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ABSTRACT The proline-rich glycoprotein from human parotid saliva has a common heptapeptide sequence around four
of six N-glycosylation sites (Maeda, N., H. S. Kim, E. A. Azen, and O. J. Smithies, 1985, J. Biol. Chem.,
20:11123-11130). A synthetic model of the heptamer protein sequence, NH,-Q(1)-G(2)-G(3)-N(4)-Q(5)-S(6)-
Q(7)-CONH,, was examined by nuclear magnetic resonance (NMR) spectroscopy and the ECEPP/2-VAO4A
(Empirical Conformation Energy Program for Peptides) energy minimization computer algorithm (Scheraga, H. A,
1982, Quantum Chemistry Program Exchange, 454; Powell, M. J. D., 1964, Quantum Chemistry Program Exchange,
60). The NMR spectrum was almost completely assigned in dimethylsulfoxide-d, (DMSO), and the amide chemical
shift temperature dependence, ¢ dihedral angles, and x, rotamer populations elucidated. These data indicated that a
significant population of the heptamer could exist as a type I 8-turn {4 — 1 between Q(5) and G(2)] and/or a type IV
B-turn [4 — 1 between (Q)S and G(2) and/or a y-turn [3 — 1 between Q(S5) and G(3)] with the amino acid x, torsion
angles weighted toward the gauche™ conformation. Starting from these three possible conformations, the ECEPP/
2-VAOM4A rigid geometry energy minimization program was used to find the localized predominant in vacuo structures
of this heptapeptide sequence. The type II' B-turn conformation best fits the data based on internuclear hydrogen-

bonding distances, minimum potential energy considerations, and the NMR parameters.

INTRODUCTION

The proline-rich glycoprotein from human parotid saliva
(PRG) is a 36.4-kD glycoprotein for which amino acid
sequence data (1-3) and carbohydrate primary structure
(4) have been reported. The biological functions of this
macromolecule include participation in the formation of an
acquired enamel film or “pellicle” on the tooth’s surface
(5, 6), action as a masticatory lubricant (7), and binding to
the lectin-like components on the surface of oral strepto-
cocci (8-10). We have begun to probe the relationships
between the biological functions of this molecule and its
solution-state conformation using a variety of biophysical
techniques. Nuclear magnetic resonance (NMR) relaxa-
tion studies, circular dichroism data, fluorescence spectros-
copy experiments, thermodynamic calculations, and semi-
empirical structure predictions have collectively suggested
that PRG has a flexible protein structure with a large
number of turn sequences (11, 12). The carbohydrate
moieties in PRG have been shown to be responsible for
masticatory lubrication (7). Also, the complexation of
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PRG with oral bacteria is believed to be predicated largely
upon the presence of the oligosaccharides (10).

The present study concerns itself with the secondary
structure of the protein backbone in the vicinity of the
N-glycosylation sites on PRG. Out of six locations, four
have the peptide sequence Q(1)-G(2)-G(3)-N(4)-Q(5)-
S(6)-Q(7), while a fifth has Q(7) replaced by H(7). In
each case glycosylation occurs at N(4). We report here the
use of a synthetic heptapeptide model of this region for
two-dimensional NMR and computer-assisted energy min-
imization conformational analyses. Ultimately, knowledge
of the conformational topography of key domains in sali-
vary macromolecules could provide insights for the devel-
opment of selective artificial salivas, to be custom designed
for a patient’s particular needs.

MATERIALS AND METHODS

Materials

The model heptapeptide was custom synthesized and purchased from
OCS Laboratories, Denton, TX. The amino acid composition was verified
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using previously published methods (4) on a 6300 High Performance
Analyzer (Beckman Instruments, Inc., Palo Alto, CA). Primary amino
acid sequence was verified on a 890 Automated Amino Acid Sequencer
(Beckman Instruments, Inc.) Both our results and those of the manufac-
turer indicated the correct amino acid sequence with a minimum of 98%
purity.

The peptide was taken up in deionized-distilled water and passed over a
24 x 1.5-cm hydrogen-form 200400 mesh Chelex-100 (Bio-Rad Labo-
ratories, Richmond, CA) column to eliminate divalent metal ion contami-
nation. The pH of the resulting solution was adjusted to 7.4. The
lyophilized material was then used for NMR analyses in perdeuterated
dimethylsulfoxide (DMSQ) dried over 3-A molecular sieve.

NMR Methods

NMR data were collected and processed on a Nicolet/General Electric
Corporation 8.45 Tesla narrow bore spectrometer equipped with a
Nicolet/General Electric Corporation 1180E computer and a dual 50
megabyte cartridge disk drive system (model 9427H, Control Data Corp.,
Minneapolis, MN). Coupling constant analyses were performed with the
NMRSIM spectral simulation program on the Nicolet/General Electric
Corporation 1180E computer. The peptide was examined at a concentra-
tion of 6.4 mM in DMSO at a constant temperature of 30 + 0.2°C
maintained by a Nicolet/General Electric Corporation variable tempera-
ture control assembly. A spectrometer carrier frequency of 361.074602
MHz for protons was used. The two-dimensional J-correlated (COSY)
spectra were obtained using the following pulse sequence (13)

B —7/2 -8 — 1) —7[2 - 4, — 1), 1)

The transmitter and receiver radio frequencies were phase cycled to
eliminate spectral artifacts (14). A delay A, value of 230 ms was used to
emphasize selected five-bonded couplings (15). Two-dimensional
Nuclear Overhauser Effect spectroscopy (NOESY) experiments were
attempted using the pulse sequence of Baumann et al. (16). All two-
dimensional NMR spectra had the following parameters in common:
quadrature phase detection in both the w, and w, dimensions, a sweep
width of +3012.04 Hz, 3 dB of Butterworth filter attenuation, 64
transients collected per data set, a relaxation delay (A,) of 1.5 s to allow
maximum practical time for recovery of T, to thermal equilibrium, 8.5 us
u#/2 pulse width, and a final symmetrized (17) data matrix size of
512 x 512 points. Free induction decays were apodized by multiplication
with the first = radians of a sine bell function. High resolution one-
dimensional NMR spectra were collected in 8 K data blocks and
zero-filled three times to 32 K using S00 transients. Phase cycling was
incremented by x/2 radians over four steps to complete the basic
quadrature experiment. All other parameters were the same as in the
two-dimensional NMR experiments. Chemical shifts are reported in
parts per million (ppm) downfield from internal 2,2-dimethyl-2-silapen-
tane-5-sulfonate (DSS).

Computational Methods

Computer analysis of the heptapeptide bond angles was carried out using
the ECEPP/2-VAO4A (Empirical Conformational Energy Program for
Peptides) rigid geometry energy minimization program (18, 19) on a
VAX-11/785 computer system at SUNY, Buffalo (Digital Equipment
Corp.) using the VMS 4.1 operating system. Molecular models were
initially drawn with the ORTEP thermal ellipsoid plot program (20) on
the Roswell Park Memorial Institute UNIVAC computer (model 90/
80-4; Sperry Corp., Sperry Univac, Blue Bell, PA) utilizing the VS9
operating system and six megabytes of virtual access memory. The
UNIVAC computer was interfaced to a video graphics display system
(model 4006-1; Tektronix, Beaverton, OR) and an interactive digital
plotter (model 4662; Tektronix). Perspective color renderings of the
ORTEP plots were generated by Oceana, Buffalo, New York. Internu-
clear distances were calculated by a local FORTRAN program written
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for the UNIVAC computer (Kartha, G., unpublished data). Evaluation
of x, rotamer populations was accomplished using matrix algebra on a
15C calculator (Hewlett-Packard Co., Palo Alto, CA). All other calcula-
tions were performed by simple programs written for the Hewlett-
Packard 15C calculator.

RESULTS AND DISCUSSION

NMR Heptapeptide Chemical Shift and
Temperature Dependence Analysis

The stacked COSY plot for the proton NMR spectrum of
the heptapeptide is illustrated in Fig. 1. The corresponding
contour plot (with the one-dimensional spectrum obtained
by projection through the w, dimension plotted above the
contour map) is shown in Fig. 2. Chemical shifts were
assigned using the modified COSY technique as described
by Wynants et al. (15). Each type of spin system was
readily distinguished with A, set to 0 ms. To lift the
degeneracy between groups of similar spin systems, A, was
set to 230 ms to visualize 5-bonded peptide backbone
amide proton connectivities. In this way N(4) protons were
used as unique atomic centers and the amide proton
chemical shifts of G(3) and Q(5) were assigned. S(6) also
gave unique chemical shift values, which established the
assignment of the Q(7) amide proton and confirmed that
of Q(5). The process of elimination gave the chemical shift
assignment for the G(2) amide proton. Once the specific
origin (within individual spin-systems) for each 3-bonded
NH—C*H® proton connectivity was established (again
using COSY with A, set to 0 ms), the C*H*—C’H? and
CPHP—C"H" connectivities were evaluated. This approach
allowed assignment of all the protons in the heptapeptide
except for the amide protons on the amino acid functional
groups and the NH, and COOH terminals. In these cases
the COSY crosspeaks were either too close to the diagonal
and/or were severely overlapped such that ambiguities in
assignments arose. Similarly, the amino acid functional
groups for the glycines (i.e., single protons) were indistin-
guishable from their corresponding C*H® protons.

The dependence of amide and C*H* proton chemical
shifts on temperature between 293 K and 328 K at 5K
intervals was determined. These data were extracted from
the high-resolution one-dimensional NMR experiments.
Plots of chemical shift versus temperature for the amide
and C*H* protons are presented in Fig. 3. The chemical
shift and Aé/AT parameters are listed in Table I. These
data indicate that with the exception of Q(5), the plots
were monotonic and gave rise to A§/AT values with
relatively large, negative slopes. The Q(5) Ad/AT constant,
however, is small and positive. Since the C*H* proton
chemical shifts varied linearly with temperature, no appar-
ent change in structure (on the NMR time scale) occurred
over the temperature range examined here (21). The data
thus imply that the Q(5) amide proton is involved in an
intramolecular hydrogen bond (22, 23).
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The 360 MHz 'H-NMR COSY stacked plot of the NH,-Q(1)-G(2)-G(3)-N(4)-Q(5)-S(6)-Q(7)-CONH, heptapeptide

sequence around the N-glycosylation site of the proline-rich glycoprotein from human parotid saliva.

NMR Analysis of the Heptapeptide ¢
Torsion Angles

The definitions of the ¢ and x, dihedral angles are
illustrated in Fig. 4 (also see first footnote to Table III).
These angles and specifications of rotamer populations
follow the nomenclature of IUPAC-IUB (24) and Bystrov
(25). Also, Fig. 4 C shows the general form of the Karplus
Equation (26, 27) and the standard method used to convert
between 8 and ¢. Fig. S is a plot of the Karplus Equation
using the A, B, and C coefficient values of 6.4, —1.4, and
1.9, respectively, suggested by Pardi et al. (28).

Table II lists the *Jyy e coupling constants obtained
from the high-resolution one-dimensional NMR spectra of
the heptamer at 30° C, and the corresponding values of 6
and ¢. There are two solutions for ¢ at each 8 value since,
as can be seen in Fig. 5, the Karplus Equation follows a
sinusoidal path. Generally, one thus obtains four possible
solutions to ¢ for each coupling constant value. As stated in
the fourth footnote of Table II, the *Jyy coy = 8.09 value
for N(4) is a unique situation since there is only one
possible value for 6 (based on the plot in Fig. 5). Inspection
of the two corresponding ¢ values in Table II reveals that
the solutions for N(4) are —148.4° and —91.6°. The
—148.4° value is quite distant from any regular secondary
structure one might expect for a small linear peptide, while
the —91.6° solution is very near the ¢;,, = —90° or —80°
value one would expect for the second corner position of
either a type I or type I’ B-turn, respectively (29, 30).

LOOMISETAL. N-glycosylation Site Conformation

Unfortunately the G(3) *Jyucne coupling constant is
anomalous in that C*H* and the R = H functional group
are indistinguishable, therefore, we can not directly deter-
mine ¢, ,. The Q(5), S(6), and Q(7) ¢ values would most
likely give rise to an extended chain (e.g., ¢ = —180°) or be
part of a 3,,- or a-helix (e.g., ¢ = —60° or —S57°,
respectively). The type III B-turn is actually one turn of a
3,o-helix with all the residues existing with the same
dihedral angles (e.g., ¢ = —60°) (29), therefore this could
be one possible conformation. However, since both solu-
tions to the N(4) ¢ torsion angle are quite removed from
—60°, a more likely conformation for this model heptapep-
tide would be a type I or type II’ B-turn with a 4 — 1
intramolecular hydrogen bond between Q(5) and G(2).

A second equally possible conformational state could be
a modified y-turn [3 — 1 between Q(S) and G(3)]. The
crystal structure of cyclo[D-Phe(1)-Pro(2)-Gly(3)-D-
Ala(4)-Pro(5)] has been solved and indicates that the
D-Ala(4)-Pro(5)-D-Phe(1) sequence is a y-turn [3 — 1
between D-Phe(1) and D-Ala(4)] with an i + [ ¢, ¥
(—82°, +59°) torsion angle orientation (31). Theoretical
calculations have indicated that the v-turn ¢, ¢ dihedral
angles could range from 75° — 85° and 60° — 70°,
respectively, with the signs of the angles being +/— or
—/+ (32). It is certainly possible that there may be
deviations from these torsional angles in the conformation-
ally averaged solution structure of the heptapeptide cur-
rently under study.

Inadequately resolved dipolar connectivities in the
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FIGURE 2 The 360 MHz 'H-NMR COSY contour plot of the NH,-
Q(1)-G(2)-G(3)-N(4)-Q(5)-S(6)-Q(7)-CONH, heptapeptide sequence
around the N-glycosylation site of the proline-rich glycoprotein from
human parotid saliva. Spin system connectivities are indicated by solid
lines drawn orthogonal to the chemical shift axes. The one-dimensional
NMR plot obtained by projection through w, is shown at the top of the
COSY map. The resonances at high field (between 2 — 0 ppm) arise
from the DSS.

NOESY experiments failed to provide conclusive evidence
concerning the spacial arrangement(s) of the heptapeptide
(30).

NMR Analysis of the Heptapeptide x,
Torsion Angles

The rotamer populations about x, were calculated using
the method of Feeney (33). Table III lists the *Jcayecoye
coupling constants obtained from the high-resolution one-
dimensional NMR spectra of the heptamer at 30° C, the
resulting fractional rotamer populations calculated from
these data, and the free energy differences between the
rotamer states. In each case the gauche™ rotamer popula-
tion was found to account for approximately half of the
staggered rotational states, while the trans isomer contrib-
uted roughly one-third of the population. The remaining
fraction was composed of the gauche* rotamer. The AF
values provide a quantitative estimate of the stability of
each rotamer population relative to one another. The
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rotamer populations and the corresponding AF values have
at least one important implication. Specifically, the orien-
tations of the amino acid side chains are directed away
from the peptide backbone involved in the turn sequence
presumably to minimize stereochemical interference. This
conclusion was further substantiated by conventional
ORTEP (20) drawings assuming a B-turn with the
gauche* rotamer populations set as the predominant spe-
cies. In these cases the amino acid side chains came in very
close contact with one another and actually protruded into
the turn’s conformational space (i.e., the volume element
defined by other atoms in the turn).

Bush et al. (34) used the model compounds 2-acetami-
do-1-V-(4-L-aspartyl)-2-deoxy-G-D-glycopyranosylamine
and 1-N-acetyl-2-deoxy-2-acetamido-8-p-glycopyranosyl-
amine for the investigation of the carbohydrate 7, and 7,
dihedral angles (7, and 7, describe rotations about the
exocyclic amide bonds at carbons 1 and 2). Additionally,
the x,; and x, peptide torsional angles were elucidated. The
circular dichroism and NMR results indicated that 7, =
75= +120° and x;, = x, = +60° and that the N-
acetyl-glucosamine residue was in the *C, form. Also, the
glycosylated Asn residue was assigned to the second corner
position of a type I 8-turn. Beeley (35) has shown that in 30
of 31 model cases some type of 8-turn exists in the vicinity
of the NV-glycosylation site. Additionally, both Beeley (35)
and Aubert et al. (36) state that the second corner position
of the S-turn is the most likely spot for N-glycosylation to
occur. Further, when Asn occupies the second corner
position of a B-turn, out of the two most commonly found
B-turn forms (i.e., type I and type II), the type I 8-turn is
expected to predominate (37, 38). The general conclusion
concerning the location of the Asn residue in a turn
sequence is in agreement with the possible conformations
elucidated in the present study. However, the peptide
side-chain torsion angle populations obtained from Bush’s
data are not in agreement with our results. Ishii et al.
(39-41) have done several NMR and circular dichroism
studies of the Asp monomer, Asn-containing peptides and
their glycosylated derivatives, and tetrapeptide S-turn
models containing Asp and Lys. In all cases, regardless of
solvent choice (i.e., aqueous versus organic), pH, amino
acid sequence effects, the presence or absence of N-linked
carbohydrate moieties, or whether Pachler’s (42) or Fee-
ney’s (33) rotamer calculation method was used, the
gauche™ rotamer was found to predominate for the Asx
residue. Our data closely parallel the results of Ishii et al.
not only in the qualitative, but the quantitative sense as
well. Overall these results indicate that the dominance of
the gauche™ rotamer population for Asx is present at the
monomer level and continues through to an intact turn
sequence. Apparently, this feature is not a result of higher
order secondary structure or carbohydrate substitution,
but rather a fundamental physical property of the Asx
residue. Further, this seems to be the general trend for the
remaining amino acids in our heptapeptide. Whether this
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FIGURE 3 Plots of the chemical shift dependence of the (4) NH-backbone protons and (B) C*H* protons for the NH,-Q(1)-
G(2)-G(3)-N(4)-Q(5)-S(6)-Q(7)-CONH, heptapeptide. The linear nature of the curves in B indicates no significant change in apparent
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structure over the temperature range studied (21). The slope of the curve for GIn(5) in (A4) is indicative of a hydrogen bond (22, 23).

TABLE 1

CHEMICAL SHIFTS* AND AMIDE BACKBONE PROTON TEMPERATURE DEPENDENCE' OF THE
NH,-Q(1)-G(2)-G(3)-N(4)-Q(5)-S(6)-Q(7)-CONH, PEPTIDE

Amino acid 4 (NH) 8 (C°H®) 5 (CPHP) 5 (C'HY) AS/AT
Ghn (1) — 4.09 2.19 2.52 —
2.07
Gly (2) 7.45 3.89% — — ~ 34
Gly (3) 7.57 397 — — -10.0
Asn (4) 8.26 431 2.53 — - 27
2.42
Gln (5) 8.90 3.78 2.14 242 + 038
1.99
Ser (6) 8.28 429 3.89 — — 46
Gln (7) 8.42 3.61 2.23 2.38 - 38
1.96

*Chemical shifts are reported in parts per million (ppm) downfield from internal 2,2-dimethyl-2-silapentane-S-sulfonate (DSS).
*The temperature dependence of the NH protons are reported as parts per billion (ppb) per degree Kelvin.

¥The C*H* and “R” group hydrogens for glycine were not distinguishable. We report here the average value of their chemical shifts.

LOOMISET AL.

N-glycosylation Site Conformation
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FIGURE 4 Definitions of (4) the amino acid side chain x,(C* — C*)
dihedral angle rotamer populations, (B) the ¢(N — C*), y(C* — CO),
@(CO — N), and x,(C* — C”) peptide torsion angles and (C) the angle 8
defined by the Karplus Equation (26, 27) and its conversion to ¢.

is also a general feature of these amino acids under a
variety of environmental influences similar to those for Asx
remains to be determined.

Computer Analysis of Heptapeptide
Structure

The complete definitions of all ¢, ¥, w, and x torsion angles
in the heptapeptide are diagramed in Fig. 6. The nomen-
clature specified in this figure should be used when refer-
ring to the calculated dihedral angles generated by the
ECEPP/2-VAOA4A program.

The calculation of total conformational peptide potential
energy (Uror) was accomplished using contributions from
electrostatic (Uggs), nonbonded (Ugpng) (including hydro-
gen-bonding energy), and torsional (Ugror) energies.

2UNH, CYHY (Hy)
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FIGURE 5 Plot of the Karplus Equation [*Jnycene=A cos’d + B
cos 0 + C) (26,27) with A =64, B= —~1.4, and C = 1.9 (28) used to
determine the ¢(N — C®) peptide dihedral angle. This figure is repro-
duced by the kind permission of Academic Press, Inc. (London) and Dr.
Kurt Wuthrich.
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TABLE I1
3nncns COUPLING CONSTANTS*, THE KARPLUS
EQUATION # VALUES', AND THE ¢ DIHEDRAL ANGLES!
FOR THE NH,-Q(1)-G(2)-G(3)-N(4)-Q(5)-5(6)-Q(7)-CONH,

PEPTIDE
Amino acid i [ 0 ¢

degrees degrees degrees

Gin (1) — — — —

Gly (2) — — - —

Gly 3) — — — -
Asn (4) 8.09 +151.6 - 91.6, —148.4

I _ —
Gln (5) 4.08 +119.0 +179.0, - 59.0
+ 453 + 14.7, +105.3
Ser (6) 3.99 +118.2 +178.2, - 58.2
+ 46.3 + 13.7, +106.3
Gin (7) 4.39 +121.6 -178.8, — 61.6
+ 420 + 18.0, +102.0

*Observed coupling constant values are reported in Hertz.

*The Karplus Equation (26, 27) is of the form *Jy; ceye = A cos? + B cos
0 + C, where the constants chosen are from Pardi et al. (28) such that A =
6.4,B = —1.4,and C = 1.9. Note that this particular form of the Karplus
Equation was determined by correlating observed high-resolution
3Jnmcone coupling constants in basic pancreatic trypsin inhibitor (BPTI)
with the ¢(NH-C*H®) dihedral angles obtained from x-ray crystallo-
graphic data. Electronegativity effects are thus accounted for as an
intrinsic part of this Karplus relationship, thus allowing the use of
empirical data without the need for further corrections based on a priori
assumptions arising from models not using authentic amino acids in a
native protein.

$The NH-C*H* dihedral angle ¢ is defined as 6 = |¢ — 60°| (24, 25).
"The maximum 8 value on the positive side of the ¢ portion of the Karplus
Equation (see Fig. 4) is 6.90 Hz at # = 0°. Therefore the 6 = +151.6°
solution is unique.

Briefly paraphrasing from Scheraga’s QCPE program
(18), the Uggs term arises from a Coulomb potential
between two atom-centered monopole charges, g; and g;

Ubectrostatic = 332.0 qiqj/D’:j, 2)

where D is the dielectric constant (=2.0) and r; is the
internuclear distance between g; and g;in angstroms. The g
values in the ECEPP/2 program are estimated from the
overlap-normalized CNDO/2 (molecular calculations
with Complete Neglect of Differential Overlap) (43)
charges. The Ugynp term comes from a modified Lennard-
Jones 6-12 function

Unonbonded = FA’"/,.U]Z — Ckl/rus’ (3)

where F = 0.5 or 1.0 for 1-4 or 1-5 interactions, respec-
tively, and 4 and C¥ are energy terms related to the
internuclear distance 7; = r, and the depth of the energy
minima. The hydrogen-bonding portion of Ugys is given by
a potential energy function as follows

Uhydrogen»bonding = Ahx/’HXn - BHX/erw’ (4)
where Ayx and By are energy coefficients based on the

specific nuclei involved in the hydrogen-bonding scheme.
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TABLE 111
*Jcopecoye COUPLING CONSTANTS, THE TRANS, GAUCHE-, AND GAUCHE* ROTAMER POPULATIONS AND THEIR FREE
ENERGY DIFFERENCES FOR THE NH,-Q(1)-G(2)-G(3)-N(4)-Q(5)-S(6)-Q(7)-CONH, PEPTIDE

H

Rotamer populations* Free energy differences

Amino acid 33 coppe. ot
trans gauche™ gauche* AF,-, AF, 4 AF,-

Gln (1) 147 0.34 0.50 0.16 232 454 686
4.55

Gly (2) — — — — — — —

Gly 3) — — — — — — —

Asn (4) 7.66 0.35 0.52 0.13 238 597 835
4.27

Gln (5) 7.80 0.33 0.54 0.13 297 561 858
4.21

Ser (6) — — — — — — —

Gin (7) 7.61 0.34 0.52 0.14 256 535 791
435

*The rotamer populations are defined in accordance with [IUPAC-IUB (24) nomenclature and the definitions of Bystrov (25). When C* is behind C? (for
example, the x, bond), and C” is eclipsed relative to N, then x, = 0°. The trans isomer is thus defined by x, = +180°, while gauche™ and gauche* are
given by x, = —60° and + 60°, respectively. Referring to Fig. 4, the “R” would be C” and H,, the C* proton. Thus, for x, = + 180° (trans) 8(H(X),
H(A) = +60° and H(X), H(B) = +180°], for x, = +60° (gauche*) [H(X), H(A) = +60° and H(X), H(B) = +60°], and for x, = —60° (gauche™)
B[H(X), H(A) = +180°, and H(X), H(B) = +60°]. Rotamer populations were calculated based on the equations reported by Feeney (33)

Jax =41p + 117 py + 2.9 puy, Jex = 120 py + 2.1 py + 4.7 pup, p1 + pu + pm = 1.0,

where p; = trans, p;; = gauche™ and py,; = gauche*.

*The free energy differences between rotational states (for example, AFy- = Fp- — F; AF,p+ = F, — Fypo; AF,- 4+ = Fy- — Fy.) are calculated from the
equations reported by Bystrov (25): gauche™/trans = exp (- AF,-,/RT), trans/gauche* = exp (— AF,,+/RT), gauche™ [gauche* = exp (— AF,-,/RT).
The temperature value used is 30°C (303.16 K) with R = 1.98717 cal — K~' — mol~". The free energy differences are reported in cal-mol .

$Coupling constants are reported in Hz. The low-field proton was assigned as H, (for example, J . on top) and the high-field proton was assigned as Hg
(for example, Jgx on the bottom) in keeping with Feeney’s notation (33).

Lastly, the Ugror term is generated for variable x and w
dihedral angles from the function:

Ulo:siotml = (UO)(] + COs no)» (5)

where the energy difference between Uggs + Ugng and the
experimental barrier height is Uy, n is the symmetry factor
for the energy barrier, and 8 is the dihedral angle in
degrees. For further explanations of the energy compo-
nents and the methods by which ECEPP/2 functions, the
reader should see Sheraga’s QCPE program (18) and
references therein.

The first set of input data used for the type I 8-turn
model was all w = +180°, all x = 60°, ¢5,¥; = (—60°,

—30°), ¢u¥s = (—91.6°, 0°) and all other ¢, ¢y =
(+180°, +180°). The type I’ 5-turn basis set used ¢;,¥; =
(+60°, —120°) with all other angles the same as the type I
B-turn. The same basis set was used for the y-turn model
except that ¢;y; = (+180° +180°) and ¢.¢, =
(—91.6°, +59°). All of the angles except ¢3,¥; and ¢4,¥, in
the B-turn cases, or ¢,,¥, in the y-turn model, were allowed
to vary with large incremental differences to produce
searches for global energy minima. Under 20 iteration sets
were required to reach convergence in each model. The
results indicated minimum energy structures where the
NH, functional groups formed intramolecular hydrogen
bonds with the carbonyl moieties in the peptide chain. This

Yy wg Py Vg wg

P s W 0 O O O O B A O
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FIGURE 6 The complete definitions of all ¢, ¥, w, and x dihedral angles in the NH,-Q(1)-G(2)-G(3)-N(4)-Q(5)-S(6)-Q(7)-CONH,
heptapeptide sequence around the N-glycosylation site of the proline-rich glycoprotein from human parotid saliva. These dihedral angles

should be referred to when examining Table 1V.
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was accomplished by altering w to have values interme-
diate between 0° and 180°. This would represent a violation
of planarity for the cis or trans type bonds commonly
observed in the peptide chain.

Based on the results for the global energy minimum
search, certain tacit assumptions were incorporated into
the minimization procedure. First, all w’s were fixed at
+180° to preserve the most common planar bond type
(trans). Second, the NMR data from Table II were used to
fix the values for ¢s — ¢,. These data generated 12 sets
(i.e., four sets each from three turn types) of minimized
functions in under 20 iterations. In all cases the C—C
bonds from the amino acid side chains were found to be
within a few degrees of —60°.

Using the data from the second energy minimization
run, one last assumption was made. The x rotamer popula-
tions involving C—C bonds are expected to fall into one of
three minimum energy solution conformations as described
by Feeney (33) and listed in Table III. Therefore, since
—60° was found to be a reasonable value for these angles,
they were fixed in the gauche™ conformation. Under 10
iteration sets yielded convergence with all turn models.
Table IV gives the final tabulation of dihedral angles
resulting from both NMR data and energy minimization
procedures. Figs. 7-9 illustrate the ORTEP (20) drawings
of the - and B-turns resulting from the data in Table IV.

The internuclear distances between the amide backbone

proton/nitrogen of Q(S5) and the backbone carbonyl
moiety of G(2) are 1.81/2.62 A and 1.79/2.71 A for the
type I and type I’ B-turns, respectively. The corresponding
Q(5) — G(3) bond distances for the y-turn are 2.27/3.09
A. From these distance criteria it can be seen that the
B-turn models have strong intramolecular hydrogen bonds
while the y-turn has a weaker hydrogen bond. This would
argue in favor of the B-turns as being more likely in view of
the NMR amide proton chemical shift versus temperature
data. Also, the type I §-turn, type II’ B-turn and y-turn
have total potential energies of +142, —6 and —28
kcal/mol, respectively. These data imply the type I B-turn
is highly unstable, whereas the type II' 8-turn and y-turn
are energetically favored. Taken together, these factors
suggest the type II' B-turn best fits the NMR data,
energetic considerations and internuclear hydrogen-bond-
ing data presented in this study.

CONCLUSIONS

The solution conformation of nearly all small linear pep-
tides is expected to be a mixture of two or more conforma-
tional states. In the present case, the strong hydrogen-bond
acceptor DMSO was used as the solvent medium and
found to stabilize at least one of the model heptapeptide
conformations sufficiently to give rise to an observable
population of turn sequence(s) on the NMR time scale. In

TABLE 1V
CALCULATED* DIHEDRAL ANGLES FOR THE TYPE I AND TYPE II' 8-TURNS AND +-TURN PREDICTED FOR THE
NH,-Q(1)-G(2)-G(3)-N(4)-Q(5)-S(6)-Q(7)-CONH, PEPTIDE

Dihedral angles*

Amino acid
¢ 2 w Xi X2 X Xa
Gln (1) —65.6 142.0 180.0 -60.0 -60.0 -60.0 —84.7
-73.7 149.8 180.0 —-60.0 —60.0 -60.0 ~80.6
—-74.4 150.2 180.0 -60.0 -60.0 -60.0 —80.5
Gly (2) 175.1 140.0 180.0
—-177.4 -130.0 180.0
-160.3 141.2 180.0
Gly (3) ~60.0 -30.0 180.0
60.0 —120.0 180.0
141.3 —-124.0 180.0
Asn (4) -91.6 0.0 180.0 —-60.0 -60.0 —82.8
-91.6 0.0 180.0 —-60.0 -60.0 -82.9
-91.6 59.0 180.0 -60.0 -60.0 —83.5
Gln (5) -59.0 164.3 180.0 ~60.0 -60.0 -60.0 109.1
—-59.0 148.4 180.0 —60.0 —60.0 —-60.0 -72.0
-59.0 147.7 180.0 -60.0 —-60.0 —-60.0 -91.6
Ser (6) —58.2 102.0 180.0 —-60.0 178.4
—58.2 124.3 180.0 -60.0 178.4
~58.2 114.3 180.0 —-60.0 178.4
GIn (7) —61.6 147.6 180.0 —-60.0 -60.0 —-60.0 —-64.0
-61.6 149.0 180.0 -60.0 -60.0 -60.0 1229
—-61.6 149.0 180.0 -60.0 —-60.0 —-60.0 122.8

*Calculated from ECEPP/2 — VAO4A (18, 19) based on the NMR data from Tables II and 111. See the text for details on procedure.
*The data are presented as type I 8-turn (top) (Uror = + 142 kcal/mol), type I’ B-turn (middle) (Uror = — 6 kcal/mol) and y-turn (bottom) (Uror =

— 28 kcal/mol).
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FIGURE 7 The color enhanced ORTEP (20) rendering (Oceana) of the type I B-turn in the NH,-Q(1)-G(2)-G(3)-N(4)-Q(5)-
S(6)-Q(7)-CONH, heptapeptide based on the data in Table IV. Except for the amide peptide backbone protons, no hydrogens are shown.
Atoms are represented as follows: blue, nitrogen; yellow, hydrogen; grey, peptide backbone alpha carbon; green, amino acid functional group
carbon; pink, carbonyl peptide backbone carbon; red, oxygen. The dashed line represents a hydrogen bond.

general, the observation of stable peptide conformations in
DMSO is not novel, though, since the literature has many
such examples of non-random peptide structures found in
both water and DMSO (see, for example, references
21-23, 44, and 45). The heptapeptide conformations pre-
sented in the present study, however, are strongly solvent

dependent. Our findings from circular dichroism spectros-
copy of the heptapeptide in an aqueous environment (46)
indicate that there are different populations of turn(s)
present at varying pH’s. Thus, in both DMSO and water
the presence of turn-type conformations for this heptapep-
tide has been demonstrated.

FIGURE 8 The color enhanced ORTEP (20) rendering (Oceana) of the Type II’ B-turn in the NH,-Q(1)-G(2)-G(3)-N(4)-Q(5)-
S(6)-Q(7)-CONH, heptapeptide based on the data in Table IV. See the legend in Fig. 7 for further details.

LOOMISETAL. N-glycosylation Site Conformation

201



FIGURE 9 The color enhanced ORTEP (20) rendering (Oceana) of the y-turn in the NH,-Q(1)-G(2)-G(3)-N(4)-Q(5)-S(6)-Q(7)-CONH,
heptapeptide based on the data in Table IV. See the legend in Fig. 7 for further details.

Globular protein structures can be stabilized by a vari-
ety of forces such as hydrophobic interactions, disulfide
bridges, specific solvent interactions, long- and short-range
hydrogen-bonding schemes, salt bridges, and aromatic
interactions. The turn sequences in globular proteins thus
have available several types of stabilizing influences
derived from the macromolecule’s tertiary structure. Since
our previous studies have indicated a lack of organized
tertiary structure in PRG (11), one might expect those
amino acid sequences involved in turns to possess proper-
ties that make them stable to the physiological conditions
of the oral cavity. This may be especially true for the
N-glycosylation sites in PRG since there is evidence that
the presence of a B-turn with Asn in the i + 2 position may
be a general stereospecific requirement for post-transla-
tional glycosylation to occur in N-linked glycoproteins
(46-49).
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