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The Crystal Structure of Glycyl-L-Asparagine*

By R. A. PAsTERNAK, LEwis Karzt axp RoBERT B. COoREY

Gates and Crellin Laboratories of Chemistry, California Institute of Technology, Pasadena,
California, U.S.A.

(Received 3 August 1953)

Crystals of glycyl-L-asparagine are orthorhombic, space group P2,2,2,, a, = 4-81, b, = 12-85,
co = 13-52 A. Tts crystal structure has been determined by three-dimensional Patterson, Fourier,
and least-squares methods. The dimensions of the planar pepvide amide group agree with those
found in other peptides. The succinamic acid part of the molecule is nearly planar and its plane is
approximately perpendicular to the plane of the peptide group. The structure is held together by a

three-dimensional network of hydrogen bonds.

Introduction

The geometric problem of protein structure is mainly
a matter of the configuration of the polypeptide chain;
exact information concerning the arrangement of the
atoms associated with the peptide link is therefore of
prime importance. Even at the conclusion of the
present investigation the authors were aware of only
four ecrystal-structure determinations from which
precise dimensions of the peptide link may be derived:
B-glycylglycine (Hughes & Moore, 1949); N-acetyl-
glycine (Carpenter & Donohue, 1950); x-glycylglycine
(Hughes & Biswas, 1954); N,N'-diglycylcystine (Yakel
& Hughes, 1952).

The present determination of the structure of
glycyl-L-asparagine} provides additional data con-
cerning the dimensions of the peptide bond; it also
gives information concerning the dimensions and
configuration of asparagine, a constituent of many
proteins. Recently a cyclic structure has been proposed
for asparagine by Steward & Thompson (1952); it is
not confirmed for glycyl-L-asparagine by this crystal
analysis.

Experimental

Unit cell and space group

Glyeyl-L-asparagine was obtained in the form of
needle-like crystals from water—ethanol solutions.
Laue photographs showed the crystals to be ortho-
rhombic. The needle axis was taken to be the a axis;
(011) faces were predominant. The axial lengths were
determined from zero-layer Weissenberg photographs
taken about all three crystallographic axes with
Ni-filtered Cu radiation. The unit cell dimensions,
with their limits of error, were found to be

* Contribution No. 1833 from the Gates and Crellin Labora-
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grant, RG-1987, from the National Institutes of Health,
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1 Preliminary results were reported in Nature (Katz,
Pasternak & Corey, 1952).

AC7

a, = 4-81.£0-02, by = 12-85+0-05, ¢, = 13-52+0-05 A ,

and the density (by flotation) 1-506+0-008 g.cm.=3,
The unit cell contains 4 molecules (calculated 4-01).

The only systematic absences observed were the
(h00), (0k0), and (00l) reflections when A, & or !
(respectively) was odd, establishing the space group
as D3-P2,2,2,. The range of observation was 0-6 in 4,
0-16 in %, and 0-17 in I.

Intensity data

Photographs were taken around all three crystallo-
graphic axes. For those around the a axis a needle
crystal with a cross section about 0-3 mm. on edge
was used; for those around the b and ¢ axes specimens
having a maximum dimension of about 0-4 mm. were
selected from fragments obtained by cleaving the
needle crystals parallel to the (100) plane. Weissen-
berg equi-inclination photographs were taken for all
layer lines which required inclination angles smaller
than 30°. About 1000 reflections, practically all those
accessible to Cu K« radiation, were recorded. The
intensities were estimated visually from multiple
films with the help of intensity strips prepared from
the same crystals. Independent estimates were made
by two observers; in general, they agreed within 109%,.
The intensities were corrected for Lorentz and polari-
zation factors; no absorption corrections were applied.
The corrected intensities from each layer were multi-
plied by an appropriate factor in order to bring all
intensity data to the same relative scale. When inde-
pendent values for the corrected intensities of indi-
vidual reflections as estimated from photographs
taken around different axes were compared, it was
found that they declined with increasing order in a
different manner. Since the photographs taken around
the short o axis were of superior quality, and far
more intensities could be estimated on a single layer
line than for photographs around other axes, they were
used as the source of most of the intensity data.

A temperature factor and a scale factor for con-
verting the observed values of |Fy [ approximately
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to the absolute scale were calculated by Wilson’s
(1942) method.

Trial structure
In the molecule of glycylasparagine,

*
NH;-CH,-~-CO-NH-CH-CH,-CO-NH,,
(1}00—

the carboxyl group and its «-carbon atom (C-COj),
the terminal amide group and its «-carbon atom
(C-CO-NH,), and the peptide amide group with its
adjacent carbon atoms (C-CO-NH-C), may all be
expected to be planar groups, either because of the
presence of double bonds or because of resonance.
However, free rotation around the single bonds not
involved in resonance, especially those formed by the
agymmetric carbon atom, probably would permit
these planar groups to assume a great variety of
spatial arrangements relative to one another, a con-
sideration which made the choice of a probable con-
figuration for the molecule extremely uncertain.
Nevertheless, the outstanding (004) reflection, with a
unitary structure factor of about 0-4, and the much
weaker (002) reflection, together with considerations
of molecular dimensions and packing, indicated that
the molecule was elongated in the y direction and lay
near z = }. Because of the presence of several other
conspicuously strong (0kl) reflections, trial-and-error
methods for deriving a more detailed picture of the
molecule seemed to be promising. Prolonged efforts to
obtain a plausible trial structure by these means were,
however, unsuccessful.

The use of Patterson vector diagrams proved to be
more fruitful. A three-dimensional Patterson function
sharpened and modified as described elsewhere (Pat-
terson, 1935; Shoemaker et al., 1950; Donohue &
Truebleod, 1952a, b) was prepared*. This Patterson

Fig. 1. A diagrammatic representation of the conspicuous
vectors near the origin of the Patterson diagram.

* The calculations for the Patterson diagram and all other
major calculations were carried out by means of I.B.M.
machines.
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function showed only two conspicuous non-equi-
valent peaks at distances short enough to correspond
to vectors between bonded atoms. The heights of both
these peaks were so great as to indicate that they
contained several interactions. The positions of these
peaks with respect to the axes of the vector diagram
may be conveniently described by reference to Fig. 1.
This figure represents a cube constructed about the
origin as center and with its edges parallel to the axes
of the vector diagram. One set of vectors, contained in
peak 4 and its equivalent peak, points along the v
direction; and the other set, contained in peak B and
its seven equivalent peaks, falls approximately along
the body diagonals of the cube. The coplanar vectors
A, B, and B’ approximate in both their lengths and
their arrangement the bonds between the four atoms

.associated with the amide and the carboxyl groups.

Additional peaks are also found in the vector diagram
which can be attributed to the vectors relating the
non-bonded atoms of this grouping.

Thus the orientation of at least one planar group of
four atoms was derived with a fair degree of proba-
bility. It seemed that its absolute position might well
be found from the three Harker sections, especially
as the one vector parallel to v was expected to give
rise to vector triples on the two sections at = = }
and w= 4 (Albrecht & Corey, 1939). These Harker
sections are shown in Figs. 2 and 3, respectively. As the
modification of the Patterson function removes the

L @\
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Fig. 2. An asymmetric unit of the Harker section u = 3.

The first contour is drawn at P = 0, others at arbitrary
intervals. Black dots represent the positions of Harker
interactions.

Fig. 3. An asymmetric unit of the Harker section w = 3.
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term |Fy/2, the vector diagram contains negative and
positive regions, the integral of the function over the
unit cell being zero.

In our attempt to derive atomic positions from the
Harker sections we applied the criterion which was
found to be useful in a similar investigation (Donohue
& Trueblood, 19524, b), namely, the requirement that
all interatomic vectors fall in or near positive regions
of the diagram. Seventeen positions for the four-atom
arrangement were found which satisfied this condi-
tion on all three Harker sections, giving seventeen
sets of coordinates for a possible carboxyl or amide
group. The probability of each of these sets of atomic
positions was evaluated by calculating the corre-
sponding Patterson interactions and comparing them
with the experimental Patterson diagram. To our
disappointment, no set fitted satisfactorily; however,
three atoms of one set exhibited excellent agreement
with our criterion. We therefore felt that at least these
three positions might represent the positions of real
atoms, although they need not necessarily belong to a
planar four-atom arrangement. They were therefore
selected as a starting point for finding the positions of
other atoms by means of the vector convergence
method (Beevers & Robertson, 1950; Shoemaker et al.,
1953). Two of the three atoms and their equivalent
positions were used for the superposition of the Pat-
terson function, and about 20 prominent eightfold
overlaps per asymmetric unit, representing 20 possible
atomic positions, were obtained ; 13 would be expected
to arise from the 13 atoms (excluding hydrogen atoms)
in the molecule. The significance of all these positions
was tested by inserting the interactions calculated
from them into the vector diagram. Eight of these
positions, including the two originally chosen, gave
interactions virtually all of which fell within positive
regions of the vector diagram. These eight atoms
formed a continuous, branched chain with reasonably
good bond lengths and bond angles. This framework
suggested almost unambiguously where to place the
remaining five atoms of the molecule, and inspection
showed that minor eightfold overlaps, or at least
sevenfold overlaps, were actually present near these
anticipated atomic positions. From these overlaps
coordinates were derived which also gave acceptable
Patterson interactions. A complete trial structure was
thus obtained.

Our confidence in the correctness of the trial struc-
ture was strengthened by the calculation of intra- and
intermolecular interatomic distances; all of them, in
particular the lengths of the hydrogen bonds, were
found to be of the right magnitude. The calculated and
observed structure factors for the (0%I) reflections were
found to be in fairly good agreement, except for the
higher orders.

It is instructive that although the peaks near the
origin (Fig. 1) were indentified correctly with vectors
of the amide and carboxyl groups the two atoms
C, and C; whose positions were used for the vector
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convergence method were not atoms of these groups
at all but were members of the carbon chain. The
reason for this can be understood by reference to
Figs. 2 and 3, in which the Harker interactions of all
atoms, based on the final parameters, are plotted as
black dots on the Harker sections v = 4 and w = 3.
On the former, our criterion that all interactions must
fall on or near positive regions is satisfied. On the
latter, however, four interactions lie in negative
regions; three of them (C,, C;,, and C;) belong un-
fortunately to the three different planar groups. It is
therefore not surprising that the seventeen possible
positions derived for the planar groups from the Harker
sections did not include the correct ones.

We believe that the difficulties that we encountered
in the interpretation of the Patterson diagram, and
especially of the Harker sections, are not peculiar to
the structure under investigation, but are of a general
occurrence with complicated structures containing no
heavy atoms. If N is the number of atoms in the unit
cell, then on a Harker section the number of Harker
peaks per unit area, and therefore their contribution
to the density of the Patterson function, is approxi-
mately proportional to N¥. The contribution of the
non-Harker peaks to the density of the Patterson
function increases much faster; namely, about pro-
portional to N. Thus, with increasing complexity of a
Harker section its principal features are more and more
determined by the non-Harker peaks and the identi-
fication and localization of specific Harker interactions
become more and more difficult.

Refinement of parameters

In the trial structure as derived from the three-
dimensional Patterson diagram the atoms were
distributed so that little overlapping was to be anti-
cipated in a Fourier projection along the short a axis
of the crystal. A first projection, which included about
one-third of the observed (0kl) structure factors, was
therefore made on (100); 12 of the 13 atoms were indeed
resolved and the position of the 13th was clearly
indicated. Further refinement of the y and z para-
meters proceeded rapidly by means of successive
Fourier projections. In the third projection virtually
all of the 210 (0%!) reflections were included, and no
structure factor of importance changed sign, even
when back-shift corrections (Booth, 1946) -were
applied to the atomic parameters; the discrepancy
factor R =2||F,|—|F|+2Z|F,] -calculated without
the inclusion of the hydrogen atoms was 0-19.
Preliminary « parameters had already been obtained
from the Patterson function; they were modified in
accordance with the refined y and z parameters and
bond lengths found in similar compounds. The value of

- R calculated from them for the (20l) and (hk0) reflec-

tions showed that they were still only very approxi-
mate. Unfortunately the centrosymmetric Fourier
projections along the b and ¢ axes were useless for their

15*



228

refinement because of lack of resolution of the atoms.
Refinement of the x parameters alone was therefore
carried out by the method of least squares; since the
y and 2 parameters were so much better than the
parameters, they were taken to be constant. In the
first two refinements the complete three-dimensional
data were used ‘but only the diagonal terms in the
normal equations were evaluated. In the three subse-
quent refinements about 300 reflections were selected
and all terms of the normal equations were calculated.
At the end of these five stages of refinement the values
of R had dropped to 0-25 for the (hOl) and (hk0) zones,
and to 0-20 for the general reflections. These values
indicated that the z parameters were now nearly
comparable in accuracy with the y and z parameters,
and that further refinement should be carried out
simultaneously on all parameters. To this end a three-
dimensional Fourier synthesis was prepared. Fig. 4

Fig. 4. A representation of the results of the three-dimensional
Fourier synthesis. Sections passing approximately through
the centers of the atoms are projected on (100). Contour
intervals of about 1-5 e.A~3; first contour at 1-5 e.A-3.

is a two-dimensional representation of the results of
this synthesis, in which seetions passing approximately
through the centers of the atoms are projected on
(100). The peaks are slightly elongated in the direc-
tion of the ¢ axis, especially the one representing
oxygen atom O,; this peak is also distinguished by a
surprisingly low electronjdensity when compared with
the peaks representing Lhe other oxygen atoms. In
general, the background is low and uniform with
variations less than +}e.A-3. Some additional peaks
of about 4-1 e.A-3 are situated near positions which
hydrogen atoms might be expected to occupy.
Parameters for the carbon, nitrogen, and oxygen
atoms were derived from the Fourier peaks by the
analytical method described by Shoemaker et al.
(1950). They were corrected for termination-of-series

errors in the usual way (Booth, 1946). Finally, the
n-shift rule, with » = 1-7 (Shoemaker et al., 1950),
was applied to the parameter shifts, a procedure which
corrects for the incomplete convergence of a non-
centrosymmetric Fourier synthesis. The average para-
meter changes given by the three-dimensional Fourier
synthesis were about 0-015 A in each of the three axial
directions; a few atoms, however, moved as much as
0-05 A.

Further refinement of the parameters was carried
out by means of a least-squares treatment in which

THE CRYSTAL STRUCTURE OF GLYCYL-L-ASPARAGINE

all data were used, and only the diagonal terms of the
normal equations were evaluated. Some significant
shifts were again obtained, mostly in the x parameters.
In general, they were in the same directions as those
indicated by the preceding Fourier synthesis (see
Table 1). In the subsequent calculation of structure
factors the hydrogen atoms were included for reflec-
tions with sin 6 < 0-55; some prism reflections were
thus significantly improved. Parameters were assigned
to the hydrogen atoms (Table 2) by assuming the bond
lengths C-H =11 A and N-H = 1-0 4, and bond
angles in accord with the probable trigonal or tetra-
hedral arrangement of the bonds. At this stage a re-
determination of the scale factor and the temperature
factor constant was made, which gave a value
B = 3-3x10-16 A2 for the latter.

Although the refinement of the parameters had
apparently converged and the contribution of the
hydrogen atoms had been taken into account, the
agreement between the observed and calculated struc-
ture factors and the value of R (0-175) still were not as
good as might be expected in view of the quality of
the experimental data. Closer scrutiny of the observed
and calculated F’s revealed discrepancies which varied
systematically with the order of the reflections. The
elongation of the Fourier peaks (Fig. 4) in the direc-
tion of the ¢ axis, together with these systematic
discrepancies, indicated anisotropic temperature effects
within the crystal; and the extension of the molecule
of glycylasparagine in directions about parallel to the
b and to the c axes of the crystal made it reasonable to
choose the axes of the crystal as axes of temperature
anisotropy. The temperature factor therefore takes
the form

T = exp (—ah?/4a? — fk2[4b2—yi2/4c?) :

The constants § and ¢ were determined independently
for each layer line of constant % by an analytical me-
thod similar to the one used for finding isotropic
temperature factor constants, and average values
B =2-3x10-16 A2 and y = 4-0 x 10-18 A2 were obtained.
For the short a axis, the constant &« was not derived
from the data but was taken arbitrarily to be equal
to v, and individual scale factor corrections for each
layer line were introduced.

By means of the application of these anisotropic
temperature factors the value of R for the (0%7) zone
was reduced to 0-146 and that for all reflections to
0-163, and all systematic discrepancies appeared to
have been eliminated.

The possibility had to be considered that the intro-
duction of the anisotropic temperature factors might
cause significant changes in the parameters of the
atoms. In order to investigate this matter a three-
dimensional difference Fourier synthesis was carried
out. The difference Fourier did indeed indicate small
changes in the parameters, the largest being 0-025 A,
including the »-shift. Only the shifts of 0-01 A or more,
which occurred in the case of five atoms, were consi-
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Table 1. Atomic coordinates for one molecule

(1)

Fourier parameters

Least-squares parameters

(2) (3)

Difference Fourier parameters

Atom x Y z z
C, 0-124 0-5374 0-5892 0-119
C, 0-252; 0-6014 0-5088 0-251
C; 0-423; 0-5323 0-4388 0-426
C, 0-583; 0-5981 0-3580 0-588
Cs 0-297, 0-3562 0-3903 0-297,
Cs 0-090, 0-2917 0-3329 0-096
N, —0059; 05804  0-6495 —0-068,
N, 0-248 0-4576 0-3881 0-251
N, 0-144, 0-1788 0:3526 0-144,
0, 0-167 0-4465 0-6026 0-166
0, 0-524 0-6878 0-3484 0-533
0, 0-7504 0-5496 0-3069 0-756,
0, 0-486,  0-3158  0-4350 0-488

dered to be significant and were applied to the para-
meters. These shifts had, in general, little effect upon
the interatomic distances and bond angles of the
molecule.

Table 1 lists the parameters derived from (1) the
three-dimensional Fourier synthesis, (2) the least-
squares refinement, and (3) the difference Fourier
synthesis. The changes in the y and z parameters are
small, the average difference between parameters (1)
and (3) being Ay = 0-008 A and Az = 0-011 A. The «
parameters, however, show a corresponding average
shift of Ax = 0-018 A and atoms N, and O, move
more than 0:06 A and 0-04 A, respectively, in the z
direction. This difference in the belravior of the ¥ and 2
parameters on the one hand and the x parameters on
the other is to be ascribed to the fact that the former
had been nearly completely refined by the Fourier
projections prior to the three-dimensional Fourier
synthesis, whereas the latter had not yet converged
to the same degree even at the completion of the
Fourier synthesis.

A critical analysis of the changes in the parameters
shows clearly that they have converged. Of the five
atoms which are significantly shifted by the difference
Fourier synthesis all except N; move back to positions

near those found from the three-dimensional Fourier

synthesis. We believe that the parameters derived
from the difference Fourier are the most reliable, and
for this reason our subsequent discussion of the
structure is based on them.

In the difference Fourier a variation of density is
found in the neighborhood of most atoms. This is not
surprising because the same anisotropic temperature
factors were applied to all atoms. Oxygen atom O,
in particular seems to have a much stronger tempera-
ture anisotropy than the other atoms. The difference
Fourier indicates that the direction of its maximum
thermal vibration is approximately perpendicular to
the plane of the carboxyl group of which it is a part,
and also perpendicular to its one hydrogen bond. An
analogous temperature anisotropy seems to exist for

Yy z x y z
0-5377 0-5908 0-1214 0-5377 0-5899
0-6022 0-5091 0-251 0-6013 0-5084
0-5327 0-4383 0-426 0-5327 0-4383
0-5989 0-3604 0-588 0-5989 0-3604
0-3560 0-3891 0-297; 0-3560 0-3891
0-2891 0-3330 0-096 0-2891 0-3330
0-5896 0-6481 —0-072 0-5896 0-6481
0-4573 0-3876 0-251 0-4573 0-3876
0-1776 0-3528 0-144, 0-1787 0-3528
0-4456 0-6044 0-166 0-4456 0-6044
0-6895 0-3491 0-533 0-6895 0-3491
0-5499 0-3063 0-756 0-5499 0-3063
0-3156 0-4332 0489, 0-3151 0-4347

a similarly bonded oxygen atom in L-glutamine
(Cochran & Penfold, 1952). Undoubtedly the discrepan-
cy factor R could be reduced by an assignment of indi-
vidual anisotropic temperature factors to particular
atoms. Since no further refinement of the parameters
was intended, a procedure of this sort did not appear
to be worthwhile, and the structure factors were not
recalculated after the difference Fourier synthesis.
The standard errors, calculated in the usual way
(Shoemaker et al., 1950), are therefore based on the
least-squares parameters. The average standard error
is 0-014 A for an interatomic distance and 2° for bond
a,ngigs near 110° between bonds of a length of about
1-5 A.

The results of the difference Fourier synthesis also
provided some experimental information about the
positions of the hydrogen atoms. In the calculation of
the difference Fourier the contribution of the hydrogen
atoms to the values of F, had purposely been omitted,
so that their positions would be indicated by peaks
in the difference Fourier. In a non-centrosymmetric
structure hydrogen peaks of a height of about } e.A~3
are to be expected. Such peaks were indeed found.
The peaks that represented hydrogen atoms attached
to carbon atoms were fairly sharp and near the posi-
tions where the atoms had been assumed to be. No peak
was found for the hydrogen atom attached to the
peptide nitrogen atom, N,. Peaks near the terminal
amide nitrogen atom, N,, were too poorly defined to
give any definite information about the positions of
the two hydrogen atoms. Three fairly well defined
peaks appeared around the amino nitrogen atom, Nj.
They were displaced from the positions originally
assigned to the hydrogen atoms in a manner which
seemed to be significant. A displacement of this sort
was not surprising because of the possibility of rota-
tion of the amino group NHj around the C-N single
bond. The arrangement of the hydrogen atoms asso-
ciated with this group will be discussed later in more
detail. The assumed parameters of the hydrogen atoms
used for the structure-factor calculations and those
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Table 2. Coordinates of the hydrogen atoms
in one molecule
(1) (2)
Assumed Difference Fourier
parameters parameters
z y z z y z
H, (Cyp) 0-387 0-660 0-543 0-39 0-66 0-54
H,; (Cyp) 0-087 0-640 0-467 0-08 0-64 0-46
H; (C) 0-590 0-495 0-481 0-58 0-48 0-48
H, (Cq 0-122 0-303 0-254 0-13 0-31 0-27
H; (C;) —0-115 0-309 0-356 —0-13 0-30 0-36
Hg (N;) —0-170 0-5652  0-703 Diffuse
H, (N,) —0-105 0-666 0-636 Diffuse
Hg (N,) 0-080 0-486  0-353 No peak
H, (N,) 0-181 0-139 0-289 0-10 0-13 0-30
Hy,y(N;) —0-024 0-147 0-386 0-08 0-14 0-41
H,(N;) 0311 0169 0-398 030 017 038

estimated from the peaks in the difference Fourier
plot are given in Table 2.

In Table 3 the observed structure factors and those
calculated from the least-squares parameters are listed
for the (Okl) reflections; data for the other reflections
are omitted for the sake of economy.* The calculated

* A list of the observed and calculated structure factors for
reflections other than (0kl), comprising 17 pages of typescript,
has been deposited as Document No. 4105 with the ADI
Auxiliary Publications Project, Photoduplication Service,
Library of Congress, Washington 25, D.C., U.S.A. A copy may
be secured by citing the Document number and by remitting
$2-50 for photoprints, or $1-75 for 35 mm. microfilm. Advance
payment is required. Make checks or money orders payable to:
Chief, Photoduplication Service, Library of Congress.
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structure factors contain the contribution of hydrogen
atoms for reflections with sin 6 < 0-55.

Data for the individual layer lines may be summa-
rized as follows:

No. of _
reflections F, R
Okl 187 9-5 0-146
1kl 215 9-9 0-123
2kl 209 7-8 0-177
3kl 177 6-1 0-181
4kl 121 44 0-237
5kl 61 34 0-282
6kl 12 31 0-243
hkl 982 7-5 0-163

With increasing values of b the average value of F,
decreases, as might be expected, and the discrepancy
factor R increases correspondingly. The pronounced
rise in B at b = 4 might be attributed to the procedure
by which the intensities were collected. Whereas most
of the data for A = 0 to & = 3 were obtained from the
same crystal rotated around a, the data for the higher
layer lines had to be collected from two crystals rotated
around b and ¢, respectively; they are therefore less
consistent internally.

The observed values of the structure factors for
(004) and (112), the two strongest reflections, are
conspicuously smaller than the calculated values, the
difference probably being due to extinction. These
planes were therefore omitted in the calculation of R,

Table 3. Observed and calculated structure factors for the (Okl) reflections

k1 F, F, k1 F, F, k1 F, F,

0 2 179 16-9 210 20-7 239 4 11 — — 35
0 4 881 —114-7 211 23 1-9 4 12 — 14
0 6 154 14-8 2 12 4-7 — 58 413 2-8 1-4
0 8 8-:0 79 213 7-4 57 4 14 4-5 — 46
0 10 3-9 - 29 2 14 32 — 44 4 15 90 81
012 29 5.1 215 — - 11 5 1 17-4 15-6
0 14 4-8 5-3 216 2-7 2:0 5 2 38:5 36-6
016 1-9 - 03 217 2-8 — 08 5 3 9-8 —10-7
11 17-7 —18-7 3 1 41-1 39-8 5 4 4-7 2-8
1 2 24-8 26-2 3 2 27-1 —26-4 5 5 10-2 14-2
1 3 10-5 7-3 3 3 159 —14:5 5 6 12-2 83
1. 4 10-4 —11-0 3 4 19:5 —20-1 5 7 16-4 —17-0
1 5 30-6 32-3 3 5 39-0 388 5 8 8:6 11-9
1 6 187 189 3 6 10-6 11-0 5 9 10-0 —12-4
17 16-1 19-0 3 7 6-2 3-4 510 77 — 85
1 8 1:5 2-7 3 8 77 4-5 511 — — 04
1 9 14 — 06 3 9 19-8 —189 5 12 21 — 41
110 3-0 — 39 310 6-3 6-5 513 2:5 2-5
111 — — 33 311 — — 06 514 — 31
112 13 - 31 312 13 0-9 515 6-6 5-5
113 2-1 36 313 11-8 9:6 516 1-6 — 04
114 13-6 —11-2 314 55 — 51 6 0 12-4 150
115 4-2 33 315 83 6-8 6 1 12-5 —14-0
116 33 - 15 316 4-5 20 6 2 58 8-0
117 31 — 36 4 0 9-3 —-10-0 6 3 2-1 34
2 0 38-5 44-1 4 1 6-1 — 68 6 4 83 — 87
2 1 12-8 —14-2 4 2 7-8 — 69 6 5 73 91
2 2 17-3 16-7 4 3 4-2 — 51 6 6 12-6 —11-2
2 3 21-7 20-9 4 4 1-7 3-2 6.7 58 - 70
2 4 75 — 62 4 5 390 —38-8 6 8 84 — 96
2 5 21-5 24-1 4 6 18-1 —14-9 6 9 — - 20
2 6 21-1 —21-6 4 7 9-6 — 58 6 10 54 — 76
2 7 7-9 — 64 4 8 17-2 —17-5 6 11 4-6 — 48
2 8 2-3 34 4 9 21-6 26-7 6 12 — 0-6
2 9 2-5 — 34 4 10 3-0 4-7 6 13 3-0 23
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Table 3 (cont.)

k1 F, F, k1 Fo
71 27-4 —28-4 9 6 11-8
7 2 2-9 - 20 9 7 21-6
7 3 6-6 2-8 9 8 29
7 4 17-1 17-8 9 9 151
7 5 15-0 18-2 9 10 —
7 6 87 —11-1 9 11 3-4
7 7 20-6 —18:6 9 12 4-0
7 8 9-1 — 91 9 13 37
79 72 — 82 9 14 4-6
7 10 57 7-0 10 0 —
711 8:0 4-7 10 1 10-2
712 42 34 10 2 0-9
7 13 4-6 — 27 10 3 2-9
7 14 2-3 0-3 10 4 53
715 1-8 — Il 10 5 20-9
8 0 5156 —56-8 10 6 25-3
8 1 87 —10-2 10 7 7-5
8 2 556 71 10 8 31
8 3 10-2 9-6 10 9 3-5
8 4 24-7 27-6 10 10 20-4
8 5 — 2-6 10 11 4-2
8 6 — — 09 10 12 6-2
8 7 189 —21-4 10 13 6-5
8 8 70 7-1 11 1 10-4
8 9 — — 14 11 2 37
8 10 3-5 36 11 3 1-9
8 11 8-5 7-0 11 4 11-3
8 12 1-7 — 22 11 5 10-1
813 29 0-5 11 6 —
8 14 — - 17 11 7 —
8 15 1-6 — 18 11 8 4-6
9 1 1-56 — 10 11 9 6-3
9 2 5-4 31 11 10 50
9 3 13-7 14-9 11 11 —
9 4 — — 04 11 12 2-5
9 5 2-9 2-1 12 0 14-8

as were reflections with observed intensity equal to
Zero.

Discussion of the structure

Configuration of the molecule

The intramolecular bond lengths and bond angles
are listed in Table 4; they are also shown in Fig. 5,

Table 4. Intramolecular bond distances

and bond angles
Distance (4) Angles (°)

Cc-C, 1506 0,-C,-N; 1196
C,C; 1544 0,-C;-C,  124-9
C,—C, 1563 N,-C,-C, 1155
C—C; 1502 C,-C,-C, 1113

C,—Cp-C,  112:0
C-N, 1388 C,C,N, 1095
Cy-N,  1-455 Ce-C-0, 1201
C-N, 1320 CyC-0, 1161
CeN, 1463 0,-C,~0, 1235

C;-N,C, 1235
-0, 1218 N, C,-0, 1239
Ci-0,  1-204 N,-C,~C,  116:6
C~0,  1:260 0,-C~C; 1196
G0, 1227 C4Ce-N; 1111

which is a schematic drawing of the molecule viewed
along the a axis of the crystal. For purposes of discus-
sion the molecule may be considered to consist of three

F, k1 F, F,

—14-7 12 1 54 — 40
—24-1 12 2 — - 07
1-9 12 3 — — 05
—10-8 12 4 6-2 4-6
0 12 5 14-1 12-9
4-4 12 6 9-5 7-7
— 23 127 — 0-8
1-6 12 8 57 5-2
41 12 9 86 — 86
- 12 12 10 9-2 — 85
11-3 12 11 2-3 3-4
0-5 13 1 13-6 12-5
1.7 13 2 11-3 — 92
49 13 3 4-9 — 48
—18:0 13 4 — 2:5
22-8 13 5 41 — 61
— 53 13 6 4-0 — 28
3:0 13 7 85 9-3
4-1 13 8 4-5 — 49
—17-7 13 9 4-3 4-2
36 13 10 2-4 2-3
56 14 0 16-7 —18-8
5-0 14 1 56 6-3
13-4 14 2 74 — 71
— 46 14 3 — — 16
1-3 14 4 4-3 3-8
12-9 15 1 4-7 32
— 83 15 2 2-2 2:6
— 08 15 3 0-7 2+5
32 15 4 3-5 — 34
— 45 15 5 6-2 - 78
4-7 15 6 1-2 - 09
— 36 16 0 55 — 51
— 1.0 16 1 6-0 6-6
— 31 16 2 2-1 — 23

—14-5

2 |20"\tb
@ 2 Cus®
125X ...

Fig. 5. A schematic drawing of the molecule viewed along the
a axis of the crystal. Bond lengths are given in Angstrém
units.

simple groups of atoms: the peptide group and the
amino nitrogen atom attached to it, the terminal amide
group, and the carboxyl group. The characteristics
of these groups will be considered separately.

The peptide group has the #rans configuration. The
five atoms C,, N,, C;, G4, and O, are coplanar within
the accuracy of this determination. The maximum
distance of any one of these atoms from the median
plane of the group, as determined by least-squares
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Table 5. Bond lengths and bond angles of the peptide group found in crystalline peptides
Bond lengths (4) Bond angles (°)
N-C c-C -0 '-N c-Cc’-0 N-C-0 C-C-N '-N-C

N-Acetylglycine (a) 1-45 1-50 1-24 1-32 121-0 121-3 117-7 119-6
B-Glycylglycine (b) 1-48 1-563 1-23 1.29 121-0 125-0 114-0 122-0
«-Glycylglycine (c) 1-47 1-56 1-24 1-32 121:1 124-2 114-4 119-3
N,N’-Diglycyleystine (d) 1-48 1-56 1.21 1.35 120-6 125-3 113-2 121-6
Glycyl-L-asparagine 1-46 1-50 123 1-32 1196 123-9 1166 123:5

(a) Carpenter & Donohue, 1950. (b) Hughes & Moore, 1949. Two-dimensional data only. (c¢) Hughes & Biswas, 1954.
(d) Yakel & Hughes, 1952.

treatment of the atomic coordinates, is less than 0-01 A.
Probably the hydrogen atom attached to the nitrogen
atom is also coplanar with the other atoms of the
group. The dimensions of the peptide group in glycyl-
asparagine are in good agreement with those of other
simple peptides and related compounds. In Table 5
the bond lengths and bond angles obtained in this
investigation are listed together with those derived
from previous investigations. In all of these structures
the C-N peptide bond shows resonance shortening of
about 0-15 X, and the bond angles around the carbon
atom are those to be expected: angle N-C'-O is the
fargest, angle C-C’'-N the smallest. In all but one of
these structures the peptide group is reported to be
planar within the limits of error of the determination.
In the one exception, diglycylcystine, a rotation of
only 6° around the C-N bond was found. The resonance
shortening of the C-N peptide bond and the associated
planarity of the peptide group have been discussed
elsewhere (Corey & Pauling, 1953).

The amino nitrogen atom, N, also lies near the plane
of the peptide group so that it approaches closely
(2-68 A) the oxygen atom O,; the C¢~Nj bond forms an
‘angle of about 7° with this plane. The length of the
C¢-N; bond, 1-46 A, is slightly but probably not
significantly shorter than the average of the lengths
found for corresponding bonds in investigations of
comparable accuracy (threonine, 1:49 A; alanine,
1-50 A; diglycyleystine, 1-46 A; serine, 1-49 A).

Regarding the amino group as a whole, there is good
evidence that it is present as a charged NHj group.
The arrangement of the oxygen atoms around the
nitrogen atom suggests the formation of three hydrogen
bonds, and in the difference Fourier the three peaks
near the position of the nitrogen atom indicate the
presence of three hydrogen atoms. Further evidence
for the dipolar configuration of the molecule is

furnished by the dimensions of the carboxyl group.
One would expect that the presence of a hydrogen
atom covalently bonded to a carboxyl oxygen atom
would be revealed by a C-O distance close to 1:31 A,
0-05 A longer than observed.

In the terminal amide group the four atoms O,, C;,
N,, and C, are coplanar, the maximum deviation from
the best median plane being 0-015 A. This group, like
the peptide amide group, shows resonance shortening
of the C-N bond, though to a lesser degree; the C-N
bond length (1-39 A) corresponds to about 20%

double-bond character. In view of this small amount
of double-bond character of the C-N bond, the angles
adjacent to the C=0 double bond would be expected to
be nearly equal, with angle 0,—C,-C, slightly smaller
than the other. Actually, a difference of 5° in the
opposite sense is observed. This difference must
probably be accepted as significant, although no
satisfactory explanation is apparent.

The structures of only two other compounds contain-
ing the terminal amide group have been published.
One paper describes a two-dimensional determination
of the crystal structure of glutamine (Cochran &
Penfold, 1952). The dimensions found for the amide
group in this molecule are surprising: the length of
the C-N bond (1-28 A) indicates a large amount of
double-bond character (about 809%), contrasting with
the nearly equal bond angles around the carbon atom.
The other reported determination is that of the struc-
ture of acetamide (Senti & Harker, 1940), which has
clarified the configuration of the compound but has
not furnished accurate dimensions of the terminal
amide group.

In glycylasparagine the atoms of the carboxyl group
and the «-carbon atom are planar within the accuracy
of the determination; the maximum deviation for
any atom from the best median plane is 0-03 A. The
group is asymmetric, the lengths of the C-O bonds
being 1-26 and 1-22 A, respectively. Although this
difference in bond lengths does not exceed twice the
limit of error of the determination, it is, probably
significant. Oxygen atom O, of the shorter C-O bond
is participating in only one hydrogen bond, whereas
O; takes part in three. Probably this distribution of
hydrogen bonds causes the resonance structure with
the double bond between the carbon atom and O,
to be slightly more stable than the other. The magni-
tudes of the angles around the carbon atom are also in

accord with this explanation, angle Cy~C,~O, being
larger than angle C3—C;~0,. This sort of dissymmetry
of the carboxyl group has been previously reported
and discussed for other amino .acids and related
compounds (alanine, Levy & Corey, 1941; Donohue,
1950; p-glycylglycine, Hughes & Moore, 1949; N-
acetylglycine, Carpenter & Donohue, 1950; hydroxy—
L-proline, Donohue & Trueblood, 1952a,b). In con-
trast, Cochran & Penfold (1952) report that in glu-
tamine the bond angles of the carboxyl group are
symmetrical and that the shorter C-O bond involves
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the oxygen to which the greater number of hydrogen
bonds are directed.

The planes of the terminal amide group and the
carboxyl group are nearly coincident, the angle be-
tween them being only 3°. The carbon atoms of these
groups, Cy, C,, C;, C,, form an extended chain in which
the C~C bond lengths probably do not deviate signi-
ficantly from the average of 1-54 A. It is interesting
that this planarity of the succinamic acid part of the
molecule fits well into the steric pattern observed by
Mac@Gillavry, Hoogschagen & Sizxma (1948) and by
Morrison & Robertson (1949) for the related dicar-
boxylic acids succinic acid, adipic acid, and se-
bacic acid, all of which contain an even number
of carbon atoms and are nearly planar. Glutamine
(Cochran & Penfold, 1952), glutamic acid (Dawson,
1953), glutaric acid (Morrison & Robertson, 1949),
and pimelic acid (MacGillavry ef al., 1948), which
contain an odd number of carbon atoms, are all non-
planar.

The planar succinamic acid part of the molecule
and the planar peptide group, approximately perpendi-
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cular (85°) to each other, are easily recognized in the
scale drawing of the molecule (Fig. 6).

Fig. 6. A scale drawing of the molecule viewed in a direction
perpendicular to its succinamic acid part. Hydrogen atoms
H, and H; are not visible and are therefore omitted from
the skeleton formula.
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Fig. 7. A projection of the structure viewed along the @ axis of the crystal.
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Fig. 8. A projection of -half of the molecules in the unit cell viewed along the ¢ axis of the crystal.

The environment of the molecule

Two views of the structure are shown in Figs. 7
and 8. In Fig. 7 the content of a unit cell, including
the hydrogen atoms, is projected along the a axis.
Fig. 8 is a projection on the (001) face of half of the
unit cell with respect to ¢; the hydrogen atoms are
omitted for clarity. The four equivalent molecules are
labelled M, 4, B, C, the parameters of the molecule
M being those given in Table 1, column (3). The
molecules A’ and " are related to 4 and C, respec-
tively, by the unit vector translation -b, and sub-
scripts 1 and 1 are used to signify molecules displaced
by the unit vector translations a and -a, respectively.

The sterically simple configuration of the molecule,
shown in Fig. 6 and described in the preceding section,
permits fairly good packing. In the direction of the
a axis the planar succinamic acid chains of identical
molecules M, M, etc. in adjacent unit cells fit on top
of each other, as shown in Fig. 9, a packing drawing
of three such chains viewed in the direction of the
b axis of the crystal. Oxygen atom O, is not visible and
has therefore been omitted from the skeleton formula.

The perpendicular distance between the planes is
only 3-44 A; this near approach is possible because
the hydrogen atoms of the methylene groups fit
neatly into interstices. In the packing drawing the
oxygen atoms appear to be very loosely packed; the
validity of this implication will be discussed later.
The other planar part of the molecule, the peptide
group, is tilted at an angle of about 45° to the a axis,
and in the stacking of the molecules the oxygen atom
O, in molecule M is brought in close contact with
atoms of the molecule 3/, above (Fig. 8). The molecules

within ‘the stacks are held together by intermolecular
hydrogen bonds between the peptide nitrogen atoms
N; and the carboxyl oxygen atoms Oj.

Four such equivalent stacks of molecules M, 4, B, C,
run through the unit cell in the direction of the @ axis.
Stacks M and A are related by a screw axis at
y = 1, z = § parallel to a. The stacks are tied together

- Fig. 9. A scale drawing showing the packing of the succinamic

acid parts of three molecules viewed in the direction of the
b axis.
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by hydrogen bonds between oxygen atoms O, and
nitrogen atoms N, as clearly shown in Figs. 7 and 8.
These hydrogen bonds join the succinamic acid chains
in a helix around the screw axis. Stack M is related to
a second stack of molecules 4’ through another screw
axis parallel to @ at y = , 2 = 4. The amino groups
of the one stack are situated nearly equidistant from
two oxygen atoms O, of the terminal amide groups of
the other, and two non-equivalent sets of hydrogen
bonds formed by these atoms knit the stacks together
in an infinite zig-zag chain (Fig. 8). In the opposing
piles of peptide groups oxygen atom O, of molecule
M fits into the space between atoms Cj, Cg, and Ny,
of molecule A’; it does not make contact with its
equivalent oxygen atom O, (3-42 A).

The stacks of molecules M and 4 form a continuous
layer parallel to the b direction in the crystal. This
layer is related to the equivalent one, consisting of
stacks of molecules B and C, by the screw axes parallel
to b and c. These two layers are held together by two
sets of hydrogen bonds, both involving the same
oxygen atom O, The atoms Cg; and N of one layer
(molecule C) make near contacts with O, and N; of
the other (molecules M and A, respectively).

Some intermolecular van der Waals’ contacts are
given in Table 6. Data concerning the hydrogen bonds

Table 6. Some intermolecular interatomic distances

From atom x Distance z—y

inmolecule M  to atom y in molecule (A)
C C, M, 3-92
C C, M, 376
C, c, M, 410
c, Cy M, 400
0, C; M, 390
0, Ce M, 3.24
0, Cy A 3-56
0, Ce A 345
0, N, 4’ 2.97
Ce N, B 3-76
o 0, ¢ 3-28
N, o, c 3-14

are summarized in Table 7, in which are listed the
lengths of the N...O vectors and the angles which they
make with the directions of the C-Myand N-H bonds.
In structures of this sort the shape of the molecule is
an important factor in determining the details of the
molecular arrangement, and little quantitative signi-
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ficance can be aséribed to the lengths and the angles
associated with the hydrogen bonds (Donohue, 1952;
Corey & Pauling, 1953). In addition, uncertainties
arise from the fact that the positions of the hydrogen
atoms could not be fixed with any degree of accuracy.
In the case of the hydrogen bond N,. .. O;the hydrogen
atom was assumed to be situated in the plane of the
peptide group and the angle H-N,-C; was taken to
be 120°. There is little doubt that this choice is appro-
priate for the additional reason that the N-H bond
forms an angle of only 7° with the direction of the
N...O vector. This deviation arises largely from the
fact that the oxygen atom O does not lie precisely in
the plane of the peptide amide group. The positions of
the hydrogen atoms in the terminal amide group are
less certain. In the assignment of their positions the
assumption was made that these hydrogen atoms are
co-planar with the amide group; but this assumption
is open to some doubt because of the small amount
of double-bond character associated with the C-N
bond.

Around the charged amino nitrogen atom Nj the
arrangement of the hydrogen atoms is even more
uncertain, This nitrogen atom is surrounded by not
less than six oxygen atoms (one of them in the same
molecule) at distances short enough to suggest the
possibility of hydrogen bonds, the longest distance
being 3-14 A. No three of the oxygen atoms, however,
are arranged tetrahedrally with respect to the C-N
covalent bond, but two of them, O; in ¢’ and O,
in A%, are nearly at the corners of a tetrahedron and
are so close to Ny (275 and 2-86 A) that they un-
doubtedly take part in hydrogen bonds. If, however,
the amino group were oriented in such a way that two
of the N-H bonds pointed directly at these two oxygen
atoms the third N-H bond would form an angle of
about 40° with the vector from Ny to O, in 4’. This
latter arrangement was the one which was assumed
in the early stages of the investigation. However, in
previous studies of amino acids and peptides it has
been found that all hydrogen atoms attached to a
singly bonded nitrogen atom take part in hydrogen
bonds involving short N ... O distances and H-N...O
angles generally less than 25°. By rotating the amino
group around the C-N bond, an orientation was indeed
found which allows the formation of three hydrogen
bonds, two of which form H-N...O angles slightly

Table 7. Hydrogen bond distances and angles

From atom z

in molecule M to atom y in molecule
N, 0O, A3
N, 0, B(a)
N, 0, A1
N, 0, A’
N, 0, c’

(@) Molecule displaced by ¢ in respect to L.

Distance Angle Angle
N---0O O:--N-C O---N-H
(4) ) )
2-88 108-9 23
2-93 111-3 12
. 112-5(b)
288 { 123-6(c) 7
2-86 116-8 26
3-03 132-8 28
2-75 117-9 13
(b) Angle Oy - - * N,—C,. (c) Angle Oy - - Ny-C;.
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greater than 25°. This orientation of the amino group
agrees somewhat better with the positions of the three
hydrogen peaks in the difference Fourier synthesis
around the amino nitrogen atom. Furthermore, this
distribution of hydrogen bonds seems to be a very
satisfactory one for holding the structure firmly
together. For these reasons we prefer this hydrogen
bond system, and in the preceding discussion of the
structure this arrangement has been assumed to be the
correct one. The corresponding parameters, z, ¥, 2,
for the hydrogen atoms are

H,, 0-145, 0-138, 0-290; H,,,~0-005, 0-152, 0-397;
H,,, 0-330, 0-170, 0-387.

In addition to the directed hydrogen bonds, electro-
static attraction between the positively charged nitro-
gen atom and the surrounding oxygen atoms, all of
which carry a partial negative charge, will also
contribute to the coherence of the structure.

The distribution of the hydrogen bonds among the
oxygen atoms is very unusual; oxygen atom O; takes
part in three, O, in two, O, in one, and O, in none at
all. The three atoms O, O,, O;, are, as has been
mentioned already, very loosely packed perpendicular
to the plane of the succinamic acid chains. Around
atoms O, and O, the hydrogen bonds are arranged so
as to hold them firmly in place. The single hydrogen
bond of atom O,, however, which lies approximately
in the plane of the chain, does not impose restrictions
on the thermal vibration of the atom perpendicular to
the plane of the chain; a motion in this direction also
causes a minimum of distortion of bond angles. Very
pronounced temperature anisotropy in this direction
was indeed indicated by the difference Fourier.
Although carbonyl oxygen atom O, does not participate
in any hydrogen bond, no pronounced temperature
anisotropy is expected or observed because it makes
fairly good contacts with the surrounding atoms.

The authors are grateful to Dr J. E. Leonard for
the preparation of the compound and his help in collec-
ting the intensity data, and to Dr J. D. Dunitz for his
assistance in the calculation of the three-dimensional
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Patterson function. Many of the calculations were
performed by Miss Allison Kimball and the drawings
were made by Miss Lillian Casler.
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