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Oligopeptides with the Repeating Sequence
L-Alanyl-L-prolylglycine”
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ABSTRACT: In order to examine the role of specific tripeptide
sequences in collagen, the conformational properties of the
polytripeptide (Ala-Pro-Gly), and the homogeneous oligo-
peptides Boc-(Ala-Pro-Gly).-OMe, where n = 1-6, were
investigated. X-Ray diffraction indicated that the polymer
and the oligomers longer than the hexapeptide could adopt
three different forms in the solid state, depending on the sol-
vent to which they are exposed: (I) hydrogen-bonded sheets of
polyproline II-like helices, when dried from aqueous solution;
(II) a more compact hydrogen-bonded polyproline II type
sheet structure, when precipitated from organic solvents or
aqueous solution or when dried from ethylene glycol-hexa-
fluoroisopropyl alcohol; and (III) a triple-helical structure,
when dried from trifluoroethanol. The solid-state infrared
spectra of the polymer and higher oligomers in these three

Collagen is a major extracellular structural protein in
animals higher than the protozoa. From stereochemical con-
siderations and X-ray diffraction data, the collagen molecule
was found to adopt a supercoiled triple-helical conformation
(Ramachandran and Kartha, 1955). These triple-helical
molecules are organized extracellularly into fibers which are
the functional unit. Collagens from all organisms and tissues
have several distinctive amino acid features, including the
presence of glycine as every third residue, a high proportion
of imino acid residues, and the presence of the unusual resi-
dues, hydroxyproline and hydroxylysine. Chemical and enzy-
matic digestion of collagen and recent sequencing of some
cyanogen bromide peptides indicate that collagen’s amino
acid sequence contains a large number of tripeptides of the
form Gly-Pro-R?! and a significant number of tripeptides of
the form Gly-X-Hypro (Hannig and Nordwig, 1967; Piez
etal., 1968).
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forms were determined, and clear correlations were observed
between the amide A, I, and II band positions and the struc-
ture for the higher oligomers. Solution studies, using infrared
spectroscopy and circular dichroism spectroscopy, indicated
that (Ala-Pro-Gly). and the oligomers were unordered in
aqueous solution, but the polymer was highly structured in
ethylene glycol-hexafluoroisopropyl alcohol solution and had
some order in trifluoroethanol solution. These results showed
a striking difference between the properties of (Ala-Pro-Gly).,
as described here, and those of (Pro-Ala-Gly),, which was
found previously to be triple helical in the solid state and in
aqueous solution.

The difference in properties suggests that X-imino acid-
glycine tripeptide sequences may have a different role in
collagen than imino acid-X-glycine sequences.

This repeating tripeptide character appears to be a feature
of all collagens and must be important for the protein’s func-
tion, which is primarily structural. Thus, one can try to relate
the characteristic tripeptide sequences of collagen to its struc-
tural role by examining the conformation of synthetic poly-
peptides with repeating tripeptide sequences. Synthetic poly-
tripeptides of the form (Pro-R-Gly).,? where R is hydroxypro-
line, proline, alanine, or lysine, have been found to be triple
helical in the solid state (Andreeva et al., 1963; Traub and
Yonath, 1966; Traub et al., 1969), and it appears that in some
cases this structure is retained in solution as well (Engel er al.,
1966 ; Andreeva et al., 1963; Brown er al., 1969; Brown, 1970).
(Gly-Pro-Gly)., on the other hand, forms hydrogen-bonded
sheets of polyproline II type helices in the solid state (Traub,
1969), and adopts an aggregated structure in solution (Oriel
and Blout, 1966).

To examine the role of tripeptides of the type X-imino acid-
glycine in collagen, the polytripeptide (Ala-Pro-Gly), was
synthesized both in our laboratory (Lorenzi et a/., 1971) and
independently at the Weizmann Institute of Sceince (Segal and
Traub, 1969), and its conformational properties have been
examined under a variety of conditions. A series of homo-
geneous oligapeptides of the form Boc-(Ala-Pro-Gly).-OMe,
where n = 1-6, were also synthesized in our laboratory (Lor-
enzi et al., 1971), and the physical properties of these oli-
gomers were investigated and compared to those of the poly-
mer.

In this paper physical-chemical investigations in the solid

:In order to be consistent and to facilitate comparisons betwecn
polymers, all collagen-like polymers, with glycine as every third residue,
will be written with glycine in the third position, that is (R-R’-Gly),
for any polytripeptide. The references cited herein should be consulted
for the procedures for the preparation of the various polypeptides.
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state and in solution on the polypeptide (Ala-Pro-Gly). and
oligopeptides with this sequence are reported, and the struc-
tures indicated by these results are discussed.

Experimental Section

The samples of the polypeptide (Ala-Pro-Gly). and the set
of oligopeptides with this sequence were synthesized as de-
scribed in the accompanying paper (Lorenzi er al., 1971).
Some samples prepared at the Weizmann Institute of Science
(Segal and Traub, 1969) were also used for the solid state
investigations.

X-Ray diffraction patterns of powders were photographed
with a 114.6-mm diameter powder camera, with the sample in
thin-walled glass capillaries. Oriented films were stroked out
from the solution as it dried and were photographed with a
Norelco microcamera. Nickel-filtered Cu K« radiation from a
Norelco fine-focus X-ray tube was used.

Infrared spectra were determined on a Perkin-Elmer 521
spectrophotometer. Solid samples were prepared in KBr pel-
lets, and solutions were examined in 0.05-mm CaF. cells at
concentrations near 2 77,

A Cary 60 spectropolarimeter was used to determine the
circular dichroism spectra. Error limits of 109, below 220 mu
and 5%, above 220 my have been estimated for the instrument
used (Carver, 1966). The concentrations of the solutions, by
sample weight, were all near 0.02%;, and cells of path lengths
2.00, 0.501, and 0.200 mm were used.

Elemental analyses were determined by Spang Microanalyti-
cal Laboratories, Ann Arbor, Mich. The densities were deter-
mined by the flotation method in a mixture of carbon tetra-
chloride and toluene.

Results

I. Solid State

The structures of (Ala-Pro-Gly). and the Ala-Pro-Gly oli-
gopeptides in the solid state were examined using X-ray dif-
fraction and infrared spectroscopy.

A. X-Ray Diffraction. Three different X-ray patterns were
observed for (Ala-Pro-Gly)., depending on the solvents to
which it was exposed. Drying from aqueous solution gave one
crystalline pattern (form I); precipitation from organic sol-
vents or aqueous solution, or drying from bifunctional, some-
what hydrophobic solvents, including glycerin and ethylene
glycol-hexafluoroisopropyl alcohol (2:1, v/v), gave a different
set of crystalline reflections (form II); and drying from tri-
fluoroethanol solution led to a third, less sharp X-ray pattern
(form III).

X-Ray studies on the oligomers Boc-(Ala-Pro-Gly),-OMe,
for n = 3-6, revealed, in each case, one of the three patterns
mentioned above. For example, the nonapeptide (n = 3) gave
the pattern characteristic of form II, the pentadecapeptide
(n = 5) that of form III, and the octadecapeptide (» = 6) that
of form I. In fact the different procedures used to purify the
various oligopeptides were found to be responsible for the
form that was observed. Any of these oligomers, with at
least three tripeptide units, was found to be capable of taking
up all three structures depending on the solvent to which it
was exposed, and it was possible to convert any one form into
any other by appropriate solvent treatment. The oligomer
Boc-(Ala-Pro-Gly),-OMe can be used to illustrate this. The
main fraction, after purification, was in form II. It was con-
verted into form I by drying from aqueous solution, and to
form III by drying from a solution in trifluoroethanol. All

Form I

dried from TFE

T —
_—
prec from MeOH/EtOAc

Form III Form II

FIGURE 1: All possible interconversions of Boc-(Ala-Pro-Gly),-OMe
between forms I, 11, and III by appropriate solvent treatment.

PLATE I: The X-ray diffraction powder photographs of Boc-(Ala-
Pro-Gly)i-OMe in (a) form I, as dried from water; (b) form II, as
precipitated from methanol with ethyl acetate; (¢) form III, as dried
from trifluoroethanol.

other possible interconversions were made, as shown in
Figure 1. Plate I shows the X-ray diffraction powder patterns
of Boc-(Ala-Pro-Gly),-OMe in each of the three forms.

The tripeptide was found to give a very sharp crystalline X-
ray pattern quite unlike any of the three discussed above, and
was unaffected by the solvent treatments which caused inter-
conversions between the various forms of the higher oligomers.
The hexapeptide also showed a unique crystalline pattern, but
drying from water gave rise to some reflections characteristic
of form I, and drying from trifluoroethanol gave a very diffuse
pattern similar to that of form III observed for all higher oli-
gomers. No pattern similar to that of form II was observed,
but, with the solvents tried, the hexapeptide could not be
precipitated from solution. The nonapeptide and dodeca-
peptide also showed distinctive sets of reflections in addition
to the patterns of forms I, II, and III, but these were not found
in the patterns of the pentadecapeptide or octadecapeptide.

i. Form I. The X-ray pattern of the polymer dried from
aqueous solution, form I, was described and interpreted by
Segal and Traub (1969). They reported a structure of poly-
proline II type helices aggregated to form zigzag sheets, with
neighboring chains anti-parallel and joined by one hydrogen
bond per tripeptide (N,H;- - - O,, according to the notation
shown in Figure 2).

ii. ForM II. The X-ray pattern of form II was also described
by Segal and Traub (1969) (their “organic” form), but they
did not offer any interpretation. More recently, Schwartz er al.
(1970) have suggested that this pattern can be indexed in terms
of a hexagonal unit cell with a = 12.5 Aande = 94A.

We have not succeeded in obtaining oriented films or fibers
of this form of the polymer from the various precipitates and
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FIGURE 2: The structural formula of one tripeptide unit of (Ala-
Pro-Gly),, indicating notation used in the text.

TABLE 1: Observed and Calculated X-Ray Spacings for (Ala-
Pro-Gly), and the Higher Ala-Pro-Gly Oligomers Form 1L«

Orientation 1y dy (A) hkl  d.(A)
Equatorial ms 10.35 100 10.30
Diagonal mw 7.03 101 6.95
Equatorial ms 5.16 200 5.15
Equatorial Vs 4.69 110 4.69
Meridional and m 4.25 102 4.28

equatorial 111 4.20
Equatorial m 3.68 210 3.68

3.45 300 3.43

Broad, ms 3.30 211 3.43
unoriented 112 3.32
mw 2.87 212 2.90

310 2.88

« The orientations were obtained from a film of the oligo-
peptide Boc-(Ala-Pro-Gly);-OMe in form II (see text).
Observed intensities () were estimated as very strong (vs),
moderately strong (ms), medium (m), moderately weak (mw),
and very weak (vw). Indices (ik/) were assigned to the reflec-
tions and their spacings calculated on the basis of an orthog-
onal cell with @ = 1030 A, b = 427 A, and ¢ = 9.40 A,
Weako reflections were also observed at 2.67, 2.54, 2.43, and
2.30A.

solutions with which we have been working. However, we have
been able to obtain a partially oriented form II pattern from a
stroked film of the oligopeptide Boc-(Ala-Pro-Gly);-OMe
precipitated from a methanol solution with ethyl acetate
(Plate II). This has led us to index the reflections, in accord-
ance with the observed spacings and orientations, in terms of
an orthogonal unit cell with ¢ = 10.30 A, b = 527 A, and
¢ = 9.40 A (Table I). In spite of the different cell dimensions,
our indexing scheme and that of Schwartz er al. (1970) are
very similar, as nearly all of the observed spacings correspond
to h0/ reflections and the interplanar spacings along the a and
¢ axes are nearly the same for the two unit cells.® However,
considerations of the density and the packing of the molecules
in the structure have led us to the conclusion that the or-
thogonal cell is, in fact, the correct one.

The orthogonal cell described above contains two tripep-
tide units, each of mol wt 225, which leads to a calculated
density of 1.46 g/cm?, in reasonable agreement with the ob-
served value of 1.52 g/cm? for the polymer in form II. On the
other hand, the hexagonal cell should have densities of 0.29,
0.59,0.88, 1.18, 1.47, or 1.76 g per cm?, depending on whether

3 Whereas for an orthogonal unit cell the 100 spacing equals the @
axis, for an hexagonal unit cell it is 0.866 a, and therefore, 10.8 A for
a=125A.A comparison of the two indexing schemes is further com-
plicated by minor discrepancies in the two sets of observed spacings, as
well as errors in the calculated spacings for the hexagonal cell.
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PLATE 11: Partially oriented X-ray pattern of Boc-(Ala-Pro-Gly):-
OMe in form 11, stroked out after precipitation from methanol with
ethyl acetate.

they are, respectively, 1, 2, 3, 4, 5, or 6 tripeptides in the unit
cell. Only five tripeptides per cell will lead to reasonable agree-
ment with the observed density, and this number is incon-
sistent with a hexagonal or even a pseudohexagonal cell.
Elemental analysis of samples in form II suggests that some
solvent may be present in the unit cell. *

The 9.4-A ¢ axis is suggestive of the poly-L-proline 11 con-
formation (Cowan and McGavin, 1955; Sasisckharan, 1959),
which has been reported for form I of (Ala-Pro-Gly), and
several other polypeptides containing proline and/or glycine
(Crick and Rich, 1955; Traub and Yonath, 1967; Traub,
1969). This is supported by the observation that drying of form
I of Boc-(Ala-Pro-Gly),-OMe over P.O; in vacuo for 1 week
reproducibly yielded the form II of the oligopeptide. Such
treatment could not cause large molecular rearrangements,
and suggests that form II cannot be very different from form
I, and the removal of water is important in its formation.

We have investigated the possible packing in the orthogonal
unit cell of a polyproline II like conformation of the polymer,
using space-filling and skeletal models, as well as graphical
methods described by Traub (1969). In fact we have found
that the only possible mode of packing allowing interchain
hydrogen bonding is the type of anti-parallel zigzag arrange-
ment reported for form I (Segal and Traub, 1969). For a small
range of molecular orientations, N;H; - - - O, hydrogen bonds
can be made between neighboring anti-parallel chains about
4.8 A apart, while acceptable van der Waals contacts are
maintained between neighboring parallel chainsﬂ. These paral-
lel chains are separated by 5.3 A instead of 7.2 A as in form I,
giving a more compact structure, but the separation between
hydrogen-bonded sheets of molecules is 1.7 A greater in form
11. The close relationship between the two structures is illus-
trated in Figure 3, and provides further strong support for the
choice of an orthogonal unit cell. We should not exclude the
possibility that the molecular conformation is somewhat
different from that of polyproline II, and this might allow

4 Elemental analysis of the pentadecapeptide in form 11, after pre-
cipitation from methanol with ethyl acctate showed: Anal. Calcd. for
CssHuN1:Ows: C, 53.44; H, 6.97; N, 16.69. Found: C, 49,43; H, 7.12;
N, 13.8. But if ten molecules of methanol are bound to cach pentadeca-
peptide molecule, the results are in satisfactory agreement. Anal. Caled
for CisHsN1:01s + 10MeOH: C, 50.19; H, 8.05; N, 13.31.
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FIGURE 3: Schematic illustration of (a) form [ and (b) form 1L of (Ala-Pro-Gly). with polypeptide chains represented by circles, pyrrolidine

rings by arrows, and the hydrogen bonds by straight lines.

formation of an additional hydrogen bond between parallel
molecules in the packing arrangement of Figure 3b. Thus with
the removal of water, it is possible that N,H,- - - O, hydrogen
bonds could be formed between adjacent parallel chains, in
addition to the N;H;- - - O, bonds already formed between
anti-parallel chains. Alternatively, there could be N:H- - - O;
bonding between anti-parallel molecules in forms I and 1II,
with an additional N\H,- - -O; bond between parallel mole-
cules in form II. However, both schemes would require ap-
preciable distortion of the polyproline II conformation and
therefore seem unlikely in view of the close correspondence of
the ¢ axis with that of polyproline I1.

iii. ForM III. A stroked film of the polymer from trifluoro-
ethanol gave a well-oriented form III pattern (Plate III). Un-
like the oriented patterns of forms I and II, Plate III shows a
strong resemblance in spacing and intensity to the X-ray pat-
tern of collagen. Its salient features include a meridional re-
ﬂectiop at 2.85 A and near-meridional reflections at 3.74 and
7.07 A, corresponding to the seventh and third layer lines,
respectively, which indicates similar helical parameters to
collagen, as well as first and second orders of a 10.4-A equa-
torial spacing, which indicates the lateral dimensions appro-
priate to a collagen-like triple helix. It seems clear that (Ala-
Pro-Gly), in form III, like a number of other polytripeptides
and polyhexapeptides containing proline and glycine residues
(Traub er al., 1969), does, in fact, assume this type of molecu-
lar conformation.

B. Infrared Spectroscopy. The solid-state infrared spectra
of the three forms that the higher oligomers and (Ala-Pro-
Gly), can adopt were determined. Since the conformation of
each form has been established by X-ray diffraction, it is
possible to relate the infrared band positions to structural
features. The amide bands of the polymer in the three different
forms were very broad and difficult to correlate with con-
formation, possibly due to the molecular weight polydispersity
of the preparation. On the other hand, the amide bands of the

higher oligomers (# = 3) were sharp and showed clear correla-
tions between the band positions and structure. The amide
band frequencies observed for the higher oligomers in the
three forms are listed in Table 11, and to illustrate this, the
nfrared spectra of Boc-(Ala-Pro-Gly),-OMe in the three
different forms are shown in Figure 4.

i. Form I (Figure 4a) has three bands in the 3500- to 3200-
cm™! region. The intermolecularly hydrogen-bonded amide
N,H, has the low amide A frequency at 3295 cm~1, a position
typical of amide hydrogens bonded between polypeptide
chains (Miyazawa, 1962). The second amide N.H; is probably
not observed in this spectrum because of the low intensity of a
nonbonded or weakly bonded fundamental stretching vibra-
tion (Huggins and Pimental, 1956), and because this band
would coincide with the region of water absorption. The bands

TABLE I1: The Amide A, Amide I, and Amide II Band Positions
in the Solid-State Infrared Spectra of the Higher Oligopep-
tides, Boc-(Ala-Pro-Gly),-OMe (n > 3), in Forms I, II, and
Il

Amide 1

1657-1665 (s)
1640-1641 (ms)
1618-1625 (s)
1670-1672 (s)
1639-1640 (s)
1638-1640 (s)

Amide II
1540-1549 (m)

Amide A

3470-3480 (ms)
3400-3420 (ms)
3295-3305 (ms)
Form II  3330-3340 (s)

Form 1

1535-1540 (m)

Form IIT 3305-3330 (s) 1530-1534 (ms)

¢ The relative intensities of the bands are indicated paren-
thetically: (s) strong; (ms) medium-strong; (m) medium;
and (w) weak. The positions are all given in cm™! units.
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PLATE 1I: Oriented X-ray pattern of (Ala-Pro-Gly), stroked out
from trifluoroethanol (form III).

at 3410 and 3470 cm~! are most likely due to the hydrogen-
bonded OH-stretching vibrations of water. The absorption
maximum at 3410 cm~?! suggests the presence of water, which
is strongly hydrogen bonded, perhaps forming hydrogen bonds
between adjacent parallel chains in the structure. There are
three distinct amide I bands, at 1660, 1640, and 1620 cm™!, In
the form I conformation one carbonyl (C.'0,) is strongly
intermolecularly hydrogen bonded, one (C,’0,) is specifically
bound to water, and one (C;'Oj;) is exposed to bulk solvent.
The three different amide I frequencies could reflect the three
nonequivalent carbonyls or could be due to more complex
splitting phenomena in the vibrational spectrum.

ii. In the infrared spectrum of form II (Figure 4b) there is
only one peak in the NH-stretching region, at 3325-3330 cm™1,
This high amide A frequency suggests hydrogen bonds which
are weaker than those formed in the form I structure. The
two strong amide I bands, which are present at 1670 and 1637
cm™!, are reminiscent of the amide I region of (Gly-Pro-Gly),
(B. B. Doyle and E. R. Blout, to be published), which forms
a compact sheet structure of polyproline II type helices with
two hydrogen bonds per tripeptide (Traub, 1969).

iii. The collagen-like form, form III, has one amide A band
that occurs between 3305 and 3320 ¢cm~! for the higher oli-
gomers (Figure 4c) and at 3315 cm~! in the polymer spectrum.
The amide A band of collagen always appears at 3325-3330
cm™!, at least 25 cm~! higher than that observed in other pro-
tein spectra. The amide I band of the higher oligomers and
the polymer in form III occurs at 1638 cm~!. Although the
major amide I band of collagen is found at a higher frequency
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FIGURE 4: The infrared spectra of Boc-(Ala-Pro-Gly),-OMe in
(a) form I, as dried from aqueous solution; (b) form II, as pre-
cipitated from methanol with ethyl acetate; and (c) form III, as
dried from trifluoroethanol.

(1660-1650 cm~1), other polypeptides in a triple-helical form
have amide I bands near 1640 cm~! (B. B. Doyle and E. R.
Blout, to be published). Since the amide band positions of
form III samples are not typical of the collagen spectrum, one
might suggest that the samples in this form are mostly un-
ordered with only a small amount of triple-helical structure.
Then the X-ray diffraction pattern would represent only the
small amount of ordered collagen-like form, while the infrared
bands would reflect the dominant random character of the
sample. However, this hypothesis can be rejected because the
polymer (Ala-Pro-Gly), was oriented in form III, and showed
perpendicular dichroism for the amide A and amide I bands,
and parallel dichroism for the amide II band. This result
indicates these amide bands are not caused by unordered
material, but are representing to a significant extent the colla-
gen-like structure observed in the X-ray pattern.

The infrared spectrum of the tripeptide has very sharp
amide bands at positions different from those found in the
higher oligomers in the three forms, and their positions do not
change after the sample has been treated with solvents that
cause structural change in the higher oligomers. The hexa-
peptide, as purified, has an infrared spectrum which does not
resemble the spectra of the three forms the higher oligomers
adopt. However, when the hexapeptide is dried from water
and trifluoroethanol, the infrared spectra have amide bands
similar to those found in the higher oligomers in form I and



CONFORMATIONS OF Ala-Pro-Gly OLIGOMERS AND POLYMER

TaBLE II: The Amide I Band Positions for the Oligomers
Boc-(Ala-Pro-Gly),-OMe, Where n Equals 1-6, in Deuterium
Oxide (D.0), Ethylene Glycol-Hexafluorisopropyl Alcohol
(2:1, v/v) (EG-HFIP), and Trifluoroethanol (TFE) Solution
Infrared Spectra.=

Solvents
Sample DO EG-HFIP TFE
Boc-Ala-Pro-Gly-OMe 1653 (s) 1678 (s) 1680 (s)
1623 (ms) 1639 (s) 1637 (ms)
Boc-(Ala-Pro-Gly)»-OMe 1649 (s) 1675 (ms) 1680 (s)
1622 (s) 1634 (s) 1639 (s)
Boc-(Ala-Pro-Gly);-OMe 1645 (s) 1671 (ms) 1680 (ms)
1622 (s) 1633 (s) 1638 (s)
Boc-(Ala-Pro-Gly),-OMe 1648 (s) 1670 (sh) 1680 (ms)
1620 (s) 1630 (s) 1640 (s)
Boc-(Ala-Pro-Gly);-OMe 1646 (s) 1672 (sh) 1680 (m)
1623 (s) 1636 (s) 1638 (s)
Boc-(Ala-Pro-Gly)s-OMe 1645 (s) 1672 (sh) 1680 (m)
1623 (s) 1633 (s) 1637 (s)
(Ala-Pro-Gly). 1640 (s) 1657 (ms) 1637 (s)
1622 (s) 1629 (s)

e All the frequencies are in units of cm™!, and the relative
intensities are indicated parenthetically: (s) strong; (ms)
medium-strong; (m) medium; (sh) shoulder. The values for
the polymer in each solvent are given for comparison.

form III, respectively. These results are in good agreement
with the X-ray diffraction patterns discussed above.

The above results show the advantage of examining a set of
homogeneous oligomers as a complement to investigations of
a higher molecular weight and heterogeneous polymer. This
advantage was striking here since the conformationally sensi-
tive infrared amide band positions corresponding to the dif-
ferent forms were easily identified for the higher oligomers,
but not for the polymer.

11. Solution Investigations

Solution infrared spectroscopy and circular dichroism
spectroscopy were used to investigate the conformations of
the oligomers and (Ala-Pro-Gly), in solution. For these
studies, three solvents were chosen which, upon evaporation,
produced the three different forms observed in the solid state:
water (or deuterium oxide), form I; ethylene glycol-hexa-
fluoroisopropyl alcohol (2:1, v/v), form II; and trifluoro-
ethanol, form III. These three solvents are all reasonably
transparent in the ultraviolet and infrared frequency ranges
of interest.

A. Infrared Spectroscopy. The infrared spectra of (Ala-Pro-
Gly). and the Ala-Pro-Gly oligomers were determined in the
region 1800-1500 cm~1! in the solvents indicated above. The
positions of the amide I bands are listed in Table III. The
infrared solution amide bands can be compared with the
amide band positions for each of the three forms in the solid
state (Table II), and the bands in the polymer spectrum can be
compared to those in the spectra of the oligomers in the same
solvent.

i. In DO two strong amide I bands near 1645 and 1620 cm™!
are found in the spectra of all the oligomers and the polymer.
The similarity of this conformationally sensitive amide I

TABLE 1Iv: The Amide I Band Positions of Several Small Pep-
tides Related to (Ala-Pro-Gly), in Deuterium Oxide (D:O)
Solution Infrared Spectra.e

Sample Amide I Band Position
Boc-Ala-Pro-Gly-OMe 1653 (s)
1623 (ms)
Boc-Ala-Ala-Gly-OMe 1650 (s)
Boc-Ala-Pro-OH 1622 (s)
Boc-Pro-Gly-OMe 1650 (s)

« All the frequencies are in units of cm™!, and the relative
intensities are indicated parenthetically: (s) strong; (ms)
medium strong; (m) medium.

region in the polymer and the oligomers suggests these samples
are in the same conformation in this solvent. Previous investi-
gations on (Ala-Pro-Gly), indicated the polymer was un-
ordered in aqueous solution (Segal and Traub, 1969), and it
appears that all of the oligomers are unordered in aqueous
solution too, as might be expected. Since it has been generally
assumed that any unordered polypeptide or protein will have
a single amide I band, the unperturbed vibration (Miyazawa,
1960), it was necessary to clarify the source of the two amide I
bands observed for the unordered polymer and oligomers. To
do this, the infrared spectra of several blocked dipeptides and
tripeptides were examined in D.O, and the amide band posi-
tions of these peptides are given in Table IV. The data in
Table IV show that Ala-Pro imide-bond carbonyls in an un-
ordered peptide chain have an absorption maximum near
1620 cm™!, whereas Pro-Gly and Ala-Gly amide-bond car-
bonyls have an absorption maximum in the region of 1645
cm~l.  Thus the consistent observation of two amide I bands
in the spectra of the Ala-Pro-Gly oligomers and (Ala-Pro-
Gly). is in accord with the conclusion that these molecules
are unordered in aqueous solution. Two such amide I bands
should be present in solution spectra in other solvents when
samples with a significant number of both imino and amino
acids are present in an unordered conformation.

ii. In ethylene glycol-hexafluoroisopropyl alcohol the amide
I region of the polymer has two sharp bands at 1657 and 1629
cm~*. The sharpness of these bands and their positions, very
different from those found in the tripeptide or other oligomers,
suggest that (Ala-Pro-Gly), is structured in ethylene glycol-
hexafluoroisopropyl alcohol. It is possible that the structure
the polymer is adopting in solution is the same that it adopts
when dried from this solvent, namely form II. The solid-state
infrared spectrum of the polymer and higher oligomers in
form II has two strong amide I bands at 1670 and 1640 cm~!,
positions each approximately 12 cm~! higher than the two
bands observed in solution. This difference in frequency could
be due to strong solvent-polypeptide interactions in solution
which lower the stretching frequencies.

iii. In trifluoroethanol the polymer has only one amide I
band, at 1637 cm™!, with some broadness on the high-fre-
quency side, whereas the oligomers have two amide I bands.
The presence of only one strong amide I band in the polymer
infrared spectrum suggests that (Ala-Pro-Gly). is not com-
pletely unordered in trifluoroethanol solution, since in that
case two strong amide bands should be observed as in D.O.
The positions of the amide I and amide II bands of the polymer
in trifluoroethanol solution are the same as those observed
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FIGURE 5: The circular dichroism spectra of (Ala-Pro-Gly),, in water,
ethylene glycol-hexafluoroisopropyl alcohol (2:1, v/v), and tri-
fluoroethanol. The values are given in mean residue ellipticities.

in the spectrum of the polymer dried from trifluoroethanol,
where it is in the collagen-like conformation, form III. Thus
the polymer may retain some of its triple-helical form in tri-
fluoroethanol.

B. Circular Dichroism Spectroscopy. The circular dichroism
spectra of (Ala-Pro-Gly), in water, ethylene glycol-hexa-
fluoroisopropyl alcohol (2:1, v/v), and trifluoroethanol are
shown in Figure 5. The spectra of the water-soluble fraction
of the polymer (molecular weight near 5000) had only one
broad negative extremum in water, resembling the circular
dichroism spectrum of denatured collagen. The circular di-
chroism spectrum of the water-insoluble polymer fraction
(molecular weight near 14,000) in ethylene glycol-hexafluoro-
isopropyl alcohol showed a very large negative extremum at
190 mu ([f] = —48,300; 6yr = —145,000)° and a positive
extremum at 216-217 my ([6] = + 8700; Oyr = 4-26,000),
The magnitude and shape of the circular dichroism spectrum
in ethylene glycol-hexafluoroisopropyl alcohol resemble the
circular dichroism spectrum of native collagen ([6]issm, =
—54,000; [0):20 ma + 8000, Brown et al., 1969), but the
extrema are at considerable shorter wavelengths in the poly-
mer spectrum compared with those in the collagen spectrum.
In trifluoroethanol the water-insoluble fraction of the polymer
has a negative extremum near 187 mu ([f] = —26,700; fyr =
—80,000) and a very small maximum near 220 mg, presenting
a spectrum similar to that of partially denatured collagen.

There are several problems with basing even tentative con-
clusions about conformation on simple comparisons of the cir-
cular dichroism spectraof the polymer with the circular dichro-
ism spectra of native and denatured collagen. The circular
dichroism spectrum of native collagen is well established, but
the spectrum of collagen in an unordered state is not well de-
fined, so that it is not clear how much local structure may re-
main in a sample whose circular dichroism spectrum resembles

» The values for the polypeptide circular dichroism spectra are given
both in mean residue ellipticities, (6], and for comparison to the oligomer
circular dichroism difference spectra, in mean tripeptide ellipticities
O,
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that of “*denatured” collagen. In addition, the solvents, ethyl-
ene glycol-hexafluoroisopropyl alcohol and trifluoroethanol,
have not been commonly used for circular dichroism investi-
gations, and the circular dichroism spectrum expected for a
triple-helical conformation in these solvents is not known.
Solvent effects could shift the positions or alter the magni-
tudes of the extrema from their usual values in aqueous solu-
tion.

To provide a different approach to interpreting the circular
dichroism spectra of the polymer, in addition to direct com-
parisons, the circular dichroism spectra of the oligomers Boc-
(Ala-Pro-Gly),~-OMe, where n = 1-6, were determined in
water, ethylene glycol~hexafluoroisopropyl alcohol, and tri-
fluoroethanol. Comparisons between the circular dichroism
spectra of the oligomers and that polymer in each solvent may
indicate changes in conformation with increasing molecular
size. The end groups of small peptides make a significant
contribution to their circular dichroism spectra, the Boc and
methyl ester groups in the case of these Ala-Pro-Gly oligomers.
This contribution will be less important with increasing chain
length and a difference in the circular dichroism spectra of
different oligomers, and the polymer, could be due either to the
diluting out of the ¢nd-group contributions or to conforma-
tion changes (or to both causes). In order to eliminate end-
group effects so that only conformation changes will cause
changes in the circular dichroism values, the following method,
suggested by Dr. R. C. Thompson in this laboratory, was used.
The circular dichroism values for each oligomer were calcu-
lated on a molar basis. Then the molar values of Boc-(Ala-
Pro-Gly).--OMc were subtracted from those of Boc-(Ala-
Pro-Gly),-OMe, for n = 2--6, giving the effect of one tripeptide
addition to the conformation of each oligomer. If all of the
oligopeptides have the same conformation or are unordered,
these difference curves—-the tripeptide from the hexapeptide,
the hexapeptide from the nonapeptide, ete.——should all be very
similar, with no misleading interference from end-group ef-
fects. In order to compare the circular dichroism spectrum of
the polymer 1o that of the oligomers, its circular dichroism
values must be calculated on a mean tripeptide basis, since
these difference curves represent the contribution of a mean
tripeptide unit. If some change in structure occurs with in-
creasing chain length, due to peptide-peptide interactions or
solvent-peptide interactions, the polymer circular dichroism
spectrum should differ considerably from the difference
curves.

In water the circular dichroism ditference curves of Boc-
(Ala-Pro-Gly).—,-OMe subtracted from Boc-(Ala-Pro-Gly),-
OMe, for n = 2-6, were all very similar, within experimental
error, and resembled the circular dichroism spectrum of the
polymer in water (Figure 6a). This strongly suggests that all
of the oligomers and the polymer are unordered in water, in
agreement with the infrared solution results and previous
investigations (Segal and Traub, 1969). The similarity between
the five circular dichroism difference curves and the polymer
circular dichroism spectrum suggests this difference curve
method can be used to eliminate end-group contributions, and
thus to distinguish between conformation changes and group
dilution effects.

The circular dichroism difference curves of the oligomers in
ethylene glycol-hexafluoroisopropyl alcohol and the polymer
circular dichroism spectrum in this solvent are presented in
Figure 6b. The circular dichroism spectrum of the water-
insoluble polymer in this solvent system is dramatically dilfer-
ent from any of the difference spectra, suggesting the polymer
is highly structured in this solvent system.
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The circular dichroism difference curves in trifluoroethanol
are shown in Figure 6c, and there appears to be significant
variation between some difference curves. The spectrum of the
water-insoluble polymer fraction has a much larger negative
extremum than that found in any of the difference spectra,
suggesting this fraction of the polymer has some structure in
trifluoroethanol.

The agreement of these circular dichroism results with the
infrared solution results presented in the last section increases
the force of these conclusions, since they were arrived at by
two independent properties of the molecule—its vibrational
characteristics (the infrared spectrum) and its electronic
transitions (the circular dichroism spectrum).

Discussion and Conclusions

Collagen is known to contain a significant number oftripep-
tide sequences of the form X-imino acid-glycine, where X is
any amino acid except proline and hydroxyproline (Greenberg
etal.,1964; Piez et al., 1968 ; Butler, 1970), but the role of these
sequences, of which Ala-Pro-Gly is an example, is not under-
stood. Polymers with a repeating tripeptide sequence of the
form Pro-R-Gly, such as (Pro-Ala-Gly),, (Pro-Pro-Gly),, and
(Pro-Hypro-Gly)., were found to be triple helical in the solid
state (Traub and Yonath, 1966; Andreeva er al., 1963), and
in aqueous solution as well for high enough molecular weight
samples (Andreeva ef al., 1963; Brown et al., 1969; Brown,
1970; Kobayashi ez al., 1970). These results suggest that a
major role of Pro-R-Gly tripeptide sequences is to stabilize
the triple-helical molecular conformation of collagen, both in
the fibrous form and in aqueous solution. It is clear from the
investigations described in this paper that Ala-Pro-Gly se-
quences, and perhaps therefore X-imino acid-Gly sequences
in general, do not contribute this same degree of stability
toward triple-helix formation as imino acid-R-Gly sequences,
in either the solid state or in solution.

When dried fromvarious solvents(Ala-Pro-Gly),and the Ala-
Pro-Gly oligomers longer than the hexapeptide always adopted
some aggregate form of polyproline II type helices. Such
sequences adopted the specific triple-helical aggregate when
dried from trifluoroethanol or when in the polyhexapeptides
(Pro-Pro-Gly-Ala-Pro-Gly), and (Pro-Ala-Gly-Ala-Pro-Gly),
(Segal et al., 1969; Segal, 1969). This suggests that X-imino
acid-Gly sequences could easily fit into a triple-helical form
in collagen fibers (approximately a solvated solid state). Since
we have found (Ala-Pro-Gly). and the Ala-Pro-Gly oligomers
to be unordered in aqueous solution, it appears likely that
similar sequences in collagen would not contribute to the
stability of a triple-helical structure and might actually de-
stabilize this conformation in physiological solution. The
lower conformational stability of such sequences may play a
role in solution by regulating the melting temperature of colla-
gen, so that collagen can be effectively organized and degraded
when necessary. Thus, it is possible that sequences of this sort,
X-imino acid-Gly, contribute some structural stability for the
triple-helical conformation in collagen fibers, while providing
a control mechanism in solution.

It is interesting to consider why the conformational prop-
erties of (Ala-Pro-Gly), differ from those of (Pro-Ala-Gly), in
both the solid state and in solution. Theoretical considera-
tions (Hopfinger and Walton, 1970) have suggested that these
two polymers have very similar energy values for a triple-
helical structure, taking into account steric factors, electro-
static interactions, torsional factors, and interchain interac-
tions. It is possible that the differences observed experimen-
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FIGURE 6: The circular dichroism difference curves of the oligomers,
Boc-(Ala-Pro-Gly)._1-OMe subtracted from Boc(Ala-Pro-Gly),-
OMe, where n = 2-6, in (a) water, (b) ethylene glycol-hexafiuoro-
isopropyl alcohol (2:1, v/v), and (c) trifluoroethanol. The circular
dichroism spectrum of the polymer (Ala-Pro-Gly),, as calculated
on a mean tripeptide basis, is given in each solvent for reference

tally are due to solvent—polypeptide interactions, as suggested
by Segal and Traub (1969). In (Pro-Ala-Gly). the Ala-NH
points outward from the triple helix and is totally exposed to
solvent. For (Ala-Pro-Gly). in a triple-helical form, the Ala-
NH would point somewhat inward toward the helix center,
so it is not totally exposed to solvent. Thus a polar solvent,
such as water, might disrupt a triple-helical conformation of
(Ala-Pro-Gly). by bonding to the NH of alanine, but would
not have the same disruptive effect on a (Pro-Ala-Gly), triple
helix.

It is also possible that some unusual hydrogen-bonding
properties are involved in the conformational differences be-
tween (Ala-Pro-Gly), and (Pro-Ala-Gly),. Veis and Nawrot
(1970) recently proposed that the carbonyl of a proline residue
is more basic and thus capable of forming stronger hydrogen
bonds than the carbony! groups of serine, alanine, or glycine.
The hydrogen bond formed in collagen-like polypeptides with
the sequence (Pro-R-Gly). and postulated for collagen (Traub
et al., 1969) is between the glycine amide hydrogen (N;H;) and
the proline carbonyl (0.C,’), and because of the increased
basicity of the proline carbonyl, this should be stronger than a
normal NH- - - O bond. In a triple helix with the sequence (Ala-
Pro-Gly),, if the same hydrogen-bonding pattern N;H,- - - O,
is present, the hydrogen bond would be formed between
the glycine amide hydrogen N;H; and the alanine carbonyl
(C:'0y), not the proline carbonyl, which is now C;'O;. This hy-
drogen bond would then be weaker than that found in (Pro-
Ala-Gly)., and could explain the difference in stability of the
triple-helical form for these two polymers. One problem with
this explanation is that collagen and all triple-helical polypep-
tides have an unusually high-frequency infrared amide A
band (due to the NH-stretching vibration) (Doyle, 1970), and
this high frequency implies a weaker hydrogen bond than
normal, not the strong hydrogen bond that the above hy-
pothesis concerning hydrogen bonding would predict.

Our investigations on the conformation of (Ala-Pro-Gly).
and the Ala-Pro-Gly oligomers have suggested possible rela-
tions between types of tripeptide sequences in collagen and the
structural function of collagen. These studies have also illus-
trated the usefulness of using complementary physical tech-
niques in solution and in the solid state, and the value of
examining a homogeneous set of oligomers to help interpret
physical-chemical results on synthetic polypeptides.
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ABSTRACT: Binding of regulatory ligands to deoxycytidylate
aminohydrolase induces in the enzyme conformational changes
that have been investigated by means of titration of thiol
groups, reactivity of amino acid residues, difference spectra,
quenching of fluorescence, and time rate of inactivation with
proteolytic enzymes.

Deoxycytidylate aminohydrolase is a typical allosteric
enzyme. Its activity is regulated by highly specific allosteric
effectors (Geraci et al., 1967; Scarano et al., 1967a). Deoxy-
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The data reported here indicate the existence of at
least three conformational isomers of deoxycytidylate
aminohydrolase, namely, the conformation of the enzyme
with no ligands, the conformation of the enzyme-dCTP-Mg
complex, and the conformation of the enzyme-dTTP-Mg
complex.

cytidine triphosphate is the allosteric activator and deoxy-
thymidine triphosphate is the allosteric inhibitor. In the
presence of Mg ions the enzyme binds four molecules of
dCTP or four molecules of dTTP at saturating concentrations
of the activator or of the inhibitor, respectively. With a ho-
mogeneous preparation of deoxycytidylate aminohydrolase
we have described homotropic and heterotropic effects for
the substrate and for the allosteric and isosteric effectors
(Rossi et al., 1967; Scarano er al., 1967b), and have shown
that no change in molecular weight of the enzyme occurs
on binding of the regulatory ligands (Geraci er al., 1967;
Scarano er al., 1967a). The enzyme with no ligands, enzyme-—
dCTP-Mg complex, and enzyme-dTTP~Mg complex all have
a molecular weight of 1.2 X 10% Thus, monomer-polymer
equilibrium plays no role in the regulation of the activity of
deoxycytidylate aminohydrolase. In previous papers we have
reported kinetic experiments which suggest the occurrence



