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ABSTRACT: Glycosylation is a common modiﬁcation that can endow
proteins with altered physical and biological properties. Ribonuclease 1
(RNase 1), which is the human homologue of the archetypal enzyme
RNase A, undergoes N-linked glycosylation at asparagine residues 34, 76,
and 88. We have produced the three individual glycoforms that display the
core heptasaccharide, Man5GlcNAc2, and analyzed the structure of each
glycoform by using small-angle X-ray scattering along with molecular
dynamics simulations. The glycan on Asn34 is relatively compact and rigid,
donates hydrogen bonds that “cap” the carbonyl groups at the C-terminus of
an α-helix, and enhances protein thermostability. In contrast, the glycan on
Asn88 is ﬂexible and can even enter the enzymic active site, hindering catalysis. The N-glycosylation of Asn76 has less pronounced
consequences. These data highlight the diverse behaviors of Man5GlcNAc2 pendants and provide a structural underpinning to the
functional consequences of protein glycosylation.
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16% of the catalytic activity, respectively, and a marginal
increase in Tm.
Due to the wide variety of monosaccharide building blocks
and the stochastic nature of the glycosyltransferase machinery,
the multiplicity of glycoforms can be enormous.1,40−43
Moreover, glycans tend to be more ﬂexible than proteins,
making their structural assessment problematic. Small-angle Xray scattering (SAXS) can be used to probe structures in
solution and thus provide insight into the conformational
properties of biomolecules, especially when coupled with
molecular dynamics simulations.44−47 Here, we employ this
synergistic strategy to reveal eﬀects of endogenous glycans on
the structure and dynamics of human RNase 1.

lycosylation is a highly prevalent co- or post-translational
modiﬁcation that is bestowed upon a ﬁfth or so of
proteins.1 Glycosylation is known to have diverse consequences,2−8 and articulating the precise eﬀects of glycosylation on
the structure and function of proteins is an important ongoing
challenge.9−12 We sought to extend extant knowledge in a welldeﬁned context.
Vertebrate cells secrete endoribonucleases that enable a
variety of biological functions stemming from their catalysis of
RNA cleavage.13−16 These small, stable, cationic proteins are
known as pancreatic-type ribonucleases (ptRNases, EC
3.1.27.5). The prevalent bovine ptRNase, RNase A, has served
as a model protein for much foundational research in the ﬁeld
of biochemistry,17−30 as has its N-glycosylated variant,
RNase B.31−34 In humans, the most abundant and catalytically
active ptRNase is RNase 1 (UniProtKB P07998).
Human RNase 1 provides a practical model for investigating
structure−function relationships derived from glycosylation.
The endogenous glycosylation of RNase 1 occurs on
asparagine side chains within three sequons: Asn-Xaa-Ser/
Thr. The three sites are glycosylated diﬀerentially according to
cell and tissue type.35,36 Consistent with the preference for
glycosyltransferases to act upon Asn-Xaa-Thr over Asn-XaaSer,37 glycosylation at Asn34 is observed more frequently than
at Asn76 or Asn88.38 Moreover, Asn34 is in the most
conserved sequon in ptRNases.31,39 In previous work, we
showed that glycosylation at position Asn34 leads to an 80%
retention of catalytic activity and a 3 °C increase in the value of
Tm, which is the temperature at the midpoint of the thermal
transition between folded and unfolded states.39 Monoglycosylations at residues 76 and 88 lead to enzymes with 39% and
© 2020 American Chemical Society

■

MATERIALS AND METHODS
Materials. All 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 that had a resistivity of ≥18 MΩ
cm−1.
Protein Preparation. Unglycosylated human RNase 1 was
produced in Escherichia coli and puriﬁed as described
previously.48 Human RNase 1 that is N-glycosylated on the
side chain of Asn34 (NQQ), Asn76 (QNQ), or Asn88 (QQN)
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Table 1. Parameters Derived from Small-Angle X-ray Scattering, Dynamic Light Scattering, and Molecular Dynamics
Simulation
RNase 1
unglycosylated
NQQ glycoform
QNQ glycoform
QQN glycoform

Rg,Guinier (Å)a

Rg,P(r) (Å)a

Dmax (Å)a

VP (×103 Å3)a

±
±
±
±

15.80
16.97
16.89
18.58

44.44
45.22
45.85
52.20

18.8
20.0
20.3
22.2

18.01
19.16
18.88
20.72

0.27
0.26
0.15
0.50

Dexp (μm2/s)b
133
112
116
100

±
±
±
±

8
2
3
2

Rh (Å)b

Rg,sim (Å)c

Dcalc (μm2/s)c,d

±
±
±
±

15.3
16.0
16.3
16.2

115.1
107.9
106.1
105.2

18.2
21.6
22.3
23.8

0.1
0.3
0.4
0.6

a

Data from SAXS. bData from DLS. cData from molecular dynamics simulation. dCalculated by the method described in ref 58.

Figure 1. SAXS data for (A) unglycosylated RNase 1 and (B−D) its three glycoforms and molecular dynamics simulation ﬁts to the SAXS data.
Each panel displays a SAXS proﬁle (• ± SE in gray), the simulated best-ﬁt structure with respect to that proﬁle (red lines), the χ2 value between the
experimental and simulated proﬁles, and an image of the best-ﬁt structure from the simulation.

was produced with the M5 strain of Pichia pastoris and puriﬁed
as described previously.39 Stocks of puriﬁed protein were
prepared at 10 mg/mL in 10 mM BIS-TRIS buﬀer (pH 7.5).
Dynamic Light Scattering. Protein solutions were diluted
to achieve concentrations of 1.0, 2.5, and 5.0 mg/mL in 10
mM BIS-TRIS buﬀer (pH 7.5), subjected to centrifugation at
15000g for 15 min, and ﬁltered through a 0.22 μm ﬁlter (GE
Healthcare). These solutions were then monitored with a
DynaPro Nanostar dynamic light-scattering instrument outﬁtted with a 658 nm laser in a 10 μL quartz cuvette. Data were
analyzed with the method of cumulants.49
Small-Angle X-ray Scattering. Samples were prepared for
SAXS experiments with at least two concentrations to deduce
potential concentration-dependent eﬀects. Samples were
prepared at concentrations of 1.0, 2.5, and 5.0 mg/mL, in 10
mM BIS-TRIS buﬀer (pH 7.5) containing glycerol [2% (v/v)]
to attenuate radiation damage. Samples were subjected to
centrifugation at 15000g for 15 min and ﬁltered through a 0.22
μm ﬁlter (GE Healthcare). SAXS data were collected at
SIBYLS beamline 12.3.1 at the Advanced Light Source at the
Lawrence Berkeley National Laboratory. An X-ray wavelength
λ of 1.27 Å (11 keV) was used with a sample-to-detector
distance of 2 m and collecting a scattering vector range of
0.009755−0.413 Å−1. Data sets were collected by performing

29 0.5-s exposures. The light path was generated by a
superbend magnet to provide a ﬂux of 1012 photons/s (1 Å
wavelength) and detected with a Pilatus3 2M pixel array
detector. Collected data sets were merged using the FrameSlice
web server. The averaged spectra were then analyzed using
PRIMUS to provide experimentally derived parameters and
distance distribution functions for further analysis.50
Mass Spectrometry. Intact protein mass spectra were
recorded on an Agilent Accurate Mass 6530 quadrupolar timeof-ﬂight (QTOF) mass spectrometer. Samples were prepared
by dilution to 10 μM with a solution of H2O [94.9% (v/v)],
acetonitrile [5% (v/v)], and formic acid [0.1% (v/v)], all
LCMS grade. The resulting solution was passed through a 0.22
μm ﬁlter prior to injection. Chromatography was performed
with an Agilent biomolecule PLRP-S instrument (1000 Å, 2.1
mm × 50 mm, 50 μm) using an acetonitrile−water gradient.
Intact mass spectra were recorded and subsequently
deconvoluted.
Simulation. To gain molecular level insight into glycoprotein structure, we performed independent molecular
dynamics simulations on the unglycosylated protein as well
as each glycoform (NQQ, QNQ, and QQN). Simulations were
performed on four proteins that were identical to those used
experimentally, including strategic asparagine→glutamine
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substitutions within sequons.39 The starting model was based
on chain X of Protein Data Bank entry 2q4g.51 The missing Cterminal threonine residue and the N-terminal lysine residue
were built into this protein structure with the program
MODELER.52 We used the CHARMM36 force ﬁeld and set
up the simulation using CHARMM-GUI, which allowed for
appropriate asparagine→glutamine substitutions and glycosylation with Man5GlcNAc2.53,54 Periodic boundary conditions
were enforced in cubic simulation boxes with ≥10 Å between
the glycosylated protein and the nearest side of the box,
resulting in boxes with lengths of 58.69 Å (unglycosylated),
63.38 Å (NQQ), 75.76 Å (QNQ), and 69.54 Å (QQN).
Proteins were solvated with an ionic strength of 0.15 M, which
also includes ions that counterbalance the charge of the
protein. The structure was set up to run in the GROMACS
simulation package.55,56 Periods of 10 ns of NVT equilibration
and 20 ns of NPT equilibration were performed before NVT
production simulations of 1 μs for the unglycosylated protein
and 2 μs for each glycoform.
Simulated SAXS proﬁles were calculated and ﬁtted with the
program CRYSOL57 to experimental proﬁles for both the
entire trajectories and individual snapshots. Theoretical
diﬀusion coeﬃcients were calculated from a bead model
based on the best-ﬁt structures to SAXS data with the program
HYDROPRO.58 Contact maps were calculated on the basis of
residues whose atoms were separated by <4.5 Å with the
MDAnalysis package.59,60 Covariance matrices were built with
the program ProDy61 with protein α-carbon and glycan-C1
positions, and principal component analysis was conducted by
taking the eigenvalues and eigenvectors of the covariance
matrix.61 GROMACS analysis tools were used to calculate
hydrogen bond lengths, radii of gyration, root-mean-square
ﬂuctuation (RMSF) values, and Cα root-mean-square displacement (RMSD) values relative to the unglycosylated
protein.55,56

■

RESULTS AND DISCUSSION
Biophysical Properties of RNase 1 Glycoforms.
Assessing the biophysical eﬀects of glycosylation requires
control over both the location of glycosylation and the
composition of the appended glycan. As described previously,39 we accessed individual glycoforms of human RNase 1
by biosynthesis using strategic substitution of asparagine
residues with glutamine (which is not a substrate for
oligosaccharyltransferase). We then characterized the unglycosylated protein and its three glycoforms with QTOF-LCMS.
Integration of each peak in the deconvoluted mass spectra
revealed that the majority of protein in solution retains a single
Man5GlcNAc2 glycan (Figure S1). Some additional mannosylation is evident in these preparations, mimicking biological
glycosylation patterns.
With authentically glycosylated proteins in hand, we began
analyzing the structural and biophysical eﬀects of RNase 1
glycosylation. We used dynamic light scattering (DLS) to
ensure that our samples were monodisperse and to establish an
eﬀective hydrodynamic radius for the glycosylated proteins.
We found there was not a signiﬁcant increase in the
hydrodynamic radius (Rh) as a function of concentration
(Table 1 and Figure S2). DLS measurements did, however,
demonstrate a 10−30% increase in the Stokes radius upon
glycosylation. The average hydrodynamic radii varied between
glycosylation sites by 0.1−0.2 nm. Whereas DLS data must be
interpreted in the context of simple geometric objects, the data

Figure 2. Relationship between the catalytic activity and protein
ﬂuctuation of RNase 1 and its three glycoforms. (A) Ribonucleolytic
activity and thermostability of the enzymes. Values of kcat/KM and Tm
are the mean (±SD) from ref 39. (B) Kratky diﬀerence plot showing
the diﬀerential ﬂexibility endowed by N-glycosylation at position 34,
76, or 88. (C) RMSF diﬀerence plot of amino acid residues in
unglycosylated RNase 1 and its glycoforms.

were consistent with the proteins being monomeric and
adumbrated higher information techniques that provide deeper
insight into the RNase 1 glycans.
The conformational plasticity endemic to glycans often
results in glycosylated proteins being refractory toward analysis
by traditional X-ray crystallography. In addition, a rigid
crystalline structure would not necessarily be indicative of
the overall physical properties of glycoproteins. To circumvent
these issues, we conducted SAXS experiments on the
unglycosylated RNase 1 and its three glycoforms. We collected
SAXS data at three diﬀerent concentrations and merged the
data sets after verifying that the radius of gyration was constant
with respect to changes in concentration (Figure S3). As
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SAXS is an eﬀective method for obtaining low-resolution
structural data for biomolecules in solution. Its resolution is
limited, however, by orientational averaging, resulting in a onedimensional proﬁle. 44,45,47 This limitation has led to
approaches for producing structures by matching SAXS data
with possible structures or by using SAXS curves to guide
molecular dynamics calculations.62−64 Molecular dynamics
force ﬁelds continue to evolve to match experimental data
more closely,65−68 and recent developments expanded their
ability to model glycosylated proteins.54,69−71 We ﬁnd that allatom explicit solvent simulations on the unglycosylated protein
and each glycoform compliment the experimental results. Our
modeled structures are consistent with SAXS and DLS data
and suggest that the chemical environment around a
glycosylation site governs the protein−glycan interactions.
To gain atomistic insight from SAXS curves, we produced an
ensemble of possible structures with molecular dynamics
calculations. We then computed the theoretical SAXS
spectrum of each individual structure with the program
CRYSOL.57 The best individual ﬁts from CRYSOL are
shown in Figure 1. Because SAXS is an ensemble measurement, we also calculated the SAXS proﬁle of the entire
simulated ensemble (Figure S5) and tracked the radius of
gyration throughout our simulation (Table 1 and Figure S6).
Both the individual ﬁts and the ensemble ﬁts match the
experimental proﬁle, with single structures reaching χ2 < 2 for
each system. To verify the simulation results further, we used
best-ﬁt structures from individual SAXS ﬁttings to produce a
theoretical diﬀusion constant using the program HYDROPRO.58 The trends in these modeled diﬀusion constants
(Dcalc) match those in the experimental diﬀusion constants
(Dexp) (Table 1). It is worth noting that the simulated values
for Rg are smaller than the experimental ones (Table 1). This
discrepancy could arise from, in addition to force ﬁeld
inaccuracy, the heterogeneity of glycosylated states in experiments, as shown in Figure S1. In particular, besides the most
prevalent glycan (which is modeled in our simulations), the
presence of larger glycans could lead to the observed larger
experimental values of Rg. (Simulating all possible glycoforms
is, however, beyond the scope of this work.) We note too that
the protein−glycan systems maintain the overall fold of the
protein. The values of the α-carbon RMSD relative to the
crystal structure indicate that all simulations stay close to the
unglycosylated structure, with an average RMSD of ∼3 Å
(Figure S7).
Eﬀects of Glycosylation Are Site-Dependent. All
mammalian species retain at least one N-glycosylation site in
their RNase 1 homologue,31 suggestive of functional utility.
Still, the physiological role of glycosylation in RNase 1
homologues is not clear. Previously, we demonstrated that
glycosylation of Asn34 increases the thermostability of the
protein but has little eﬀect on its catalytic activity (Figure
2A).39 Meanwhile, the QNQ and QQN glycoforms have
unperturbed thermostability but diminished ability to catalyze
RNA cleavage. We searched for the structural diﬀerences that
underlie these functional consequences.
Normalized Kratky plots provide insight into the compaction, domains, and organization of a biomolecule. We plotted
normalized Kratky plots from the experimental SAXS data of
each glycoform alongside the unglycosylated RNase 1 to assess
if glycosylation alters the fold or ﬂexibility of the protein
(Figure S8). At ﬁrst glance, we observed no signiﬁcant
diﬀerences in the rough geometric properties of the four

Figure 3. Relationship between the ﬂexibility of the glycan and
protein in RNase 1 glycoforms. (A) Absolute value of protein−glycan
covariance as a function of protein residue for RNase 1 glycoforms. αHelices (curves), β-strands (arrows), and glycosylated residues
(CHO) are indicated on the ordinate. (B) Average RMSF of all
glycan residues in each glycoform.

anticipated, glycosylation increases the Rg value of RNase 1 in
a site-dependent manner (Table 1) and is correlated with
increased hydrodynamic radii. Diﬀerences arose between the
Rg,Guinier and Rg,P(r) values, but trends are consistent across all
members of the data set. The variation in Rg,Guinier and Rg,P(r)
values between all three glycoforms is ∼5%, whereas a 10%
diﬀerence arose between the radii of gyration for unglycosylated and glycosylated RNase 1. Collectively, the trends in
Rg,Guinier and Rg,P(r) indicate that glycosylation increases the size
of RNase 1 through a glycosylation-site-speciﬁc mechanism. By
all methods employed, glycosylation of RNase 1 at positions 34
and 76 leads to a more compact protein than does
glycosylation at position 88.
An analysis of distance distributions extracted from SAXS
data can provide insight into the geometric properties of a
molecule. Speciﬁcally, distance distributions can provide a
“string-length” distance, Dmax, which is the largest length of the
molecule. In addition, the distribution function can provide
insight into the shape of the molecule and its ﬂexibility.
Analysis of the distance distribution functions for the proteins
demonstrates their globularity (Figure S4). The perturbation
of a glycan increases the Dmax value, especially for the QQN
glycoform (Table 1).
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Figure 4. Eﬀect of the glycosylation site in RNase 1 on protein−glycan interactions during molecular dynamics simulations. (A) Protein−glycan
contact probability varies according to glycosylation site. α-Helices (curves), β-strands (arrows), and glycosylated residues (CHO) are indicated on
the ordinate. The inset shows the structure of the Man5GlcNAc2 glycan and the numbering system used on the abscissa. (B) Sites (red) at which
the protein and glycan are in contact for >3% of the simulation. (C) Probability of observing a hydrogen bond between the Man5GlcNAc2 glycan
and RNase 1 in the three glycoforms. (D) Hydrogen bonds (green dashes) formed frequently between main-chain oxygens and residues of the
NQQ glycoform. The side chains of residues 31−35 are shown explicitly. (E) Number of protein−glycan contacts in the three glycoforms tracked
as a function of time (left) and by probability (right). (F) QQN glycoform with its glycan bound in the enzymic active site, a conformer that
corresponds to the peaks in protein−glycan contacts in panel E. The side chains of active-site residues His12, Lys41, and His119 are shown
explicitly.

followed by a decay to zero. The positive value of the [(qRg)2
× I(q)/I(0)]glycosylated − [(qRg)2 × I(q)/I(0)]unglycosylated curves
between qRg values of 0.25 and 1.75 is consistent with a less
compact structure.72 Comparison of the Kratky diﬀerence
curves across the glycoforms suggests that the NQQ glycoform

molecules, in agreement with the subtle diﬀerences observed in
their distance distribution functions (Figure S4). To probe
more deeply, we plotted the diﬀerence, [(qRg)2 × I(q)/
I(0)]glycosylated − [(qRg)2 × I(q)/I(0)]unglycosylated (Figure 2B).
This diﬀerence shares a local maximum near qRg = 1.0,
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is more compact than either the QNQ or the QQN glycoform.
Collectively, the diﬀerences, though subtle, underline changes
that could arise from site-speciﬁc glycosylation.
To probe protein ﬂexibility further, we computed the RMSF
as a function of residue number during the course of the
molecular dynamics simulations. This metric provides a
measure of the ﬂexibility of each residue. Similar to what
was observed in the Kratky diﬀerence plots derived from SAXS
data, the simulations reveal that the NQQ glycoform is less
ﬂexible than either the QNQ or the QQN glycoform (Figure
2C). The degree of ﬂexibility of a glycoform correlates
inversely with its Tm value (cf. Figure 2A).
Although the RMSF results indicate that ﬂuctuations tend to
increase upon glycosylation, they cannot reveal how the glycan
is causing these changes. To relate glycan motion to protein
motion, we ﬁrst computed the covariance map for the
ﬂuctuations of unglycosylated RNase 1 and its glycoforms
(Figure S9). These maps demonstrate that ﬂuctuations can
propagate throughout the protein. This interplay between the
protein and its pendant glycan is readily apparent in the
protein−glycan covariance (Figure 3A), which increases with
glycan RMSF (Figure 2C). To examine the protein−glycan
interaction more closely, we computed the average RMSF of
all glycan residues (Figure 3B). As with thermostability, we
ﬁnd that glycan ﬂexibility correlates inversely with catalytic
activity (Figure 2A). Relaying glycan motion to the protein
could perturb its structural organization and conformational
ﬂuctuation that are crucial for function.
Protein−Glycan Interactions. As glycosylation-site-dependent changes in protein ﬂexibility seem to stem from glycan
mobility, we reasoned that the subtle diﬀerences between the
glycoforms were a product of their local chemical environment.
Certain protein conformations could produce more stable
protein−glycan interactions. Accordingly, we plotted residues
at which diﬀerent glycan residues contacted the protein
(Figure 4A,B). We ﬁnd that the NQQ glycoform makes more
longer-lived contacts than do the QNQ and QQN glycoforms.
There are no aromatic residues near Asn34 to provide
stabilizing interactions73,74 with a pendant glycan. Further
examination revealed, however, that the NQQ glycoform
engages much more frequently in hydrogen bonding than do
the other glycoforms (Figure 4C). In particular, hydrogen
bonds connect the ﬁrst GlcNAc residue with carbonyl groups
at the C-terminus of an α-helix (Figure 4D). These hydrogen
bonds, which are donated largely by the 6-OH and 2-NH of
GlcNAc1 and the side-chain NH of Asn34, ﬁx the
conformation of the glycan and explain its lower ﬂexibility.
In turn, the glycan appears to “cap” and thus stabilizes the αhelix,75 which is consistent with the enhanced thermostability
of the NQQ glycoform (Figure 2A) and likely arises (in part)
from a cooperative increase in the strength of hydrogen
bonds76 and n→π* interactions77 within the main chain of the
α-helix. The ability of GlcNAc, which is replete with hydrogen
bond donors, to be an eﬀective C-cap for an α-helix has not
been described previously. Notably, asparagine alone is neither
an abundant nor an eﬀective C-cap.78,79 The role for N-linked
glycans that we have discovered in RNase 1 could be common,
given their high frequency near the termini of α-helices37 and
their being well-tolerated there.80 Still, glycan context is
important; our data with an N-glycosylated protein contrast
with the observation that O-glycosylation of a C-terminal
serine or threonine residue with GlcNAc slightly destabilizes
the α-helix of a model peptide.81
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In comparison to the NQQ glycoform, the QNQ and QQN
glycoforms exhibit a less-pronounced hydrogen-bonding network. Our simulations suggest that the glycan in the QNQ
glycoform engages in hydrogen bonds with Gln60, Glu61,
Lys62, and Ser77. Still, none of these protein−glycan hydrogen
bonds are as populated as those in the NQQ glycoform. The
QQN glycoform has the most ﬂexible glycans (Figure 4E).
Most importantly, several conformations showed its glycans
within the active-site cleft (Figure 4F). This behavior is
apparent from a transient increase in the number of contacts
throughout the simulation. Steric occlusion caused by the entry
of glycan into the enzymic active site is consistent with the
observation that the QQN glycoform has the lowest catalytic
activity of the three glycoforms (Figure 2A).39
The signiﬁcance of the observed protein−glycan interactions
is supported further by the principal components of the
covariance matrix. The ﬁrst principal component accounts for a
signiﬁcant amount of variance within our simulations (Figure
S10), so we chose to examine that component in greater detail.
For the NQQ glycoform, this motion represents the formation
and breaking of the hydrogen bond between the main-chain
oxygen of Arg31 and the glycan (Movie 1).
The glycan in the QNQ glycoform forms fewer hydrogen
bonds with the protein, and the most signiﬁcant contribution
to the variance is movement of the QNQ glycan in solution
(Movie 2). Similarly, the QQN glycoform is more ﬂexible and
the ﬁrst principal moment shows the glycan moving toward the
enzymic active site (Movie 3). Comparison of all three of these
principal components supports our conclusion that protein−
glycan interactions drive their correlated motions.

■

CONCLUSIONS
Structural studies of glycoproteins present signiﬁcant challenges. Our study provides not only structural insight into
isolated glycoproteins but also a template for future studies. In
particular, we demonstrated how combining SAXS and
molecular dynamics simulations can elucidate key structural
features of glycoproteins. This combination enabled us to
discover that the N-glycosylation of human RNase 1 on Asn34
leads to a relatively inﬂexible glycoform. Moreover, we were
able to identify features of the local chemical environment that
are causative for this rigidity. In contrast, glycosylation on
Asn76 and Asn88 leads to proteins and glycans that are more
ﬂexible, and a glycan on Asn88 is especially (and explicably)
detrimental to enzymatic catalysis.
In vivo, glycoproteins do not exist in isolation. Accordingly,
future work should strive to employ analyses in physiological
contexts. In particular, utilizing the synergy between experiment and simulation to better understand how glycosylation
modiﬁes the binding of RNA82 or the ribonuclease inhibitor
protein83,84 would clarify further the physiological role of
RNase 1 glycosylation.
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(63) Rózẏ cki, B., Kim, Y. C., and Hummer, G. (2011) SAXS
ensemble refinement of ESCRT-III CHMP3 confromational transitions. Structure 19, 109−116.
(64) Latham, A. P., and Zhang, B. (2019) Improving coarse-grained
protein force fields with small-angle X-ray scattering data. J. Phys.
Chem. B 123, 1026−1034.
(65) Case, D. A., Cheatham, T. E., III, Darden, T., Gohlke, H., Luo,
R., Merz, K. M., Jr., Onufriev, A., Simmerling, C., Wang, B., and
Woods, R. J. (2005) The Amber biomolecular simulation programs. J.
Comput. Chem. 26, 1668−1688.

(27) Kresge, N., Simoni, R. D., and Hill, R. L. (2006) The
thermodynamic hypothesis of protein folding: The work of Christian
Anfinsen. J. Biol. Chem. 281, e11−e13.
(28) Kresge, N., Simoni, R. D., and Hill, R. L. (2006) The solid
phase synthesis of ribonuclease A by Robert Bruce Merrifield. J. Biol.
Chem. 281, e21−e23.
(29) Marshall, G. R., Feng, J. A., and Kuster, D. J. (2008) Back to the
future: Ribonuclease A. Biopolymers 90, 259−277.
(30) Cuchillo, C. M., Nogués, N. V., and Raines, R. T. (2011)
Bovine pancreatic ribonuclease: Fifty years of the first enzymatic
reaction mechanism. Biochemistry 50, 7835−7841.
(31) Beintema, J. J., Gaastra, W., Scheffer, A. J., and Welling, G. W.
(1976) Carbohydrate in pancreatic ribonucleases. Eur. J. Biochem. 63,
441−448.
(32) Joao, H. C., Scragg, I. G., and Dwek, R. A. (1992) Effects of
glycosylation on protein conformation and amide proton exchange in
RNase B. FEBS Lett. 307, 343−346.
(33) Joao, H. C., and Dwek, R. A. (1993) Effects of glycosylation on
protein structure and dynamics in ribonuclease B and some of its
individual glycoforms. Eur. J. Biochem. 218, 239−244.
(34) Arnold, U., and Ulbrich-Hofmann, R. (1997) Kinetic and
thermodynamic thermal stabilities of ribonuclease A and ribonuclease
B. Biochemistry 36, 2166−2172.
(35) Beintema, J. J., Blank, A., Schieven, G. L., Dekker, C. A.,
Sorrentino, S., and Libonati, M. (1988) Differences in glycosylation
pattern of human secretory ribonucleases. Biochem. J. 255, 501−505.
(36) Peracaula, R., Royle, L., Tabarés, G., Mallorqui-Fernandez, G.,
Barrabés, S., Harvey, D. J., Dwek, R. A., Rudd, P. M., and de Llorens,
R. (2003) Glycosylation of human pancreatic ribonuclease: Differences between normal and tumor states. Glycobiology 13, 227−244.
(37) Petrescu, A.-J., Milac, A.-L., Petrescu, S. M., Dwek, R. A., and
Wormald, M. R. (2003) Statistical analysis of the protein environment
of N-glycosylation sites: Implications for occupancy, structure, and
folding. Glycobiology 14, 103−114.
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