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Abstract

The endogenous production of enzymes as zymogens provides a means to control catalytic
activities. Here, we describe the heterologous production of ribonuclease 1 (RNase 1), which is
the most prevalent secretory ribonuclease in humans, as a zymogen. In folded RNase 1, the N
and C termini flank the enzymic active site. By using intein-mediated cis-splicing, we created
circular proteins in which access to the active site of RNase 1 is obstructed by an amino-acid
sequence that is recognized by the HIV-1 protease. Installing a sequence that does not perturb the
RNase 1 fold led to only modest inactivation. In contrast, the ancillary truncation of residues
from each terminus led to a substantial decrease in the catalytic activity of the zymogen with the
maintenance of thermostability. For optimized zymogens, activation by HIV-1 protease led to a
>10*fold increase in ribonucleolytic activity at a rate comparable to that for the cleavage of
endogenous viral substrates. Molecular modeling indicated that these zymogens are inactivated
by conformational distortion in addition to substrate occlusion. Because protease levels are
elevated in many disease states and ribonucleolytic activity can be cytotoxic, RNase 1 zymogens

have potential as generalizable prodrugs.

Keywords: circular protein; cytotoxin; HIV; intein; protease; ribonuclease; zymogen

Abbreviations: HIV, human immunodeficiency virus; PBS, phosphate-buffered saline; RNase,
ribonuclease; SDS-PAGE, polyacrylamide gel electrophoresis performed in the presence of
sodium dodecyl sulfate
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INTRODUCTION

The production of a cytotoxic enzyme demands precise regulation by the host organism.
Typically, safeguards attenuate enzymatic activity until its manifestation is necessary. For
example, ribonucleolytic activity is controlled beneficially by endogenous ribonuclease-inhibitor
proteins;*? likewise, proteolytic activity is controlled by protease-inhibitor proteins.®*

Another strategy has evolved to regulate catalysis by proteases. The apoptotic caspases and
many other proteases are expressed as zymogens—inactive precursors that require subsequent
proteolysis to mature into an active form. We and others have recognized that zymogens provide
a conceptual framework for the engineering of otherwise cytotoxic enzymes as biologic
“prodrugs” that are activated by pathogenic proteases. The potential of this concept was
demonstrated by altering a natural zymogen, caspase 3, for activation by HIV-1 protease.’ The
first zymogen to be created de novo was a circularly permuted variant of ribonuclease (RNase) A
in which the native N- and C-termini were connected with a linker containing the sequence
recognized by the plasmepsin II protease.® Iterations of this strategy produced RNase A
zymogens activated by the NS3 protease and HIV-1 protease.”® In these RNase A zymogens, the
linker occludes the active site, leading to the suppression of enzymatic activity by up to 10°-fold,
depending on the design parameters and nature of the activating protease. The circular
permutation strategy was replicated in an amphibian homologue of RNase A, though the

suppression of catalytic activity was modest.®
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Conformational distortion has also been employed in zymogen designs. Ozawa and
coworkers created circular variants of firefly luciferase using intein-mediated cis-splicing to
connect the termini with a caspase 3 substrate.'® The ensuing zymogen can serve as a
luminescent probe for cellular apoptosis, but exhibits a <10-fold change in signal. Later, Loh and
coworkers employed structural strain to inactivate a bacterial ribonuclease, but their proteins
folded properly only at low temperatures.**

Here, we use intein-mediated cis-splicing to create a circular variant of RNase 1
(EC 3.1.27.5; UniProtkKB P07998), which is the human homolog of RNase A. By optimizing a
short linker that occludes the active site, we show that conformational distortion leads to
unprecedented inactivation. The optimized zymogen gains >10°-fold in ribonucleolytic activity

upon linker-cleavage by HIV-1 protease.

RESULTS
Encoding a circular zymogen

Circular RNase 1 zymogens were created by intein-mediated cis-splicing with the Nostoc
punctiforme (Npu) DnaE split intein.? The Npu intein utilizes a “CFN” N-terminal splice
junction.® We utilized the “CFQ” sequence that begins at residue 58 of human RNase 1. We also
omitted the 4-residue C-terminal extension (residues 125-128) of RNase 1, which is not

important for ribonucleolytic activity and is absent from RNase A.**
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Design and assessment of the glycine (G) series of zymogens

Previous RNase A zymogens exhibited modest inactivation, suggesting that a 14-residue
linker would not block the active site of RNase 1 effectively. We designed a series of zymogens
to test this hypothesis by bringing the linker closer to the active site with progressively shorter
linkers. Additionally, we employed a substrate identified by phage display that is cleaved
efficiently by HIV-1 protease (SGIFLETS)." We flanked this sequence with varying numbers of
glycine residues to create the G series of zymogens (Table I). A plasmid encoding the intein
fragments flanking a circularly permuted RNase 1 connected by the substrate linker directed the
expression of the two soluble proteins and another insoluble one corresponding to the intein
fragments and the circular RNase 1 (Fig. S1), indicative of intein-mediated cyclization.'? These
zymogens all exhibited roughly two orders-of-magnitude less catalytic activity than did wild-
type RNase 1, and no trend in inactivation was apparent, despite a progressive reduction in

thermostability (Table SI; Fig. 1).

Design and assessment of the strained (Str) series of zymogens

Next, we sought to remove residues from the termini of RNase 1 with the intent of
imposing strain that leads to conformational distortion. Previous crystallization studies of RNase
1 revealed that the first 7 N-terminal residues can be removed with only an order of magnitude
loss in catalytic activity.'® Lys7 is important for binding the phosphoryl group of the RNA

backbone in the P, subsite.”*® Folding studies of RNase A demonstrated that residues beyond
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122 can be removed without diminishing catalytic activity or conformational stability.'® Hence,
we excluded residues 7 through 122 from truncation. The terminal residues of our protease
substrate are both serine. Removal of the three N-terminal (AKES) and two C-terminal (ASV)
residues and connecting the resulting termini with the substrate sequence would replace the
truncated serine residues. This construct was selected as a starting point for the strained (Str)
series of zymogens and was truncated further by progressively removing residues 4, 5, and 6
(Table 1). The Strl zymogen showed a similar, two orders-of-magnitude reduction in the
catalytic activity of that in the glycine series (Table SI). Further truncations reduced the catalytic

activity of the zymogens substantially, with only a small reduction in thermostability (Fig. 1).

Assessing zymogen activation by HIV-1 protease

The zymogens that exhibited substantial inactivation, i.e., kea/Knm < 10* M*s™, were
subjected to activation studies with HIV-1 protease. Importantly, proteolysis by the protease
must be limited to the inactivating linker of the zymogen. We determined that wild-type RNase 1
is not cleaved by HIV-1 protease (Fig. S2). Next, we digested zymogens with HIV-1 protease
and measured the resulting ribonucleolytic activity. Proteolysis restored nearly wild-type
catalytic activity to the Str2, Str3, and Str4 zymogens (Table I1). Finally, we developed a
continuous assay to measure the ke./Km value for HIV-1 protease cleavage of the zymogens, and

found values of ke/Ky between 1 x 10° M~2s™ and 4 x 10° M~*s™ (Tables 11, SII; Fig. S3).

This article is protected by copyright. All rights reserved.
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Modeling the structural basis of Str2 zymogen inactivation

The zymogen Str2 possessed the best combination of key attributes: catalytic
inactivation, thermostability, and proteolytic activation. Accordingly, we modeled the Str2
zymogen with Rosetta software to reveal the structural origins of catalytic inactivation in our
zymogen design. We examined the top-ten scoring models of four-hundred. In each model, we
found that the N-terminal a-helix was nearly intact whereas the C-terminal B-strand adopted a

distorted conformation [Fig. 2(B), S4(A)].

Modeling the structural basis for proteolytic activation of Str2 by HIV-1 protease

Again, we used modeling with Rosetta software to reveal the structural basis of
recognition of the inactivating linker by HIV-1 protease. We examined the top-ten scoring
models of two-hundred and found that the N-terminal a-helix and C-terminal 3-strand must
unfold completely to accommodate HIV-1 protease with its flaps closed upon a substrate

sequence installed in the linker region [Fig. 2(C), S4(B)].

DISCUSSION

The mechanism of our zymogen inactivation relies on two key strategies: steric occlusion
and conformational distortion. Roughly two orders-of-magnitude in catalytic activity are lost by
installing a linker across the active site, as observed with previous circularly permuted RNase A

zymogens. We suspect that this value is the limit of inactivation imposed by blocking the active
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site with a flexible linker. Further inactivation was achieved through the localized installation of
strain, which violated the design criteria of the previous circularly permuted zymogens® but was
enabled herein by intein-mediated cyclization. Key active-site residues, His12 and His119, are
located near the termini in an a-helix and B-strand that are not stabilized by disulfide bonds,
unlike the core structure (Fig. 2). Through conformational distortion by progressive truncation,
we were able to perturb the location of these active-site residues so as to achieve unprecedented
level of activation of a de novo engineered zymogen without a prohibitive compromise to global
conformational stability. For example, the circular Str2 zymogen of RNase 1 has Tp, = 48°C and
gains 11,000-fold in catalytic efficiency upon activation with HIV-1 protease (Table 1). In
contrast, the circular permutation of RNase A led to a zymogen with T,, = 46°C and only a
48-fold gain in catalytic efficiency.® (Here, Tn, refers to the temperature at the midpoint of the
thermal transition from the native state to denatured states.)

Our structural modeling revealed how steric occlusion and conformational distortion are
operational in our zymogen design. The top-10 scoring structures are predicted to be similar in
energy, yet conformationally divergent in the linker. This dichotomy suggests that the zymogen
linker has a dynamic conformation, but also demonstrates unambiguously that both termini
cannot adopt the wild-type fold simultaneously.

Despite the greater proximity of our linker to the active site compared to that of previous
zymogens, our designs maintained efficient activation by the designated protease. We observed

two-orders-of-magnitude reduction of the second-order rate constant of HIV-1 protease toward

This article is protected by copyright. All rights reserved.
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the zymogens with respect to a fluorogenic peptide substrate, which is cleaved with a Keai/Km
value of 5.0 x 10°> M™'s™.2° Our chosen substrate is, however, the sequence hydrolyzed most
efficiently by HIV-1 protease. The catalytic activity of HIV-1 protease for activation of the
zymogens is comparable to that for the cleavage of endogenous substrates.* As indicated by our
modeling, the loss in catalytic efficiency results from the energetic cost of unfolding the N- and
C-terminal structural elements of the zymogen to accommaodate the flaps of the protease. Not all
proteases employ flaps, and zymogens might be activated even more efficiently by other
pathogenic proteases. For example, plasmepsins have an open active-site cleft.?

Ribonucleases are a privileged class of enzymes for the creation of zymogens due to
attributes that are desirable for a clinical context: cell permeability and cytotoxic activity.?®
Moreover, the reliance of a chemotherapeutic agent on the activity of an enzyme (such as HIV-1
protease), rather than its inhibition, obviates common mechanisms of resistance. We anticipate,
however, that translation of these results into a biomedical context could require installing
residues that increase thermostability®* and enable evasion of the cytosolic ribonuclease-inhibitor

protein 1,23,25,26

ensuring that the linker between the N and C termini is not a substrate for human
proteases, and enhancing cytosolic uptake by esterification of protein carboxyl groups.?” Efforts

towards these goals are on-going in our laboratory.

This article is protected by copyright. All rights reserved.
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EXPERIMENTAL PROCEDURES
Conditions
All procedures were performed in air at ambient temperature (22°C) and pressure (1.0

atm) unless indicated otherwise.

Protein expression and purification

The RNase 1 gene was obtained as reported previously.?* The NpuN and NpuC intein
fragments were obtained from vectors provided by Tom W. Muir (Princeton University).”® DNA
oligonucleotides were obtained from Integrated DNA Technologies (Coralville, 1A).

The circular RNase 1 zymogen construct was prepared initially using the linker sequence
from a circularly permuted RNase A zymogen containing the p2/NC cleavage site. PCR was
used to prepare five DNA fragments with terminal homology: the pET32b plasmid, NpuC, a
C-terminal RNase 1 fragment, an N-terminal RNase 1 fragment, and the NpuN fragment. Gibson
assembly®® was used to combine fragments into the final expression constructs. Modification of
the original plasmid was done by producing RNase 1 fragments with PCR by including the new
linkers and truncations, and combining these fragments with a plasmid fragment that contained
both intein fragments.

Ribonucleases were produced by heterologous expression in Escherichia coli and purified as
previously.?* All chromatography and assay buffers were treated with DEPC prior to use, with

the exception of Tris, which was added from ribonuclease-free stocks from Invitrogen (Carlsbad,
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CA). Zymogens were folded in the presence of arginine—HCI (0.5 M) and were purified with
additional chromatography on a MonoS column from GE Healthcare (Chicago, IL) to ensure
purity and removal of contaminating ribonucleases. HIV-1 protease was produced by
heterologous expression in E. coli and purified as described previously.? Protein purity was
confirmed by SDS-PAGE, and concentrations were determined by using the Pierce™ BCA
assay kit from ThermoFischer Scientific (Waltham, MA). HIV-1 protease was also treated with
DTT (10 mM) at 4°C for 4 h to inactivate any contaminating ribonucleases. The ensuing solution
was desalted by passage through a HiTrap® Sephadex G-25 column from GE Healthcare, and did

not exhibit detectable ribonucleolytic activity.

Enzymatic activity assays

The rate of RNA hydrolysis was monitored by the increase in fluorescence intensity of a
doubly labeled fluorogenic substrate, 6-FAM-dArUdAdA-6-TAMRA, upon exposure to RNase
1 zymogens.® Initial (Io) and final (l7) intensities along with linear slopes (Al/At) or the second
derivative of quadratic fits (2a = A?I/At®) were measured and used to calculate the value of
Keat/ Knm. Assays required enzyme concentrations of 10 pM-1 uM to achieve velocities that
reached 10% RNA turnover within several minutes. Activated zymogens were prepared for
Kinetic testing by digesting the zymogen (50 uM) with HIV-1 protease (52 nM) at 37°C.
Continuous activation assays were performed with a lower concentration of HIV-1 protease

(2.6 nM). Fluorescence intensity was measured with a M1000 microplate reader from Tecan
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(Méannedorf, Switzerland) by monitoring emission at 515 nm with excitation at 493 nm. Assays
were performed in quadruplicate in a flat, black 96-well plate from Corning (Corning, NY).
Assay buffers were DEPC-treated and consisted of either 50 mM Tris—HCI buffer, pH 7.4,
containing NaCl (100 mM) or 50 mM sodium acetate buffer, pH 5.0, containing NaCl (100 mM).
Ribonucleolytic activity was assessed with eq 1 by assaying initial velocities under second-order

conditions.

Al
Kcat — At (1)
KM [ribonuclease](I¢—1,)

Steady-state kinetic parameters for zymogen cleavage by HIV-1 protease were determined with
eq 2 by assaying the increase in ribonucleolytic activity observed upon the addition of the

protease.

a1

@ —_ At2 (2)
- k k

KM H1v—1 protease (=Lat —-cat )[zymogen][HIV—1 protease](If—I,)

Km zymogen,activated Km zymogen,inactivated

Values of ke/Ky at pH 7.4, which is the pH optimum of RNase 1, are reported in the main
text. These values were also determined at pH 5.0 (Table SlI), which is optimal for catalysis by
HIV-1 protease, and used as parameters in the fitting of eq 2. Values of k../Kw are reported as

the mean + SD of quadruplicate measurements.
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Thermostability assays

The thermostability of ribonucleases was determined by differential scanning
fluorometry.* The thermostability of the G series of zymogens was determined with a CFX
connect RT-PCR machine from Bio-Rad (Hercules, CA). Samples of protein (5 uM) in 25 pL of
phosphate-buffered saline (PBS), pH 7.4, containing SYPRO Orange (1% v/v) (Sigma—Aldrich)
were heated from 25-95°C at 1°C/min. Single fluorescent measurements per degree were
recorded, and the change in fluorescence per °C was calculated with Excel software from
Microsoft (Redmond, WA) by using the equation: AF; = F¢, 1 — F;_1. The maximal change in
fluorescence and the five flanking measurements above and below were fitted with the Gaussian
function built into Prism 6 software from GraphPad (San Diego, CA). Values of T, are reported
as the mean = SD of triplicate measurements.

The thermostability of Str zymogens was determined with a ViiA 7 RT PCR machine from
Applied Biosystems (Foster City, CA). Samples of zymogen (30 ug) in 20 uL of PBS, pH 7.4,
containing SYPRO Orange (0.6% v/v) were heated from 20-96°C at 1°C/min in steps of 1°C.
The value of Tr, was determined with Protein Thermal Shift software from Applied Biosystems

using the Boltzmann model and reported as the mean + SD of quadruplicate measurements.
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Molecular modeling

Modeling of the Str2 zymogen and its complex with HIV-1 protease were conducted with
Rosetta software.** RNase 1 from PDB entry 1z7x was extracted from chain A.* To
accommodate the need for N and C termini, the structure of RNase 1 was circularly permuted by
creating new termini at residues 88 and 89 while installing a linker between the original termini.®
The 15 N-terminal and 12 C-terminal residues were removed so as to be predicted
computationally. KIC loop modeling was performed using fragments picked by the Robetta
Server to prepare 400 models of the zymogen linker and proximal residues of the native
termini.®**

Modeling of the complex was conducted in two steps. RosettaDock was employed to dock
HIV-1 protease in the closed conformation bound to the “SGIFLETS” from chain A of PDB
entry 6bra into the active-site cleft of the N- and C-terminally truncated structure of RNase 1.%%’
Docking models were inspected manually to identify orientations with proximal termini of
RNase 1 and the substrate in the active site of HIV-1 protease. Five docking models compatible
with a zymogen-protease complex were subjected to further modeling of their loop. The docking
model that generated the lowest-energy complex by loop modeling was used to prepare an
additional 200 models.

The top-10 scoring models (Table SlI1) are shown in Figure S4. Coordinates of these models

are included in supplemental files: “Str2_top10.pdb” and “Complex_top10.pdb”.
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Table 1. Amino-acid Sequences of RNase 1 Zymogens

Zymogen Linker N-truncation C-truncation
3G GGGSGIFLETSGGG None EDST

2G GGSGIFLETSGG None EDST

1G GSGIFLETSG None EDST

0G SGIFLETS None EDST

Strl SGIFLETS KES SVEDST
Str2 SGIFLETS KESR SVEDST
Str3 SGIFLETS KESRA SVEDST
Str4 SGIFLETS KESRAK SVEDST
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Table I1. Properties of Three RNase 1 Zymogens
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kca{/KM (M_ls_l)a kca{/KM (M_ls_l)a
Zymogen (inactive) (activated)

Relative  kea/Km (M™s7)° T’
Activity? (HIV-1 protease) (°C)

Str2 (5.8+0.2)x10° (6.7+0.1) x 10
Str3  (1.1+0.1)x10° (3.2+0.1) x 10°
Strd  (5.7+0.1) x10° (1.4+0.1) x 10’

11,000 (3.9+0.3)x10° 475+0.1
2,800 (1.3%£0.1)x10° 42.6+0.1
24000 (25+0.1)x10° 42.0+0.

4Assays were performed at pH 7.4.
bAssays. were performed at pH 5.0.
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Figure Legends

Figure 1. Graph of the catalytic efficiency (kca/Kwm, l0g scale) and thermostability (Tr, linear
scale) of circular zymogens of RNase 1. Values are the mean = SD. Values for RNase 1 are from

ref. 2°.

Figure 2. Ribbon diagrams of the structure of RNase 1, the Str2 zymogen, and its complex with
HIV-1 protease. The side chains of key active-site residues (His12, Lys41, and His119 of

RNase 1; Asp25 of HIV-1 protease) and cystine residues are shown explicitly. (A) Crystal
structure of RNase 1 (PDB entry 1z7x, chain A). (B) Model of the structure of the Str2 zymogen
as predicted with Rosetta software. Four residues are truncated from the N terminus and 6
residues from the C terminus of RNase 1, and the resulting termini are connected with a linker
(green). To accommodate the software, new termini are generated at residues 88 and 89. (C)
Model of the structure of the complex of the Str2 zymogen and HIV-1 protease as predicted with

Rosetta software.
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