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ABSTRACT: In glycoanalysis protocols, N-glycans from glycoproteins are most frequently released with
peptide-N4-(N-acetyl-�-glucosaminyl)asparagine amidase F (PNGase F). As the enzyme is an amidase, it
cleaves the NH-CO linkage between the Asn side chain and the Asn-bound GlcNAc residue. Usually,
the enzyme has a low activity, or is not active at all, on native glycoproteins. A typical example is native
bovine pancreatic ribonuclease B (RNase B) with oligomannose-type N-glycans at Asn-34. However,
native RNase BS, generated by subtilisin digestion of native RNase B, which comprises amino acid residues
21–124 of RNase B, is sensitive to PNGase F digestion. The same holds for carboxymethylated RNase
B (RNase Bcm). In this study, NMR spectroscopy and molecular modeling have been used to explain the
differences in PNGase F activity for native RNase B, native RNase BS, and RNase Bcm. NMR analysis
combined with literature data clearly indicated that the N-glycan at Asn-34 is more mobile in RNase BS
than in RNase B. MD simulations showed that the region around Asn-34 in RNase B is not very flexible,
whereby the R-helix of the amino acid residues 1–20 has a stabilizing effect. In RNase BS, the R-helix
formed by amino acid residues 23–32 is significantly more flexible. Using these data, the possibilities for
complex formation of both RNase B and RNase BS with PNGase F were studied, and a model for the
RNase BS-PNGase F complex is proposed.

Ribonucleases catalyze the breakdown of 3′,5′-phosphodi-
ester linkages of single-stranded RNA, when a pyrimidine
ring is at the 3′-side of the broken bond (1). Bovine
pancreatic ribonuclease (RNase)1 is intensively used as a
model in protein chemistry, when studying folding, structure,
and stability, as well as enzyme catalysis. This enzyme is
present in large quantities in the forestomach of cows and
digests the RNA produced by microorganisms. Bovine
pancreatic RNase was one of the first proteins that could be

synthesized chemically (2), and its three-dimensional struc-
ture is well-known from early X-ray (3) and NMR (4-6)
studies.

Bovine pancreatic RNase is composed of 124 amino acids;
it has four disulfide bridges and a molecular mass of 13.7
kDa. RNase denoted RNase A is not glycosylated, whereas
RNase B bears an oligomannose-type Man5–9GlcNAc2 moiety
at Asn-34. The N-glycan stabilizes the glycoprotein toward
proteolytic and temperature degradation (7). Digestion of
RNase B with subtilisin results in so-called S peptide
(residues 1–20) and RNase BS (residues 21–124). It should
be noted that RNase BS is unable to degrade RNA (8).

Peptide-N4-(N-acetyl-�-glucosaminyl)asparagine amidase
F (EC 3.5.1.52), also named N-glycanase or PNGase F,
isolated from FlaVobacterium meningosepticum bacteria (9),
is able to cleave the amide bond between the Asn side chain
and the first GlcNAc residue of glycoproteins, thereby
converting Asn into Asp. A prerequisite is that the GlcNAc-
Asn element be accessible to the PNGase F active site. Many
misfolded and all unfolded and denatured glycoproteins allow
the cleavage of their N-glycans by PNGase F (10, 11).
However, PNGase F is generally inaccessible to glycosyla-
tion sites on proteins in their native state.

Previously, it has been demonstrated that native RNase B
is resistant to PNGase F cleavage whereas native RNase BS
is sensitive to it (12). To explain the difference in reactivity
of PNGase F toward these two substrates, in this study, the
environment around Asn-34 was investigated by NMR
spectroscopy and molecular modeling. NMR spectroscopy
was used to assess the level of reduced mobility of the
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N-glycan at Asn-34 in RNase B, carboxymethylated RNase
B (RNase Bcm), and RNase BS. The flexibility of RNase B
and RNase BS was investigated by molecular dynamics
simulations in explicit solvent, and a preliminary model of
the RNase BS-PNGase F complex was constructed.

EXPERIMENTAL PROCEDURES

Purification of RNase B. RNase B (300 mg) (EC 3.1.27.5,
Sigma Chemical Co., St. Louis, MO) was dissolved in 20
mM Tris-HCl buffer (pH 7.5) containing 0.3 M NaCl, 1 mM
CaCl2, 1 mM MnCl2, and 0.02% NaN3 (buffer A). For
affinity purification, the solution was divided into 15 portions,
and each portion was applied to a 3 mL ConA-Sepharose
column, pre-equilibrated in the same buffer. After being
washed, the column was eluted with 100 mM methyl R-D-
mannopyranoside in buffer A. The RNase B-containing
fraction was lyophilized, then desalted with a HiTrap column
(Pharmacia FPLC system; five columns connected, 5 × 5
mL; eluent, 10 mM NH4HCO3; UV detection, 280 nm), and
finally lyophilized three times.

The affinity-purified RNase B was further purified in
portions of 8 mg by cation-exchange chromatography on a
Mono S column (HR5/5, Amersham Biosciences, Piscat-
away, NJ). Elutions were performed over 20 min with a
gradient of 250 mM NaCl in NaH2PO4/Na2HPO4 buffer (pH
6.4) at a flow rate of 1 mL/min and monitored by UV
absorbance at 280 nm. For gradient details, see the relevant
figure captions. The RNase B-containing fractions were
lyophilized and desalted using 5 kDa centrifugal concentra-
tors, and finally, retentates were lyophilized.

Preparation and Isolation of RNase BS. RNase B (20 mg/
mL), dissolved in 100 mM Tris-HCl buffer at pH 8.0 and 5
°C, was digested with subtilisin (EC 3.4.21.62; Sigma
Chemical Co.) (10 µg/mg of sample) for 24 h at 5 °C. To
quench the digestion, the solution was acidified to pH 2.5
with 100 mM HCl and, after 1 h, set to pH 6.4 with 100
mM NaOH. The formed RNase BS (amino acid residues
21–124) and S peptide (amino acid residues 1–20) were
separated from RNase B on a Mono S column in portions
of 3 mg using the conditions described above. After being
desalted via 5 kDa centrifugal concentrators, samples were
dissolved in 10 mM citrate/phosphate buffer (pH 4.6) (10
mg/mL), and RNase BS was obtained by ethanol precipita-
tion followed by centrifugation at 5000g. This procedure was
repeated two times to remove contaminating S peptide.

For further purification, RNase BS was applied to a Vydac
(Hesperia, CA) 214TP510 C4 column (4.6 mm × 250 mm),
making use of a Waters 600 HPLC system monitored by
UV absorbance at 280 nm. Elutions were performed at a
flow rate of 1.5 mL/min with a gradient of acetonitrile in
aqueous trifluoroacetic acid. Buffer A consisted of 5%
acetonitrile in 0.1% aqueous trifluoroacetic acid and buffer
B of 95% acetonitrile in 0.1% aqueous trifluoroacetic acid.
The linear gradients were comprised of 10% B for 5 min,
followed by 10 to 70% B over 35 min, then 70 to 100% B
over the next 5 min, and 100% B for 5 min before returning
to the initial conditions in 5 min.

Reduction and Carboxymethylation of RNase B. RNase B
(10 mg) was reduced and S-carboxymethylated according
to standard procedures (13). Briefly, the sample was dis-
solved in 5 mL of 1 M Tris-HCl buffer (pH 8.25) containing

6 M guanidinium-HCl, 1 mM EDTA, and 34 mM dithio-
threitol, and the solution was kept for 2 h at 37 °C. Then,
iodoacetic acid (0.5 M in 0.5 M NaOH) was added to a final
concentration of 68 mM, and the incubation was continued
for 30 min in the dark. After the reaction had been quenched
via addition of an excess of 2-mercaptoethanol, low-
molecular mass compounds were removed by using 5 kDa
centrifugal concentrators, and the retentate, containing RNase
Bcm, was recovered and lyophilized. The chemical conversion
was checked by 10% SDS-PAGE under reducing conditions.

Release of N-Glycans with PNGase F. Glycoprotein
samples were dissolved (2 mg/mL) in 20 mM NaH2PO4/
Na2HPO4 buffer (pH 7.2) and digested with peptide-N4-(N-
acetyl-�-glucosaminyl)asparagine amidase F (PNGase F, EC
3.5.1.52; Roche Applied Science) (0.5 unit/mg of sample)
for 24 h at 37 °C.

Matrix-Assisted Laser Desorption Ionization Time-of-
Flight Mass Spectrometry. MALDI-TOF mass spectra were
recorded on a Voyager-DE PRO mass spectrometer (Applied
Biosystems) with the implemented delayed extraction tech-
nique, equipped with a N2 laser (337 nm, 3 ns pulse width).
Spectra (positive-ion mode) were recorded in a linear mode
at an accelerating voltage of 25 kV using an extraction delay
of 300 ns. Samples (0.5 µL) were mixed in a 1:1 ratio on
the target with the matrix solution consisting of R-cyano-
4-hydroxycinnaminic acid (10 mg/mL) dissolved in an
acetonitrile/water/trifluoroacetic acid mixture (50:49.7:0.3,
v/v).

NMR Spectroscopy. NMR spectra of natural abundance
RNase samples (pH 4.6) were recorded on 500, 700, and
900 MHz Bruker spectrometers, and on a 600 MHz Bruker
spectrometer equipped with a cryoprobe at probe tempera-
tures of 293 K for protein assignments and 308 K for
carbohydrate assignments. Lyophilized glycoproteins (∼20
mg) were dissolved in 500 µL of D2O (99.9%; Cambridge
Isotope Laboratories Inc.) or a 9:1 (v/v) H2O/D2O mixture.
Chemical shifts were referenced to internal acetone (δ 2.225)
for 1H and to the R-anomeric signal of external [1-13C]glu-
cose (δC-1 92.9) for 13C. Two-dimensional (2D) TOCSY
spectra were recorded using MLEV-17 mixing sequences of
50–200 ms. 2D NOESY spectra were recorded with mixing
times of 80–250 ms. The spectra were recorded with 16 scans
and 512 × 2048 points. A natural abundance 15N-1H HSQC
spectrum was obtained with 1024 × 256 points and 800
scans. 13C-1H HSQC and 13C-1H HMBC spectra were
obtained with 512 × 1024 points and 16 and 512 scans,
respectively. NMR data sets were processed using in-house
developed software (J. A. van Kuik, Bijvoet Center, Depart-
ment of Bio-Organic Chemistry, Utrecht University) with
zero filling, a π/2-shifted sine bell window function for t1, a
π/2-shifted squared sine bell window function for t2, and a
seventh-order polynomial baseline correction in both dimen-
sions when necessary.

Molecular Dynamics Simulations of RNase B and RNase
BS in SolVent. X-ray coordinates for RNase A (3) were
retrieved from the Protein Data Bank (14) (PDB entry 3RN3,
1.45 Å resolution). The heptasaccharide Man5GlcNAc2 was
built separately with the LEAP module of the AMBER
package (15) using the GLYCAM04 building blocks. The
attachment of the carbohydrate to Asn-34 of the protein was
performed using Conformational Analysis Tools (CAT) (16).
The torsion C1-N-Cγ-C� angle was set to 180°; the
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O5-C1-N-Cγ angle was varied to a favorable position
where no sterical overlap with any protein heavy atom
occurred, and the NAc group of the Asn-bound GlcNAc
(GlcNAc-1) was exposed to the solvent. On the basis of the
crystal structure of PNGase F (PDB entry 1PNF), it is known
that the NAc group of GlcNAc-1 binds into a pocket of the
active site. Therefore, the solvent exposure of the NAc group
is a precondition for binding to PNGase F. From this initial
structure of the glycoprotein (hereafter termed RNase B),
the trimmed version (RNase BS) was created by deleting
residues 1 to 20 directly in the PDB file. Both files were
further processed as follows. All His residues were assumed
to be neutral and were protonated at the ε position. Cys S-S
bonds were created between the 26–84, 40–95, 58–110, and
65–72 residue pairs. Hydrogen atoms were added to the
protein using LEAP. Four chlorine ions were added to
counterbalance the overall positive charge of the system
(Figure 1). For periodic boundary condition (PBC) simula-
tions, the system was solvated in a box of TIP3P water with
approximate dimensions of 79 Å × 55 Å × 64 Å (the boxes
contained 6391 and 6444 water molecules, respectively).

The molecular dynamics (MD) simulations were per-
formed with the all-atom AMBER force field using the
PARM99 parameters for proteins augmented with GLYCAM
(17) parameters (version 04j) for oligosaccharides. Partial
atomic charges for the carbohydrate and the protein were
used as provided by the AMBER/GLYCAM prep files. The

MD simulations were carried out by using the SANDER
module and were performed using periodic boundary condi-
tions and the particle mesh Ewald (PME) approach to account
for long-range electrostatic effects. A 10 Å cutoff was used
for calculating nonbonded interactions; 1-4 electrostatics
and nonbonded interactions were scaled by the default values
of 1/1.2 and 1/2.0, respectively. Potentially unfavorable
contacts in the initial structure were removed by 2500 cycles
of energy minimization; 1000 cycles of steepest descent were
followed by 1500 steps of conjugate gradient. Equilibration
of the system was carried out as follows. After energy
minimization, the temperature of the system was increased
from 0 to 300 K over 20 ps by coupling the system to a heat
bath with a time constant of 1 ps using a weak-coupling
algorithm (18) (ntt ) 1) while keeping the volume constant.
The pressure was adjusted by isotropic position scaling to 1
bar (pressure relaxation time ) 2 ps) and the water density
to 1.01 g/cm3 during the next 80 ps of the equilibration
period. Position restraints were applied during the whole
equilibration period to all protein residues using a force
constant of 500 kcal/mol.

Production dynamics of 5 ns were performed at 300 K
using a 2 fs time step, with the SHAKE algorithm applied
to all hydrogen-containing bonds. For the PME simulation,
the AMBER default options were used. During the MD
simulation, snapshots of the coordinates were taken every
picosecond. The resulting 5000 snapshots were analyzed with
CAT (16).

rmsd values of protein backbone atoms were calculated
after the backbone atoms of residues 40–120 had been
superpositioned. This has been done to weight the rmsd
values toward showing the relative movement of residues
1–39 more clearly. The average rmsd values per residue have
been output to the column of the PDB file format normally
used to store the crystallographic � values. In this way, the
“rmsd per residue” analysis could be displayed as a color
code on the protein structure using VMD (19). The analysis
of the stability of secondary structure motifs during the MD
simulation has been performed using DSSP (20) interfaced

FIGURE 1: Structure of RNase B, built as described in Experimental
Procedures.

FIGURE 2: Torsion angles of interest (�1, �2, and �) occurring at
Asn-34 in RNase B.

FIGURE 3: MALDI-TOF mass spectra recorded in positive-ion mode:
(a) RNase B, (b) RNase B treated with PNGase F, (c) RNase Bcm,
(d) RNase Bcm treated with PNGase F, (e) RNase BS, and (f) RNase
BS treated with PNGase F.
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with CAT. Secondary structure analysis has been performed
for all 5000 snapshots and the relative probability for a
residue to be part of a motive calculated. Igor Pro (www.
wavemetrics.com) has been used to generate the scientific
plots.

Building a Model of the RNase BS-PNGase F Complex.
The crystal structure of PNGase F (PDB entry 1PNF)
contains N,N′-diacetylchitobiose in the active site, so the

starting structure of the complex of RNase with PNGase F
was built by simply superimposing the GlcNAc(�1–4)Glc-
NAc fragments connected to RNase B or BS and included
in PNGase F. In the resulting structures, a significant number
of atoms overlapped between the two proteins. Simple
minimization was not possible due to crossing bonds.
Therefore, the orientation of the disaccharide was optimized
using systematic search methods so that a minimum of atoms

Table 1: Assignment of 1H and 15N NMR Resonances of Amino Acids in RNase B at 293 K and pH 4.6

amino acid N NH CRH C�H others amino acid N NH CRH C�H others

Lys-1 - - nda nda Val-63 122.2 8.25 4.46
Glu-2 126.2 8.75 4.59 1.97, 2.12 Ala-64 120.5 7.86 4.35 1.30
Thr-3 118.9 8.52 4.46 4.70 1.46 Cys-65 119.7 8.68 4.59 2.77
Ala-4 124.5 8.99 4.24 1.60 Lys-66 nda 10.86 4.02 1.83, 1.97
Ala-5 121.5 8.81 4.39 1.53 Asn-67 144.4 8.19 4.57 2.74, 3.28 6.36, 7.26
Ala-6 123.2 8.00 4.25 1.66 Gly-68 108.2 8.04 4.40, 3.60
Lys-7 122.8 8.76 4.12 Gln-69 119.2 7.91 4.42
Phe-8 120.5 8.01 4.54 Thr-70 nda 8.50 4.62
Glu-9 120.0 7.91 3.80 2.15 Asn-71 120.4 8.89 4.97 2.79, 3.67
Arg-10 120.7 8.41 Cys-72 114.0 6.64 5.85 2.52, 2.77
Gln-11 111.5 8.50 3.85 1.46 Tyr-73 120.6 8.92 5.14 2.16
His-12 105.5 7.86 5.02 1.78, 2.60 Gln-74 123.8 9.68 5.49
Met-13 117.1 8.09 5.50 2.85 2.27 Ser-75 121.6 9.16 4.71
Asp-14 121.6 8.86 5.06 2.28 Tyr-76 125.1 8.72 4.74 3.06
Ser-15 nda 9.01 4.39 3.92, 3.98 Ser-77 113.7 9.03 4.95 3.84, 4.02
Ser-16 115.0 8.06 4.42 3.96 Thr-78 114.1 8.36 3.69 3.40
Thr-17 113.0 7.53 4.60 4.19 Met-79 122.0 8.66 4.66 1.77
Ser-18 118.9 8.56 4.36 3.82, 3.92 Ser-80 nda 8.65 4.92
Ala-19 122.9 7.59 3.46 1.08 Ile-81 nda 9.16 5.57
Ala-20 121.7 7.55 Thr-82 116.5 9.38 5.14 1.36
Ser-21 115.1 8.04 4.41 3.96, 4.03 Asp-83 127.8 9.24 5.09 2.60
Ser-22 115.0 7.70 4.78 4.01, 4.20 Cys-84 121.3 8.73 6.00 3.06
Ser-23 117.7 9.10 4.49 Arg-85 122.2 8.25 5.42 1.89, 2.03
Asn-24 120.7 8.43 5.05 2.74, 2.99 Glu-86 nda

Tyr-25 120.9 7.68 Thr-87 115.1 8.09 4.57
Cys-26 114.9 7.80 Gly-88 106.9 8.88 3.95
Asn-27 120.4 8.03 4.40 2.94 Ser-89 112.1 7.63 4.56 3.84, 3.90
Gln-28 117.2 7.58 4.08 2.05 Ser-90 117.6 7.00 3.99
Met-29 nda Lys-91 129.6 7.51 4.50 1.76
Met-30 117.3 8.70 4.27 Tyr-92 nda

Lys-31 115.9 6.55 4.41 1.46, 1.98 Pro-93 nda

Ser-32 117.2 8.63 4.26 3.95, 4.04 Asn-94 130.6 8.61 nda

Arg-33 116.0 7.81 4.35 1.77 Cys-95 nda

Asn-34 112.0 7.94 5.05 3.16 6.80 Ala-96 128.7 8.67 4.83 1.24
Leu-35 115.5 8.14 4.75 2.08 Tyr-97 117.3 9.39 4.95
Thr-36 107.0 7.59 5.48 4.85 Lys-98 125.5 9.5 4.84 1.77, 1.98
Lys-37 121.9 7.04 4.30 1.84 Thr-99 126.3 9.20 5.27 4.30 1.37
Asp-38 120.1 8.79 4.40 Thr-100 123.4 8.89 4.71 4.18 1.30
Arg-39 116.0 7.79 3.62 Gln-101 129.8 9.04 5.05 2.06
Cys-40 117.7 9.08 4.81 2.87, 3.06 Ala-102 128.5 9.10 4.71 1.36
Lys-41 nda Asn-103 119.0 8.43 5.87 2.37, 2.60
Pro-42 nda Lys-104 120.6 8.58 4.92 1.46
Val-43 111.3 7.01 5.37 2.17 1.04 His-105 119.2 9.31 4.52 3.23
Asn-44 120.4 8.70 4.91 2.17, 2.36 Ile-106 114.9 8.44 4.95
Thr-45 121.3 7.36 5.18 2.10 0.74 Ile-107 120.8 8.19 5.42 1.46 0.64
Phe-46 nda Val-108 117.4 8.73 4.87
Val-47 120.4 9.36 4.36 2.49 Ala-109 122.9 8.52 5.51 1.46
His-48 nda 9.15 5.38 Cys-110 119.6 8.25 5.52 2.65
Glu-49 115.9 6.78 4.91 1.44 2.54 Glu-111 119.8 8.53 4.70 1.90, 2.06
Ser-50 117.1 9.70 4.35 nda Gly-112 109.2 8.78 4.86, 3.84
Leu-51 123.5 8.84 4.16 Asn-113 114.1 7.78 4.80 2.66, 2.94
Ala-52 119.8 8.55 4.21 Pro-114 nda

Asp-53 119.1 7.84 4.44 3.05 Tyr-115 125.8 8.53 4.32 2.99
Val-54 120.8 7.80 3.76 2.26 1.11 Val-116 116.0 7.52 4.94
Gln-55 118.6 9.17 3.67 Pro-117 nda

Ala-56 119.6 7.72 4.13 1.54 Val-118 nda

Val-57 120.1 7.58 3.07 2.19 1.08 His-119 117.3 7.60 5.55
Cys-58 112.8 6.81 3.59 2.64, 2.76 Phe-120 131.1 8.83 5.00 2.79
Ser-59 111.3 7.49 4.61 3.95, 4.09 Asp-121 nda

Gln-60 124.0 7.74 4.45 1.95 Ala-122 116.3 7.47 4.57 1.40
Lys-61 122.1 7.20 4.42 2.13 Ser-123 111.3 8.12 5.39 3.92
Asn-62 129.1 9.02 4.41 2.65 Val-124 123.6 8.80 4.40 2.08 0.85

a Not determined.
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overlap between the two proteins. Conformational Analysis
Tools (CAT) has been used to carry out an exhaustive
conformational search by systematically varying the torsion
angles �1 and �2 of Asn-34 and �N (Figure 2) in steps of
20°. The torsion ΨN was kept in a trans orientation. In this
way, 5832 orientations were generated and evaluated. The
system energy, calculated by using a force field, could not
be used as a measure for optimal orientation, since in all
orientations atom overlapping occurred and the energy was
therefore always undefined (unlimited). Therefore, the num-
ber of atom overlaps was used as a measure. An overlap
between two atoms was present when the interatomic
distance was lower than the sum of the van der Waals radii.
Only heavy atoms were considered in the analysis. Because

the goal of the systematic search was to optimize the relative
orientation of the two proteins, the N-glycan of RNase B or
BS was truncated to the disaccharide N,N′-diacetylchitobiose.
The torsion angles used to describe the orientation of the
GlcNAc-Asn linkage are defined as follows: �1 ) N-CR-
C�-Cγ, �2 ) CR-C�-Cγ-N, ΨN ) C�-Cγ-N-C1, and �N

) Cγ-N-C1-O5.
To construct models with the full N-glycan attached, a

conformational analysis for Man5GlcNAc2 based on MD
simulations in explicit solvent has been performed, and two
representative conformations with a gg and gt orientation of
ω in the (1-6) linkage of GlcNAc-1 have been derived. The
conformational properties of the various linkages are similar
to those described in ref 21. The two conformations of

Table 2: 1H and 13C NMR Chemical Shifts of the N-Glycan (Man6GlcNAc2) of RNase B, RNase Bcm, and RNase BS, Recorded at 308 K

residuea δH δC RNase B RNase Bcm RNase BS residue δH δC RNase B RNase Bcm RNase BS

GN-1 H-1 5.10 5.01 5.01 Man-4′ H-1 4.87 4.85 4.86
C-1 79.0 78.9 78.9 C-1 100.7 100.5 100.5
H-2 3.84 3.81 3.83 H-2 4.14 4.12 4.13
C-2 54.2 54.3 54.3 C-2 70.3 70.0 70.0
H-3 3.77 3.77 3.77 H-3 3.91 3.90 3.91
C-3 73.1 73.3 72.7 C-3 79.4 79.2 79.2
H-4 3.62 3.63 3.62 H-4 3.85 3.84 3.85
C-4 79.6 79.3 79.4 C-4 66.4 66.3 66.3
H-5 3.60 3.50 3.61 H-5 3.85 3.83 3.84
C-5 77.0 76.8 76.7 C-5 71.6 71.5 71.5
H-6 3.63, 3.81 3.63, 3.76 3.63, 3.81 H-6 3.75, 3.97 3.73, 3.96 3.74, 3.98
C-6 60.8 60.5 60.6 C-6 66.0 65.8 65.9
NH 8.14 ndb 8.19
Me 2.01 2.00 2.00

23.1 22.7 22.7
GN-2 H-1 4.60 4.59 4.59 Man-A H-1 5.09 5.08 5.09

C-1 102.1 102.0 102.0 C-1 103.1 102.9 102.9
H-2 3.78 3.77 3.77 H-2 4.06 4.05 4.06
C-2 55.7 55.5 55.6 C-2 70.8 70.6 70.7
H-3 3.62 3.60 3.62 H-3 3.88 3.88 3.88
C-3 75.2 75.0 75.0 C-3 71.1 71.0 71.0
H-4 3.72 3.71 3.72 H-4 3.67 3.66 3.66
C-4 80.3 80.1 80.1 C-4 67.5 67.4 67.3
H-5 3.61 3.59 3.58 H-5 3.76 3.76 3.77
C-5 75.2 75.0 75.0 C-5 74.1 73.9 73.9
H-6 3.71, 3.83 3.72, 3.85 3.71, 3.83 H-6 3.76, 3.88 3.76, 3.86 3.76, 3.88
C-6 60.8 60.7 60.6 C-6 61.7 61.6 61.6
NH 8.36 ndb 8.37
Me 2.05 2.06 2.05

23.1 22.7 22.8
Man-3 H-1 4.77 4.75 4.76 Man-B H-1 4.90 4.89 4.90

C-1 101.2 101.0 100.9 C-1 100.1 100.0 100.0
H-2 4.23 4.22 4.23 H-2 3.98 3.98 3.98
C-2 71.0 70.8 70.8 C-2 70.8 70.7 70.6
H-3 3.76 3.75 3.76 H-3 3.84 3.83 3.83
C-3 81.4 81.2 81.2 C-3 71.3 71.2 71.2
H-4 3.77 3.77 3.77 H-4 3.69 3.67 3.68
C-4 66.3 66.1 66.0 C-4 67.8 67.6 67.6
H-5 3.62 3.60 3.62 H-5 3.79 3.78 3.80
C-5 75.2 75.0 75.0 C-5 74.2 74.0 74.0
H-6 3.77, 3.94 3.75, 3.93 3.77, 3.93 H-6 3.76, 3.88 3.76, 3.86 3.76, 3.88
C-6 66.8 66.6 66.6 C-6 61.7 61.6 61.6

Man-4 H-1 5.33 5.33 5.33 Man-C H-1 5.05 5.04 5.04
C-1 101.7 101.4 101.4 C-1 103.0 102.8 102.8
H-2 4.11 4.09 4.10 H-2 4.07 4.06 4.06
C-2 79.2 79.0 79.0 C-2 70.8 70.6 70.7
H-3 3.98 3.97 3.98 H-3 3.84 3.83 3.83
C-3 70.7 70.6 70.6 C-3 71.1 70.9 70.9
H-4 3.67 3.64 3.63 H-4 3.65 3.64 3.64
C-4 67.6 67.5 67.5 C-4 67.4 67.4 67.3
H-5 3.77 3.77 3.77 H-5 3.76 3.76 3.77
C-5 73.9 73.8 73.8 C-5 74.1 73.9 73.9
H-6 3.76, 3.88 3.76, 3.86 3.76, 3.88 H-6 3.76, 3.88 3.76, 3.86 3.76, 3.88
C-6 61.7 61.6 61.6 C-6 61.7 61.7 61.6

a GN, N-acetylglucosamine (GlcNAc); Man, mannose. b Not determined.
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Man5GlcNAc2 were attached to the best models of the
complex in orientations 1 and 2 (see Results) by overlaying
the GlcNAc2 fragments to check whether the full glycan can
be accommodated.

RESULTS

Preparation of RNase B, RNase BS, and RNase Bcm. To
remove contaminating RNase A, commercial RNase B was
purified by ConA-Sepharose chromatography. The glyco-
protein-containing fraction, eluted with methyl R-D-man-
nopyranoside, was subjected to Mono S cation-exchange
chromatography, yielding two subfractions named R1 and
R2. Fraction R1 [RNase B, deamidated at Asn-67 (22); Asn
f Asp] eluted around 160 mM NaCl, and fraction R2 (intact
RNase B) eluted around 175 mM NaCl. The identity of intact
RNase B was confirmed by NMR spectroscopy using
NOESY measurements. A cross-peak was observed between
the amide protons of the side chain of Asn-67 at δ 6.35/
7.35 (data not shown).

To prepare RNase BS, purified intact RNase B (R2) was
treated with subtilisin, and the digest was subjected to Mono
S cation-exchange chromatography, yielding two subfrac-
tions, R2.1 and R2.2. Analysis by MALDI-TOF MS revealed
that R2.1 corresponded to RNase B and R2.2 to RNase BS
and S peptide (data not shown). To remove residual S
peptide, fraction R2.2 was subjected to three ethanol
precipitations, and the resulting residue was fractionated by
RP-HPLC on a Vydac C4 column, yielding two subfractions
named R2.2a and R2.2b. Both fractions were analyzed by
MALDI-TOF MS, showing that fraction R2.2a corresponded
to S peptide and fraction R2.2b to RNase BS.

RNase Bcm, being an unfolded form of RNase B, was
prepared by reduction and carboxymethylation of RNase B.

PNGase F Digestion of RNase B, RNase BS, and RNase
Bcm. To confirm the previously reported resistance and/or
sensitivity for RNase B and RNase BS (12), PNGase F
digestions of native RNase B (R2), native RNase BS (R2.2b),
and unfolded RNase Bcm were performed. The molecular
masses of the substrates and the resulting products were
verified by MALDI-TOF MS. As seen in panels a and b of
Figure 3, the N-glycan of RNase B was not cleaved by
PNGase F (theoretical mass, 14921 Da; found, 14920 Da),
indicating that the glycan is not accessible to the enzyme.
On the other hand, PNGase F treatment of RNase BS (Figure
3e,f; theoretical mass of RNase BS, 12774 Da; found, 12784
Da; theoretical mass of N-deglycosylated RNase BS, 11534
Da; found, 11543 Da) and RNase Bcm (Figure 3c,d; theoreti-
cal mass of RNase Bcm, 15394 Da; found, 15401 Da;
theoretical mass of N-deglycosylated RNase Bcm, 14146 Da;
found, 14156 Da) resulted in a complete removal of the
carbohydrate moiety at Asn-34, indicating a structural change
around Asn-34 when compared to RNase B. It should
be noted that for RNase BS the amino acid numbering of
RNase B is kept.

NMR Spectroscopy of RNase B (protein and glycan),
RNase BS (glycan), and RNaseBcm (glycan). The glycosy-
lation pattern of RNase B comprises oligomannose-type
N-glycans ranging from Man5GlcNAc2 to Man9GlcNAc2:
53.5% Man5GlcNAc2, 22% Man6GlcNAc2, 6.6% Man7-
GlcNAc2, 13.2% Man8GlcNAc2, and 4.7% Man9GlcNAc2

(23). These five N-glycans behave in the same way toward

PNGase F digestion. Man6GlcNAc2 differs from Man5-
GlcNAc2 by an (R1–2)-linked Man-C extension at Man-4.
This means that Man-4 H-1 shifts from δ 5.09 (in
Man5GlcNAc2) to δ 5.33 (in Man6GlcNAc2). The Man-4
residue in Man6GlcNAc2 is easily assigned in all the spectra
that have been recorded, but this was not the case for the
Man-4 residue in Man5GlcNAc2 because Man-4 H-1 overlaps
with both Man-A H-1 and GlcNAc-1 H-1 in RNase B. To
simplify the assignments, only the Man6GlcNAc2 structure
was taken into account. The 1H NMR signals of Man7–9

GlcNAc2 in the RNase samples were in general too weak to
be unambiguously assigned.

2D TOCSY, 2D NOESY, and 15N-1H HSQC spectra of
RNase B were checked against previously reported data for
RNase A (4, 5). Small differences in chemical shifts were
observed due to the N-glycosylation in RNase B, and
probably also to different sample preparations (temperature
and pH). Therefore, all assignments were validated on their
own (Table 1). The side chain of Asn-67 could be assigned,
thereby clearly indicating the integrity of RNase B.

The 1H and 13C chemical shifts of Man6GlcNAc2 in RNase
B were assigned by 2D TOCSY (50–200 ms), 2D NOESY,
13C-1H HSQC, and 13C-1H HMBC spectroscopy and are
presented in Table 2. Starting points for these assignments
formed the H-1 signals of the six Man and two GlcNAc
residues, as previously reported for free oligosaccharides,
glycopeptides, and glycoproteins (23–25); Figure 4a shows
the anomeric region of the 13C-1H HSQC spectrum of RNase
B. Comparison of the TOCSY spectra with increasing mixing
times allowed the assignment of the sequential order of the
chemical shifts belonging to one single spin system. As seen

FIGURE 4: 700-MHz 13C-1H HSQC spectra (anomeric regions only)
of the glycan at Asn-34 in (a) RNase B and (b) RNase BS, recorded
at 308 K in D2O. Man, mannose; GN, GlcNAc. Line widths are
also shown for the GlcNAc-1 residue.
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in the TOCSY spectrum (mixing time of 200 ms) in Figure
5b, the Man-C H-1 track (δ 5.05) showed cross-peaks with

Man-C H-2,3,4,5. On the guidance of literature data (24),
Man-C H-6a and H-6b could be assigned in the 13C-1H
HSQC spectrum (Figure 6) at δ 3.76/61.7 and 3.88/61.7,
respectively. The Man-A H-1 TOCSY track (δ 5.09) showed
cross-peaks with Man-A H-2,3,4,5. Also, Man-A H-6a,6b,
overlapping with Man-C H-6a,6b, were assigned on the
guidance of literature data (24). The 1H signals of Man-B
(H-1 track at δ 4.90) were assigned in the same way that
was used for Man-A. The Man-4′ H-1 TOCSY track (δ 4.87)
showed cross-peaks with Man-4′ H-2,3,4,5. Interresidual
connectivities between Man-B H-1 and Man-4′ H-6a,6b in
the NOESY spectrum (mixing time of 80 ms) at δ 4.90/
3.75 and 3.97 (Figure 5a) and between Man-B H-1 and Man-
4′ C-6 in the 13C-1H HMBC spectrum at δ 4.90/66.0 (Figure
7) allowed the assignment of Man-4′ H-6a,6b. Compared to
the C-6 resonances of Man-A, -B, and -C, the Man-4′ C-6

FIGURE 5: (a) 500-MHz 2D NOESY spectrum (mixing time of 80
ms) and (b) 500-MHz 2D TOCSY spectrum (mixing time of 200
ms) of the glycan at Asn-34 in RNase B, recorded at 308 K in
D2O. The number sign indicates cross-peaks corresponding to
Man5,7–9GlcNAc2 structures in RNase B. Asterisks indicate RNase
B protein cross-peaks. Man, mannose; GN, GlcNAc.

FIGURE 6: 700-MHz 13C-1H HSQC spectrum (nonanomeric region)
of the glycan at Asn-34 in RNase B, recorded at 308 K in D2O.
Man, mannose; GN, GlcNAc.

FIGURE 7: 500-MHz 13C-1H HMBC spectrum (anomeric region)
of the glycan at Asn-34 in RNase B, recorded at 308 K in D2O.
Man, mannose; GN, GlcNAc.

FIGURE 8: rmsd analysis of the protein backbone atoms for RNase
B (blue) and RNase BS (red).
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resonance is shifted downfield by ∼4 ppm, due to the
substitution of Man-4′ O-6 by Man-B. The Man-4′ C-4 signal
is traced via Man-4′ H-2 in the 13C-1H HMBC analysis (data
not shown), which made it possible to confirm Man-4′ H-4
in the 13C-1H HSQC spectrum (Figure 6). The TOCSY
spectra show Man-4 H-2 at δ 4.11 on the Man-4 H-1 track
(δ 5.33). Intraresidual connectivities between Man-4 H-1 and
Man-4 C-3,5 were observed in the 13C-1H HMBC spectrum,
thereby allowing the assignment of Man-4 H-3,5 in the
13C-1H HSQC spectrum. Man-4 H-4 and H-6a,6b, overlap-
ping with Man-A, -B, and -C H-4 and H-6a,6b, respectively,

were assigned on the guidance of literature data (24). A weak
cross-peak at δ 4.77/4.23 in the TOCSY spectrum allowed
the assignment of Man-3 H-2 (data not shown). The
assignments of the other Man-3 signals were completely
deduced from the other NMR measurements. The 13C-1H
HMBC spectrum showed the interresidual connectivities
between Man-3 H-1 and C-2 (δ 4.77/71.0) (Figure 7) and
between Man-3 H-2 and C-3,4 (δ 4.23/81.4 and 66.4) (data
not shown). Man-3 H-6a,6b could be assigned via interre-
sidual connectivities observed in the NOESY and 13C-1H
HMBC spectra for Man-4′ H-1/Man-3 H-6a,6b (δ 4.87/3.77
and 3.94) and Man-4′ H-1/Man-3 C-6 (δ 4.87/66.8), respec-
tively. Additional NMR data were obtained from the 13C-1H
HSQC spectrum (Figure 6). For the assignment of the various
NMR signals of GlcNAc-1 and GlcNAc-2 in the 13C-1H
HSQC spectrum (Figures 4a and 6), use was made of the
reported 13C NMR data of the glycopeptide Man2GlcNAc2-
Asn (compound IV in ref 26) and of other reference
data (24, 25). It should be noted that the GlcNAc-1 H-1/C-1
signals (δ 5.10/79.0) are found at positions quite different
from those of the GlcNAc-2 H-1/C-1 signals (δ 4.60/101.2),
illustrating the different influences of glycosidic nitrogen and
oxygen. GlcNAc-2 H-4 (δ 3.72) was assigned according to
the interresidual connections in the NOESY (Man-3 H-1, δ
4.77) (Figure 5a) and 13C-1H HMBC (Man-3 H-1/GlcNAc-2
C-4, δ 4.77/80.3) (Figure 7) spectra. The assignment of
GlcNAc-1 H-3 followed from intraresidual connectivity H-1/
H-3 in the NOESY spectrum (δ 5.10/3.77). A long-range
NOESY cross-peak was observed between GlcNAc-1 H-6b
and Ser-32 CRH of RNase B (δ 3.81/4.26).

The various 1H and 13C signals of the N-glycan at Asn-34
in RNase BS and RNase Bcm were assigned by comparison
with the RNase B data presented above (Table 2). Most
values are fairly constant, except for GlcNAc-1 H-1 in RNase
BS and RNase Bcm and GlcNAc-1 H-5 in RNase Bcm. In the
anomeric region of the 13C-1H HSQC spectra of RNase BS
(Figure 4b) and RNase Bcm, the GlcNAc-1 H-1 resonances
are found at upfield positions (0.09 ppm) when compared to
RNase B (Figure 4a). As no NOESY cross-peaks were
observed between the protein and the carbohydrate moieties
in RNase BS and RNase Bcm, assignments of the amino acids
in the protein parts were not made.

Molecular Dynamics Simulations of RNase B and RNase

FIGURE 9: rmsd analysis per residue as a measure of flexibility
occurring in RNase B (a) and RNase BS (b). Dark blue means not
flexible (rmsd < 1 Å); intensive red means flexible (rmsd > 3 Å),
and green means 1 Å < rmsd < 3 Å.

FIGURE 10: Analysis of the stability of secondary structure motifs during the MD simulation using DSSP in RNase BS (a) and RNase B (b).
The figure shows the relative percentage of a residue being part of a secondary structure motif. The whole trajectory is analyzed; e.g.,
Ser-22 is in approximately 75% of the snapshots in a bend and in 25% of the snapshots in a coil (for RNase B).
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BS in SolVent. MD simulations were carried out on RNase
B and RNase BS in water as described in Experimental
Procedures. The backbone atoms of residues 40–120 were
superimposed, and rmsd values of protein backbone atoms
were calculated to estimate and compare the stability/
flexibility of the two glycoproteins. The overall rmsd analysis
of the protein backbone atoms (Figure 8) revealed that during
the MD the RNase BS structure moves significantly farther
from the starting structure than the RNase B structure. The
rmsd value for RNase BS is approximately twice as high
(∼3.0 Å) and shows strong fluctuations even after 5 ns. A
similar result was found for RNase A (27). Our results are
a first indication that removal of the S peptide (amino acids
1–20) introduces instability into the glycoprotein structure
also. Analyzing “rmsd values per residue” is a good strategy
for locating regions of high flexibility within the protein.
Comparing the analyses for RNase B (Figure 9a) and RNase
BS (Figure 9b) reveals that in RNase BS the regions showing
higher flexibility are between amino acids 21 and 38, 64 and
70, and 86 and 92 (residue numbering based on RNase B).
The secondary structure (DSSP) analysis shows that regions
where changes in secondary structure could be observed are
limited mainly to residues 23–32. Here, the R-helix changes
partly to a 3-helix or turn motif (Figure 10). The main effect
that can be seen from the data is that removal of the first
R-helix (amino acids 1–20) destabilizes the second R-helix
(amino acids 23–32) in its relative position and also in its
fold, as revealed from the analysis of the secondary structure
(Figure 10). This finding is not an artifact of superimposing
residues 40–120 for the rmsd analysis: using all backbone
atoms for superimposition gives the same result.

In both MD simulations, the glycosidic torsion angles �N/
ψN fluctuate around a minimum at �N/ψN ) 240 ( 22°/180 (
12°, which is in good agreement with values derived from an
extensive analysis of N-glycosylation sites based on X-ray

crystallographic data (28). The Asn-34 side chain torsion �1

shows similar flexibility for RNase B and BS (�1 ) 300 (
13°). On the other hand, a clearly different behavior was found
for �2: during the MD simulation of RNase B, mainly the g-

conformer is populated (�2 ) 275 ( 25°), whereas in RNase
BS, the system spent a significant amount of time also in the t

FIGURE 11: Possible orientations of the GlcNAc(�1–4)GlcNAc(�1-N) element at Asn-34 in the RNase B-PNGase F complex. Orientations
with fewer than 90 overlapping atoms are displayed. Two orientational families/clusters are observed. (a) In situation 1, the glycan is
pointing outside RNase B, whereas in situation 2, the glycan is pointing toward the inner part of RNase B. PNGase F is not displayed for
clarity. (b) Representation of the complex with a glycan of orientation 2. (c) Representation of the complex with a glycan of orientation 1.
Overlapping regions are circled.

FIGURE 12: Representation of the RNase BS-PNGase F complex
with a glycan of population 2: (a) display with ribbons and (b)
display with surfaces.

Table 3: Amino Acid Overlaps in the RNase BS-PNGase F Complex
in Orientations 1 and 2a

orientation RNase BS PNGase F orientation RNase BS PNGase F

1 Met-29 Ala-245 2 Met-29 Ile-193
Met-30 Asn-243 Met-29 Asn-288
Ser-32 Tyr-85 Thr-36 Asn-243
Ser-32 Asn-243 Lys-37 Tyr-85
Arg-33 Asn-243 Lys-37 Asn-243
Arg-33 Trp-244 Lys-37 Trp-244
Arg-33 Arg-248 Lys-37 Pro-253
Leu-35 Trp-207 Asp-38 Tyr-85
Asp-38 Ile-193 Asp-38 Gly-242
Arg-39 Tyr-197 Arg-39 Pro-241
Phe-46 Pro-246
Val-118 Phe-209

a In RNase BS, the amino acids are numbered from 21 to 124. In
PNGase F, the amino acids are numbered from 1 to 314.
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conformer (�2 ) 175 ( 20°). The t conformer is populated
also in RNase B, but to a much lesser entent.

Molecular dynamics simulations of RNase B and RNase BS
in explicit solvent covering a nanosecond time scale showed
that removing the first 20 amino acids from RNase B makes
the second R-helix (amino acids 23–32) more flexible/instable.
Other significant effects on the overall structure could not be
observed during the simulation. Although there is some evidence
that the linkage between GlcNAc-1 and Asn-34 is more flexible
in RNase BS than in RNase B, it has to be noted that a
simulation time of 5 ns is not long enough to justify final
conclusions about the macroscopic stability of the protein fold
or a statistically meaningful statement about flexibility differ-
ences in the glycan part. To observe larger conformational
changes in the protein, an increase in the simulation time of at
least 1 order of magnitude (∼50 ns) would be required, which
is beyond the scope of this study.

Building a Model of the RNase BS-PNGase F Complex.
To build models for the RNase B-PNGase F and RNase
BS-PNGase F complexes, the N,N′-diacetylchitobiose con-
tained in the crystal structure of PNGase F was superimposed
on the GlcNAc(�1–4)GlcNAc(�1-N) elements of RNase B
and RNase BS. Subsequently, the most favorable orientation
was obtained by a systematic search as described in Experi-
mental Procedures. The minimum number of (heavy) atom
overlaps was 58 for RNase B and 19 for RNase BS complexed
with the PNGase F crystal structure. In general, two orientations

(1 and 2) of the disaccharide result in a small number of
overlapping atoms (Figure 11a). In the case of RNase B, both
orientations still result in severe sterical clashes with the R-helix
formed by amino acid residues 2–12 (Figure 11b,c). In the case
of RNase BS, the problem with overlapping atoms is signifi-
cantly reduced (Table 3). In the 1 form (carbohydrate oriented
toward the solvent; �1 ) -120°, �2 ) -100°, and �N )
-120°), some minor overlapping occurs with the R-helix
formed by amino acid residues 25–33 (Table 3). The 2 form
(carbohydrate points in the cleft of RNase; �1 ) 80°, �2 )
-140°, and �N ) -60°) shows slightly less sterical conflict
with respect to the protein atoms (Table 3).

Additionally, all snapshots sampled during the MD
simulations to PNGase F have been docked by overlaying
the GlcNAc2 moiety (data not shown). The minimum number
of clashes found for the MD simulations is higher than for
the systematic search; therefore, it can be concluded that the
optimum orientation of the glycan for attachment to PNGase
F has not been sampled during the 5 ns. However, on the
basis of the statistical analysis of the generated complexes,
a similar observation can be made: atom overlaps with the
first 20 amino acids in RNase B constitute the major factor
hindering complex formation.

DISCUSSION

As the enzymatic selectivity of PNGase F does not arise from
the primary glycan structures, its resistance to RNase B suggests
in this case a steric hindrance by the peptide backbone, a steric
hindrance, that, in view of the results, does not occur in RNase
BS and RNase Bcm. Direct NMR support for this suggestion
could be inferred from a comparison of 1H chemical shifts
reported for Asn-linked GlcNAc-1 residues in native and non-
native/denatured environments. In Table 4, the 1H NMR data
of GlcNAc-1 of native RNase B (a), denatured RNase Bcm (b),
native RNase BS (c), an oligomannose-type IgM N-glycopeptide
(d), complex-type RhCG N-glycopeptides (e, Asn-52; f, Asn-
78), and native RhCG (g1, Asn-52; g2, Asn-78) are presented.
A typical observation is that for RNase B (a) and RhCG (g2)
the GlcNAc-1 H-1 δ values are higher than those for the other
compounds. Interestingly, only these two compounds are
resistant to PNGase F digestion (glycopeptide e is excluded
because of an N-terminal Asn-52 residue which makes it
insensitive to PNGase F). In earlier studies of the three-
dimensional structure of RhCG (g) in solution (31–34), we

Table 4: 1H Chemical Shifts for the GlcNAc-1 Residues of RNase B,
RNase Bcm, RNase BS, and Various Glycopeptides and Glycoproteinsa

compoundb H-1 H-2 H-3 H-4 H-5 H-6a,6b

a 5.10 3.84 3.77 3.62 3.60 3.63, 3.81
b 5.01 3.81 3.77 3.63 3.50 3.63, 3.76
c 5.01 3.83 3.77 3.62 3.61 3.63, 3.81
d 5.01 3.82 3.68 3.46 3.59 ndc

e 5.06 3.86 3.76 3.66 ndc ndc

f 5.02 3.84 3.74 3.66 ndc ndc

g1 5.00 3.80 3.76 3.60 3.51 ndc

g2 5.28 3.90 3.65 3.71 3.25 ndc

a 1H chemical shifts are referenced to acetone (δ 2.225) at 308 K unless
indicated otherwise. b a, native RNase B. b, unfolded RNase Bcm. c, native
RNase BS. d, human serum IgM-derived glycopeptide containing Asn-9,
determined at 300 K (27). e, RhCG-derived glycopeptide containing
Asn-52, determined at 298 K (28). f, RhCG-derived glycopeptide containing
Asn-78, determined at 298 K (28). g1, Asn-52 in native RhCG (g),
determined at 328 K (29). g2, Asn-78 in native RhCG (g), determined at
328 K (29). c Not determined.

FIGURE 13: Attachment of Man5GlcNAc2 in orientations 1 (a) and 2 (b). The protein surface (green for PNGase F, pink for RNase BS) is
clipped so that the carbohydrate residues located inside the protein can be seen [red for Man5GlcNAc2 (gg) and blue for Man5GlcNAc2
(gt)]. Carbohydrate residues located inside the protein are circled.
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demonstrated that the inner core of the N-glycan moiety at
RAsn-78 (g2) is capped into a hydrophobic patch (GlcNAc-1,
H-1 at δ 5.28), whereas the inner core of the N-glycan at RAsn-
52 (g1) is freely exposed (GlcNAc-1, H-1 at δ 5.00) (31).
Therefore, it is concluded in this study that the GlcNAc-1 H-1
value in RNase B (δ 5.10) reflects a restricted mobility due to
the local conformation of the protein around Asn-34, which
results in a resistance toward PNGase F. In contrast, the
GlcNAc-1 H-1 values in RNase BS and RNase Bcm (δ 5.01),
being close to the glycopeptide values, reflect a free exposure
of the N-glycan to the solvent. An analogous interpretation has
been reported for amino acid side chain NMR resonances in
random coil polypeptides (35, 36). A long-range NOESY
contact was observed in RNase B between GlcNAc-1 H-6b and
Ser-32 CRH. This short distance was also observed in the MD
simulations.

Comparison of the 13C-1H HSQC spectra of RNase B,
RNase BS, and RNase Bcm showed that the line widths of the
H-1 resonances belonging to GlcNAc-1, GlcNAc-2, and Man-3
are broader in RNase B (44, 36, and 36 Hz, respectively) than
in RNase BS and RNase Bcm (values of ∼30 Hz). Such a
difference was not observed for the remaining Man residues.
It illustrates that in RNase B the mobility of the inner
trisaccharide residues is much more restricted than in RNase
BS and RNase Bcm. This finding indicates that removal of the
S peptide (amino acids 1–20) in RNase B, yielding RNase BS,
induces an increase in the mobility of GlcNAc-1, GlcNAc-2,
and Man-3 at Asn-34.

Results derived from the systematic search in the molecular
modeling study revealed that no sterically possible orientation
exists for RNase B in which PNGase F can access the
GlcNAc(�1-N)Asn linkage to cleave the amide bond. The
R-helix formed by amino acid residues 2–12, which has been
shown to be not very flexible in the MD simulations, is causing
severe sterical overlap in all possible orientations of the attached
carbohydrate. In contrast, in RNase BS, two orientations in
which the PNGase F probably can access the GlcNAc(�1-N)Asn
linkage exist. While the 2 form has less steric conflict when
using the rigid crystal coordinates for the two proteins in the

systematic search, it might be questioned whether this solution
is a realistic one for the following reason: when the full glycan
(Man5–9GlcNAc2) is present, the (1-6) branch of the carbohy-
drate overlaps with the opposite part of RNase BS (Figure 13).
Since the overlap occurs in a region where the two surfaces of
the protein come close to each other, it is not very likely that
a full (1-6) branch can be accommodated by an induced fit.
Therefore, orientation 2 can probably be ruled out.

In summary, the model shown in Figure 14 is an
acceptable initial/preliminary model for the complex between
RNase BS and PNGase F. The limited number of sterical
conflicts with the R-helix formed by amino acid residues
25–33 based on the rigid model is expected to be resolved
when going to a flexible model. The MD simulations have
shown that this part of the protein shows significant flexibility
in RNase BS. On the basis of this model, the experimental
finding that PNGase F is active on RNase BS but not on
RNase B can be explained well.
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