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ABSTRACT: Oxidative scission with periodate of all the C(2)-C(3) bonds of the D-glucopyranose rings of
cellulose and amylose followed by reduction with borohydride of the resulting polydialdehydes afforded the
acyclic polyalcohols RDC and RDA [RDC = poly[(2r,45,5R)-2,4,5-tris(hydroxymethyl)-1,3-dioxopentamethylene];
RDA = poly[(2s,45,5R)-2,4,5-tris(hydroxymethyl)-1,3-dioxopentamethylene}]. The corresponding triacetates
(RDC-Ac and RDA-Ac) were obtained by conventional acetylation of the polyalcohols. The *C and 'H NMR
spectra of the products indicated a high degree of structural homogeneity, with retention of the different
configuration at C(1) of the original polysaccharides. The concept of stereoregularity, and sterecisomerism
of polymers obtained from cellulose and amylose, is reflected also by the high crystallinity easily achieved
in solid samples, with X-ray powder patterns unambiguously different for pairs of cellulose and amylose
derivatives. Light scattering measurements indicate a strong tendency to association for RDC in water, as
well as for the corresponding peracetate RDC-Ac in acetone, acetonitrile, and trifluoroethanol. RDA forms
microgels in water, while RDA-Ac associates on increasing concentration and/or time in acetone and acetonitrile.

Bonds between carbons bearing vicinal hydroxyl groups
are easily split by periodate and tetraacetate ions, with
conversion of the hydroxyl groups to aldehydes.? Splitting
reactions are widely used in structural analysis of carbo-
hydrates and their polymers. Under controlled conditions,
splitting of unsubstituted diols in pyranose residues of
polysaccharides occurs without cleavage of the glycosidic
bonds.? However, glycol-split polysaccharides are usually
degraded with acid, without isolation, for characterizing
the “substitution pattern” of the original polymer through
analysis of fragments.?

Although advantage of splitting reactions (most com-
monly, only at the level of a few residues) is currently taken
for functionalizing polysaccharides by reacting the alde-
hydo groups formed at the sites of splitting,* these reac-
tions have been seldom used for deliberately modifying the
macromolecular properties of polysaccharides. A major
modification of these properties is expected in 1 — 4 linked
polysaccharides as a result of an increased flexibility as-
sociated with extra degrees of freedom instigated on each
split residue, each “opened” pyranose ring acting as a
flexible joint in an otherwise relatively rigid polymer
backbone.?®

In the framéwork of a systematic study on the influence
of splitting reactions on conformational and rheological
properties of polysaccharides,® these reactions were used
for converting cellulose (poly-8-D-glucose) and amylose
(poly-a-D-glucose) into acyclic, stereoregular polydi-
carboxylates,” which are good sequestering agents for
calcium and magnesium® and other divalent ions.”

In the present work, acyclic polyalcohols were prepared
by splitting with periodate the C(2)-C(3) bonds of all the
glucopyranose residues of cellulose and amylose and re-
ducing with borohydride the resulting polydialdehydes.
The corresponding polytriacetates were prepared by con-
ventional peracetylation of the polyalcohols.

Experimental Section

The polyalcohols RDC and RDA were prepared from com-
mercial samples of cellulose and amylose, respectively. More
specifically, RDC-I was prepared from microcrystalline cellulose
(Merck, Darmstadt), MW ~ 20000 (viscometric determination);
RDC-II, from cotton cellulose, assumed MW ~ 300000; RDA was
prepared from amylose from potato starch (Serva), MW ~ 150000
(data from manufacturer), essentially unbranched as determined
by 13C NMR analysis. The periodate oxidation and reduction
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reactions were performed as described for Smith degradation of
polysaccharides,® with slight modification and omission of the final
step of acid hydrolysis. The polysaccharide (2 g) was suspended
in 100 mL of a 0.1 M solution of sodium metaperiodate brought
to pH 3.6-4.0 with concentrated HCL. The suspension was stirred
in the dark at 4 °C for 24 h and 30 days for amylose and cellulose,
respectively. In order to minimize possible depolymerization due
to formation of free radicals, the supernatant of the reaction for
cellulose was removed after 15 days and substituted with a fresh
solution of metaperiodate. At the end of the reactions, ethylene
glycol (5 mL) was added to react with the excess periodate. The
reaction mixture was passed through a sintered-glass filter and
the solid thoroughly washed with cold water (~5 °C) to remove
iodates. The polydialdehydes were then suspended in water (20
mL) and the suspension added to sodium borohydride (1.2 g).
The reduction was allowed to proceed at room temperature for
10 h and the excess borohydride was destroyed. The solution was
brought to pH 4 by dropwise addition of glacial acetic acid. The
solution was then concentrated under vacuum in the presence
of methanol, dialyzed against water through a 14 000 dalton
membrane, and evaporated to dryness under vacuum. Yields
varied from 60% to 90%. RDA-2,2’,3,3',6,6'-dg was prepared by
treating RDA with D,0 (99.7%) for 12 h in the presence of Raney
nickel (W. R. Grace, no. 28), as described for deuteration of mono-
and oligosaccharides.!’ The peracetates RDC-Ac and RDA-Ac
were prepared by treatment of the corresponding polyalcohols
with acetic anhydride in pyridine. One gram of RDC {(or RDA)
was dissolved in 40 mL of a 10:9 (v/v) pyridine/acetic anhydride
mixture and kept 6 h at 70 °C, under stirring. After standing
72 h at room temperature, the mixture was added to Hy,O to
precipitate the product. The precipitate was redissolved in CHCl,,
and the solution was extracted with HCI (1%), Na,COj solution
(1% w/v), and H,0 and finally evaporated to dryness under
vacuum (yield = 0.80-0.85 g).

Crystallization of the polyalcohols and the polyacetates was
performed by addition of methanol to solutions in water and in
chloroform, respectively. Melting points of the products were
measured by differential scanning calorimetry on a Perkin-Elmer
DCS-2B instrument. Appropriate annealing a few degrees below
the melting points increased the crystallinity of all four polymers.

The NMR spectra were measured on a Varian CFT-20 spec-
trometer (20 MHz for *C) and a Bruker CXP-300 spectrometer
(300 MHz for 'H and 75 MHz for ¥C) from solution in DyO
(99.9%, following several exchanges with DO 99.7%) for the
polyalcohols and in CDClI; for the acetates. Coupling constants
for the anomeric centers were measured directly from splittings
of the H-1 and C-1 signals (these latter in proton-coupled °C
spectra).

Optical rotation measurements were made with a Perkin-Elmer
Model 241 polarimeter at 20 °C. Viscosities were determined by
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Figure 1. Conversion of cellulose and amylose to the corre-
sponding “reduced dialdehyde” (RD) derivatives by periodate
oxidation of the C(2)-C(3) bonds and borohydride reduction of
the resulting dialdehyde groups.

using suspended level Ubbelohde viscometers at 25 = 0.1 °C. The
light scattering measurements were performed at 25 °C by a Sofica
Model 42000 photometer with cylindrical cells immersed in
toluene, using nonpolarized light at 436 and 546 nm (data obtained
at the two wavelengths were substantially identical). Rayleigh
ratios (R90)436nm = 48.5 X 10_6 Cnl_1 and (RQO)MSnm =16.3 X 10—6
cm™! were used for calibration of the instrument with benzene.
Solvents (commercial, used without purification) and solutions
were freed of dust by 2-3-h centrifugation at 25000 g. Concen-
trations were determined by weight. The samples of RDA and
RDC were previously dialyzed against 0.5 M NaCl through a 10000
dalton membrane. Minor amounts of RDC-Ac insoluble in acetone
were removed by centrifugation and filtration. Solubilization of
RDC-Ac obtained from high molecular weight cellulose occa-
sionally required heating at 60-80 °C. Cooling the solutions to
20 °C did not cause precipitation or turbidity.

Results

Synthesis and NMR Spectra. Cellulose and amylose
were oxidized with sodium periodate at pH 3.5-4.0, and
the resulting polydialdehydes were reduced with sodium
borohydride at pH 8 to afford acyeclic polyalcohols, as
illustrated in Figure 1. Products are referred to as
“reduced dialdehydes” (RDC and RDA). For simplicity,
numbering of carbon atoms is maintained as in the original
polysaccharides. More appropriate nomenclature and
numbering are proposed further on.

Treatment of the polyalcohols with acetic anhydride in
pyridine afforded the polyacetates RDC-Ac and RDA-Ac.
[«]®p values for all the polyalcohols and polyacetates are
2-1° for RDC and =2+1° for RDA derivatives, i.e., smaller
than 1 in absolute value.

The 3C NMR spectra of typical preparations of RDC
and RDA (Figure 2) consist of the expected four major
signals (two of which account for two equivalent carbons
each), indicating a high degree of overall conversion from
the original polysaccharides. Minor signals (arising from
residual unsplit glucopyranose rings and/or incompletely
reduced aldehydes) account for less than 10% of the
products.

Signal assignments were made according to established
chemical shift correlation criteria for carbohydrate poly-
mers.! Assignments for primary carbons were confirmed
by the disappearance of the corresponding signals from the
spectrum of RDA-2,2/,3,3",6,6’-d; (stick diagram in Figure
2). Though quite similar to each other, the spectra of RDC
and RDA display small but reproducible chemical shift
differences. These differences were confirmed in the
spectrum of a 1:1 mixture of the products where signals
having different chemical shift in the spectrum of indi-
vidual components were displayed as well-resolved doub-
lets.

The 3C NMR spectra of the acetates RDC-Ac and
RDA-Ac are similar to those of the corresponding poly-
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Figure 2. Proton-decoupled *C NMR spectra (20 MHz, D,0)
of RDC (A) and RDA (B), with stick diagram of RDA-
2,2/ 3,3.6,6'-ds (C).

Table I
13C and 'H Chemical Shifts (5)®®

RDC RDA RDC-Ac RDA-Ac
C-1 104.6 104.1 102.7 100.4
Jewna)  (163.0)  (160.9)  (160.8) (164.8)
C-2 63.6 64.0 64.7 63.4
C-3 61.8 61.8 63.6 62.4
C-4 79.3 79.3 74.7 75.0
C-5 79.3 79.3 74.7 75.0
C-6 61.8 61.8 63.6 62.8
CH, 21.3 19.4
C=0 171.0 169.1
H-1 4.94 5.08 4.83 5.12
T~ (4.5) (4.6) (4.75) 5.1)
H-2,2 3.67 3.67 4.04 4.04
H-3,6 3.76 3.81 4.39 4.39
H-4 3.97 4.09 3.92 4,13
H-5 3.97 4.09 3.92 4.13
H-3,6 3.76 3.81 4.17 4.13
CHy2 2.05 2.05
CH;-3,6 2.10 2.08

¢In D,0 for RDC and RDA, in CDCI; for RDC-Ac and RDA-Ac.
Coupling constants (Hz) are given only for the anomeric centers.
13C chemical shifts in D,0 are referred to internal methanol =
50.04 ppm from external Me,Si, and, for solutions in CDCl,, to in-
ternal CHCl; = 79.6 ppm from internal Me,Si. 'H chemical shifts
are referred to internal Me;Si(CM,);S0O,0H and Me;Si for solu-
tions in D,0 and CDCl,, respectively. °Carbon (and hydrogen)
numbering as in Figure 1.

alcohels, except for substituent-induced shifts and the
additional signals due to the acetyl substituents. The
one-bond C(1)-H(1) coupling of these products was mea-
sured from the proton-coupled *C spectra.

The 'H NMR spectra of the pair of polyalcohols and
polyacetates displayed the expected major signals, assigned
by their multiplicity and by spin decoupling. The 'H
spectra of typical preparations of RDC-Ac and RDA-Ac
are shown in Figure 3. Table I reports *C and 'H chem-
ical shifts for RDC, RDA, and the corresponding acetates,
together with Jey and 3Jyy values for the anomeric
centers.

Crystallization and X-ray Diffraction Data. After
removal (by dialysis) of minor low molecular weight
fractions, RDC and RDA were precipitated with methanol
from aqueous solutions, affording highly crystalline pow-
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Table II A
Melting Points and Debye Spectra®
RDC RDA% RDC-Ac, RDC-Ac? RDA-Ac}
mp 235 mp 120 mp 125 mp 118 - mp 108 H-1
°C °C °C °C °C
705vw  78lw 11.87 vs 12.67 s
6.35 vs 6.15s 8.71s 8.53 s 10.49 s A
6.13 s 4.82 vs 8.24 vs 7.00 m 7.48 m ’,"
564 s 4.71 vw 6.37 ms 594 m 6.04 m /
4,26 vs 421 vw 542 w 5.40 ms 5.61w I"
385vw 4.12s 5.05 m 4.98 mw 529 w /
374m  377s 493 m 4.54 ms 472w /)
3.55 m 340 w 462w 4.22 w 440w ’/
4.02 vs /
3.72 vw /)
3.51 vw /
3.39m 3.08 w 435 s 3.35 ms 4.26 m
3.23m 2.94 m 4.11s 3.76 vs
3.03 w 2,60 m 387s 311w 3.52m
2.59 m 2.23 m 3.69 vw 2718 w 332w
238w 201w 341w 2.44 w 8 RDA-Ac
227w 331w
2.07 313w
2d in angstroms. °Solution-crystallized samples. ©Melt-crystal-
lized samples. [ B RS S R
50 4.0 ppm

ders. Also, the corresponding peracetylated derivatives
RDC-Ac and RDA-Ac were precipitated (with methanol
from chloroform solutions) in crystalline form. Appro-
priate annealing of the four polymers a few degrees below
their melting points for 2 h significantly improved the
crystallinity and the quality of the X-ray diffraction
spectra of the samples.

The Debye X-ray diffraction data of the annealed
polymers (d-spacings and visual estimation of relative in-
tensities) are given in Table II. Oriented crystalline
samples were obtained for the cellulose derivatives RDC
and RDC-Ac; their fiber diffraction patterns will be dis-
cussed elsewhere.

The existence of more than one crystalline form in the
case of RDC-Ac is indicated by the X-ray diffraction
spectra of solution-crystallized (“native”) samples and of
melt-crystallized samples. (See Table II.) For the other
three polymers (RDC, RDA, RDA-Ac) there are no indi-
cations of the occurrence of different polymorphs upon
crystallization from the melt.

Striking differences in crystallization behavior were
observed between the two polyalcohols and the corre-
sponding peracetylated derivatives. RDC and RDA
crystallize very rapidly from the melt, and are significantly
crystalline even when quenched from the melt to room
temperature. By contrast, in spite of their lower melting
points, the peracetylated derivatives do not crystallize at
room temperature (20 °C), and their crystallization is slow
even at higher temperatures.

Figure 3. Partial 'H-NMR spectra (300 MHz) of RDC-Ac (A)
and RDA-Ac¢ (B) in CDCl,.
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Figure 4. X-ray diffraction powder spectra of polyalcohols RDC
and RDA and the corresponding acetates (annealed samples).

Solubility, Viscosity, and Light Scattering. Poly-
alcohols obtained from low molecular weight (microcrys-
talline) cellulose and from amylose (RDC-I and RDA) are
soluble in water at 20 °C. The RDC preparations obtained
from cotton cellulose (RDC-II), which are sparingly soluble
in water at room temperature, could be solubilized at 80
°C. Reduced viscosities of the solutions are reported in
Table IIL

From the Zimm plot for RDC-II in water (Figure 4a),
a rather high DP,, value (~6 X 10%) is evaluated, corre-
sponding to M, values consistently higher than the ones
assumed for the starting material. Similar data were ob-

Table III
Viscosity and Light Scattering
solvent nepl € (€, %) M, DP,* B, mol mL g2 R, A

RDC-I H,0 0.11 (0.6) 0.6-1 x 10% 400-600 5% 10 900 % 300

0.5 M NaCl 5-8 x 10* 300-500 5% 10 900 £ 300
RDC-II H,0 0.13 (0.75) 1 x 108 6200 3 x 10 1600

0.5 M NaCl c 1% 105 620 1.5 X 107 500
RDA H,0 0.21 (0.7) 7 x 104 430 8 x 107 d
RDC-Act (CH,),CO 0.24 (0.3) 5 X 105 1700 3.5 % 105 1050

CH,CN ¢ 1.3 x 108 4500 5x 10 2500

CF,CH,OH ¢ 4 % 10 14000 0 2600
RDA-Ac (CH,),CO ¢ 7 x 104 250 1.5 % 10 d

CH,CN c 7 % 104 250 4 %10 d

(CH,),Cl, 0.15 (1.2) ¢ ¢ ¢ ¢

2 Monomeric unit weight taken equals 164 for the polyalcohols and 290 for the polyacetates. ®From low molecular weight (microcrystal-
line) cellulose, dp 125. ¢Not determined. 9 Not measurable.
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Figure 5. Zimm plots of RDC obtained from cotton cellulose (RDC-II) in H,O (A) and 0.5 M NaCl (B).

tained after extensive heating (up to 8 h) and for mea-
surements at 60-70 °C. In contrast, a different behavior
at room temperature was observed when the polymer was
dissolved in 0.5 M NaCl at 80 °C (Figure 4b). Addition
of NaCl causes a dramatic drop in the estimated M,, (and
Rg) values (see Table III}). These values are lower than
for the original polysaccharide. For the polyalcohols from
amylose, measured M, values were lower than for the
starting material even in the absence of salt (measurements
were not made in the presence of NaCl).

The angular dependence of scattered light of solutions
in H,0 of polyalcohols from amylose was consistently more
marked at low angles (plots not shown), a behavior sub-
stantially unmodified by several cycles of heating—cooling
or by the treatment with CHCl;/isoamyl alcohol®? for re-
moving dust. This effect, which steadily increased with
time of standing of the solutions with no apparent level
off even after 180 h, was substantially decreased by cen-
trifugation at 35000 g for 3-8 h of fresh solutions and
completely removed after standing for 8 days if solutions
were centrifuged in the same conditions. M, values
measured on the latter solutions correspond to the values
obtained for samples centrifuged for short periods of time
when only data at moderately high angles are extrapolated
to 8 =0.

The polyacetates RDC-Ac and RDA-Ac are soluble in
a number of organic solvents. Solubilization of the cellu-
lose derivative in acetone or acetonitrile required some
heating. As for the polyalcohols, light scattering data for
the cellulose derivatives indicated high angular dependence
of scattering, especially in trifluoroethanol. As shown by
the data in Table III, DP,, values were substantially higher
when compared to the unsubstituted polyalcohol RDC, a
trend opposite to that observed for the corresponding
amylose derivative using low polymer concentrations.
Moreover, the scattering envelope of RDA-Ac in acetone
is substantially modified on increasing the concentration
of the polymer (Figure 5a). In acetonitrile, and only at
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Figure 6. ¢/R, vs. sin? 8/2 plots of RDA-Ac: (A) In acetone at
different concentrations (a, 5 X 103 b, 8 X 103 ¢, 14 X 102 g/L);
(B) in acetonitrile at different times after dissolution (a, 3 h; b,
24 h; ¢, 24 h standing, followed by 15 min of heating at 45 °C).

relatively high polymer concentrations, the angular de-
pendence of scattering was found to vary as a function of
standing time (Figure 5b, curve b). Heating 5 min at 45
°C reversed the latter phenomenom to some extent (Figure
5b, curve c).

Discussion

Opening the D-glucopyranose rings of cellulose and
amylose by splitting all the C(2)-C(3) bonds with periodate
and reduction (with borohydride) of the resulting poly-
dialdehydes afforded the “reduced dialdehydes” RDC and
RDA. In spite of being common intermediates in frag-
mentation analysis of polysaccharides,>® these acyclic
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polyalcohols were not previously isolated and characterized
and can be considered as polymers of essentially new
type.'® Also, the corresponding peracetylated derivatives
(RDC-Ac and RDA-Ac) are markedly different from the
triacetates of cellulose and amylose.

The NMR spectra of the polyalcohols and polyacetates
(Figures 2 and 3) indicate a high degree of structural ho-
mogeneity, with minor signals accounting for less than 10%
of the products. Also, significant chemical shift differences
between the derivatives of cellulose and amylose (Table
1) indicate that polymers obtained from the two poly-
saccharides are different from each other. The largest
difference (confirmed in a 1:1 mixture of RDC and RDA)
is for C-1 and H-1, suggesting that the “anomeric” carbon
has retained the configuration of the original poly-
saccharide. This is supported also by differences in cou-
pling constants associated with the “anomeric center”
(Jeowy,uy and Juqyuee), Table I). Spectral differences are
especially striking for the acetates (Figure 3) where H-1
and H-4/H-5 of the RDA derivative are remarkably shifted
downfield with respect to the RDC derivative. Since these
shifts are associated also with significant differences in
coupling constants ®Jy, , and *Jy, , (data not reported), the
different configuration at C(1) seems to involve also major
differences in the conformation of the polymer chains.

The high crystallinity easily achieved for the poly-
alcohols and the corresponding acetates is likely to reflect
the high degree of structural regularity of the products.
A further proof of this stereoregularity was provided by
the X-ray fiber pattern of good quality obtained from
RDC-Ac.!* Unambiguous differences between the X-ray
powder patterns of cellulose and amylose derivatives
support the conclusion that RDC and RDA are indeed
stereoisomers.

In essence, glycol-split cellulose and amylose are poly-
mers based on 1,3-dioxopentamethylene. This is better
shown by formulas 1 and 2 (with stereochemical notations)

o " oR OR | R
CHa| CHy H CHp| CH2
s| IR | [s| Ir
-"(|34—— (|35 — 01—?2— 03— ('34‘-05
Ho|H CHe Ho| H
L OR 4,
1. RDC/RDC-Ac
(IJR ™ OR <|3R OR <|>R
| 1
CH2| CH» CHz CHp| CH»
[s| IR ls Is' IR
---(|34-'- C|5 —0— ?2— Gz — C4——-1«5
|
H LH H H|H
—-n
2, RDA/RDA- Ac
R=Hor Ac

for RDC [poly(2r,4S,5R)-2,4,5-tris(hydroxymethyl)-1,3-
dioxopentamethylene] and RDA [poly(2s,4S,5R)-2,4,5-
tris(hydroxymethyl)-1,3-dioxopentamethylene] and the
corresponding acetates. (Note that C-1 of the original
polysaccharide (Figure 1) becomes C-2 in the dioxo-
pentamethylene numbering, while 0-5 and O-1 become O-1
and O-3, respectively.) Formulas 1 and 2 also make evident
the internal compensation leading to very low optical ro-
tation values for both polymers.

Light scattering measurements indicate a strong tend-
ency of the present cellulose derivatives to associate in
solution (H,0O for the alcohol, and acetone, acetonitrile, and
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trifluoroethanol for the acetate). For RDC, this association
is disrupted by 0.5 M NaCl. For RDA in H,0, tendency
to aggregation is reflected by a strong light scattering at
small angles, suggesting formation of microgels. These
microgels, which account for only a few percent of the
material, are stabilized on standing and can be eliminated
by high-speed centrifugation.

The highest M, values obtained from Zimm plots are
4 X 105 (RDC-Ac in trifluoroethanol), corresponding to
association of about seven polymer chains if the assump-
tion is made that no depolymerization has occurred during
the splitting and derivatization reactions. (Some depo-
lymerization is indicated at least in the case of RDA, whose
M., values in H,0 are somewhat lower (less than one-half)
the accepted value for the original polysaccharide.)

The marked tendency to chain—chain association is most
likely associated with the stereoregularity of the present
acyclic polyalcohols and polyacetates. Because of differ-
ences in molecular weight, the observed differences in
solubility and solution behavior between RDC and RDA
(as well as those between the corresponding acetates)
cannot be interpreted only in terms of their different
stereochemistry. In view of the importance of chain—chain
association in solution for promoting formation of ordered
structures and for modulating the conformational and
rheological properties of polysaccharides and related
polymers,'® further studies with products of similar mo-
lecular weight are in progress. The possibility that a few
unmodified glucopyranose residues (especially if arranged
in blocks) contribute to the aggregation properties of the
polymers should also be considered. However, since these
unmodified residues (if any) are present in amounts lower
than detectable by NMR spectra and optical rotation, it
seems more likely that aggregability is associated with the
acyclic stereoregular chains.
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ABSTRACT: The chain-closure algorithm of Go and Scheraga (Go, N.; Scheraga, H. A. Macromolecules 1970,
3, 178) has been modified to allow bond angle variations. This modification greatly increases the domain
of applicability of the algorithm, Of particular interest is its use for bridging deletions or introducing additions
in the homology modeling of proteins. Examples from an o-helix, a 8-sheet, a cyclic polypeptide, and several

proteins are presented.

1. Introduction

In the modeling of a homologous or mutant protein from
a known X-ray structure, a deletion or insertion in the
sequence requires the construction of a peptide backbone
across two fixed endpoints. Generally, this problem is
solved by energy minimization,! by plastic or metal models
(which solve part of the minimization problem mechani-
cally),? or by human manipulation of a model using mo-
lecular graphics.® A related problem arises in the con-
formational search of the possible structures for a poly-
peptide loop or cyclic polypeptide. In such a search, some
of the backbone torsions in the loop are varied freely and
the remainder must be assigned to values such that the
loop closes back onto the attached end.

The ring closure and local conformational deformation
procedure of Go and Scheraga* solves this problem al-
gorithmically. It determines the set of dihedral angles of
a polymer chain required to bridge the chain across two
fixed, oriented endpoints. Their procedure assumes that
the bond lengths and bond angles of the polymer chain are
fixed. We have found that this restriction is very severe
in that it greatly reduces the range of endpoints for which
a closure can be found. It is known that bond angles do
vary by a few degrees in biopolymers®® and that the en-
tropy of proteins has significant contributions from bond
angle variations.”® We have developed a simple modifi-
cation to the Go6 and Scheraga procedure that allows small
bond angle variations, and we illustrate its applicability
by choosing examples from known protein structures.

Section 2 describes the method, and Section 3 presents
the results and discussion.

2. Method

In this section, we develop the chain-closure algorithm
including both dihedral angle and bond angle variation.
To make clear the nature of our modifications to the or-
iginal approach of G6 and Scheraga, we must briefly review
their procedure. In what follows, we refer to equation n
in their paper by the notation eq GSn; details are omitted,
and the interested reader should consult the original pa-
per.* For the free torsion angles of a polymer chain, we
define coordinate systems as shown in Figure 1. For atom
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i, the x axis is along the bond vector between atom i ~ 1
and the succeeding atom, the y axis is the component of
the succeeding bond vector perpendicular to the x axis, and
the z axis is given by the cross product of the other two
axes. The bond vector between atom i — 1 and the suec-
ceeding atom is the axis of rotation for the free torsion
angle, w;.% In the case of a protein, the peptide torsion
angle (i.e., the torsion angle about the C-N bond) is as-
sumed to be planar and fixed (either cis or trans) so one
atom in the backbone does not need to have a coordinate
set defined for it. Go and Scheraga omit the carbonyl
carbon, and thus, the a-carbon and the peptide nitrogen
are used for defining the coordinate systems.

The essence of the Go and Scheraga procedure is the
transormation of the coordinate systems given by eq GS1-3

r., =T, Rr, + py (Gsy)
[ cos 6;-y, ~—sinf;_, O
T;., =| sing;_, cosf;., O (GS2)
| 0 0 1
[1 o 0
R;=| 0 cos w; —sin w; (GS3)
LO sin w; cos w;

D;_: is a vector that specifies the translation between two
coordinate systems. In the case of peptides, the z com-
ponent of p; ; is zero, but the y component is nonzero for
translations between two coordinate systems that skip the
carbonyl carbon (as shown for p,_; on the left in Figure 1).
T;_, specifies the rotation associated with the angle, §,_;,
and operates in the xy plane. R; specifies the rotation
associated with a torsion angle, w;, and operates in the yz
plane.’? In these equations, the degrees of freedom are the
torsion angles, w;. For a peptide, Go and Scheraga define
the atom numbering such that the odd-numbered torsions
are the ¢ torsion angles and the even-numbered torsions
are the ¢ torsion angles.

If we know the position of two amino acid residues that
we wish to connect with a peptide chain containing a
known number of residues, the problem of chain closure
is equivalent to finding a series of coordinate transfor-
mations that transform one endpoint coordinate system
into the other. To transform one arbitrary coordinate
system into another requires six degrees of freedom, three
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