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The ribonuclease T1 family, including RNase Pol secreted X-ray Structure RNasc Pol out-form
by Pleurotus ostreatus, exhibits antitumor activity. Here, we resolved the < v -, . g T8

Pol/guanosine-3'-monophosphate complex (3'GMP) structure at 1.75 A.
Structure comparison and fragment molecular orbital (FMO) calculation
between the apo form and the Pol/3'GMP complex identified Phe38,
Phe40, and Glu42 as the key binding residues. Two types of the RNase/
3'GMP complex in RNasePol and RNase T1 were homologous to Pol,
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and FMO calculations elucidated that the biprotonated histidine on the 3 e J b > .
sheet (His36) on the $33 sheet and deprotonated GluS4 on the 4 sheet / ,),.‘"\'Y" Y
.. . v ULyl
were advantageous to RNase activity. Moreover, tyrosine (Tyr34) on the Gluss g/ Bty
3 sheet was elucidated as a crucial catalytic residues. Mutation of Tyr34 A 5/‘ -]
with phenylalanine decreased RNase activity and diminished antitumor LN S

efficacy compared to that in the wild type. This suggests the importance of
RNase activity in antitumor mechanisms.
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RNase has focused on a-sarcin and onconase, both
demonstrating strong antitumor activity.l(’_18 Their cationic
surfaces facilitate binding to the plasma membrane for
internalization. Pol shares a similar cationic surface, believed

The ribonuclease T1 family, found in fungi and bacteria,
includes a low-molecular-weight enzyme that hydrolyzes
single-stranded RNA using a 2',3'-cyclic phosphate inter-

mediate at the 3’ end of oligonucleotides.” RNase Pol, a to be crucial for its antitumor activity.” While cytotoxic RNases
member of the RNase T1 family, is secreted by an edible target intercellular RNA, the link between RNase activity and
mushroom, Pleurotus ostreatus.” It is an 11 kDa enzyme sharing antitumor activity remains unknown. This study aimed to
40% homology in the amino acid sequence with RNase T1, clarify the catalytic residues and mechanism involved in RNase
which is one of the most representative RNase enzymes in the activity within the RNase T1 family and explore the
T1 family. Both RNases are neutral and specific in their relationship between RNase activity and antitumor effects.

function.”” Pol, an alkaline protein in terms of the theoretical We present the structure of the Pol/guanosine-3'-mono-
isoelectric point (PI), exhibits antitumor activity against phosphate (3'GMP) complex, identifying the key residues for
neuroblastoma and leukemia cells.* In the RNase T1 family, 3'GMP base recognition, and discussing the mechanism of
a-sarcin differs from Pol in structural properties in that the a- water-mediated RNA binding. We highlighted a new catalytic

sarcin protein secreted from Aspergillus giganteus is alkaline in
PI and exhibits antitumor activity; however, it is large (17 kDa)
and has low amino acid sequence homology with T1.>*° The
(a+p)-type structure of the RNase T1 family features a highly
conserved active center”’”'” containing catalytic residues
crucial for its catalytic activity (Figure 1). While His40,
Glu58, Arg77, and His92 in RNase T1 were considered June 28, 2024
potential catalytic residues, other studies have suggested that September 10, 2024
GluS8, instead of His40, may serve as a common base September 10, 2024
catalyst.'”~"> Despite these efforts, the mechanism and specific September 20, 2024
catalytic residues involved in the RNase activity of the T1

family remain unclear. Research on the antitumor activity of

residue, Tyr34, and analyzed its structure and interactions
using the fragment molecular orbital (FMO) method,"”” a
quantum chemical calculation method. Furthermore, a
comparison between mutant Pol (Tyr34/Phe34) with
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Figure 1. Primary and secondary structures of RNase Pol and RNase T1. Pol, RNase Pol; T1, RNase T1. Sequences in common are enclosed in
boxes. Numbers above and below the matrix represent RNase Pol and RNase T1 numbering, respectively. *Catalytic site. The base recognition site
is shaded. Secondary structures are denoted as follows: al, a-helix; fn, f-strand structure.

reduced RNase activity and wild-type Pol indicated a
relationship between RNase activity and antitumor activity.

RNase Pol was expressed in Escherichia coli. The cDNA was ligated
into the expression vector pET-pel-Pol, constructed following the
procedure by Huang et al.”’ from pET22b (Novagene, Darmstadt,
Germany), and subsequently transferred to E. coli BL21 (DE3) pLysS
(Novagene). The cells were cultured in Terrific broth at 25 °C for 7
days and supplemented with 100 yg/mL ampicillin. Subsequently, 1
mL of 0.5 M isopropyl -D-thiogalactopyranoside (IPTG; Wako Pure
Chemical Industries, Osaka, Japan) was added to 1 L of the medium
to yield a final concentration of 0.5 mM. The supernatant of the
culture was used for subsequent purification steps, which included
fractionating with 90% saturated ammonium sulfate and collecting the
precipitate by centrifugation at 16,900 X g for 30 min at 4 °C. The
precipitate was resuspended in 10 mM acetate buffer (pH 6.0) and
dialyzed overnight against deionized water. The dialysate was heated
to 60 °C for 10 min and then rapidly cooled in ice-cold water for 10
min. The precipitate was recovered by centrifugation at 16,900 X g for
30 min. Subsequent purification steps were performed using
previously described protocols.” The mutant Pol was expressed in
the same way as the RNase Pol. The cells were cultured in Terrific
broth at 25 °C for 4 days, and the supernatant of the culture was used
for subsequent purification steps using column chromatography in the
following order: Sp-Toyopearl column (3 X 30 cm, TOSOH, Tokyo,
Japan) at pH S5.0, Ultrogel AcAS4 column (3 X 180 cm, GE
Healthcare) at pH 7.0, DEAE-Toyopearl column (3 X 30 cm,
TOSOH, Tokyo, Japan) at pH 7.0, and Heparin-Sepharose column (1
X 20 cm, GE Healthcare) at pH 4.5. Finally, the RNase-active
fractions of mutant Pol were subjected to gel filtration using an
Ultrogel AcAS4 column (1.5 X 180 cm, GE Healthcare) at pH 7.0.

RNase activity was measured as previously described using yeast RNA
(Marine Biochemicals, Tokyo, Japan) as the substrate at pH 7.5 and
37 °C*

The protein concentration of the final enzyme preparation was
measured colorimetrically and quantified using a Pierce BCA Protein
Assay Kit (Thermo Fisher Scientific, Waltham, Massachusetts) with
bovine serum albumin as a standard.

Tricine-SDS-PAGE was performed using a 15% polyacrylamide gel
: S 22,23 : :

using Schagger’s method. Proteins on the gel were stained by

using silver staining.
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Anticell proliferative activity was measured using human leukemia
cells (HL-60 cells) using the method followed by Nitta et al.** The
HL-60 cells were cultured in RPMI 1640 (Invitrogen, Carlsbad, CA)
supplemented with 10% fetal calf serum (Bio West, Strasbourg,
France). The cells were collected via centrifugation, subsequently
suspended in the medium, and diluted to 3 X 10° cells/mL. The cell
suspension (200 uL) was added to each well of a 96-well plate.
Subsequently, 10 pL of various RNase Pol or mutant Pol
concentrations previously filtered with a Millipore filter (Millex-GV
Billerica, MA, USA) was added.

Viable cells were counted using the MTT assay after 72 h of
incubation at 37 °C under 5% CO,. After 10 uL of 0.5% MTT
solution (Wako Pure Chemical Industries, Ltd.) was added in the
well, incubation was continued for a further 2—3 h at 37 °C and 5%
CO,.

Subsequently, the absorbance at 570 nm was measured. The
inhibition activity of cell proliferation in the cells was calculated as the
percentage decrease of the increase in cell number without mutant
Pol.

For crystallization, purified RNase Pol was dissolved in a buffer [20
mM Tris (hydroxymethyl) aminomethane-HCl (Wako Pure Chem-
ical Industries, Osaka, Japan) (pH 7.5)] and adjusted to 10 mg/mL.
Subsequently, RNase Pol was mixed at a molar ratio of 1:5 with
3’GMP (Sigma Chemical. Co., St. Louis, USA) on ice. RNase Pol
complexed with 3'GMP was crystallized at 20 °C by using the
hanging drop vapor diffusion method. An initial crystal was obtained
using specific conditions [60% (v/v) Tacsimate (pH 7.0) and 0.1 M
BIS-TRIS propane (pH 7.0)] in SaltRx (Hampton Research, Aliso
Viejo, CA). Drops were placed over a well containing 500 uL of a
reservoir solution. Crystals suitable for data collection were obtained
in drops containing 0.5 uL of protein solution (10 mg/mL) mixed
with 0.5 uL of reservoir solution [S0% Tacsimate (pH 7.0)] after S
days.

Diffraction data were measured at 100 K and a wavelength of 1.100 A
by using a PILATUS 2M-F detector on beamline BL-1A at the
Photon Factory, Tsukuba, Japan. Data from a single crystal were
integrated and scaled using HKL2000.>> The structure was
determined via molecular replacement with phaser MR*® using
RNase Pol’s structure (PDB code 3WHO) as a search model.
Structure refinement was performed using Refmac5®” and Phenix.”®
The molecular model was manually corrected in the electron density
map using Coot.”” (Table 1).
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We computed two binding forms of Pol and T1 (Figure 2A—D). The
form is illustrated by the RNase T1/3'GMP complex (PDBID:
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Figure 2. Modeling of the in- and out-forms of Po1/3'GMP and T1/
3'’GMP. (A) Out-form of the Pol/3’GMP complex. The side chain of
GluS4 was the deprotonated state of a carboxylate group. This model
was derived from PDBID: 3WR2. (B) In-form of the Pol/3'GMP
complex The side chain of GluS4 was the protonated state of a
carboxylate group. This model was derived from PDBID: 3WR2.
(C)In-form of the T1/3'GMP complex. The side chain of GluS8 was
the protonated state of a carboxylate group. This model was derived
from PDBID: 6GSP. (D) Out-form of the T1/3'GMP complex. The
side chain of GluS8 was the deprotonated state of a carboxylate group.
This model was derived from PDBID: 4GSP.

6GSP), where the phosphate is bound to the deep region of the active
center. On the other hand, the out-form is depicted by the RNase
Pol1/3'GMP complex (PDBID: 3WR2), where the phosphate is
bound to the shallow region of the active center.

The out-form of Pol/3’GMP, in-form of T1/3'GMP, and out-form
of T1/3’GMP were modeled using X-ray crystallographic structures.
Contrastingly, the in-form of Po1/3’GMP was modeled by combining
the Pol/3'GMP and T1/3'GMP complex.

In-Form of Po1/3’GMP. First, the structures of the Pol/3'GMP
(PDB ID: 3WR2) and T1/3'GMP (PDB ID: 6GSP) complexes were
superimposed on the main chain, and the 3’GMP in the Pol/3'GMP
complex was replaced by the T1/3'GMP complex. Subsequently,
water molecules in the Pol/3’GMP complex were removed within 2.0
A of the 3'GMP. The side chain of the carboxylate group of Glus4
was deprotonated (Figure 2A).

Out-Form of Po1/3'GMP. The crystal structure of Pol/3'GMP
(PDB ID: 3WR2) was used as the initial structure (Figure 2B).

In-Form of T1/3’GMP. The crystal structure of T1/3'GMP (PDB
ID:6GSP) was used as the initial structure. The side chain of the
carboxylate group of GluS8 was deprotonated (Figure 2C).

Out-Form of T1/3’GMP. Subsequently, we removed the
guanosine-2’,3’-cyclophosphorothioate (SGP) from the crystal
structure of T1/3'GMP and the SGP complex and used it as the
initial structure (Figure 2D).

All the models were protonated using Protonate 3D, available in the
Molecular Operating Environment (MOE) software package.”® The
models of the in-form of Pol/3'GMP, in-form of T1/3’GMP, and
out-form of T1/3'GMP were optimized from the ligand to
surrounding 4.5 A amino acid residues with a constraint (tether =
0.5), followed by hydrogen optimization. Contrastingly, the out-form
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model of Pol/3'GMP was optimized using only all hydrogens with a
constraint (tether = 0.5). All optimizations were performed under the
AMBER10: EHT force field.”’

All FMO calculations'® were performed on the Fugaku super-
computer using the ABINIT-MP program®> at the second-order
Mgller—Plesset perturbation theory (MP2),**** with a 6-31G* basis
set. In this calculation, all proteins were divided by the amino acid
residues, and the ligand (3'GMP) was divided into base and sugar—
phosphate fragments.>

In FMO calculation, E,; which was the total energy of the
molecule, was expressed by the following equation using E;, which
represents the energy of the monomer fragment without environ-

mental electrostatic potential, and AE;, which represents the two-

i
body interaction energy between fragments i and j.

Etatul = Z Ei/ + Z AENI]
i

i>j

Herein, AE; is known as IFIE. IFIE represents the sum of the
following four components as obtained using PIEDA (pair interaction
energy decomposition analysis):>* AE™, electrostatic; AE™,
exchange-repulsion; AECTHW, charge transfer with higher-order
mixed terms; and AE™, dispersion interaction terms. In other
words, IFIE is the sum of the energies of these four energy terms.

~ DI

AE; = AE® + AES + AEST™™ + AE,

The hydrogen bond interaction was mainly composed of ES and CT
+mix terms. The CH/z and 7—7 interactions were mainly composed
of the DI term.*®

Expression of RNase Pol in E. coli provided approximately
35,000 units (~17 mg) of RNase Pol in 2 L of culture
supernatant. RNase Pol was homogeneous, as shown by SDS-
PAGE (Figure 3(1)). The crystals of the Po1/3’GMP complex
were obtained in the space group P2,2,2, with the following

(1) ()

(A) (B) (A) (B)
; {as 100kDa
% ,75kDa

<88 100kDa -
75kDa W 37kDa
25kDa
'. 37kDa | 15kDa

25kDa Mutant

. 15kDa Po1 g 10kDa

Pol » &= #8 10kDa

Figure 3. Tricine-sodium dodecyl sulfate (SDS)-polyacrylamide gel
electrophoresis (PAGE) (15%) of RNase Pol and the mutant Pol.
Silver staining of the Tricine-SDS-Page (15%) of the RNase Pol(1)
and mutant Po1(2), where (A) RNase Pol or the mutant Pol and
(B) molecular protein makers are indicated.
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unit lattice parameters a, b, ¢ (A) = 55.07, 95.87, 106.22. The
structure was determined at a resolution of 1.75 A. The Pol/
3'GMP complex comprises six molecules in the asymmetric
unit lattice. The final refinement statistics were R, = 0.169
and Rg,, = 0.211. Crystallographic statistics are summarized in
Table S1.

The overall Pol/3'GMP structure formed an (a+f)-type
structure and consisted of a 3.5-turn a-helix (RNase Pol:
residues 16—27) running like a backbone under the molecule
and seven f3-sheets (RNase Pol: residues 7—9, 12—14, 36—38,
52—56, 71-76, 82—86, 97—98) (Figure 4A). In the Pol/

A

Asn QV?\ His 87

W Q%wﬂwa“
[

Phe 96

His 36

Figure 4. Overall structure of the Pol and 3'GMP complex. (A) 3D
view of the overall structure of RNase Pol/3’GMP complex (B)
Active center view of RNase Pol. The yellow dotted line indicates the
hydrogen bond.

3’GMP structure, three intramolecular disulfide bonds were
identified (Cys7—Cys84, Cys9—Cys99, Cys48—Cys82), mir-
roring the same positions observed in the apo form.” The
guanosine base binding site encompasses the #3-f4 (compris-
ing Tyr38, Asn39, Asn40, Phe4l, and Glu42) and f6-57
(containing Asn93). The aromatic Tyr38 and Phe41 rings are
stacked with guanine bases (Figure 4B). The catalytically active
amino acid residues of Pol (His36, GluS4, Arg72, and His87)
are the same as those in the T1/3’GMP structure (His40,
GluS8, Arg77, and His92) and are conserved at the same
position. However, His87 of RNase Pol/3'GMP could not be
bonded by hydrogen directly with the phosphate group of
3’GMP due to the 6.4 A distance. This phosphate group forms
hydrogen bonds with adjacent ArgS and Arg80 of other Pol
molecules in the crystal, potentially contributing to stabilizing
the phosphate position through crystal packing effects. In the
T1/3’GMP complex, the phosphate group of the 3'GMP
binding position has been reported in two types of structures
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regardless of the crystal packing.”” This phosphate position is
discussed below.

The structural comparison between the Pol apo form and
3'GMP complex revealed a root-mean-square deviation (rmsd)
value of 0.240 A in the main chain. In the guanosine binding
site of the 3'GMP complex, notable shifts were observed in the
side chain of Tyr38 and Phe41, Glu42 flipping, and a shift in
the carbonyl base of the main chain in Asn94. Additional
structural variances were noted in the al-£3 and $5-6 loops.
Notably, these loops are in the proximity of other Pol
molecules within the crystal lattice, hinting at potential
influences from crystal packing effects. A water molecule
(Wat A) forming hydrogen bonds with Tyr34, GluS4, and
Arg72 in the active center was conserved in both complexes
(Figure SA).

(A)

(B)

apo form

binding

& Asn 40 Asn 39\

Figure S. Structural comparison of the apo form and the Pol/3'GMP
complex. (A) Pol apo form: pink; Po1/3'GMP: cyan. Tyr38, Phe4l,
Glu42, and Asn94 changed the binding form of 3'GMP. Wat A was
conserved in the apo form and the Pol/3'GMP complex. (B) 3D
view of the base recognition residues being changed. The green
dotted lines indicate hydrophobic interactions, and the yellow dotted
lines indicate hydrogen bond interactions.

We focused on Glu42, which exhibited a different
conformation between the apo form and the 3’GMP complex.
In the apo form, Glu42 exhibited only CH/7 interaction using
the alkyl chain moiety of the side chain to interact with the
benzyl group in the side chain of Phe44 (Figure SB).
Contrastingly, in the 3'GMP binding form, Glu42 formed
hydrogen bonds with the nitrogen atom at position 1 and the

https://doi.org/10.1021/acsbiomedchemau.4c00046
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https://pubs.acs.org/doi/suppl/10.1021/acsbiomedchemau.4c00046/suppl_file/bg4c00046_si_001.pdf
https://pubs.acs.org/doi/10.1021/acsbiomedchemau.4c00046?fig=fig4&ref=pdf
https://pubs.acs.org/doi/10.1021/acsbiomedchemau.4c00046?fig=fig4&ref=pdf
https://pubs.acs.org/doi/10.1021/acsbiomedchemau.4c00046?fig=fig4&ref=pdf
https://pubs.acs.org/doi/10.1021/acsbiomedchemau.4c00046?fig=fig4&ref=pdf
https://pubs.acs.org/doi/10.1021/acsbiomedchemau.4c00046?fig=fig5&ref=pdf
https://pubs.acs.org/doi/10.1021/acsbiomedchemau.4c00046?fig=fig5&ref=pdf
https://pubs.acs.org/doi/10.1021/acsbiomedchemau.4c00046?fig=fig5&ref=pdf
https://pubs.acs.org/doi/10.1021/acsbiomedchemau.4c00046?fig=fig5&ref=pdf
pubs.acs.org/biomedchemau?ref=pdf
https://doi.org/10.1021/acsbiomedchemau.4c00046?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

10

@ 1 1.

| ] o
~
p—
CED -10
=
=20
Q
= L]
) ——
~
Q -30
<
sl
N’
E -40
s
e
-50
- = IFIE
-60

His36 Val37 Tyr38 Asn39 Asn40 Phedl Glu42 Gly4d GluS4 His87 Asn94 Gly95 Phe9%6 Val97

20 f—

(B

-’
|
|

10

4 0 _

[

[
L[]

PIEDA(base? (kcal/mol)

-40
-50
-60 OES
OEX
-70 B CT+mix
— oDI

-80
His36 Val37 Tyr38 Asn39 Asnd40 Phed4l Glud42 Gly43 GluS4 His87 Asn94 GIly9S Phe9%6 Val97

Figure 6. Conformational changes and the interaction energy to bind to the base of 3'GMP. (A) Bar graph represents the IFIE ) results. (B)
PIEDA () results are presented as a stacked bar chart. ES: electrostatic term, EX: exchange-repulsion term, CT+mix: charge transfer with higher-
order mixed terms, DI: dispersion interaction term, IFIE: interfragment interaction energy.

amino group at position 2 of guanosine as well as hydrogen was conserved. FMO calculations suggested that the TFIE )
bonds with the nitrogen atom of the main chain of Phe96 of Glu42 was —55.3 kcal/mol, with significant ES and CT+mix
(Figure SB). The CH/7 interaction between Glu42 and Phe44 terms: — 57.5 and —9.3 kcal/mol, respectively. This indicates
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that Glu42 was the most important residue contributing to the
stability of 3’GMP binding through hydrogen bonding with
guanosine bases (Figure 6A). Glu42 is important in forming
the hydrogen bond network necessary for 3’-GMP base
binding. In RNase T1, Glu46 (corresponding to Glu42 in Pol)
was considered primarily responsible for guanine binding.*®
Our result presented here is consistent with the result of this
previous study. We focused on other residues that exhibited
different conformations between the apo form and 3'GMP.
Tyr38 forms a 7—7 stacking with the base moiety, Phe41 forms
a CH/x stacking, and the results of DI term of PIEDA )
suggested that Tyr38 (—7.1 kcal/mol) and Phe41 (—7.1 kcal/
mol) were the most favorable residues among the base
recognition sites. Thus, these residues were considered the
most important in the dispersion interaction (Figure 6B).
Additionally, the carbonyl group of the main chain of Asn94
(Gly9S fragment on the division of the FMO fragment) had
the most favorable ES and CT+mix terms on the $6—7 loop
(BS: — 12.3 kcal/mol and CT+mix: — 2.3 kcal/mol). FMO
calculation highlighted the significance of residues that
underwent conformational changes in their side chains to
facilitate binding to 3'GMP, underscoring their importance in
interaction dynamics.*

In the structure of Pol/3’GMP, the phosphate base of 3'GMP
was located away from His87. In the T1 family of the 3'GMP
complexes, two types of 3'GMP binding modes existed. One
was the phosphate base that formed a hydrogen bond with
His87 and was located inside the active center (PDB ID:
6GSP), called the in-form (Figure 2B and D). The other is the
phosphate moiety that did not form a hydrogen bond with
His87 and was located away from the active center (PDB ID:
1GSP, 2GSP, 3GSP, 4GSP, SGSP), called the out-form (Figure
2A and C).

Within the RNase T1 family, the 3’GMP binding form
exhibited division into two distinct forms. The interaction
between the 3'GMP and side chain near the active center was
evaluated by FMO calculation in in-form and out-of-form
models of Pol/3’GMP and T1/3'GMP from the quantum
chemical point of view. In Pol, the total IFIE(;gypy was
—502.3 kcal/mol in the in-form and —657.3 kcal/mol in the
out-form. Contrastingly, in T1, the total IFIEqgypy of all
fragments containing only protein was —323.7 kcal/mol in the
in-form and —198.0 kcal/mol in the out-form. The IFIE 3 gyp)
value indicated a favorable interaction between 3'GMP and
both forms of T1 and Pol.

In a previous study, the catalytic residues of RNase T1 were
glutamic acid on f4, arginine on fS, and histidine on S6-57,
and the role of histidine on the 3 sheet was explored as either
a catalytic residue or one of the general bases. Therefore, we
investigated the interaction of T1 and Pol with sugar and
phosphate fragments, which is the most relevant for RNase
activity in 3'GMP.

RNase Pol. In the catalytic pocket, the IFIE (g and
phosphate) Value indicated that Tyr34, His36, Arg72, and His87
were favorable in both forms, and Glu54 was unfavorable in
the out-form and favorable in the in-form (Figure 7A, B). In
the out-of-form model, the favorable interaction with 3’GMP
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by Arg72 and His87 mostly consisted of the ES term, while in
the in-form model, other terms contributed. The
IFIE (gugar and phosphate) ©f GluS4 was 166.9 kcal/mol in the in-
form model and 82.8 kcal/mol in the out-form. The side chain
of Glu54 was the deprotonated state of the carboxylate group
in the in- and out-of-form model (Figure 7A, B). His36 was
more favorable in both forms (In-form: —140.4 kcal/mol, out-
form: —174.5 kcal/mol) and in the ES, CT+mix, and DI terms.
In the in-form model, PIEDA (g and phosphate) indicated that
Tyr34 exhibited the largest CT+mix energy value in catalytic
residues and Tyr34 was also favorable in the ES and DI terms
in both forms.

RNase T1. In the catalytic pocket, IFIE (qqur and phosphate)
indicated that Tyr38, His40, Arg77, and His92 were favorable,
whereas GluS8 was unfavorable in the in- and out-form (Figure
7C and D). Both the in-form and out-form models exhibited
the same tendencies as Pol. Arg77 and His92 were primarily
composed of the ES term; however, in the in-form model, both
residues were favorable in ES, CT+mix, and the DI term. The
IFIE (gugar and phosphate) Of GluS8 was 129.7 kcal/mol in the in-
form model and 77.0 kcal/mol in the out-form model. The
IFIE (gugar and phosphate) ©f His40 exhibited a favorable interaction
with a value of —143.7 kcal/mol in the in-form model and
—181.5 kcal/mol in the out-form model. The PIE-
DA (qugar and phosphate) Of Tyr38 exhibited the most favorable
interaction in the CT+mix term in all catalytic residues, and
Tyr38 was also favorable in the ES and DI terms in both forms.

To demonstrate RNase activity, the 2’-O atom of ribose must
be deprotonated in the reaction mechanism. We considered
two models. One model involved the deprotonation of
glutamic acid (Pol:GluS4/T1:GluS8) and required the
histidine (Pol:His36/T1:His40) to be in the biprotonated
(HIP) conformation. The other model involved the proto-
nation of glutamic acid (Pol:GluS4/T1:GluS8) and the
neutralization of the histidine (His36/His40), with the &-
nitrogen being protonated (HID) in the conformation.

In Pol, comparing the total energy between the HIP
(His36)/deprotonated glutamic acid (GluS4) model and the
HID (His36)/protonated glutamic acid (GluS4) model
indicated that the HIP (His36)/deprotonated glutamic acid
(GluS4) model was 137.8 kcal/mol more stable than the HID
(His36)/protonated glutamic acid (GluS4) model. Therefore,
the GluS4 (deprotonated)/HIP (His36) model is considered
to be more promising than the GluS4 (protonated)/HID
model.

The His40Ala mutation was lost, and the His40Lys mutation
partially conserved the RNase activity.'”'® This histidine
formed a favorable interaction of 3'GMP with ES, CT+mix,
and the DI term. Lysine is a polar amino acid and might form
favorable interactions with the ES and CT+mix term and
3’GMP as in histidine. Contrastingly, the lysine is inferior to
histidine regarding side-chain stability (for example, CH/x
interaction). Hence, His40Lys T1 would exhibit partially
conserved RNase activity when compared to Native TI.
However, histidine on the $3 sheet strongly interacted with
3’GMP in all residues; therefore, this histidine was an essential
catalytic residue, as previously reported by Arni et al.'’ The
deprotonated side chain of glutamic acid (GluS4) in the out-
form appears to be highly unfavorable for phosphate bonding.
However, a water molecule (WatA) can stabilize GluS4 in its
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deprotonated state by forming a hydrogen bond with the active
center of GluS4. Glu54, in its deprotonated state, is beneficial
for withdrawing the hydrogen from the 2’-O atom of ribose,
transitioning into the in-form, and exhibiting RNase activity.

Tyrosine in the a1-$3 loop interacts with 3’GMP and histidine
on the f3 sheet.

The well-conserved tyrosine in the a1-£3 loop (Pol:Tyr34,
T1:Tyr38) in the RNase T1 family is situated in the active
center but has not been considered to be a catalytic residue.
The TFIE (gugar and phosphate) Of Tyrosine (Pol:Tyr34, T1:Tyr38)
in the in-form of Pol is —47.5 kcal/mol (ES term: —64.1 kcal/
mol, CT+mix term: —15.3 kcal/mol, DI term: —5.7 kcal/mol),
and the in-form of T1 is —35.2 kcal/mol (ES term: —48.5 kcal/
mol, CT+mix term: —9.8 kcal/mol, and DI term: —4.5 kcal/
mol). The IFIE (qugar and phosphate) Of Tyrosine (Pol:Tyr34,
T1:Tyr38) in the out-form of Pol is —30.0 kcal/mol (ES
term: —33.2 kcal/mol, CT+mix term: —6.1 kcal/mol, DI term:
—4.4 kcal/mol), and the out-form of T1 is —34.9 kcal/mol (ES
term: —31.1 kcal/mol, CT+mix term: —5.5 kcal/mol, and DI
term: —4.2 kcal/mol) (Figure 7A—D). These results indicate
that the tyrosine (Pol:Tyr34/T1:Tyr38) on the al-#3 loop
forms favorable hydrogen interactions with —0.06e ~ 0.11e
charge transferred to 3’GMP in both forms. This is supported
by FMO calculations, underscoring the crucial role of tyrosine
on the a1-f3 loop in driving the RNase reaction. Additionally,
this tyrosine engaged in 7— stacking with the imidazole ring
of histidine (Po1:His36/T1:His40) on the 33 sheet, displaying
favorable interactions with the dispersion interaction terms. As
previously mentioned, this histidine was deemed to be crucial
to the RNase reaction. Moreover, the tyrosine on the al-£3
loop fixes and determines the conformation of the histidine
side chain on the 33 sheet, potentially stabilizing the RNase
activity.

In addition to the active center, binding to the subsite where
base binding occurs is also important when considering RNase
activity. Currently, structures reported with binding to the
subsite are RNase Ms of Aspergillus phoenicis (PDBID: 1RDS)
and RNase T1 of Aspergillus oryzae (PDBID: 1B2M/2RNT/
IRGA). RNase Ms and RNase T1 have been reported to have
a structure where 3'GMP is bound to the active center, similar
to Pol in this study. Comparing the structure of RNase/RNA
analog binding in the active center and subsite with RNase/
3'GMP, it was indicated that all the catalytic residues were
structurally conserved. Based on the above, we believe that the
activity mechanism discussed in this study, along with the
novel catalytic residue Tyr34, could be applied to the
degradation mechanism of single-stranded RNA.

Expression of a single-point mutated Y34F Pol in E. coli
provided approximately 3,600 units (~6.9 mg) in 1.9 L of
culture supernatant. Y34F Pol was homogeneous, as shown by
SDS-PAGE (Figure 3(2)). The single-point mutated Pol Y34F
exhibited a minimal difference in the optimum enzyme
temperature compared to the wild-type Pol (Figure 8A). In
RNase Pol, the side chain of Tyr34 engages in hydrophobic
interactions with His36, Glu54, Pro56, Pro68, and Arg72, with
no hydrogen bonds except for the one in the water molecule.
These hydrophobic interactions are presumed to be conserved
in Phe34, suggesting that this point mutation in Pol
contributes to little difference in structural stability. Never-
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Figure 8. Effects of temperature on the enzymatic activity of RNase
Pol and the mutant Pol. Upper graph: Enzymatic activity was
determined as described in the text (0.01 M) using RNA as the
substrate at pH 7.5 and incubation for 5 min at various temperatures.
Symbols: @, RNase Pol; A, Mutant Pol. Lower table: Enzymatic
properties of RNase Pol and the mutant Pol Optimum pH:
Enzymatic activity was determined as described in the text (0.01 M)
using RNA as the substrate. The buffers (0.01 M) used were acetate-
NaOH buffer at 5.5-6.5 pH and Tris-HCI buffer at 6.0-8.5 pH.
Optimum temperature: Enzymatic activity was determined as
described in the text (0.01 M) using RNA as the substrate at pH
7.5 and incubation for 5 min at various temperatures. Specific activity:
Enzymatic activity was determined as described in the text (0.01 M)
using RNA as substrate at pH 7.5. Protein concentration was
determined as described in the text using a Pierce BCA Protein Assay
Kit using bovine serum albumin as a standard.

theless, the RNase activity of the single-point mutation Pol
decreased by 80% compared to that of wild-type Pol,
indicating that tyrosine in the al-$3 loop was the catalytic
residue (Figure 8B).

We have revealed that RNase Pol exhibits antitumor activity in
blood cancer cell lines.* While RNase T1 has the same catalytic
residues and protein size as RNase Pol, it lacks antitumor
activity. The key distinction lies in the distribution of surface
charges, with Pol being positively charged’ but T1 being
negatively charged. In the present study, cell proliferation
assays revealed that the mutated Pol (Y34F) resulted in a 10—
20% decrease in inhibition of HL-60 cell proliferation
compared to the native Pol (Figure 9). Despite no difference
in surface charge, the mutated Pol (Y34F) exhibited decreased
antitumor efficacy, suggesting that RNase activity directly
impacts its antitumor effects. In the RNase T1 family, a-sarsin
shares antitumor activity with Pol. Structural superposition
with Pol revealed the conservation of catalytic residues,
including histidine, glutamic acid, arginine, and tyrosine (a
newly identified catalytic residue). Despite the difference in
overall structure between a-sarsin and Pol, these common
residues suggest that RNase activity could also be crucial for
the antitumor activity of a-sarsin. However, RNase activity
alone cannot account for all of the antitumor effects. The
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Figure 9. Effects of RNase Pol and the mutant Pol on the
proliferation of HL-60 cells were determined using the 3-[4,S-
dimethylthiazol-2-y1]-2,S diphenyl tetrazolium bromide assay. Each
point is the mean of three replicates and is reported as a percentage of
the control that lacked RNase. Cells were treated with an indicated
concentration of RNase Pol or the mutant Pol for 72 h. Cell
proliferation without RNase was normalized to 100%. Symbols: @,
RNase Pol; A, Mutant Pol.

antitumor activity of RNase Pol may also be influenced by the
amount of cellular uptake. Furthermore, it is necessary to
confirm the change in cellular uptake of RNase Pol due to the
mutation (Y34F).

The Pol/3’GMP complex structure was solved at a resolution
of 1.75 A. The studies involving crystal structure and FMO
calculations elucidated that in recognizing the base of 3'GMP,
Glu42 was the most important residue in terms of the
hydrogen bond and Tyr38 and Phe41 were the most important
residues in terms of dispersion interactions. Phe44 formed a
CH/r interaction with Glu42 and was conserved between the
apo and the 3'GMP binding forms. The 3'GMP forms two
stable states that differ from the phosphate base when binding
to the RNase T1 family. The in- and out-form combination of
the Pol/3’GMP and T1/3'GMP indicated that the tyrosine
(Pol: Tyr34/T1:Tyr38) located on the al-43 loop was a new
candidate for the active residue. Additionally, in the active
center, deprotonated glutamic acid (Pol: GluS4/T1: GluS8)
and the biprotonated histidine (Pol: His36/T1: His40) were
advantageous for RNase activity. The one-point mutation of
Y34F Pol decreased the RNase-specific activity by 75% and
the antitumor activity by 10—30% in the leukemia cell line.
This result confirms that the tyrosine on 3 serves as a catalytic
residue and that RNase activity is linked to antitumor effects.
Additionally, comparing the apo form of Pol with that of the
Pol/3'GMP complex indicated that the water molecules
assisted in anchoring the catalytic residues to form the
hydrogen bonds, potentially facilitating the reaction pro-
gression by successively replacing the water with a phosphate
ion in the active center.

The atomic coordinates and structure factors (PDB ID code
3WR2) were deposited in the Worldwide Protein Data Bank
(http://www.wwpdb.org/). The accession number of the
nucleotide sequence of cDNA for RNase Pol is AB429298.
The structure of the Pol/3'GMP complex was deposited in
PDB (PDB ID:3WR2), and the FMO calculation was
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deposited in FMODB.” (FMODB ID: the Pol/3'GMP
complex (out-form): SNRRZ, Pol/3'GMP complex (in-
form): YN9N2, the T1/3'GMP complex (out-form):
K2KK3, and Po1/3’GMP complex (in-form): 4LQQN.)

The Supporting Information is available free of charge at
https://pubs.acs.org/doi/10.1021/acsbiomedche-
mau.4c00046.
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