphs show the heat released by the
protein solutions upon injection of-3UMP. The lower graphs show
the heat released upon binding versus the molar ratio-eU®I1P

to ribonuclease. Binding was measured by isothermal titration
calorimetry at 25°C in 0.10 M MES-NaOH buffer (pH 6.0)
containing NaCl (0.10 M).

The results of outH NMR spectroscopy and calorimetry
experiments suggest two roles for Lys7, Arg10, and Lys66.
First, the side chains of Lys7, Argl0, and Lys66 enhance
the charge of the cationic-binding cleft that attracts the

anionic RNA substrate to the enzymic active site. Second,

the side chains of Lys7, Argl0, and Lys66 depress g p

values of the active-site histidine residues. The impaired
catalysis of UpA cleavage by RNase A variants with altered
PO and P2 subsites is explained by a failure to fulfill this
second role. Before defining the roles of the Lys7, Arg10,

Coulombic Effects on an Enzymic Active Sitd

and Lys66 side chains in effecting the active-site environment
of RNase A, the structure of the K7A/R10A/K66A variant,
both with and without bound'3UMP, will be described in
detail.

Crystalline StructuresRNase A was one of the first
enzymes whose structure was determined by X-ray diffrac-
tion analysis 17). In total, over 70 sets of three-dimensional
coordinates (from both X-ray diffraction analysis akd
NMR spectroscopy) related to RNase A have been deposited
in the PDB (L0), including structures of RNase A with bound
oligonucleotides, dinucleotides, and mononucleotides (
56). Recently, we reported the first crystalline structures of
active-site variants of RNase A [D121A RNase A; PDB entry
3rsd and D121N RNase A; PDB entry 4rstB)] as well as
that of a variant in which a proline residue with a cis peptide
bond had been replaced with glycine [P93G RNase A; PDB
entry 3rsp §7)]. The crystalline structure of K7A/R10A/
K66A RNase A reported here is the first for a distal subsite
variant. We also report the first crystalline structure of an
RNase A variant with a bound ligand,-3UMP. These
structures show that replacing Lys7, Arg10, and Lys66 with
an alanine residue does not affect the overall structure of
RNase A, either with or without bound-3UMP. In addition,
the similarity of the K7A/R10A/K66A RNase A crystalline
structures to the three-dimensional structure of the wild-type
protein with and without bound'3CMP supports our
hypothesis that residues Lys7, Arg10, and Lys66 affect the
active-site environment of RNase A via long-range Cou-
lombic interactions and not by perturbing the three-
dimensional structure of the enzyme.

The structure of the K7A/R10A/K66A variant of RNase
A was solved in the trigonal space grobdg,21 and contains
an acetate ion in the active site. The main-chain atoms of
K7A/R10A/K66A RNase A have an average RMS deviation
of 0.36 A from those of wild-type RNase A [PDB entry 1rph
(36)]. The structure of the K7A/R10A/K66A RNase-&—
UMP complex was also solved in the trigonal space group
P3,21 and contains a singlé-3UMP ligand bound in the
active site. The main-chain atoms of K7A/R10A/K66A
RNase A in the K7A/R10A/K66A RNase -8 —UMP
complex have an average RMS deviation of 0.48 A from
those of the wild-type RNase-8—CMP complex [PDB
entry 1rpf 36)].

PO and P2 SubsiteS.here is little observable change in
the main-chain atoms of residues 7, 10, and 66 upon
replacement with alanine. As shown in Figure 2, panels A
and B, the K7A/R10A/K66A RNase A structure contains
two water molecules in the position occupied by Arg10 in
the wild-type protein structure and a single water molecule
in the position occupied by Lys66 in that structure. No
ordered water molecules in the place of Lys7 are apparent.

Active Site.In the structure of K7A/R10A/K66A RNase
A, we find little change in the positions of the main-chain
and side-chain atoms of residues residing in the P1 or B1
(pyrimidine binding) subsites (Figure 5). The position of
His12 in the K7A/R10A/K66A RNase A structure has not
changed from that in the wild-type structure. The side chain
of His119 in RNase A has been shown to occupy two distinct
positions, denoted as A and B, which are related by & 100
rotation about the £-Cs bond and a 180rotation about
the G—C, bond 68, 59. The position of the His119 side
chain has been shown to be dependent on the pH and ionic
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Table 4: Thermodynamic Parameters for the Binding 'ef(BVIP to Wild-Type Ribonuclease A and K7A/R10A/K66A Ribonuclease A

[Na*] Kqg AG® AH° TAS

RNase A (M) n (mM) (kcal/mol) (kcal/mol) (kcal/mol)
wild-type 0.018 0.93 0.0097 -7.0 —13.8 —6.8
wild-type 0.142 0.95 0.054 —6.0 -11.8 -5.8
K7A/R10A/K66A 0.018 1.00 0.047 —6.1 —10.1 —4.1
K7A/R10A/K66A 0.142 0.96 0.15 -5.3 -9.4 —-4.1

@ Data were obtained at 2% by isothermal titration calorimetry. Errors on the curve fitting, determined using the program ORIGINs®%re
Errors determined from duplicate experiments were closer to 10%. We therefore assume the real erroramd Kaevalues to be<10% and the
real errors on thAG°, AH®, andTAS’ to be <5%.  Data at 0.018 M Nawere obtained in 0.020 M MES-NaOH buffer (pH 6.0) containing NaCl
(0.010 M).¢ Data at 0.142 M Nawere obtained in 0.10 M MES-NaOH buffer (pH 6.0) containing NaCl (0.10 M).

$
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type and variant crystalline structures.

S-Peptideln the presence of the protease subtilisin, RNase
A is cleaved preferentially between residues 20 and 21 to
form S-peptide (residues-20) and S-protein (residues-21
124) 62). When these two fragments are recombined to form
the noncovalent complex RNase S, enzymatic activity is
indistinguishable from that of RNase A. Residueslb of
S-peptide (S15) are sufficient for binding S-protein and
effecting catalysis@3). Residues 213 of S-peptide form a
stable a-helix when bound to S-protein and in isolation,
maintains considerable helicity (£30%) in water 64, 65.

This a-helical structure is necessary for stabilizing interme-
diates in the folding of RNase S6¢—68) and proper
alignment of the catalytically important residue His12 in
RNase A or RNase S. S-Peptide [and also C-peptide, residues
1-13 of RNase A, terminating in homoserine lacto68)[

is frequently used as a model system for studyingelices;
several such studies have focused on the determinants of
o-helix formation. A salt bridge between Glu2 and Argl10
plays a fundamental role in the folding of isolated S-peptide

FIGURE 5: Schematic representation of the binding of an RNA (70, 71). Replacement of Glu2 with alanine in C-peptide
fragment to ribonuclease A. The scissile bond is indicated. B and results in a peptide with no measurable helix formatif®).(
P refer to base and phosphoryl group binding subsites, respectively. The structure of the N-terminal residues in K7A/R10A/

In each subsite, the amino acid residues that are known or presume

to be involved in the interaction with RNA are indicate).

strength of the crystallization solutio6@). In the wild-type

ci<66A RNase A is similar to that in the wild-type protein.

Lys1 is disordered, but residues 25 of the variant protein
structure are superimposable on the wild-type protein

structure used for comparison here, the His119 side chainstructure. The average RMS deviation for residued 2 of

occupies both positions A and B. In the K7A/R10A/K66A

K7A/R10A/K66A RNase A is 0.23 A from those residues

RNase A structure, the side chain of His119 occupies only in the wild-type structure. As shown in Figure 2A, K7A/

position A, with ay; angle of 168 (they; angle in the 1rph
structure is also 16%. Although they; angles for His119

R10A/K66A RNase A has two water molecules in the
position occupied by Argl0 in the wild-type structure.

are similar in the variant and wild-type proteins, a superposi- Neither of these water molecules are within hydrogen-
tion of the two structures shows that the His119 side chain bonding distance of Glu2 (one water molecule is 4.9 A away

position in K7A/R10A/K66A RNase A is altered slightly

from O.; of Glu2 and the other is 5.5 A away from this

with respect to His119 in the wild-type structure. This small atom). Although the Glu2--Arg10" salt bridge is important
alteration is presumably due to the presence of an acetatdor a-helix formation in isolated S-peptide, the structure
ion, rather than a sulfate ion, bound in the active site. A reported herein with alanine at position 10 suggests that this
sulfate ion is considerably larger than an acetate ion salt bridge is not necessary for-helix formation in the

[thermochemical radius of 2.58 vs 1.62 &1f] and occupies

a tetrahedral, rather than planar, geometry. In the wild-type

structure, the oxygens of the bound sulfate bridge o
His12 and N, of His119. Similarly, the oxygens of the bound
acetate also bridge Nof His12 and N; of His119 in the
K7A/R10A/K66A RNase A structure. In addition, there is a
water molecule in the K7A/R10A/K66A RNase A structure

context of the entire protein.

3'—UMP. The structure of the K7A/R10A/K66A RNase
A-3'—UMP complex determined here is similar to that of
the wild-type RNase A3'—CMP complex determined previ-
ously 36). Still, there are some minor changes between these
two complexes due to structural differences between uridine
and cytidine. The relevant intermolecular interactions are

occupying the space taken by the B position of the His119 listed in Table 5. Briefly, 3-UMP makes contact with the
side chain in the wild-type structure. The positions of the Bl subsite, the P1 subsite, and bound water molecules
other active-site residues, GIn11, Lys41, and Asp121 in the (Figure 2C), burying 515 Aof solvent-accessible surface
P1 subsite and Thr45 and the Phe120 main-chain atoms inarea of the protein upon bindin@%). In the B1 subsite, a
the B1 subsite, are virtually unchanged between the wild- hydrogen bond mediates the nucleotide specificity of RNase
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Table 5: Hydrogen Bonds in the Active Sites of the Wild-Type
Ribonuclease 8'—CMP and K7A/R10A/K66A Ribonuclease
A-3—UMP Complexes

hydrogen hydrogen  K7A/R10A/K66A wild-type
bond bond RNase A RNase A
donor acceptor 3I—UMP2 (A) 3I—CMP* (A)
Thr45 O, N3 ne 2.9
N3 Thra5 Q, 2.8 na
Thrd5N 02 2.8 2.7
Thr45 O, Asp83 Q 3.0 na
Water (206) 04 2.9 na
His12 N, Ooz2P 3.0 2.7
His12 N, 02 35 2.9
His119 Ny O3P 2.7 3.2
His119 Ny; Oo1P 3.5 3.1
His119 N, water (249) 3.2 na
Lys41 N 02 2.7 2.7
Lys41 N: Asnd4 Q, 3.0 2.7
Lys4l N GInl1 Q, 2.9 3.1
Phel120 N O1P 2.8 2.7

Coulombic Effects on an Enzymic Active SiteK

Scheme 1
12 His
119 HisH*
K121//4 I ‘X‘fﬂsf Kitgp
12 HisH* 12 His
119 HisH* 119 His
I \ / v
K 1>« /‘;ﬂza: Kiab
12 HisH*
119 His
111

the pH. At high salt concentrations, the change in salt
concentration upon adding acid or base is negligible. But at
low salt concentrations (such as 0.018 M*)\ahe addition

3 Distances were determined by using the three-dimensional structureof enough NaOD to change the pH* from 3 to 9 would alter

reported herein (PDB entry 4rsk) and the program MID&5)(° Data
from ref 36. ¢ Not applicable.

A (74). In accord with the crystalline complex of RNase A
with uridine 2,3 -cyclic vanadate5), hydrogen bonds are
formed between N3 and O2 of bound uridine and énd
the main chain N of Thr45, respectively, and between O
of Thr45 andOs; of Asp83. In addition, a bound water
molecule donates a hydrogen bond to O4 of uridine.

The active-site residues in the K7A/R10A/K66A
RNase A3 —UMP complex are unchanged from those in
the wild-type RNase A3'—CMP complex. The side chains

dramatically the salt concentration of the solution. Had we
used this method, we would have performed a pH titration
andan ionic strength titration. Our method, which involves
mixing two solutions that differ only in pH*, changes only
the pH* of the protein solution during the experiment. His105
serves as a useful control for testing the validity of this
method. This residue is solvent exposed and is not known
to interact with neighboring residues through Coulombic
interactions. Its K, value should therefore report on the
ability of the acidic and basic protein solutions to meet at
the appropriate midpoint of the titration curve. Indeed, the
pKa value of His105 is in gratifying agreement (within 0.12

of His12 in the two structures are superimposable, as arepK, units) in wild-type RNase A and the K7A/R10A/K66

those of His119. Both N of His12 and N; of His119 donate
hydrogen bonds to oxygens of the bound phosphoryl group.
In addition, His119 donates a hydrogen bond to a bound
water molecule, which is not seen in the wild-type
RNase A3 —CMP crystalline structure. In both the wild-
type and variant crystalline structures with bound nucleotide,
His119 is in the B position. Thg, angle for the His119
side chain in the variant structurei$4°, compared t6-69°
in the wild-type structure. Further, Nof Lys41 donates
hydrogen bonds to three atoms: ‘@2the bound nucleotide,
O, of GIn11, and @, of Asn44. The structural similarities
between the wild-type and variant free proteins and pretein
nucleotide complexes justify our explaining the roles of Lys7,
Arg10, and Lys66 in terms of function rather than structure.
pH* Titrations—Methodology.The titration behaviors of
His12 and His119 in RNase A are well document&é)(
The K, values of these residues (and His105) in free RNase
A and RNase A with a bound nucleotide have been
determined in a variety of different solution conditions,
including various NaCl concentrations:Q.1-0.4 M) and

variant at both solution conditions examined (Table 3) and
is also similar to that reported previousl¥gj. This agree-
ment validates our method for varying pH*.

His12 and His119 pKValues If the protonation states of
His12 and His119 are influenced by their environment
through Coulombic interactions, then theitjvalues should
be sensitive to salt concentration.tRgans and Witzel have
shown that the i, values of these residues are influenced
by the solution salt concentration and more so than te p
values of imidazole or a free histidine resid2) We also
find a strong dependence of the His12 and His1HQvalues
on the salt concentration. Unfortunately, a direct comparison
of our results to those of Rerjans and Witzel is not possible
because their titrations involved adding base (and hence salt)
to their RNase A solutions and their data were not fitted to
equations describing microscopi&pvalues?

Microscopic [Kzs arise from Coulombic interactions that
create either positive or negative cooperativity. In RNase A,
the histidine residues interact with positive cooperativity

in the absence and presence of inorganic phosphate. We ardeprotonation of one histidine residue stabilizes the proto-

interested in the role of Coulombic interactions in RNase A

nated state of the other histidine residue. As shown in Scheme

and such interactions are masked by concentrated solutiondl, microscopic K, values are related by a thermodynamic

of electrolytes 77). Thus, we performed our experiments
both in a solution of much lower salt concentration (0.018
M) than had been reported previously and in a solution of
salt concentration (0.142 M) similar to that used in our
laboratory for RNase A activity assaysg].

The most common method for performing pH titrations

box, wherein a complete titration by the path~ Il — IV
is identical to that by the path— 1l — IV (49). These
four distinct titrations are related by eq 5:

4 Microscopic Ka values for His12 and His119 in RNase A were
described six years after the publication of the work 6féRjans and

involves the addition of acid or base to the sample to changewitzel (22).
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PK12a T PCKy 199 = PKy19a T PCK ) (5) Table 6: Cooperativityd) Values from the Analysis of the
Microscopic K, Values for Wild-Type Ribonuclease A and
Equation 5 and the microscopi&pvalues of Hisl2 and  K7A/R10A/K66A Ribonuclease A

His119 (Table 3) can be used to determine the value-of [Na']
Ki2/K12a = K110dK110a Which provides a measure of the

! . . : RNase A 0.018 M 0.142 M
strength of the interaction between His12 and His11® A "
value of 1 indicates that no interaction exists between \II(VI7A-/%?.§A/K66A 8'1‘2 g'gg
residues and the system need not be described by microscopic k414 019 ndt
PKa Vfalues' In Co.n.traSt’ x valu_e =1 mdlca.‘tes strong aValues ofc are average values for His12 and His119 and were
negative cooperativity between titratable residuéd).( calculated with the equatian= [(Kx2y/K129 + (Ku1oyK1109]/2 and the

The degree of cooperativity between His12 and His119 data in Table 3" Data from J. M. Messmore, B. M. Fisher, and R. T.
in RNase A is affected more by the replacement of Lys7, Raines (unpublished result§)Not determined.
Arg10, and Lys66 with alanine residues than by the increase
in [Na*]. As listed in Table 6, the deprotonation of His12
and His119 is more cooperative in K7A/R10A/K66A RNase
A than in wild-type RNase A. Wild-type RNase A is more

crystalline structure [PDB entry 1rpl3€)] can be used to
determine the distances betweend Lys7, the midpoint
of the line segment connecting,Nand N, of Arg10, and

O N of Lys66 and the midpoint of the line segment connecting
cationic than K7A/R10A/K66A RNase A (pl 9.3 vs 8.3) " ¢ His12 and N, of His119. These distances are shown

Figure 6, panels B and C). In both proteins, a state in which ;| Figure 7. From eq 7 and these values< 7.6 A, r, =
both histidine residues are protonated is disfavored. But once; g andrg: = 14 A), we calculate that is equél t0 5 27 A

one histidine is deprotonated, the second. histidine_is IessThus, this analysis suggests that the three point charges of
driven to become deprotonated in the variant protein than Lys7, Arg10, and Lys66 are equivalent to a single point
in the wild-type protein. This increase in cooperativity upon charg;e 5.7 A’from His12 and His119. Interestingly, this value

ren;}oval of t?r? tz_rele (i[a_tlon|c St'det clham? ct(;]uld refsult fr?m of p is only slightly less than is the distance froma of Lys41
acnange n the dielectric constaatelose 1o e surtace of -, yhe midpoint of the line segment connecting, Mis12

RK'\'asel A. TheKeﬁefCt of on the d”.gerencs in m.icros%‘)pi?h and Ny His119, which is 6.0 A (Figure 7). Lys41 is an
ph a\}f?‘ Ljes (ﬁdriv?/) 0 r?n. organic aci rgcans e_ estimated With ;imate member of the RNase A active site whose role is
the Kirkwoo estheimer equatior8, 81: to donate a hydrogen bond to the transition state during

2 catalysis 82). This residue increases substantially th& p
-4 (6) values of the active-site histidine residues (J. M. Messmore,
2.30FKT(ApPK) B. M. Fisher, and R. T. Raines, unpublished results).

wherer is the distance between the two titratable groups Moreover, replacing Lys41 with alanine yields a protein with
(here, His12 and His119) is the protonic chargek is ac value similar to that of K7A/R10A/K66A RNase A (Table

Boltzmann’s constant, and is the absolute temperature. 6). ) ) .
Because the distance between His12 and His119 is the same 'N€ residueresidue distances can be compared to the

in wild-type RNase A and K7A/R10A/K66A RNase A residue-sodium ion distances. By using a semiquantitative
(Figure 2B) andg, k, and T are constant in both proteins analysis, we calculate that sodium ions are separated by 45

ApK is inversely proportional to the dielectric constant Aina0.018 M Nd solution and by 23 Aina 0.142 M Na
Hence, the larger cooperativity (i.e., smaller value) solution. These two distances represent averages. Of course,

observed for the deprotonation of His12 and His119 in the SPdium ions are not spaced homogeneously in a solution

variant protein is consistent with a decrease in the effective CONtaining protein; the ionic distribution in the bulk solution
dielectric constant of the active-site cleft upon removing the differs from that near the protein surface. Nonetheless, the
cationic side chains of residues 7, 10, and 66. effective molarity of the positive charge from Lys7, Arg10,

Why does replacing Lys7, Arg10, and Lys66 with alanine and Lys66 is much higher than the [Naused in our
residues have a much larger effect on the cooperativity of XPeriments. Indeed, it would require a solution of 9'2 M
the deprotonation of His12 and His119 than does an increasdVaC! t0 give an average separation distance of 5.7 A for

in [Na*]? The positions of these three point charges, relative each sodium ion. From this analysis, it is not surprising that
to His12 and His119, can be related to that of a single point raising the salt concentration from 0.018 to 0.142 M has little

charge that interacts with the histidine residues in an ffect on the cooperativity of the deprotonation of His12 and
equivalent manner. We call the distance between this singIeH'SﬂQ (Tgble 6). ) . ..
point charge and the active-site histidine residues the !MPplications for CatalysisGeneral acie-base catalysis is
“reduced radius”, or §". The value ofp can be calculated most efficient when the i, of the acid-base matches the

using eq 7 and the distances$ betweemn pairs of residues. ~ PH Of the solution Z). Bases with [, values below the
solution pH will have a high concentration of unprotonated

(i.e., reactive) species, but the reactivity of these species will
) be low. In contrast, bases witiKpvalues above the solution

pH will be highly reactive, but the concentration of unpro-

tonated species will be low. A compromise between reactivity

and concentration of reactive species is therefore necessary

Equation 7 derives from Coulomb’s law, with the concept 5, . . .

. . e average intermolecular distancgdan be calculated by using
of reduced radius being analogous to that of reduced massayogadro’s number to convert molarity to atom density. Thers
u. The atomic coordinates for the wild-type RNase A (atom density)!.
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FiGUre 7: Cationic residues near the active site of ribonuclease
A. The midpoint of the line segment connecting;df His119

and N, of His12 is indicated by a plus sign, and the distances
from this point to N of Lys7, the midpoint of the line segment
connecting y; and N, of Arg10, N: of Lys66, and N of Lys41

are shown. Distances were determined by using the atomic
coordinates for wild-type ribonuclease A [PDB entry 1ri@6){

and the program MIDAS35). The reduced radius of Lys7, Arg10,
and Lys66 to the midpoint of the line segment connecting i
}I:\Iisllg and N, of His12 was calculated with eq 7 to pe= 5.7

(pK4 6.4) can act as both an acid and a base at physiological
values of pH.

RNase A catalyzes the cleavage and hydrolysis of RNA
by general acigtbase catalysis, as shown in Figure 1. A pH-
rate profile for the cleavage of UpA by wild-type RNase A
shows that the pH optimum for this reaction is close to 6.0
(46, 83. The microscopic i, values of His12 and His119
in wild-type RNase A are close to this value (Table 3). In
contrast, the average of the microscog palues for His12
and His119 in K7A/R10A/K66A RNase A is 6.5 (at 0.142
M Na*). Thus, one of the functions of the Lys7, Arg10, and
Lys66 side chains is to depress th€,walues of the active-
site histidine residues, and the cleavage of UpA by K7A/
R10A/K66A RNase A at pH 6.0 is impaired by a failure to
fulfill this role.

RNA polymers are likely to be the natural substrates for

. . . ) RNase A (3, 19. In an earlier paper, we described the role
Ficure 6: Ribbon diagram of wild-type ribonuclease A (A) and . P
electrostatic potential maps of the surface of wild-type ribonuclease of the Lys7, Arg10, and Lys66 side chains in binding and

A (B) and K7A/R10A/K66A ribonuclease A (C) positioned in the ~ Cleaving polymeric substrate&9). Significant Coulombic
same orientation. Blue denotes regions of positive charge and redinteractions exist between these cationic side chains and the

denotes regions of negative charge. Charges were calculated foranjonic phosphoryl groups of the substrates. When an RNA
ribonuclease A at pH 6.0 and 0.142 M Naith the [Kavalues  gyranq js bound to RNase A, both the cationic charges in the

determined for the active-site histidine residues usiHigNMR
spectroscopy (Table 3). The ribbon diagram was created using thePo and P2 subsites and the anionic phosphoryl groups bound

program MOLSCRIPT 73). Electrostatic potential maps were in these subsites may form IOng range Coulombic interactions
created with the program GRASB7) and atomic coordinates for  with the active-site histidine residues. These repulsive forces

wild-type ribonuclease A [PDB entry 1rpl§)] and K7A/R10A/ and attractive forces should counterbalance, thereby masking
K66A ribonuclease A (PDB entry 3rsk). the charges on the Lys7, Arg10, and Lys66 side chains with
for optimal catalytic rates. Indeed, many enzymic active sites respect to the active-site histidine residues. The result of this
contain histidine residues because a typical histidine residueeffect would be diminished depression of the His12 and
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His119 K, values when an RNA polymer is bound. The The entasis of an unliganded ribonuclease corresponds to
transphosphorylation of dinucleotides and hydrolysis of its nucleotide affinity. Wild-type RNase A in a low-salt
nucleoside 23-cyclic phosphates should be affected less solution has a highly cationic active-site cleft. Accordingly,
by the PO and P2 subsites than the transphosphorylation ofthe K, values of His12 and His119 are low (Table 3), as is
polymeric substrates. Indeed, the optimal pH for the transpho-the AG® value for binding 3-UMP (Table 4). By compari-
sphorylation of UpA and hydrolysis of tjp is close to 6.0  son, K7A/R10A/K66A RNase A in a high-salt solution has
(46, 83) whereas the optimal pH for the transphosphorylation a much less cationic active-site cleft. THe,@ndAG® values
of longer substrates [e.g., (Up)>p] is shifted upward by  are high (Tables 3 and 4). Wild-type RNase A at high salt
~1 pH unit 84). and K7A/R10A/K66A RNase A at low salt have intermediate
Binding to 3—UMP. Binding of nucleotides to RNase A  entasis. Thus, the binding of ligand is most favored when it
has been studied as a function of both pH and ionic strengthrelieves the most tension.
(85—88). Moreover, the reliability of computer-assisted A detailed description of RNase -:8—CMP complex
titration calorimetry for characterizing biochemical binding formation by Biltonen and co-workers has yielded much
reactions was first demonstrated with-ZMP and RNase information about the thermodynamic basis for the binding
A (89). Itis the dianionic form of 3-CMP (and presumably  of nucleotides to RNase A86—88). Their work and ours
3'—UMP) that binds to RNase A. Although this ligand binds are consistent with the following picture. The enthalpic
to RNase A when both active-site histidine residues are eithercomponent of the binding free energy is derived primarily
protonated or unprotonated, there is a 4x3 10°-fold from favorable van der Waals interactions and hydrogen
preference for complex formation with the doubly protonated bonds between the base of the bound nucleotide and the B1
form of the enzymeq0). At physiological pH, His12 and  subsite of RNase A and from the protonation of His12 and
His119 in RNase A are not protonated fully, prompting a His119. Although the protonation of histidine residues is
description of complex formation that involves protonation favored enthalpically AHg, yonation= —6-3 kcal/mol @5)], it
of these residues50, 86-88). This type of binding mech- s disfavored entropically. The entropic component to the
anism, called “proton linkage” because proton binding is binding free energy is a summation of favorable and
linked to ligand binding, is common in proteiigand unfavorable terms. Attractive Coulombic interactions be-
complex formation (for examples, see réfsand92). The tween the protonated histidine residues and the bound
increase in thela values of His12 and His119 upon binding nucleotide are entropically favorable because of the release
3—UMP or 3—CMP (21, 29 is consistent with a proton  of bound ions or water molecules. Yet, restricting the
linkage mechanism for RNase#ucleotide complex forma-  translation and rotation of the nucleotide upon binding is
tion. entropically unfavorable.

The positive charges of the Lys7, Arg10, and Lys66 side  conclusions!H NMR spectroscopy and isothermal titra-
chains all reside more than 8.2 A from either active-site tjon calorimetry coupled with X-ray diffraction analyses of
histidine residue [PDB entry 1rp8@)]. Yet, the binding of  K7A/R10A/K66A RNase A and the K7A/R10A/K66A
3 —UMP to the active site is weakened significantly upon RNase A3'~UMP complex has enabled us to reveal the
replacement of the distal residues with alanine (Table 4), effect of the Lys7, Arg10, and Lys66 side chains on the
even though the active-site histidine residues are more likely gctive-site of RNase A. The increaseld.pvalues of His12
to be pI’Otonated (Table 3) What is the phySical basis for and H|3119 upon replacing Lys7, Arglo, and Lys66 W|th
this counterintuitive effect? alanine residues and the subsequent effects on the kinetics

The free energy of the proteimicleotide complex is  of UpA cleavage and the thermodynamics df-BMP
rE|atiVE|y immutable. Eftink and BIltOﬂeaﬁ) examined the b|nd|ng indicate that Lys?i ArglO’ and |_y566 affect the
hydrolysis of cytidine cyclic 23-phosphate by RNase Ain  enzymic active site through long-range Coulombic interac-
detail. They concluded that when a substrate is bound to thetions‘ We Suspect that such |0ng_range Coulombic interac-
active Site, it is relatively imperViOUS to the ionic Strength tions are a common feature of enzymatic Cata]ysis_
or dielectric constant of the surrounding solution. In the
RNase A3’ —UMP complex, the cationic PO and P2 subsites ACKNOWLEDGMENT
can interact via long-range Coulombic interactions with both . )
the cationic histidine residues and the anionic nucleotide. We thank Drs. David J. Quirk and John L. Markley and
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tion from the distal subsites. assistance in collecting calorimetry data, and Drs. Ivan
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the destabilization of the unliganded enzyr88,(94 rather ~ Fésearch groups for the use of their X-ray data collection
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