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ABSTRACT: Ribonuclease 1 (RNase 1) is the most prevalent human
homologue of the archetypal enzyme RNase A. RNase 1 contains sequons for
N-linked glycosylation at Asn34, Asn76, and Asn88 and is N-glycosylated at
all three sites in vivo. The effect of N-glycosylation on the structure and
function of RNase 1 is unknown. By using an engineered strain of the yeast
Pichia pastoris, we installed a heptasaccharide (MangGlcNAc,) on the side
chain of Asn34, Asn76, and Asn88 to produce the authentic triglycosylated
form of human RNase 1. As a glutamine residue is not a substrate for cellular
oligosaccharyltransferase, we used strategic asparagine-to-glutamine sub-

stitutions to produce the three diglycosylated and three monoglycosylated

forms of RNase 1. We found that the N-glycosylation of RNase 1 at any position attenuates its catalytic activity but enhances
both its thermostability and its resistance to proteolysis. N-Glycosylation at Asn34 generates the most active and stable
glycoforms, in accord with its sequon being highly conserved among vertebrate species. These data provide new insight on the
biological role of the N-glycosylation of a human secretory enzyme.

P ancreatic-type ribonucleases (ptRNases; EC 3.1.27.5) are
a family of secretory endoribonucleases that enable a
variety of biological functions in vertebrates by catalyzing the
cleavage of RNA. Members of this family are characterized by
their small size and high conformational stability."”” Insights
into the structure and function of ptRNases have emerged
from a bovine prototype, RNase A. The mass production of
RNase A as a byproduct of the meatpacking industry provided
seminal information on the biological chemistry of proteins,”~*
including the first enzymatic reaction mechanism.’

The “A” in RNase A refers not to an adenine nucleobase, but
to RNase A being the predominant ribonuclease in the cow
pancreas.'”"" RNase A is unglycosylated, whereas RNase B,
RNase C, and RNase D are N-glycosylated forms of RNase
A.'>" The glycan is added to the side chain of Asn34 residue
by oligosaccharyltransferase, which acts on Asn-Xaa-Ser/Thr
sequons, *~'” where Xaa represents any residue other than
proline.'® RNase A has only one sequon.

The most prevalent human homologue of RNase A is RNase
1 (UniProtKB P07998), which is present in many bodily
fluids'??° and circulates at ~0.5 ,ug/mL.zl In RNase 1, Asn34,
Asn76, and Asn88 are in Asn-Xaa-Ser/Thr sequons (Figure
1A).”> An analysis of RNase 1 in human serum has shown that
each of these sites is N-glycosylated in vivo.”> (There are no
apparent C-, O-, or S-linked glycans.) The three sites of human
RNase 1 are, however, N-glycosylated differentially depending
on tissue and cell type.m_26 Moreover, Asn34 is glycosylated in
nearly all isolates, whereas Asn76 and Asn88 are occupied in
half or a small fraction of isolates, respectively.27 These

-4 ACS Publications  © 2019 American Chemical Society

987

occupancies are consistent with the observed preference for the
glycosylation of Asn-Xaa-Thr rather than Asn-Xaa-Ser
sequences.”®

The consequences of the glycosylation of human RNase 1
are unknown.”” A phylogenetic analysis reveals multiple N-
glycosylation sequons, many of which occur in rapidly evolving
segments of the enzyme (Figure 2).*° Of the potential N-
glycosylation sites, Asn34 is conserved most widely, and the
analysis of isolates confirms that this site is N-glycosylated in a
range of diverse species.”””> The specific triglycosylation
pattern observed in human RNase 1 appears to have evolved in
more recent hominids, with only orangutans lacking Asn88.
Accordingly, all three N-glycosylation sites are worthy of
consideration.

In this work, we present an extensive biochemical analysis of
human RNase 1 with authentic glycosylation. First, we
establish a heterologous production system that generates
high yields of individual RNase 1 glycoforms. Then, we
measure the biochemical characteristics of each glycoform,
including catalytic activity, conformational stability, and
resistance to proteolysis. The ensuing data provide insight
into the impact of glycosylation on RNase 1 and, specifically,
the potential evolutionary significance of glycosylation at
Asn34.
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Figure 1. Three-dimensional structure of human RNase 1. (A) The side chains of the asparagine residues within N-glycosylation sequons (Asn34,
Asn76, and Asn88) and the active-site residues (His12, Lys41, and His119) are shown explicitly. The image was created with Protein Data Bank
entry 127x, chain Z** and the program PyMOL from Schrédinger (New York, NY). (B) Electrostatic potential map of the surface of human RNase
1. The image was created as in Figure 1A. (C) Structure of the core heptasaccharide, Man;GIcNAc,, that is appended to asparagine residues. (D)
Macroscopic glycoforms of human RNase 1 generated by strategic asparagine — glutamine substitution. The three-letter shorthand is used to name

each variant.

B EXPERIMENTAL PROCEDURES

Strategy for Producing Human RNase 1 Glycoforms.
Previous studies of human RNase 1 have relied on the
aglycosylated enzyme produced by heterologous expression in
Escherichia coli. Detailed investigations of N-glycosylated
RNase 1 have been hindered by the intrinsic heterogeneity
of isolated RNase 1. This heterogeneity arises from both the
differential utilization of particular N-glycosylation sites
(macroheterogeneity) and the variable glycan composition at
each site (microheterogeneity). RNase 1 glycoforms have been
produced by recombinant DNA technology in Chinese
hamster ovary cells** and Saccharomyces cerevisiae,” but such
systems suffer from the microheterogeneity and macro-
heterogeneity of human isolates as well as the presence of
nonhuman glycans.

Recently, a highly engineered strain of methylotrophic Pichia
pastoris yeast has emerged as an ideal platform for glycoprotein
biosynthesis.”® The Pichia Glycoswitch System has been
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altered by a disruption in the gene encoding for a
mannosyltransferase as well as the addition of heterologous
genes encoding enzymes that append human-like glycans.””**
The Superman S (MS) strain produces large quantities of
protein with a MansGlcNAc, heptasaccharide that is identical
to the core N-linked glycosylation structure in human proteins,
attached to Asn-Xaa-Ser/Thr sequences.

With its three sequons, RNase 1 has seven possible
macroscopic glycoforms (Figure 1D). Even though replacing
an asparagine residue with glutamine is a conservative
substitution, GIn-Xaa-Ser/Thr sequences are not substrates
for oligosaccharyltransferase.'>™"” Accordingly, the production
of a particular glycoform of RNase 1 can be designated by
replacing an asparagine codon with a glutamine codon.

Hence, we chose to use the MS strain of P. pastoris and
strategic aspargine — glutamine substitutions to generate the
glycoforms of RNase 1.

DOI: 10.1021/acs.biochem.8b01246
Biochemistry 2019, 58, 987—996


http://dx.doi.org/10.1021/acs.biochem.8b01246

Biochemistry

Residue Number
16/22(34162/169176180 /8898

[ Gallus gallus (chicken)

57 L— Anolis carolinensis (anole lizard)

Balaena mysticetus (bowhead whale)

Rana pipiens (northern leopard frog)

Homo sapiens (human) | ‘ ‘ ‘ ‘ (] ‘ | (] ‘
Pan troglodytes (chimpanzee) | @ I @l @
Nomascus leucogenys (gibbon) | [ ] [ [ ] ‘ ‘ [ [ ] ‘ | [ ] ‘
Pongo abelii (orangutan) | [ ) | [ ] | | | [ ] | | |
Colobus polykomos (king colobus) o o
Macaca mulatta (rhesus macaque) el [ I I | @l
Gorilla gorilla (gorilla) | [ ) | [ ] I [ ] | [ ] ‘
Myotis lucifugus (little brown bat) [ ) [ )
Hipposideros pratti (Pratt’s roundleaf bat) l ! | [ ] | ! | [ ] l |
Artibeus jamaicensis (common fruit bat) | [ ] ‘ ‘ [ J ‘ ‘ ‘ I @ ‘
Sciurus caroli is (eastern gray squirrel) | | [ ) | [ ] | | | | |
Ceratotherium simum (white rhinoceros) | ‘ | | ‘ | | |
84 Equus africanus asinus (donkey) o0
70 Equus ferus caballus (horse) | ‘ [ ] ‘ [ ] ‘ ‘ ‘ | ‘
———— Canis lupus familiaris (dog) e | | e el
97 Felis catus (cat) | [ ‘ [ ] ‘ [ ‘ | [
59 Panthera tigris (tiger) )
39 Odobenus rosmarus (walrus) Lol [ ] o [ ) | [ ) ‘
50 Ailuropoda melanoleuca (giant panda) | ®ole®l | | | |
81 Ursus maritimus (polar bear) [ ] | o ‘ [ ] Lo
,— Mus musculus (mouse) | | | | | | | |
45 |_|: Rattus norvegicus (rat)
33 Microtus ochrogaster (prairie vole) | @ @l | | | |
— Vicugna pacos (alpaca) | | | | | | | |
88 Cervus elaphus (red deer)
= Giraffa camelopardalis (giraffe) l ! [ ] | ! | l |
) Capra hircus (goat) (. [ ] [ o
70 Bos taurus (cow) E 2 [
35 Ovis aries (sheep) | ‘ | | |
I [ I
I [ I
I [ I

Figure 2. Putative N-glycosylation sites in RNase 1 homologues across an evolutionary spectrum. Circles indicate an asparagine residue within an
N-glycosylation sequon. The neighbor-joining phylogenetic tree is adapted from ref 30 and shows bootstrap values >30. Species in red lack an N-
glycosylation sequon. The Bos taurus (cow) entry is for RNase A; bovine brain ribonuclease has a sequon at residue 62 but not residue 34.%

Materials. The MS strain of P. pastoris was from Research
Corporation Technologies (Tucson, Arizona). The BL21-
(DE3) strain of E. coli cells was from Novagen (Madison, WI).

Synthetic oligonucleotides were from Integrated DNA
Technologies (Coralville, IA). Poly(cytidylic acid) was from
Sigma—Aldrich (St. Louis, MO). SYPRO Orange Protein Gel
Stain was from Life Technologies (Grand Island, NY). All
other chemicals and reagents were of commercial reagent
grade or better and were used without further purification.

Aqueous solutions were made with water that was generated
with an arium Pro water purification system from Sartorius
(Bohemia, NY) and had resistivity >18 MQ-cm™". Phosphate-
buffered saline (PBS) was 10 mM Na,HPO, and 1.8 mM
KH,PO, buffer, pH 7.4, containing NaCl (137 mM) and KCl
(2.7 mM). Buffered glycerol-complex medium (BMGY) was
100 potassium phosphate buffer, pH 5.0, containing peptone
(2% w/v), yeast extract (1% w/v), yeast nitrogen base without
amino acids (1.34% w/v), glycerol (1% w/v), and biotin (0.4
ug/mL). Buffered methanol-complex medium (BMMY) was
100 mM potassium phosphate buffer, pH 5.0, containing
peptone (2% w/v), yeast extract (1% w/v), dextrose (2% w/v),
yeast nitrogen base without amino acids (1.34% w/v),
methanol (1% v/v), and biotin (0.4 pg/mL). BMGY and
BMMY were sterilized by autoclaving prior to use. Yeast
extract peptone—dextrose solution (YPD) was 100 mM
potassium phosphate buffer, pH 5.0, containing peptone (2%
w/v), yeast extract (1% w/v), dextrose (2% w/v), and agar
(2% w/v). The solution was sterilized by autoclaving, poured
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into 60 X 15 mm plates, and allowed to cool to room
temperature. Dialysis was performed with 3.5 kDa MWCO
tubing from Spectrum Laboratories (Rancho Dominguez, CA).
A Spectra Multicolor Broad Range Protein Ladder from
Thermo Fisher Scientific (Waltham, MA) was used a
molecular weight standard for SDS—PAGE.

Instrumentation. Chromatography was conducted using
an AKTA Pure system from GE Healthcare Life Sciences
(Piscataway, NJ), and the results were analyzed with the
UNICORN Control System. HiTrap SP HP, HiTrap SP
Sepharose FF, HiTrap ConA 4B, and HiLoad 26/600
Superdex 75 pg columns for protein purification were from
GE Healthcare Life Sciences.

Protein concentrations were determined with a NanoVue
Plus spectrophotometer from GE Healthcare Life Sciences by
absorbance at 280 nm using Beer’s law, & = 0.53 mL-mg™"-
cm™!, and the molecular mass of the unglycosylated protein.

Differential scanning fluorimetry (DSF),” which requires
the monitoring of fluorescence during thermal denaturation,
was performed with a ViiA 7 Real-Time PCR system from
Applied Biosystems (Foster City, CA). Denaturation data were
obtained with ViiA 7 version 2.0 software and analyzed further
with Protein Thermal Shift version 1.4 software, both from
Applied Biosystems.

The intact molecular mass of RNase 1 glycoforms was
determined by MALDI-TOF mass spectrometry using a
microflex LRF instrument from Bruker (Billerica, MA) and by
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ESI mass spectrometry using a 6530 Accurate-Mass Q-TOF
LC/MS from Agilent (Santa Clara, CA).

Conditions. All procedures were performed in air at
ambient temperature (~22 °C) and pressure (1.0 atm) unless
indicated otherwise.

Plasmid Preparation for Expression in P. Pastoris. A
cDNA that encodes N34Q/N76Q/N88Q RNase 1 (QQQ)
was synthesized from synthetic DNA oligonucleotides by
Gibson assembly™” using the kit from New England Biolabs
(Ipswich, MA) (Figure S1). The synthetic gene was inserted
into the pPICZ expression vector, which has a neomycin
phosphotransferase (NeoR)/G418 resistance gene and was
from Thermo Fisher Scientific. The vector encodes DNA for
an RNase 1 glycoform fused to the a-mating factor signal
sequence with expression under the control of a strong
methanol-inducible promoter. cDNAs coding RNase 1 glyco-
forms were made by site-directed mutagenesis of the QQQ.
pPICZa plasmid using synthetic oligonucleotides (Figure S2)
and the Phusion Site-Directed Mutagenesis Kit from Thermo
Fisher Scientific. After target-plasmid amplification, the parent
template plasmid was degraded by digestion with 1 unit of
Dpnl restriction endonuclease from New England Biolabs,
which was added to the PCR reaction mixture. The resulting
nuclease-resistant target plasmid was transfected into E. coli.
Plasmids were isolated from the resulting colonies, and the
sequence of the cDNA that encodes RNase 1 was assessed for
the desired modification.

Transformation and Selection of RNase 1 Glycoform
Expression Plasmids. In preparation for transformation into
P. pastoris, plasmids were linearized by digestion with 1 unit of
Pmel restriction endonuclease from New England Biolabs at 37
°C overnight. The aqueous DNA solution was washed with 1
volume of 25:24:1 phenol/chloroform/isoamyl alcohol that
was saturated with 10 mM Tris—HCI buffer, pH 8.0. The
aqueous (i.e., upper) layer containing the linearized DNA was
transferred to a new tube, and 1/10th volume of 3 M sodium
acetate, pH 5.0, was added. A 2-fold excess of isopropanol was
added, and the resulting solution was then subjected to
centrifugation at 14 000g at 4 °C for 1 h to pellet the DNA.
After spinning, the supernatant was removed by careful
decantation, and the DNA pellet was resuspended in ethanol
(70% v/v) to remove excess salts. The solution was subjected
to centrifugation at 14000g at 4 °C for 1 h, and the
supernatant was removed by careful decantation. Excess
ethanol was evaporated by allowing the DNA pellet to sit at
room temperature for 10 min. The pure linearized DNA was
resuspended in water.

P. pastoris strain M5 was transformed by the addition of
linearized DNA (1 ug) to an aliquot of electrocompetent P.
pastoris cells, followed by incubation on ice for 5 min. After
transfer to an ice-cold 2 mm electroporation cuvette, cells were
pulsed at 1.5 kV with an electroporator from Bio-Rad
Laboratories (Hercules, CA). Cells were resuspended imme-
diately in an ice-cold 1.0 mL solution of sorbitol (1.0 M) and
allowed to recover for 2 h at 30 °C without shaking. After
recovery, 200 uL of resuspended cells were spread on YPD-
agar plates containing G418 (0.50 mg/mL) from Thermo
Fisher Scientific and incubated at 30 °C for 2 days. To test for
the ability of transformed cells to secrete RNase 1 into the
culture medium, colonies were used to inoculate 10 mL of
BMGY. The resulting culture was allowed to grow for 48 h and
then subjected to centrifugation. The resulting pellet was
suspended in S mL of BMMY. Aliquots of methanol (each 1%
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v/v) were added to the culture at intervals of 12 h during an
incubation period of 60 h. The supernatants were collected,
and the level of ribonucleolytic activity was assessed using a
zymogram assay as described below.

Production and Purification of RNase 1 Glycoforms
from P. pastoris. Colonies producing a high level of
ribonucleolytic activity were used to inoculate 10 mL of
BMGY. After shaking at 250 rpm for 48 h at 30 °C, the starter
culture was used to inoculate 200 mL of BMGY in a 2-L
baftled shaker flask. After growth for another 48 h at 30 °C, the
large-scale cultures were subjected to centrifugation at 5000
rpm for 10 min. The cell pellet was resuspended in 100 mL of
BMMY containing EDTA (0.5 mM) and allowed to grow for
60 h at 30 °C, with aliquots of methanol (each 1% v/v) added
every 12 h to induce gene expression. The culture was
subjected to centrifugation at 5000 rpm for 10 min. The
supernatant was concentrated and exchanged into 50 mM
sodium acetate buffer, pH 5.0, using a Vivaflow 200 tangential
flow concentrator from Sartorius (Bohemia, NY). After a
further S-fold dilution in 50 mM sodium acetate buffer, pH 5.0,
the sample was applied to a HiTrap SP Sepharose FF cation-
exchange column and eluted with a linear gradient of NaCl
(0—1.0 M). The eluted fractions were pooled and dialyzed
overnight against 5 L of 20 mM Tris—HCI bufter, pH 7.4.
containing NaCl (0.50 M), MnCl, (1 mM), and CaCl, (1
mM). RNase 1 glycoforms were purified from the retentate by
lectin-affinity chromatography using a HiTrap ConA 4B
column, which was eluted with a solution of methyl a-p-
mannopyranoside (0.50 M). RNase 1 glycoforms were purified
further by cation-exchange chromatography using a HiTrap SP
HP column before being dialyzed against PBS.

Plasmid Preparation for Expression in E. coli. A cDNA
that encodes Met(—1) RNase 1 in a pET22b(+) expression
vector’” was used to generate wild-type RNase 1 (NNN) in E.
coli (Figure S1). A synthetic cDNA that encodes the N34Q/
N76Q/N88Q RNase 1 (QQQ) variant flanked by regions of
sequence-identity near the T7 promoter and terminator found
in the pET22b vector was obtained from Integrated DNA
Technologies (Figure S1). Linear pET22b was prepared by
PCR using primers that complement the DNA that encodes
RNase 1 (5-AAGCCCGAAAGGAAGCTGAGTTGGC-
TGCTG-3" and 3'-AAACAAATTGAAATTCTTCCTC-
TATATGTA-5’). Gene and plasmid fragments were combined
with Gibson assembly®’ for expression in E. coli.

Production and Purification of RNase 1 from E. coli.
The N34Q/N76Q/N88Q variant and wild-type RNase 1 were
purified from inclusion bodies as described previously."'
Briefly, induced cells were lysed at 19.0 kpsi with a benchtop
cell disruptor from Constant Systems (Kennesaw, GA). After
centrifugation at 10 500 rpm for 45 min, the resulting pellet
was suspended in 20 mM Tris—HCI buffer, pH 8.0, containing
guanidine—HCI (7 M), EDTA (10 mM), and dithiothreitol
(0.10 M). This solution was diluted 10-fold by the slow
addition of degassed 20 mM acetic acid and then subjected to
centrifugation at 10 500 rpm for 45 min. The supernatant was
then dialyzed overnight against 16 L of 20 mM acetic acid.
After centrifugation at 10 500 rpm for 40 min, the supernatant
was added dropwise to folding solution (which was 100 mM
Tris—HCI buffer, pH 7.8, containing 100 mM NaCl, 1.0 mM
reduced glutathione, and 0.2 mM oxidized glutathione) and
allowed to fold for S days at 4 °C. The pH of the solution was
adjusted to 5.0, and the solution was then concentrated to 10
mL using an Amicon Stirred Cell concentrator from EMD
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Millipore (Billerica, Massachusetts) with Hydrostart 10-kDa
filters from Sartorius. Protein in the resulting solution was
purified by gel-filtration chromatography using a HiLoad 26/
600 Superdex 75 pg column and elution with 50 mM sodium
acetate buffer, pH 5.0, containing NaCl (0.10 M) and sodium
azide (0.05% w/v). The protein was purified further by cation-
exchange chromatography using a HiTrap SP HP column
before being dialyzed against PBS.

Zymogram Analysis of RNase 1 Glycoforms. To verify
the production of secreted, properly folded ribonucleases,
zymogram assays were performed on conditioned medium
using an assay similar to one reported previously.”” Briefly, a
polyacrylamide gel containing SDS (0.1% w/v), Tris (375
mM), and poly(cytidylic acid) (5.5 mg, incubated at SO °C
prior to addition) was cast. Aliquots of P. pastoris cultures were
prepared with 2X Laemmli sample buffer, which was 68.5 mM
Tris—HCI buffer, pH 6.7, containing glycerol (26.3% w/v),
SDS (2.1% w/v), and bromophenol blue (0.01% w/v). After
electrophoresis, the gel was washed twice with 10 mM Tris—
HCI buffer, pH 7.5, containing isopropanol (20% v/v), and
once with 10 mM Tris—HCI buffer, pH 7.5. Then, the gel was
incubated overnight in 100 mM Tris—HCI buffer, pH 7.5, to
allow the RNase 1 glycoform to refold within the gel. The
following day, the gel was washed with 10 mM Tris—HCI
buffer, pH 7.5, before staining with an aqueous solution of
toluidine blue (0.2% w/v) for 10 min. The gel was rinsed with
deionized water and destained in 10 mM Tris—HCI buffer, pH
7.5.

Treatment with Peptide-N-glycosidase F. To assess N-
linked glycosylation, RNase 1 glycoforms were denatured by
boiling for 10 min in an aqueous solution of SDS (0.5% w/v)
and dithiothreitol (40 mM). The denatured proteins were
incubated with peptide-N-glycosidase F (PNGase F) (5 U/
mL) for 24 h at 37 °C in S0 mM sodium phosphate buffer, pH
7.4, containing NP-40 (1% v/v), SDS (0.25% w/v), and
dithiothreitol (20 mM). Products were analyzed by SDS—
PAGE.

Assays of Protein Phosphorylation. To probe for
phosphorylation of proteins produced by P. pastoris, RNase 1
glycoforms were denatured and subjected to SDS—PAGE. The
ensuing gel was fixed, washed, and stained following the
protocol for Pro-Q Diamond Phosphoprotein Gel Stain from
Thermo Fisher Scientific. Protein bands were observed by
excitation at 520 nm and emission at 605 nm with an
Amersham Imager 600 from GE Healthcare. The gel was then
stained with Coomassie blue to assess total protein content.

Assays of Single-Stranded Ribonucleolytic Activity.
The catalytic activity of each RNase 1 glycoform was evaluated
by measuring the initial velocity of the cleavage of a single-
stranded fluorogenic substrate*” in a 96-well plate (Corning) at
25 °C. A solution of 6-FAM—dArU(dA),—6-TAMRA (0.2
uM) in 0.10 M Tris—HCI buffer, pH 7.5, containing NaCl
(0.10 M) was added to each well. After baseline fluorescent
readings were recorded, an RNase 1 glycoform was added
(final concentration: SO pM), and the initial velocity of
substrate turnover was measured by the increase in
fluorescence over time. After 8 min, substrate cleavage was
saturated by the addition of RNase A to 5 M. Values of k,./
Ky were determined as described previously™ and represent
the mean of at least three independent experiments.

Analysis of Double-Stranded RNA Degradation.
Double-stranded RNA degradation was evaluated using a
fluorescent hairpin substrate, 5,6-FAM—CGATC(rU)-
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ACTGCAACGGCAGTAGATCG, as described previously.”
This substrate has a single RNA nucleotide near the
fluorophore at its 5’ terminus. An aqueous solution of the
substrate was annealed into a hairpin by heating to 95 °C for 3
min and then slowly cooled to room temperature. Degradation
was assessed in 0.10 M Tris—HCI buffer, pH 7.4, containing
NaCl (0.10 M), the hairpin substrate (50 nM), and an RNase
1 (1 pM). After 1 min, the reaction was quenched by the
addition of ribonuclease inhibitor protein (rRNasin; 40 units)
from Promega (Madison, WI). The reaction products were
subjected to electrophoresis on a 20% w/v native acrylamide
gel at 10 mAmp. Formation of the cleavage product was
monitored by excitation of FAM at 460 nm and emission at
525 nm with an Amersham Imager 600 from GE Healthcare.
The gel was then stained with SYBR Gold from Invitrogen and
imaged for total nucleic acid content.

Assays of Conformational Stability. The conformational
stability of each RNase 1 glycoform was assessed by DSF as
described previously.”” Briefly, an RNase 1 glycoform was
dissolved in PBS to a final concentration of 2 ug/uL. SYPRO
Orange (which was obtained at a concentration of 5000X )
was added to a concentration of 50X. The assay solution was
heated from 10 to 95 °C at a rate of 0.2 °C/min. As the
solution was heated, the fluorescence emission was monitored
at (623 + 14) nm after excitation at (580 = 10) nm. Data were
summarized by the value of T, which is the temperature at the
midpoint of the thermal transition between native and
denatured states.

Assays of Proteolytic Stability. An RNase 1 glycoform
(1 mg/mL) was incubated with sequencing-grade modified
trypsin (10, 1, or 0.1 yg/mL) in 50 mM Tris—HCI buffer, pH
8.0, containing CaCl, (1 mM) at 37 °C for 1 h. To terminate
the reaction, phenylmethylsulfonyl fluoride (PMSF) was added
to a final concentration of 1 mM. The reaction products were
analyzed by SDS—PAGE.

B RESULTS

Production, Purification, and Analysis of RNase 1
Glycoforms. The three glycosylation sites within RNase 1
give rise to eight potential macroscopic glycoforms, specifically,
one triglycosylated, three diglycosylated, three monoglycosy-
lated, and one aglycosylated variant. We produced each
macroscopic glycoform of RNase 1 by strategically installing
Gln-Xaa-Ser/Thr sequences, which do not serve as substrates
for oligosaccharyltransferase (Figure S3). Soluble RNase 1
glycoforms were produced by P. pastoris cells and secreted into
the medium at ~3 mg per liter of culture.

We employed tangential-flow concentration, ion-exchange
chromatography, and lectin-affinity chromatography to isolate
each RNase 1 glycoform from the protein-rich culture medium.
Purified RNase 1 glycoforms displayed a higher molecular mass
than did aglycosylated controls, with shifts in electrophoretic
mobility corresponding to the additional number of
ManGIcNAc, glycans (Figures 3 and S4). Treatment of
purified RNase 1 glycoforms with PNGase F, an amidase that
hydrolyzes the bond between a GlcNAc residue and asparagine
side chain, produced a single species that migrated similar to
aglycosylated RNase 1, consistent with N-linked glycan
attachment to the RNase 1 core (Figure 3).

The molecular mass of each purified RNase 1 glycoform was
assessed by both MALDI-TOF and ESI mass spectrometry.
The MALDI-TOF spectra indicated the presence of addi-
tional mass in the mono-, di-, and triglycosylated RNase 1 but
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Figure 3. SDS—PAGE gels showing purified RNase 1 glycoforms. The
enzymes were subjected to electrophoresis in a 15% w/v gel and
visualized by staining with Coomassie blue. (A) Purified proteins. (B)
Purified proteins after treatment with PNGase F (35.5 kDa).

was unable to resolve individual species (Figure SS). The ESI
spectra indicated the appendage of the expected number of
Man;GIcNAc, units in each glycoform (Table 1, Figure S6).
Some additional mannose monomers (i.e., microheterogene-
ity) were apparent in the RNase 1 glycoforms produced by the
P. pastoris system, as is observed in bovine RNase B.** Because
these monomeric units are distal from the protein, they are
likely to have less influence on RNase 1 than do the proximal
ManGlcNAc, units.

High-resolution analysis of the proteins from the P. pastoris
system revealed additional peaks at ~80 Da and ~160 Da
above that expected for each sample. The presence of these
additional peaks, including with the aglycosylated control
(QQQ), was indicative of further modification of the protein
core by P. pastoris cells. Because phosphoryl groups have a
mass of ~80 Da, we analyzed proteins from each expression

system with a phosphoprotein-specific stain. The results
confirmed the phosphorylation of proteins produced with the
yeast system (Figure S7). Importantly, this additional
modification (which is not added by E. coli cells) did not
have a discernible impact on the attributes RNase 1 (vide
infra), other than its mass. Protein phosphorylation, carried
out by various kinases, is a common modification in eukaryotic
expression systems.”> Secretory pathway-associated kinases
have garnered attention for their role in phosphorylating
extracellular proteins in human cells*® and could be at work in
the P. pastoris system.

Ribonucleolytic Activity of RNase 1 Glycoforms.
Human RNase 1 catalyzes the cleavage of the P—O*" bond
on the 3’ side of pyrimidine ribonucleotides. The principal
catalytic residues, His12, Lys41, and His 119 (Figure 1A), are
conserved in RNase 1 homologues, suggestive of a similar
enzymatic reaction mechanism.” We assessed whether N-
glycosylation impacts the ribonucleolytic activity of human
RNase 1. We determined the ribonucleolytic activity of each
RNase 1 glycoform with a fluorogenic substrate.*” A similar
level of catalytic activity was observed for all aglycosylated
variants, regardless of the expression system used in their
production (Table 1, Figure 4A). Apparently, neither three
extra methylene groups (QQQ. versus NNN) nor an N-
terminal methionine residue (NNN from E. coli) have a
measurable effect on enzymatic catalysis by RNase 1. In
contrast, all RNase 1 glycoforms exhibited lower ribonucleo-
Iytic activity. The monoglycosylated NQQ variant maintained
the highest activity of all of the glycoforms.

RNase 1 and its homologues can catalyze the degradation of
dsRNA substrates.””*>*” We examined the ability of RNase 1
glycoforms to do the same. We observed that each RNase 1
glycoform, like the unglycosylated enzyme, can catalyze the
degradation of a dsRNA (Figure S8).

Thermostability of RNase 1 Glycoforms. N-Glycosyla-
tion has been reported to enhance the thermostability of
proteins, including other ptRNases."”" We assessed the
thermostability of each RNase 1 glycoform using DSF. We
found that the T, value of all aglycosylated variants, regardless
of the expression system used in their production, was ~56 °C
(Table 1, Figure 4B). As with enzymatic catalysis, neither three
extra methylene groups (QQQ versus NNN) nor an N-
terminal methionine residue (NNN from E. coli) has a
measurable effect on the thermostability of RNase 1. In

Table 1. Attributes of RNase 1 Glycoforms

m/z (Da) kea/ Koy

source RNase 1¢ glycans expected observed T (°C)b 10° M1 57! %
E. coli NNN 0 14 705.52 14 698.35 559 £ 0.2 19 £ 02 100
E. coli QQQ 0 14 747.607 14 740.03 566 + 03 19 + 0.1 100
P. pastoris QQQ 0 14 616.41 14 608.88 56.4 + 0.1 1.9 + 0.1 100
P. pastoris NQQ 1 15 818.38 15 811.70 58.6 + 0.3 1.5 £ 0.1 79
P. pastoris QNQ. 1 15818.38 1581191 56.8 + 0.1 0.74 + 0.07 39
P. pastoris QQN 1 15 818.38 15811.85 572 £ 0.2 0.30 + 0.04 16
P. pastoris NNQ 2 17 020.36 17 015.05 59.1 +£ 0.2 0.72 + 0.04 38
P. pastoris NQN 2 17 020.36 17 014.99 587 £ 0.2 0.63 + 0.03 33
P. pastoris QNN 2 17 020.36 17 015.57 573 £ 0.1 0.21 + 0.03 11
P. pastoris NNN 3 18222.33 18218.39 594 + 03 0.19 + 0.09 10

“Residues at positions 34, 76, and 88 (Figure 1D). bValues were determined by DSF at pH 7.4. “Values were determined by fluorescence
spectroscopy for the cleavage of 6-FAM—dArUdAdA—6-TAMRA at pH 7.5. “The proteins produced in E. coli have an N-terminal methionine

residue.
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Figure 4. (A) Ribonucleolytic activity of RNase 1 and its glycoforms.
Values of k./Ky were determined for the cleavage of 6-FAM-—
dArU(dA),—6-TAMRA at pH 7.5 and 25 °C. Each data point
represents an individual measurement. (B) Thermostability of RNase
1 and its glycoforms. Values of T, were determined were determined
using DSF in PBS containing SYPRO Orange (50X ). Each data point
represents an individual measurement.

contrast, the addition of a single glycan at any position in
RNase 1 increased its thermostability. The most thermostable
of the monoglycosylated proteins had N-glycosylation at Asn34
(NQQ) and increased the T,, value by >2 °C to (58.6 + 0.3)
°C. N-Glycosylation at any two sequons resulted in minimal
change in thermostability from the corresponding monoglyco-
sylated species. Preventing N-glycosylation at Asn34 (QNN)
generated the least stable diglycosylated protein, one having a
T, value (57.3 + 0.1) °C, which is between the values for the
related QNQ and QQN glycoforms. The triglycosylated
RNase 1 had the highest thermostability with a T,, value of
(59.4 + 0.3) °C.

Proteolytic Stability of RNase 1 Glycoforms. The
proteolytic susceptibility of each RNase 1 glycoform was
assessed by analysis with SDS—PAGE (Figure 5) following
treatment with trypsin. The aglycosylated forms of RNase 1
were especially susceptible to trypsin and were largely
degraded even at low concentrations of trypsin. Digestion
products were observed as lower molecular weight bands even
in the presence of trypsin at only 1 ug/mL. Nonetheless, any
glycosylation produced an increase in resistance to digestion by
trypsin, even at high concentrations of protease. Digestion
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Figure S. SDS—PAGE gels showing the effect of trypsin on RNase 1
glycoforms. An RNase 1 glycoform (1 mg/mL) was incubated with
trypsin (0.1, 1, or 10 ug/mL) at 37 °C for 1 h. The trypsin was
inactivated with PMSF, and the products were subjected to
electrophoresis in a 15% w/v gel and visualized by staining with
Coomassie blue.

products were not observed when glycosylated proteins were
treated with 1 pg/mL trypsin.

B DISCUSSION

Glycosylation Attenuates Catalysis by RNase 1.
Glycosylation can either enhance or diminish the catalytic
activity of an enzyme.’® Catalysis by RNase 1 relies on the
favorable Coulombic interaction between cationic enzymic
residues and the anionic phosphoryl groups of an RNA
substrate.”' > During their purification by cation-exchange
chromatography, the glycosylated forms of RNase 1 eluted
more readily than did aglycosylated RNase 1, indicating that a
pendant heptasaccharide diminishes affinity for an anionic
resin. Similarly, N-glycosylation appears to reduce affinity for
the rate-limiting transition state during catalysis of RNA
cleavage, leading to a lower k,./Ky value (Table 1, Figure 4A).

Although monoglycosylation diminished the ability of
RNase 1 to catalyze the cleavage of RNA (Table 1, Figure
4A), the impact was not equivalent across the three N-
glycosylation sites. The least active monoglycoform, with
glycosylation only at Asn88 (QQN), retained only ~20% of
the activity of the aglycosylated controls. Residue 88 is
proximal to the cationic RNA-binding site of RNase 1 (Figure
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1B). A glycan appended to Asn88 could hinder access of an
RNA substrate to the active site. Glycosylation of Asn76
(QNQ) yielded an enzyme with ~40% of the activity of the
aglycosylated protein. Residue 76 is distal from the enzymic
active site, and the basis for its effect on catalysis is not clear.

In contrast to positions 76 and 88, N-glycosylation at
position 34 (NQQ) enabled RNase 1 to maintain ~80% of its
ribonucleolytic activity. Asn34 is relatively proximal to the
active site, but the orientation of its side chain might allow for
the appendage of a larger glycan without hindering access of an
RNA substrate to the active site. This orientation is consistent
with the results of analyses of bovine RNase B, which also has a
glycan attached to Asn34.>*

N-Glycosylation of RNase 1 at multiple sites likewise
attenuated catalytic activity. The di- and triglycosylated
proteins maintained ~30% and ~10% of control activity,
respectively. Steric interactions incurred upon the addition of
multiple glycans could distort the enzymic active site. Again,
though, Asn34 is the most tolerable position for the installation
of a glycan. Notably, all of the glycoforms retained the ability
to cleave double-stranded RNA (Figure S8).

Glycosylation Increases Thermostability. Human
RNase 1 has a compact structure with thermostability (T, ~
56 °C) deriving largely from four disulfide bonds that cross-
link the protein.” Previous studies have demonstrated that N-
glycosylation enhances the conformational stability of an
amphibian homologue of RNase 1.* We find that every
permutation of N-glycosylation increases the thermostability of
RNase 1 itself (Table 1, Figure 4B).

The three monoglycoforms of RNase 1 exhibited T, values
between 57 and 59 °C. N-Glycosylation at Asn34 yields the
most significant increase in conformational stability. Its AT,
value of slightly more than 2 °C is in accord with previous
analyses of RNase B. In that homologous context, N-
glycosylation of Asn34 site resulted in a AT, value of 1.5
°C.*° In RNase B, residues near Asn34 are known to be less
dynamic than in RNase A.”

In terms of thermostability, diglycosylated and triglycosy-
lated RNase 1 followed suit. We found that maintaining
glycosylation at Asn34 generated the most stable diglycoforms:
NNQ and NQN. When N-glycosylation at residue 34 was
deterred, as in the QNN variant, the value of T, was
diminished. Moreover, N-glycosylation of all three sites
increased the thermostability by ~3 °C. This gain in stability
upon addition of multiple glycans was unknown for ptRNases.

Glycosylation of RNase 1 Enhances Proteolytic
Stability. Previous work had demonstrated that the
glycosylation of RNase A’****’ and other proteins®*~®*
diminishes their susceptibility to degradation by proteases.
We likewise found that all glycoforms of RNase 1 are resistant
to proteolysis compared to the aglycosylated protein (Figure
S). Bach pendant Man;GlcNAc, heptasaccharide has a mass
(1.2 kDa) that is nearly 10% that of RNase 1 (14.6 kDa), and
is likely to be disorder-mobile. These glycans could shield the
main chain from proteases.

Glycosylation in Human Homologues of RNase 1. N-
Glycosylation sequons exist in a majority of human ptRNases
(Figure S9). The potential for extensive glycosylation is large
in two homologues, RNase 2 (eosinophil-derived neurotoxin)
and RNase 3 (eosinophil cationic protein), that play crucial
roles in host-defense through antiviral and antimicrobial
actions, respectively.”” Interestingly, the antimicrobial activity
of RNase 3 is squelched by its N-glycosylation, which could
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thereby play a regulatory role.”” Among human ptRNases,
however, the glycosylation sequons at Asn34, Asn76, and
Asn88 are each unique features of RNase 1. These three
sequons are conserved in chimpanzee, gibbon, gorilla, and
presumably other hominids (Figure 2).

B CONCLUSIONS

The N-glycosylation sequons of RNase 1 have been conserved
across vertebrates, indicative of biochemical significance. We
reported on the first production and characterization of human
RNase 1 glycoforms with all possible permutations of
endogenous N-glycosylation. We find that the N-glycosylation
of human RNase 1 improves its resistance to both thermal
denaturation and proteolytic degradation but reduces its
catalytic activity. Among the observed N-glycosylation sites,
Asn34 has been conserved most widely across diverse groups
of mammals and has displayed the highest level of glycan
occupancy in a majority of biological samples. In accord, we
find that only the N-glycosylation of Asn34 in human RNase 1
significantly improves overall protein stability while maintain-
ing robust catalytic activity.
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gel electrophoresis performed in the presence of sodium
dodecyl sulfate; Tris, tris(hydroxymethyl)aminomethane
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