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ABSTRACT: The X-ray crystal structure of a complex between ribonucleasant guanylyl(3-6')-6'-
deoxyhomouridine (GpcU) has been determined at 2.0 A resolution. This ligand is an isosteric analogue
of the minimal RNA substrate, guanylyl35)uridine (GpU), where a methylene is substituted for the
uridine 3-oxygen atom. Two protein molecules are part of the asymmetric unit and both have a GpcU
bound at the active site in the same manner. The prof@iotein interface reveals an extended aromatic
stack involving both guanines and three enzyme phenolic groups. A third GpcU has its guanine moiety
stacked on His92 at the active site on enzyme molecule A and interacts with GpcU on molecule B in a
neighboring unit via hydrogen bonding between uridine ribdsard 3-OH groups. None of the uridine
moieties of the three GpcU molecules in the asymmetric unit interacts directly with the protein—GpcU
active-site interactions involve extensive hydrogen bonding of the guanine moiety at the primary recognition
site and of the guanosiné-Bydroxyl group with His40 and Glu58. On the other hand, the phosphonate
group is weakly bound only by a single hydrogen bond with Tyr38, unlike ligand phosphate groups of
other substrate analogues ard=3MP, which hydrogen-bonded with three additional active-site residues.
Hydrogen bonding of the guanylyl-®DH group and the phosphonate moiety is essentially the same as
that recently observed for a novel structure of a RNase3FGMP complex obtained immediately after

in situ hydrolysis ofexo(Sy)-guanosine 23'-cyclophosphorothioate [Zegers et al. (1998)ture Struct.

Biol. 5, 280-283]. It is likely that GpcU at the active site represents a nonproductive binding mode for
GpU [Steyaert, J., and Engleborghs (198&). J. Biochem233, 140-144]. The results suggest that the
active site of ribonuclease, s adapted for optimal tight binding of both the guanyl{#H and phosphate
groups (of GpU) only in the transition state for catalytic transesterification, which is stabilized by adjacent
binding of the leaving nucleoside (U) group.

Ribonuclease T(RNase T)! is an extracellular enzyme RNase T has been extremely well characterized, the
from Aspergillus oryza¢hat catalyzes the hydrolysis of RNA  determination of a definitive catalytic mechanism has been
at guanylyl residues yielding new guanosiriepBosphate  elusive. Nevertheless, it is known that contributing residues
and 3-OH ends. This occurs in a two-step process with at its catalytic site include Tyr38, His40, Glu58, Arg77,
cleavage of the RNA chain by transesterification of'a 5 His92, and Phel00 and, with the exception of Arg77, the
phosphoester bond to form a guanosih@ 2yclic phosphate  importance of these residues in catalysis was verified by site-
terminus in the first step followed by hydrolysis of the cyclic directed mutagenesis3) It is generally agreed that the
phosphate to form a guanosineéphosphate in a second, a-carboxylate group of Glu58 acts as a general base and
independent step. This stable, low molecular weight, mono- — —
meric endonuclease is the leading representative of a family _ fllAbbreVIat'?nI?é %%Mylt?a_cytldg% glagosghgte; Gpr,'Ri_eoxy?-’

: : -fluoroguanylyl(3—5')cytidine; 3- , 2-deoxyguanosine
of relat_ed fun_gal/bacterlal proteins _that share sequence an hosphate: dUMP, 2-deoxyuridine 3phosphate: 3GMP, guanosine
three-dimensional structural similaritiek<3). Even though 3-phosphate; GpcC, guanylyl(36')-6'-deoxyhomocytidine; GpcU,
guanylyl(3—6')-6'-deoxyhomouridine; GpG, guanylyl35')guanosine;
T This work was supported in part by FAPESP and CNPq (Brazil). GpU, guanylyl(3—5")uridine; G2p5G, guanylyl(2—5)guanosine;
* Refined coordinates and structure factors have been deposited indCpdA, deoxycytidylyl(3—5)deoxyadenosine; dGpdC, deoxyguanylyl-

the Brookhaven Protein Data Bank: PDB ID code 1B2M. (3—5)deoxyctidine; NMR, nuclear magnetic resonanceQ#, 2-
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§ Department of Physics, UNESP/IBILCE. residues 20 and 21 was hydrolyzed by mild digestion with subtilisin;

' Department of Biochemistry, USP/FMRP. SD, standard deviation; TBP, trigonal bipyramidal phosphorahe; 3
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the s-imidazolium group of His92 acts as a general acid in reported; however, unlike the case for GfpU with RNase T
a concerted action for enzyme-catalyzed transesterification(14), the uridine moiety was not bound to the enzyrhé)(

(3_5) Itis also I|k6|y that the side chains of Tyr38, Arg77, We also prepared Gch and determined tN&F for its
and Phel00 are mainly involved in the electrostatic stabiliza- b|nd|ng with RNase Twas less nega’[ive than that for GpU
tion of a trigonal bipyramidal phosphorane (TBP) transition py only 0.4 kcal/mol, which suggested that its interactions
state, whereas the role of His40 in catalysis is less cBar ( with the enzyme closely approximate those for a minimal
The results of four independent reports on crystal structureSRNA substrate 17). We now report the X-ray crystal
of RNase T complexed with 3GMP showed that His40  structure of a RNase ;¥GpcU complex. Two protein
formed a strong hydrogen bond with the ribo$€ group,  molecules are part of the asymmetric unit and both have
which was also hydrogen-bonded with Glu®8-Q). Onthe  GpcU bound essentially in the same manner at the active
basis of these observations, it was proposed that thesjte. A third GpcU has its guanine moiety at the N1 subsite
imidazolium group of His40 either eleCtrOStatica”y stabilizes on one enzyme molecule and interacts with another Gch
the negative charge on the-@ygen that develops with  on a symmetry-related molecule via hydrogen bonding
proton transfer to the carboxylate of GluZ pr polarizes  petween uridine ribose moieties. Some key findings regarding
the 2-OH gl’OUp to faCi|itate th|S pl’Oton transfer in the firSt interactions at the active Site are that the guanosir@l—z
Sl‘ep of the reaction with RNA?Q HOWeVer, evidence for a group is t|ght|y bound to His40 and G|u58, that the
hydrogen bond between His40 and thé# group in RNase  phosphonate group is only bound with Tyr38, and that the
T1 complexes with GpNN = A, C, G, or U) phosphodiester  yridine moiety does not contact the enzyme.
substrates or substrate analogues has not been reported.

A kinetic model to explain the dramatic effect of the MATERIALS AND METHODS
leaving nucleoside group (i.e., N in GpN substrateskan
proposed tight enzyme binding with the guanosine moiety
such that an initial, catalytically incompetent enzyme
substrate complex only involves interactions with this portio

of the substrated). This initial complex then isomerizes to di h hod al h q
a catalytically productive mode where both nucleoside 2ccording to the method of Jones et dig)( The reporte

moieties specifically interact with the enzyme. This elegant synthesis of 23’-O—isopropyIideng-Gdeoxyhomouridine'6_
model fits all the data but the discrete nature of the two phosphonat¢1(9) was followed with modifications used in
binding modes is unknown. Therefore, it would be useful to the synthesis of the'ghosphonate analogue of 5-fluoro-
study structures of enzyme complexes with nonreactive deoxyuridylate £0). The protected guanosine was produced

analogues of GpN substrates to elucidate different binding I%)\//v?(/jng;/e;i;:?igl\lzgt’i)’g;itr?g?&i-nbzgr?;%;%nuosrigfifl)egél)_
modes regarding the occupancy of previously defined sub- N2-Benzoyl-8-O-(di-p-methoxytrityguanosine was tHen
sites? prepared )élccordingeco the sy?/\thgsiéJ 6{B(di-p-methoxy
The crystal structure of RNasq domplexed Wi_th 6235'6_ trityl)- N*-benzoylcytidine 23). After condensation, the depro-
hgd the 5end guanine qt the primary recog_nmon (gugnme) tected products [guanylyl(36')-6'-deoxyhomouridine and
site and the 3end guanine at_the N1 _subsne where it was guanylyl(2—6')-6-deoxyhomouridine; 80% yield] were sepa-
stacked on the imidazolium ring of His923). RNase Ms rated on a DEAE Sephadex A-25 column (0 cm) by

is an excelle_nt structural model for RNase Ind. the using a 8 L linear gradient of ammonium bicarbonate (pH
structure of this orthologous enzyme complexed with GfpC 8.5) from 0.02 to 0.16 M at a flow rate of 1.3 mL/min at

(a nonreactive substrate analogue of GpC having a fluorlneroom temperature. Treatment of theigmer with 20%

s'ub.Ttitut;t_ing. for thﬁ guanosine’-Q)Hl grogp:\l)lrevgqled &  acetic acid at 100C for 15 min resulted in its equilibration
similar binding at the G (guanine), p1, an SubsitsB.(_ \ith the 3-isomer (slightly favored), which was chromato-

.NMR studies on the bir_1ding of (_Bf_pU Wit.h _RN_asel T graphically purified to increase the yield of the desired
indicated that the guanosine and uridine moieties mteractedproduct_

with the enzyme14). On the other hand, the crystal structure - . .

of orthologous barnase complexed with dGpdC indicated that ”Gch binding W't_?_ IgNase 1TR_|bon|ucI§ase_g(Sln2% .

this substrate analogue was not optimally bound at the aCtivegoﬁ?éTt?a)lti\gr?s\‘/vgs%cle?ern?isne[g?/://iltohuz):nogsrcgbgorpmity I;St
it d mad tacts with neighbori I .

site and made contacts with neighboring moleculés. (In ?78 M Easor) OF 2.1 x 10° ML cm-! (24). The concentra.

all of these cases, the bound substrate analogues did notion of GpcU was determined with the molar absorptivity
tain a 20H , which luded inf ti d- .
contain a group, which precluded information regar for GpU [eas0 nm= 1.06x 10° ML cmt (25)]. Binding was

ing its interactions with the enzyme. A complementary i ) . .

approach to these studies employed an isosteric phosphonat tudied at pH .5'5 using ultraviolet difference spectroscopy

analogue of GpU having a methylene substitution for the 24). The maximum d|ﬁe(ence absorbance occurred at 291

5-phosphoryl oxygen (designated GpcU), which has a MM and values of the difference absorbanté, at this

guanosine 20H group. NMR studies on the binding of ma%ieggggrysz?éeteéﬂ'ged I?rr3al\2;(?r? :ﬁéagfgsngfggi?on
: - Oo. X

GpeU with RNase PR(another RNaseforthologue) were variable total concentrations of GpcU ([](0.479-2.21)

x 1074 M). The equilibrium is characterized ¢y = { ([E]o
2 Nomenclature for subsites on RNasec@n be summarizedinterms — — AA/A€)([L]o, — AA/A€)}/(AA/A€) where Ky is the

of the generalized RNA sequenceZp-1N-1p-G-p1:N1-p2-3, where - gisgociation constantye is the difference molar absorptivity
G represents the primary recognition site for guanosine, p1 is the

binding/catalytic site engaging the guanosif@Bosphodiester group, @t 291 nm andAA/Ae = [EL] (the concentration of the
N1 is the site occupied by the leaving nucleoside group, &@;.1(1). enzyme-ligand complex). Data were fit to the quadratic

Preparation of GpcUGpcU was prepared by condensing
N2-benzoyl-5-O-(dimethoxytrityl)guanosine (1.5 mmol) with
n Pyridinium-2,3-O-isopropylidene-6deoxyhomouridine '6
phosphonate (1.2 mmol) using dicyclohexylcarbodiimide
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solution, AA = Ae{([L]o + [E]o + Kg — (([L]o + [E]o +

Ka)? — 4[L]o[E]0)¥d/2} using NFIT as previously described  statistics

Table 1: Data Collection, Molecular Replacement, and Refinement

(26).

Crystallization. The protein was dissolved in 10 mM
sodium acetate, pH 4.1, at a concentration of 10 mg/mL.
GpcU was added at a molar excess of 1.2:1 and incubated
at 4 °C for 24 h. Crystallization trials used the hanging-
drop vapor-diffusion technique2?) with 24-well tissue
culture plates. A ZL droplet of the proteir-ligand solution
was mixed with an equal volume of reservoir solution [0.1
M Tris-HCI, 0.2 M magnesium chloride, and 30% poly-
(ethylene glycol) 4000 at pH 8.75]. Initial crystallization trials
used screening condition®8) at room temperature. A single
crystal with dimensions of 0.2 0.2 x 0.15 mm was
obtained after 6 weeks of incubation in the presence of the
reservoir solution.

Data Collection.Cu Ka radiation was produced by a
Rigaku RU200 rotating anode generator operating at 50 kV
and 100 mA using a fine focus filament (0.3 mm) and a
crystal monochromator. Diffraction intensities were measured
with a Rigaku R-Axis IIC imaging plate detector. The
crystals belong to space gro&g;2:2; with cell constanta
=69.91 A )b =90.29 A, ancc = 33.98 A; a complete data

set was collected to 2.0 A at 22 EC. The data were processed

using the Rigaku Data Processing Package, PROCESS (
to provide an Bm of 6.4%.

Structure Determination and Refinemefithe atomic
coordinates of RNase;Tin an enzyme-2'-GMP complex
[PDB code 1rnt80)] stripped of solvent and with an overall
temperature factor of 20Awere used as the search model
for molecular replacement using AMORBY). The self-
rotation function indicated the presence of two protein
molecules in the asymmetric unit. The cross-rotation function
using data in the resolution range 2685 A (correlation
coefficient= 19.6/16.1) and translation function (resolution
range 8.6-3.5 A) determined the positions for the two
molecules in the asymmetric unit (correlation coefficient
59.1; R-factor = 38.6%). The rigid body refinement using
data between 8.0 and 3.5 A led to a correlation coefficient
of 69.0 and anR-factor of 32.9%. Simulated annealing,
positional, overall anisotropiB-factor, and individual re-
strainedB-factor refinements were performed with X-PLOR
version 3.1 82). For model building, the program (%)
was used on a Silicon Graphics Extreme workstation. A
number of omit maps were calculated and clear electron
density was observed for the three GpcU molecules at all

stages of the refinement. The refinement converged to a

crystallographic residual of 18.7%f.. = 25.4%) for data

between 8.0 and 2.0 A. An analysis of the Ramachandran

plot by PROCHECK 384) indicated that 90.7% of the

residues lie in the most favored regions and 9.3% of the
residues lie in additionally allowed regions. The rms devia-
tions from ideal values for the final model indicates good
stereochemistry. The final model consists of 1556 protein

atoms, 120 ligand atoms, and 92 solvent molecules. Data

collection, molecular replacement, and refinement statistics
are summarized in Table 1.

RESULTS

GpcU Binding with RNase;TExcellent agreement was
found between the binding data and the model quadratic

Data Collection

max. resolution (A) 2.0
Rsym (%) 6.4
space group P212:2;
cell constants (A) a=69.91,b=90.29,
c=33.98
Molecular Replacement
rotation
resolution range (A) 20:83.5
correlation coefficient 19.6/16.1
translation
resolution range (A) 8:03.5
correlation coefficient 59.1
R-factor (%) 38.6
rigid-body refinement
resolution range (A) 8:03.5
correlation coefficient 69.0
R-factor (%) 32.9

Refinement Statistics

total reflections accepted 26 734
resolution range (A) 8:02.0
o cutoff 2.0
F?/o (overall) 7.4
F2o (last shell 2.6-2.2 A) 3.6
completeness in last shell (%) 69.5
R (%) 18.7
Reree (%) 25.4
rms deviation bonds (A) 0.011
rms deviation angles (deg) 1.742
rms deviation impropers (deg) 1.420

1.0

0.8 |

0.6 [

0.4}

0.2}

0.0 . .
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Ficure 1: Plot of the fractional saturatiory,, for GpcU binding
with RNase T vs free ligand concentration at 2& and pH 5.5.
Experimental values o¥_ were calculated asA®/A«)/[E]o and
corresponding values of [L] as [b}- [EL], where [EL] = AA/Ae.
The theoretical curve was calculated frofm = [L]/([ Kq + [L]).
equation (see under Materials and Methods) whére=
0.9999 and the best-fit values f&g and Ae were (1.85+
0.07 x 10* M and 3633+ 47 M1 cm™1, respectively. A
plot of the fractional saturation as a function of the free GpcU
concentration is shown in Figure 1. The free energy change
for binding was—5.8 kcal/mol AG® = —RT In (1/K)],
which was 0.4 kcal/mol less negative than that calculated
for GpU [AG® = —RT In (1/Ky)] using the Michaelis
constant,Ky, which was determined under essentially the
same conditions3p).

Structural Qeerview. The asymmetric unit of the crystal
consists of two RNase;Tand three GpcU molecules, which
are arranged as shown in Figure 2. Protein molecule A has
one ligand with its guanine bound at the primary recognition
site (GpcU1) and another ligand with its guanine at the N1
subsite (GpcU3). Protein molecule B has only one bound
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(a)

P

Molecule B

(b)

Y45 B
Ficure 2: View of the two RNase Tmolecules and three GpcU molecules in the asymmetric unit. (a) View of RNas®lEcule A
complexed with GpcU1 and GpcU3 with RNaseniolecule B complexed with GpcU2. (b) Detail of the extended aromatic stack at the
dimeric interface where G1 and G2 are the guanine moieties of GpcU1 and GpcU2, respectively; and Y42A, Y45A, Y42B, and Y45B are
phenolic groups of tyrosine 42 and 45 on molecules A and B, respectively. (c) Hydrogen bonds between thée-itbsn@ 3-OH

groups of uridine residues for GpcU2 (U2) of one asymmetric unit with UpcU3)(bf3an adjacent symmetry-related unit; dotted lines
represent hydrogen bonds.

ligand (GpcU2) with its guanine at the primary recognition B. Superpositioning ofo-carbons for the two protein
site. None of the uridine moieties interacts with either protein molecules yielded an rms deviation of 0.4 A. Figure 3

molecule, but the uridine’2and 3-hydroxyls of GpcU3 illustrates the superpositioning of the active-siigand
hydrogen-bond with the same groups on GpcU2 from a regions.
symmetry-equivalent unit in the crystal with four doror Comparisons with 3GMP—RNase TComplexesProtein

acceptor oxygen distances ranging from 2.55 to 2.77 A asinteractions with the guanosine moiety of GpcU at the active
shown in Figure 2C. Also, the uridine-®H of GpcU1 forms site are similar to those observed in RNase-3-GMP

a hydrogen bond with O1P (th@o-Sphosphinic oxygen)  complexes §—9). Hydrogen bonds with guanine at the
of GpcU3 (2.93 A). In addition, a water molecule forms a primary recognition site involving Asn43, Asn44, Tyr45,
strong hydrogen bond with O1P of GpcU1 (2.66 A) but a Glu46, and Asn98 were essentially identical for both ligands
comparable, fixed water was not associated with GpcU2 at (data not shown). Also, all GpcU and-GMP complexes
the active site of protein molecule B. This water molecule had similar hydrogen bonds for His40 and Glu58 with the
is also within hydrogen-bonding distance with the side chains guanosine 20H group; Tyr38 with a nonbridging phos-
of Glus8 (3.08 A), Arg77 (3.57 A) and His92 (3.55 A). phinic oxygen; and main-chain (O) to side-chain—{N)

The dimer interface, which involves essentially homolo- hydrogen bonds that conformationally stabilize His40, Arg77,
gous protein surfaces including the primary recognition site, and His92 (see Table 2). On the other hand, side-chain to
is different from those for other dimeric forms of crystalline side-chain hydrogen bonds between Tyr38 and Asn36 were
RNase T, which exhibit heterologous interactions. It includes only observed in the GpcU1 and GpcU2 complexes. In most
an extended stack of five aromatic groups which proceeds 3-GMP—RNase T complexes the phosphomonoester group
as Y42(molecule AyGua(GpcU1)-Y45(molecule Ay-Gua- completely occupies the pl subsite, where it closely interacts
(GpcU2)-Y42(molecule B) as illustrated in Figure 2B. This  with Tyr38, Arg77, His92, and Phel00; but this is not case
array is accommodated by movement of Tyr45 in molecule for GpcU1 and GpcU2 as well as oneGMP complex 9),
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H92 H92
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F 100 Y 38 F 100 K’ Y 38
R77 Esg R77 Es8

Ficure 3: Superpositioning of GpcU1 and GpcU2 with active-site residues (Tyr38, His40, Glu58, Arg77, His92, and Phe100) on RNase
T, molecules A and B.

Table 2: Selected Hydrogen-Bond Distance8 6 A) for Active-Site Groups in Complexes of RNasgWith GpcU and 3GMP

donor acceptdr distance (A)
residue atom residue atom Gpcul GpcU2 '-GBIP® (site A) 3-GMF* (site A) 3-GMP (site B)
Asn36 ND2 Tyr38 OH 3.13 3.20
Tyr38 OH Gp (P)O 2.43 2.71 2.580.04 2.30 2.80
His40 ND1 Asn36 0] 3.09 2.92 2.840.04 2.98 2.96
His40 ND1 Ser37 O 2.67 2.79 2.940.11 2.84 2.84
His40 NE2 Gp 20 2.56 2.54 2.64: 0.06 2.48 2.56
Gp 20 Glu58 OE1 2.52 2.60 2.62 0.08 2.95 2.66
Arg77 NE Glu58 OE1l 3.29 2.81 3.1 0.19 3.20 3.11
Arg77 NH2(1) Gp (P)O 3.0&:0.21 3.43
Arg77 NH1(2) Gly74 @) 2.66 3.09 2.990.10 2.16 297
Arg77 NH1(1) Asp76 (0] 3.01 2.84 2.9%0.05 2.86 2.99
His92 ND1 Asn99 (0] 2.81 2.86 2.70.02 2.85 2.86
His92 NE2 Gp (P)O 2.7%0.27 2.60

a2 (P)Q is a nonbridging oxygen bound to phosphoPusverage+ SD for conformations of 3GMP with the phosphate group at site 8);(PDB
codes 1rga®), 1rgc (7), and 1rls 8). ¢ Conformation of 3GMP with the phosphate group at site A; PDB code 6g3p {Conformation of
3'-GMP with the phosphate group at site B; PDB code 4@3p (

where the phosph(on)ate groups partially occupy this subsite Comparisons with Dinucleoside Monophospha&Nase
having a single hydrogen bond with Tyr38. The different T, ComplexesG2p5G and GfpC, which lack a ribose-2
interaction loci for the phosphomonoester group in these OH on the 5-end guanine nucleoside, adopt glycosidic and
alternate positions were referred to as site A (complete backbone conformations that permit their phosphodiester
occupation of the p1 subsite) and site B (partial occupation groups to completely interact at the p1 subsite (site A) with
of the p1 subsite)9).3 Tyr38, Glu58, Arg77, His92, and Phel0D2( 13) like the

The guanosine glycosidic torsion anglg) (narrowly phosphomonoester groups 6fGMP in most complexes (see
ranged from 44to 63 for all 3'-GMP and GpcU complexes  above). Superpositioning of active-site residues for RNase
at the active site of RNase,. TSimilar ribose conformations  T;—GpcU (molecule A with GpcU1 and GpcU3), RNase
with pseudorotational angle®) ranging from 51 to 96° T,—G2p5G, and RNase MsGfpC complexes gave the
(C4-exoto Oy-endg were observed for'SGMP complexes,  results in Figure 4. Portions of the ligand molecules were
which have their phosphate groups at site6&-9). On the excluded to highlight the following points. All guanine
other handP closely ranged from 161to 180 (~Cz-endq residues at the primary recognition site occupy essentially
for GpcU1/GpcU2 and '3GMP, where the phosph(on)ate the same relative position as a result of extensive hydrogen
groups occupy site BY. Superpositioning of either GpcU1  ponding and, with the exception of His39 of RNase Ms
or GpcU2 with 3-GMP occupying phosphate site B, showed (equivalent to His40 of RNase,) all active-site residues
near congruence for their guanylyl moieties and placed their are almost congruent. Remarkable coplanarity was also
phosphorus atoms less than 0.9 A apart (data not shown) ghserved for base groups stacked on the imidazolium group
of H92 at the N1 site, including the guanine of GpcU3, the

3 Crystal structures were determined fexo(S;)-guanosine 23- 3'-end guanine of GR5 G, and the cytosine moiety of GfpC.
cyclophosphorothioate complexed with RNageiid during the course Unlike binding of the guanine moiety at the primary
of its slow hydrolysis to guanosiné-ghiophosphate, which is rapidly - . .
desulfurized to 3GMP (9). The conformation of the initial’SsGMP recognition site, the base groups at the N1 subsite are not

product had its phosphate group positioned for hydrogen bonding only constrained by hydrogen bonds so that different coplanar
with Tyr38 (site B). Subsequently, the conformation of nucleotide qgrientations of the same base group can occur; e.g., compare

changes so that the phosphate group also interacts with Arg77, His92, : " . . .
and Phe100 in addition to Tyr38 (site A). [This latter structure was the two guanine moieties at this locus in Figure 4. Good

previously found for directly prepared crystals of tHe@VIP—RNase overlap was also observed for the phosphate groups of
T, complex 6—8).] Specific hydrogen bonds with the guanine and G2p5G and GfpC (at site A) but their phosphorus atoms

guanosine 20H moieties were maintained in the initial and final ; ;
binding modes of 3GMP. It was also noted that the residues involved were ove 2 A.dls.tant fro.m that in .the phosphonate group
in phosphate group binding occupied fixed positions regardless of of GPCUL, which is considerably displaced at the p1 subsite

covalent and conformational changes in the bound nucleddide ( to site B.
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Ficure 4: Superpositioning of active-site residues and ligand portions for RNas&gcU1/3, RNase {-G2p5G, and RNase Ms

GfpC complexes. Thick, medium, and thin lines represent RNas&pcU1/3, RNase [-G2p5G, and RNase MsGfpC complexes,
respectively. For clarity the'fend guanosine ribose group was not included. Only the guanine (G3) of GpcUS3 is shown and G1 refers to
this moiety on GpcUL. The'&arbons of the '3end nucleosides are not shown for'@2G and GfpC. The phosphate groups 625G

and GfpC at site A are illustrated by the overlapping tetrahedral figures in the middle of this view, which are displaced from the phosphonate
group at of the Bdeoxyuridine 6phosphonate fragment (U1) of GpcU1 at site B. The active-site residues are all numbered according to
the RNase T sequence.

Table 3: B-Factors for Different Moieties of Dinucleoside Monophosphate Substrate Analogues and Guanine Nucleotides from Crystal
Structures of Their Complexes with RNase df RNase Ms

B-factors (& + SDY

5'-end nucleoside phosphor(on)yl group, '&nd nucleoside
ligand? guanine sugar PO(PGs) sugar base
GpcUl 5.6+ 2.8 16.1+ 3.6 241+ 1.7 29.3+t 4.4 28.2+ 4.2
GpcUu2 9.5+ 2.8 16.8+ 2.5 27.0+ 4.8 30.9+ 2.5 38.0+ 1.2
Gpcu3 22.8+-4.4 22.0+ 2.6 19.4+ 1.7 222+ 2.9 20.5+ 3.3
GfpC (13 20.6+ 15 27.4+5.4 25.3+ 3.6 33.8+ 3.0 30.5+ 2.8
G2p5G (12 22.3+1.6 29.8+£ 0.8 31.4+0.3 29.6+ 0.6 27.0£ 0.6
3'-GMP (6) 12.4+1.8 25.44+ 3.2 32.2+25
3-GMP (7) 16.0+ 2.3 355+ 54 472+ 1.7
3-GMP () 12.4+2.8 28.3+ 6.0 48.9+2.6
3-GMF* (9) 29.1+1.7 40.3+ 2.5 459+ 0.5
3-GMP (9) 18.2+1.8 23.6+ 2.0 26.7+ 1.1
2-GMP (23 153+ 1.1 21.2+0.8 225+ 0.4

a Suffixes 1, 2, and 3 for GpcU refer to ligands with guanine groups bound at the primary recognition site of protein molecule A, the primary
recognition site of protein molecule B, and the N1 subsite of protein molecule A, respectively. Numbers in parentheses are references. Data for
GfpC and G25G are for major conformers only.AverageB-factors were calculated for all atoms in each moiety; bridging atoms in the ester
linkages were considered as part of the sugars; nonbridging phosphorus-bound oxygens were considered part of the phosplzoaph(Bghate
(PQs) groups.c Conformation of 3GMP with the phosphate group at site #Conformation of 3GMP with the phosphate group at site B.

Dynamics of Bound Ligandsieterogeneity oB-factors DISCUSSION
was observed that correlated with base, sugar, and phos- ) o
phonate/phosphate segments of the bound ligands as shown Ligand Interactions at the Acte Site Are Not Dependent
in Table 3. In the cases of GpcU1, GpcU2, areG3P on the Crystal Structureln view of the structures of the
B-factors for the guanine, guanosingbose, and phos- G.z [;]?ﬁ—RN;lSE T and tG;pSrTT’\éaseU'\ﬁS co(;nptlet}(]es, Itt'
phonate moieties are inversely proportional to the number mig ave been expected that pety bound at the active
of hydrogen bonds involved in binding each segment. [The site (.)f RNa_se Twould hgve its phosphonate group in C'O?’e
relationship of B-factors with proteisiigand hydrogen proximity with Arg??, H|392, and Phel00 at the pl subsite
bonding was recently reported for glycoside binding with and that the uracil moiety would be stacked on His92 at the

i he hioherB-f ¢ . N1 subsite. Therefore, it is possible that the lack of these
concanavalin A6).] The higher-factors for GpeU3visa  jyteractions is a result of crystal packing, particularly since

vis those for GpcU1/GpcU2 and their similarity between hydrogen bonding between GpcU3 and GpcU2 (in a neigh-
segments are consistent with the lack of hydrogen bondingoring asymmetric unit) was shown to be part of the lattice
between GpcU3 and the protein. The much smaller gradientstrycture. Arguments against this view can be summarized
in B-factors for guanine and guanosingbose moieties of a5 follows. First, the results in Figure 3 and Table 2 indicate
bound GfpC and GRS G suggests a cooperative dynamic that the two GpcU molecules at their respective active sites
linkage between the guanine and ribose segments that ishave almost identical conformations and hydrogen-bonding
dependent on their mutual binding. The lower guanine characteristics (involving the guanine, guanosin®#®, and

B-factors for bound 2GMP correlate with those for its more  phosphonate groups), even though they differ in their local
tightly bound phosphate groug?). environments regarding the existence of a watdros-
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phonate interaction for GpcU1, the presence of guanine (frominteraction of Lys41 with the apical-»dxygen @1). There-
GpcU3) stacked on His92 adjacent to GpcU1, and a hydrogenfore, members of three ribonuclease superfamilies catalyzing

bond between the uridine ribose of GpcU1 and the phos-

phonate of GpcU3. Second, NMR studies of GpcU binding
with orthologous RNase Rindicated that the uridine moiety
was not bound to the enzymé&#g). Third, alternate minor
conformations were observed for bound @G with RNase

T:1 (12) and for gfpC with RNase MslQ) that form fewer

comparable transesterification reactions have a hydrogen-
bond donor (i.e., either imidazolium, hydroxyl, or ammonium
groups) in the same region of the active site as the His40
imidazolium group of RNaseTand it is possible that these
groups share a common functional interaction with the
substrate 20H group. Molecular dynamics simulations of

hydrogen bonds with the phosphate groups at the p1 subsitesubstrate interactions with RNasg(#2) and RNase A43)
and exhibit no interactions at the N1 subsite for guanine and predicted hydrogen bonding of th&@H group with His40
cytosine base groups, respectively. Also, a precedent for theand Lys41, respectively; in the case of RNase A, it was

binding mode of the guanylyl moieties of GpcU1/GpcU2
has recently been reported for a RNasedmplex with 3-

suggested that this interaction with Lys41 might be required
for efficient deprotonation of this substrate group by His12

GMP where its phosphate group only involves hydrogen (43). In addition, site-directed mutagenesis studies of His40

bonding with Tyr38 at site B (see above). Last, kinetic and
mutagenic studies of RNasg With GpN substrates inde-

of RNase T (44), Lys27 of barnase4f), and Lys4l of
RNase A 46) reported a dramatic loss in activity upon

pendently suggested that a nonproductive, major binding substitution, and in all cases where kinetic parameters were
mode has no interactions of the leaving nucleoside (N) group determined, this was mainly reflectedkg, which suggests

at the N1 subsite of the enzyme)( Therefore, it is

a role for these residues in transition-state stabilization.

reasonable to conclude that the binding interactions of GpcU1  Hydrogen-bond donor interaction might orient the reactive

and GpcU2 with RNaselobserved here are not the result

2'-OH group for more efficient proton transfer to the general

of crystal lattice forces and most likely approximate those base catalyst (i.e., a carboxylate for RNasg ahd its

that occur in solution. The fact th&G° values for GpcU
and GpU binding with RNase;Tare almost the same (see

orthologues; an imidazole for RNase Rh and RNase A).
However, in cases where the putative hydrogen-bond donor

above) suggests that they bind in a similar manner. On thegroup is relatively acidic (e.g., His imidazolium or Lys

other hand, the binding of GpcU3 at the N1 site to form a
tertiary complex with protein molecule A and GpcUL1 is
obviously stabilized by its bonding with GpcU2 in a
neighboring asymmetric unit.

Significance of Guanylyl’20H Group Interactions with
His40 and Glu58Studies on the pH dependence of ligand
binding with RNase T comparing a variety of guanosine

ammonium groups) it is not clear how reprotonation of the
nascent alkoxide could be prevented, although this was
reported to be theoretically possible in a gas-phase model
system for RNase A4(7). Cooperativity observed for the
catalytic action of His40 and Glu58 of RNase (£4) might
reflect their common hydrogen bonding with the substrate
guanylyl 2-OH group. Whether these interactions are the

and deoxyguanosine nucleosides/nucleotides revealed thesame for catalytic and noncatalytic substrate binding modes

existence of a binding site for th&@H group and suggested

the involvement of a deprotonated carboxyl group and a

protonated imidazole group in this interactio87( 38).

iS uncertain.
Comparisons with UpcA, dCpdA, and-GMP Binding

with RNase AUpCcA is a substrate analogue for pyrimidine-

Subsequently, a crystal structure of the enzyme complexedspecific RNase A (or its active derivative RNase S) that
with two guanosines was reported and indicated that corresponds with GpcU for guanine-specific RNasg T

hydrogen bonds for the guanosine@H group at the active

site involved the side chains of His40 and Asn36; however,

modeling of enzyme binding with GpG in the same report
predicted that the Gud-©OH group (5-end) was hydrogen-
bonded with His40 (donor) and Glu58 (accept@&y)( This

Coordinates for an unrefined X-ray crystal structure of a
RNase S-UpcA complex 48) were used to contrast the

ligand binding modes for the two enzymes. The uracil moiety
of UpcA is bound at the primary recognition site of RNase
S; however, unlike the corresponding case for RNage T

prediction was experimentally supported by four independent the adenine moiety occupies the N1 subsite being stacked

crystal structures for RNase¥3'-GMP complexes@—9).

In the present study we now show that similar binding of
this 2-OH group also occurs with a more RNA-like substrate
analogue.

on the imidazolium group of His119 (putative general acid

catalyst) and the phosphonate group “completely” interacts
at the p1 subsite. The latter conclusion is strongly supported
by the results in Table 4, which compare hydrogen bonding

Even though His40 is not conserved among orthologues at the active site of RNase S with UpcA and RNase A with

of RNase T, those with known crystal structures have

3'-CMP and dCpdA ligands. The uridylyl moiety of UpcA

superposable hydrogen-bond donor groups at this locale,superposes almost congruently with the bour@BIP with

including Thr42 for RNase St and Lys27 for barna$s)(

all atoms displaced by less than 0.75 A (data not shown),

In the case of barnase, it had been suggested that Lys27 idut no interactions of the uridylyl'20H group with His12

functionally analogous to His40 in RNase 5). Non-

and Lys41 were observed. On the other hand, (P)O atoms

orthologous enzymes in two additional ribonuclease super- of the phosphonate group of UpcA and the phosphate groups

families also have Lys residues in this position, with Lys
108 for RNase Rh and Lys41 for RNase B3]. In the case
of RNase A the crystal structure of its complex withGGVIP
revealed hydrogen bonding of the ligand@H group with
the e-NHz* group of Lys41 40). In addition, the structure

of 3-CMP and dCpdA bind in a similar fashion. It is
interesting that the distance between the imidazolium group
of His119 and CB&in the UpcA complex is almost identical

to that with a (P)O in the'3CMP complex and "® in the
dCpdA complex (see Table 4). (In contrast, the corresponding

of RNase A-uridine vanadate complexes (an analogue for distance between His92 and ‘G the RNase T—GpcU
a likely TBP intermediate/transition state) evidenced a strong complex is 6.9 A.) These results demonstrate that a phos-
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Table 4: Selected Hydrogen-Bond Distances for Active-Site Groups _exce"e_nt mo_dels for ground'Sta_te SUbS_trate inte_raCtionS_' _Since
in Complexes of RNase A with UpcA and-@MP it is axiomatic that enzymes bind optimally with transition
states for the catalyzed reaction, we hypothesize that strong

donor acceptot distance (A) ; .
e with 2 TBP-lke transiton state, which explains iy
i i ' d - )
(moiety) atom (moiety) atom UpcA 3-CMP"_dCpoA neither GpcU nor UpcA binds at all available subsites (i.e.,
3:21121 mgg Eg Eggg 5:8‘71 g:gg g:% no binding at the p1 and N1 subsites for GpcU with RNase
Phe120 N PO (PO 3.14 272 3.07 Ta1; no binding at the uridylyl 20H subsite for UpcA with
His119 ND1 A (80  3.08 3.06 2.67 RNase A). This suggestion implies that catalytic groups at
u/iC 20  Hisl2 NE2 454 291 the p1 subsite of RNase &re stabilized for transition-state

Lys41 NZ u/iC 20 6.97 2.68

Asndd  ND2 UG 0 314 361 binding and this is evidenced by their fixed positions (held

— - — by side-chair-main-chain hydrogen bonding; see Table 2)
¢ PO, represents the phosphinic group with two nonbridging oxygens: i, the free enzyme and a variety of complexes as recently
(P)O is a phosphinic oxygen; U C, and A are urldlnz_e, cytidine, and noted ©). The observation of alternate binding modes for
adenosine/édeoxyhomoadenosine, respectivélfCoordinates were : vall Inding

obtained from ref48. ¢ PDB code 1rpf 40). ¢ PDB code 1rpg 40). the phosphomonoester group dfGMP (9, 26) and the
e5'0 for dCpdA or its spatially equivalent® in UpcA or P(O) in phosphodiester groups of GB8 G (12) and GfpC (3) also
3-CMP. supports this hypothesis.

The “exit” conformation of the 3GMP (i.e., phosphate
phonate ester group (on UpcA) and a phosphodiester groupoound at site B) hydrolysis product eio(S;)-guanosine
(on dCpdA) bind in a similar manner at the p1 subsite of 2,3-cyclophosphorthiolate is essentially the same as that for
RNase A, which is consistent with the fact that both groups the guanylyl moiety of GpcU at the active site. This
are monoanionic at the pH values used and have a similarobservation suggests that the GpcU complex might represent

calculated negative charge on their (P)O atoms (data nota preferred “entry” conformation for a dinucleoside mono-
shown). phosphate (GpU) substrate. In this regard, the protonation

state of these exit and entry modes would be the same with
Glu58 and His92 side chains in their anionic and cationic
forms, respectively. Therefore, it is possible that there is a
preferred sequence of GpN substrate interactions with the
enzyme that first involves strong hydrogen bonding with the
guanosine moiety (base and@H groups) and the phosphate
with Tyr38 prior to interaction of the leaving nucleoside
group at the N1 subsite, which promotes the TBP transition
state at the pl subsite via interactions with Arg77, His92,
and Phel00. Advancement to the transition state might
involve continued interaction of the phosphate group with
) . Tyr38, which possibly acts as a “snare” to guide this process.
nevertheless, they compare roughly as:, POCytosine < Such a role would be consistent with the exclusive effect of

adenine< deoxyriboses. This order again correlates with :
a Tyr38Phe mutant ok (3). The observation of a hydrogen
the number of hydrogen bonds between the enzyme and eac%or?ld of Tyr38 with A;tn(st in the present study {Tab?e 2)

mhoiety (data r(qut shO\(/jvn) fbut(;s dLrJzimat(ijc?slly olIJifzfe_re_r|1_t glorg suggests the possibility of a more concerted process in
the corresponding order for GpcUL and GpcUZ in Table 3. achieving the transition state since the latter residue was

It is possible that tighter binding of the leaving nucleoside reviously proposed to interact with the ribose at the N1
group at the N1 site characterizes RNase A'vigsaRNase gubsite 3)){ prop

T, since the adenine group of dCpdA is stabilized by several

_hyfjrogelj bonds in addi_tion to stacki_ng _interactions on the ported by the results of the present study. (1) GpcU binding
imidazolium (general acid) group, which is common to both 5 16 active site of RNase Thvolving the guanine moiety

enzymes 32, 48; see Figure 4). Therefore, it is likely that (hydrogen-bonded with Asn43, Asn44, Tyr45, Glu46, and
RNase T and RNase A differ regarding the relative affinities Asn98), the guanosine-BH group (hydrogen-bonded with
at the different subsites for dinucleoside monophosphate yisag and Glu58), and the phosphonate (hydrogen-bonded
substrates. It is also noteworthy that the binding of dinucleo- \y;ip Tyr38 only) is essentially the same as that for the major
side monophosphona;e substrate analogue; for bo.th enzymefinding mode of the substrate, GpU. (2) This substrate
appears to exclude simultaneous, strong interactions at the,inging mode facilitates catalysis by decreasing the mobility
2'-OH and p1 subsites that compose the catalytic site.  (andj/or optimizing the orientation) of the phosphate aRd 2
Implications for the Transesterification Catalytic Mech- OH groups along the reaction coordinate. (3) Maximal
anism.The results of the present study on the RNage T  interaction of the substrate’s guanosirtédH and phosphate
GpcU complex and previous results on the RNase#fscA groups is only achieved for the TBP intermediate/transition
complex suggest that these phosphonate substrate analogues
have the potential to interact optimally with the enzyme at < pjfferent interactions at the' ®H subsite for RNaseTand RNase
all relevant subsites including the primary recognition site A were previously evidenced in ribose/deoxyribose nucleotide binding

; ; TRy ' studies. It was found that the affinity of RNase With 3-GMP is
(guanine with RNase iTand uracil with RNase A), the'2 considerably greater than that fordGMP 37) but the opposite was

OH subsite (RNase Tonly),* the p1 subsite (for RNase A {rye for RNase A, where its affinity with’ZIUMP is significantly
only), and the N1 subsite (for RNase A only) and are greater than that for'3JMP (49).

The above findings suggest that the hierarchy of subsite
binding affinities for dinucleoside monophosphate substrates
is different for RNase A and RNase fiegarding interactions
at the primary recognition (guanine or pyrimidine), (Quanyly!
or pyrimidylyl) 2’-OH, p1, and N1 subsites. Unfortunately,
B-factors for the RNase AUpcA complex are not available
to corroborate this view, but they are available for the RNase
A—dCpdA complex, which reveals a similar overall binding
mode of dCpdA with that for UpcA. Unlike the results for
GpcU1 and GpcU2 in Table 3, thifactors for dCpdA are
considerably more variable for atoms within each moiety;

Summary.The following tentative conclusions are sup-
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state, which is stabilized by interaction of the leaving
nucleoside moiety at the N1 subsite.
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