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Abstract: The effect of alkylation of a peptide by a polycyclic aromatic hydrocarbon has been investigated as a model for pro-
tein-carcinogen interactions. The tripeptide sarcosylglycylglycine (I} reacts with 9-methyl-10-chloromethylanthracene (11)
with the elimination of HCI to form the alkylated tripeptide (II1). The crystal data are (I) @ = 20.847 (3), 5 = 10.252 (1), and
c=8.719 (1) A, space group Pbca, Z = 8; (I1) a = 14.379 (1), b = 16.359 (1), c = 5.0993 (4) A, space group P2,2,2(,Z =
4;and (111) a = 19.022 (4), 5 = 10.727 (2), ¢ = 10.728 (2) A, 8 = 94.24 (2)°, space group P2, /c, Z = 4. The crystal structures
were determined by direct methods using MULTAN and refined by least-squares techniques. The tripeptide and the alkylated
tripeptide both occur as zwitterions. In the crystalline alkylated peptide, 111, the hydrophobic polycyclic groups stack together,
in a manner similar to that found in the simple alkylating agent, I1. The structure of 111 consists of layers of aromatic side
chains, peptide residues, and water of crystallization. In addition, one of the peptide groups in the alkylated tripeptide is non-
planar (torsion angle 159°), possibly a result of packing forces in the crystal. The simple peptide | does not crystallize with
water of crystallization. The crystal structure involves extensive hydrogen bonding, although a pleated sheet structure is not
formed. The zwitterion folds so that part of the structure of the peptide I resembles the conformation found in an « helix. This

helicity is lost on alkylation.

When polycyclic aromatic hydrocarbons interact with liv-
ing matter they are generally metabolized, by enzyme systems,
to compounds containing hydroxy or keto groups. These me-
tabolites, now more soluble in water than the parent hydro-
carbon, generally are then excreted. However some hydro-
carbon molecules are found to become covalently bound to
proteins and to nucleic acids, possibly through the interaction

of these macromolecules with the metabolites of the polycyclic
aromatic hydrocarbons.'-3 Carcinogenesis may result from
the interaction of certain (but not all) polycyclic aromatic
hydrocarbons with living cells, but it is not yet clear whether
the critical target is a protein or a nucleic acid.6?

In order to investigate the molecular basis of chemical
carcinogenesis by polycyclic aromatic hydrocarbons we are
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studying, by x-ray crystallographic techniques, the molecular
structures of covalent compounds formed between hydrocar-
bons and portions of biological macromolecules. A comparison
with the structures of the individual components is then made,
and the effect of alkylation can then be assessed.

We report here the crystal structure of a tripeptide, sar-
cosylglycylglycine, of an alkylating derivative of a polycyclic
aromatic hydrocarbor that is carcinogenic,? and of the product
of atkylation of the tripeptide by the hydrocarbon.? This rep-
resents a model for the interaction of a carcinogenic polycyclic
aromatic hydrocarbon (or its metabolite) with a protein. A
major interest of this study was to find the effect of the large
hydrophobic group on the conformation of the tripeptide.

The formulas of the three compounds studied (I, 11, and 111,
referred to as SGG, MACI, and MASGG, respectively) are
as shown.

+
CH;—NH,—CH,—CO0—NH —CH,— CO —NH—CH,—C00~
I

CH,Cl

QOO

CH,
I

+
CH;—NH-—CH,~~CO—NH—CH,—CO—NH—CH,—C00"

CH,

Q00

CH,
III

Experimental Section

Sarcosylglycylglycine was obtained from Nutritional Biochemicals
Corporation, Cleveland, Ohio. The préparations of 9-methyl-10-
chloromethylanthracene'® and the alkylated peptide® have already
been described.

Crystal Data. (1) Tripeptide. Sarcosylglycylglycine (SGG) (1)
C7H (3N304, orthorhombic, space group Pbca, a = 20.847 (3), b =
10.252 (1),¢ =8.719 (1) A, V' = 1863.4 (4) A3, FW = 203.20, Z =
8, F(000) = 864, Deyjea = 1.45 gcm™3, Dopsg = 1.45 g cm=3, Crystals
of 1 were grown from water and 2-methyl-2,4-pentanediol.

(i) Alkylating Agent. 9-Methyl-10-chloromethylanthracene
(MACI) (11) (ICR-433), C¢H3Cl, orthorhombic, space group
P212:2),a = 14379 (1), b = 16.359 (1), ¢ = 5.0993 (4) A, V =
1199.5 (2) A3, FW = 240.73, Z = 4, F (000) = 504, D¢eq = 1.33 8
cm™3, Doy = 1.33 gemi™3 (K1 solution). Crystals of II were grown
from ethanol.

(lii) Alkylated 'Pebptide. 9-Methyl-10-methylanthrylsarcosylgly-
cylglycine (MASGG) (111) C23H25N304:2H50, monoclinic, space
group P2 /c, a =19.022 (4),b = 10.727 (2),c = 10.728 Q) A, B8 =
94.24 (2)°, ¥V = 2183.0 (8) A}, FW = 443.50, Z = 4, F (000) = 944,
Deaied = 1.35gem™3, Dypsa = 1.34 g cm™3. Crystals of 111 were grown
from a mixture of 3:1 methanol and water.

Data Collection. Three-dimensional x-ray diffraction data were
obtained with Cu K& monochromatized radiation (X 1.5418 A) using
an automated four circle diffractometer (Syntex PT). The §~26 scan
technique was used to a maximum value of sin 8/ of 0.606 A~'. The
threshold for observation was considered to be 26(I) = I,psq for SGG,
2¢(I) for MACI, and 2.33¢(f) for MASGG, where (/) was derived
from counting statistics. Values of o(F) were détermined as o(F) =
(F/2){[c2(1)/1%] + 6%)'/2 where 8 is a measured instrumental uncer-
tainty (0.015 for SGG, 0.019 for MACI, and 0.015 for MASGG. The
fall-off in intensities of the standard reflections was corrected for, with
a maximum value of 1.112 for MASGG. There was no intensity

Table L. Final Parameters for SGG ¢

X y z Ay B
C(1) -0.2610(2) —0.1885(5) 0.1475(7) 3.2(2)
N(2) -0.2230 (2) —0.0667 (4) 0.1594 (4) 20(2)
C(3) —0.1683(2) —0.0787 (5) 0.2661 (5) 2.1(2)
C(4) =-0.1300 (2) 0.0473 (5) 0.2628 (5) 20(2)
o(5) -0.1318 (2) 0.1200 (3) 0.1511 (4) 2.5(1)
N(6) -0.0932 (2) 0.0687 (4) 0.3862 (4) 22(2)
C(7) —0.05865 (2) 0.1879 (5) 0.3952 (6) 26 (2)
C(8) 0.0009 (2) 0.1974 (6)  0.2891 (5) 2.0(2)
0(9) 0.0253 (2) 0.3048 (3) 0.2653 (4) 2.8 (1)
N(10) 0.0227 (2) 0.0868 (4)  0.2288 (4) 2.0(2)
C(11) 0.0799 (2) 0.0841 (5) 0.1330(6) 2.2(2)
C(12) 0.1425 (2) 0.0733(5) 0.2222 (6) 20(2)
o(13) 0.1930 (1) 0.0659 (3)  0.1445 (4) 2.8(2)
O(14) 0.1418 (2) 0.0733 (3) 0.3654 (3) 3.2(2)

X y z B
H(ll) -0.279 (3) -0.209 (6) 0.245 (6) 5(2)
H(12) -0.227 (3) -0.260 (6) 0.109 (6) 5(2)
H(13) -0.300 (3) =-0.177 (5) 0.078 (6) 2(2)
H(21) -0.207 (3) -0.050 (6) 0.061 (7) 6(2)
H(22) -0.249 (4) -0.011 (7) 0.196 (8) 7(2)
H(31) -0.186 (2) —0.096 (4) 0.376 (5) 3
H(32) -0.143 (2) -0.150 (4) 0.231 (5) 1 (1)
H(6) —-0.097 (3) 0.023 (6) 0.468 (7) 4(2)
H(71) -0.083 (2) 0.261 (5) 0.370 (6) 3(1)
H(72) -0.040 (2) 0.198 (5) 0.496 (6) 3()
H(10) 0.006 (3) 0.013 (5) 0.243 (6) 3(1)
H(I11) 0.076 (2) 0.014 (5) 0.065 (5) 2()
H(112) 0.079 (2) 0.170 (5) 0.068 (5) 3I(hH

4 Positional parameters are given as fractions of cell edges. An-
isotropic factors (av B) are expressed as the average of B, B2, and
Bj3. Values of By; are listed in the microfilm edition of this journal.
Isotropic temperature factors as exp(—8 sin #/X2) with all B and av
B values given in A2, The standard deviatioris for each parameter,
determiried from the inverted full matrix, are given in parentheses and
apply to the last specified digits.

fall-off for MACl or for SGG. The crystal sizes were 0.1 X 0.1 X 0.2
mm for SGG; 0.10 X 0.05 X 0.25 mm for MACI, and 0.1 X 0.25 X
0.25 mm for MASGG. The data were corrected for Lorentz and po-
ldrization factors. No absorption corrections were applied. The data
were then placed oh an absolute scale by a Wilson plot. For SGG, 1746
independent data were measured of which 854 were below threshold
values. For MACI, 1331 independent data were measured of which
405 were below threshold values. For MASGG, 4186 independent
data were medsured for which 1384 were below threshold values.

Structure Refinement. The structures of all three compounds were
determined by the program MULTAN."!

(I) SGG. All 14 atoms were located in the map calculated from
phases from MULTAN (R = 0.213). Isotropic refinement gave R =
0.12, and a difference map was calculated which showed peaks at the
positions of all hydrogen atoms. All atoms were then refined by a
full-matrix least-squares procedure, heavier atoms anisotropic, hy-
drogen atoms isotropic to R = 0.061 (R,, = 0.049), after an extinction
correction (@ = 1.2 X 107%)'? had been applied to the data.

(IT) MACL Tt structure, determined from MULTAN and checked
against the Patterson map, refined anisotropically only to R = 0.195.
Data on a second crystal réfined to R = 0.135. It was thought that the
space group might be in error, and therefore the hypothesis that the
space group was noncentric was verified by a physical test which in-
volves the use of a second harmonic analyzer. The experiment was
performed by Drs. J. P. Dougherty and S. K. Kurtz of Philips Labo-
ratories, Briarcliff Manor, N.Y.,'? who demonstrated a strong optical
second harmonic generation in a sample of MACI. However, on re-
finement with partial disorder between a chlorine and a hydrogen
atom, i.e., disorder between the methyl and chloromethyl groups, the
structure refined anisotropically (hydrogen atoms isotropic) to R =
0.046 (R, = 0.042). This probably represents a situation in which
molecules are flipped over in domains in the crystal since a random
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Table III. Final Parameters for MASGG*?

X y z AvB X y z Av B
CI(17)y  0.6124 (1)  0.2074(1)  0.2710(4) 6.1 (1) C(1) 0.6754 (2) —0.0990 (3) 0.1607 (3)  3.5(1)
CI(18)  0.3874(4) —0.1999 (3) ~-0.2449 (15)  8.5(3) C(2) 0.6447 (2) =-0.2119(3) 0.1348 (4) 4.5(2)
C(l) 0.3917(3)  0.1508 (2)  0.0290 (9) 4.9 (2) C(3) 0.5954 (2) —0.2257 (3) 0.0310 (4) 4.9(2)
C(2) 0.3194(3)  0.1624(3) =0.1381(10) 5.6(2) C(4) 0.5784 (2) =0.1266(4) —0.0446(4) 4.4(2)
C(3) 0.2945(3)  0.1008 (3) =0.3137(11) 6.1(2) C(5) 0.5862 (2) 0.3286 (4) —0.1205(3) 3.9(2)
C4) 0.3412 (3) 0.0295 (3) =0.3200 (9) 5.4(2) C(6) 0.6097 (2) 0.4426 (4) —0.0870(3) 4.2(2)
C(5) 0.6018 (3) —0.1437(2) —0.0095 (9) 52(2) C(7) 0.6631 (2) 0.4573 (3) 0.0106 (3) 4.0(2)
C(6) 0.6760 (3) —0.1535(3)  0.1527(12) 6.1 (2) C(8) 0.6887 (2) 0.3554 (3) 0.0747(3)  3.3(1)
c(n 0.7019 (3) =—0.0930(3)  0.3300(13) 6.3(2) C(9) 0.6874 (1) 0.1267 (3) 0.1151(2y 2.7(1)
C(8) 0.6521 (3) =0.0222(3)  0.3458 (11) 5.4 (2) C(10) 0.5872(2) 0.0989 (3) =—0.0945(3) 3.6 (1)
C9) 0.5208 (2) 0.0647 (2)  0.1999 (8) 4.3 (2) C(1n 0.6579 (1) 0.0082 (3) 0.0867 (3) 2.9 (1)
C(10) 0.4703 (3) —0.0598 (2) —0.1658 (9) 4.4 (2) C(12) 0.6072 (2) —0.0054 (3) =0.0202(3) 3.4 (1)
C(11) 0.4454 (3)  0.0761 (2)  0.0286 (8) 39(2) C(13) 0.6116 (2) 0.2179 (3) —0.0584 (3)  3.2(1)
C(12) 0.4193 (3) 0.0140 (2) =0.1537 (8) 4.1(2) C(14) 0.6638 (1) 0.2323 (3) 0.0464 (3) 2.8 (1)
C(13) 0.5726 (3) —0.0082(2)  0.1849 (10) 4.1 (2) C(15) 0.7439 (1) 0.1399 (3) 0.2214(2)  2.5(1)
C(14) 0.5473 (3) =0.0707 (3)  0.0004 (9) 4.2 (2) N(16) 0.8158 (1) 0.0971 (2) 0.1862(2) 2.1(1)
C(15) 0.4424 (4) -0.1263 (3) =0.3508 (11) 6.6 (3) C(17) 0.8389 (2) 0.1643 (3) 0.0730(3)  2.9(1)
C(16) 0.5439(3)  0.1281(3) 04021 (1)  5.4(2) C(18) 0.8700 (1) 0.1118 (3) 0.2925(2)  2.7(1)
Occupancies: CI(17) 0.737(3); CI(18) 0.241(3) C(19) 0.8582 (1) 0.0151 (3) 0.3926 (2) 2.6 (1)
0(20) 0.8172 (1) —0.0716 (2) 0.3713(2)  3.7(1)
x y z B N(21) 0.8971 (1) 0.0296 (2) 0.4996 (2) 2.7 (1)
C(22) 0.8978 (2) —0.0660 (3) 0.5955(3) 3.1 (1)
H(1) 0.414(2) 0.195(2) 0.147 (8) 5(1) C(23) 0.8478 (1)  —0.0411 (3) 0.6962(2)  2.5(1)
H(2) 0.281 (3) 0.214(3)  -0.106 (10) 7 (1) 0(24) 0.8374 (1) 0.0652 (2) 0.7351 (2)  3.4(1)
H(3) 0.240 (4) 0.112(3) -0.403 (12) 7(2) N(25) 0.8196 (1) —0.1425(2) 0.7439 (2)  3.0(1)
H(4) 0.325(3) =0.012(2) —0.428 (10} 5(1) C(26) 0.7908 (1) —0.1386 (3) 0.8648 (3) 3.0(1)
H(5) 0.581(3) —0.187(3) —=0.165(11) 9(2) C(27) 0.8475 (1) =0.1273 (2) 0.9726 (2)  2.6(1)
H(6) 0.713(3)  =0.205(3) 0.157 (9) 5(1) 0(28) 09105 (1) =0.1170(2) 0.9485(2)  3.5(1)
H(7) 0.760 (3)  —0.097 (2) 0.463 (11) 6 (1) 0(29) 0.8261 (1) —0.1284(2) 1.0804 (2) 3.6 (1)
H(8) 0.672 (3) 0.017 (3) 0.503 (11) 5(2) C(30) 0.5384 (2) 0.0820 (4) —0.2104(3) 5.1(2)
H(15) 0.481 (4) —0.158(3) —0.397 (12) 8(2) o@l) 0.9935 (1) 0.3001 (2) 0.1191(2) s5.4(1)
H(15")  0.410(4) =0.109(3) =0.501(12) 8(2) 0(32) 1.0034 (2) 0.4308 (4) 0.3402 (3) 5.1(2)
H(16) 0.485 (3) 0.160 (3) 0.447 (10) 6 (1)
H(16")  0.584 (4) 0.112(3) 0.554 (13) 10(2) X y z B
“ See footnote a, Table I. H(1) 0.709 (2)  —0.088 (3) 0.233 (3) 2(1)
H(2) 0.654(2)  —0.288 (3) 0.196 (3) 5(D
H(3) 0.574(2)  =-0.309 (3) 0.011 (3) 4(1)
packing of methyl and chloromethyl groups in the crystal would not H(4) 0.546 (2) —-0.136 (3) —-0.130 (3) 6 (1)
fit (the chlorine atoms would be too close to each other). Attempts to H(5) 0.547 (2) 0.306 (3)  —0.188 (3) 3(1)
dissect out a crystal without such disorder were unsuccessful. H(6) 0.591 (2) 0.521 (3)  =0.132(3) 3(1)
(III) MASGG. 29 atoms from the map calculated from phases from H(7) 0.677 (2) 0.538 (3) 0.038 (3) 4 (1)
MULTAN (R = 0.37) were input to a Fourier map from which the H(8) 0.728 (2) 0.374 (3) 0.146 (3) 2(h
remaining three atoms were located (R = 0.20). Isotropic and then H(151)  0.745 (2) 0.231 (3) 0.241 (3) 1 (1)
anisotropic full-matrix least-squares refinement gave R = 0.12 at H(152) 0.732(2) 0.089 (3) 0.299 (3) 1(1)
which stage all hydrogen atoms were located from a difference map. H(16) 0.814(2) 0.009 (3) 0.162 (3) 1 (1)
All atoms were then refined, carbon, nitrogen, and oxygen atoms H(171)  0.840 (2) 0.250 (3) 0.088 (3) 2(1)
anisotropically and hydrogen atoms isotropically for all the data. The H(172) 0.889(2) 0.137 (3) 0.054 (3) 2(1)
R values were 0.060 for observed data (R,, = 0.078) and R = 0.090 H(173)  0.802(2) 0.145 (3) 0.000 (3) 3(1)
for all data. This refinement was done in segments because of the large H(I181)  0.921 (2) 0.097 (3) 0.259 (3) (1)
number of parameters being varied. H(182) 0.871(2) 0.196 (3) 0.323 (3) 1 (1)
The X-ray 72 System of Programs'# and the Brookhaven National H(21) 0.930 (2) 0.091 (3) 0.512 (3) 3(1)
Laboratory System of Programs'3 were used to calculate maps, and H(221)  0.946 (2) ~0.068 (3) 0.640 (3) 2(1)
a full-matrix least-squares method was used for the refinement.'¢ The H(222) 0.886(2) =0.150(3) 0.553 (3) 3(1)
weights, w, of the reflections during refinement were 1/(¢2(F)) with H(25) 0.828 (2) -0.217 (3) 0.710 (3) 3(1)
zero weight for those reflections below the threshold value except for H(261) 0.758 (2)  —0.062 (3) 0.875 (3) 2(1)
MASGG. In this case a weighting scheme was derived from an H(262) 0.763 (2) -0.216 (3) 0.880 (3) 2(1)
analysis of the agreement between calculated and observed data. The H(301) 0.545(2) 0.158(3)  —0.281 (3) 6 (1)
quantity minimized in the least-squares calculations was Ewf| | Fo| H(302) 0.553(2) 0.011(3)  =0.271 (3) 6 (1)
— | F¢||}?. The atomic scattering factors for chlorine, oxygen, and H(303)  0.489 (2) 0.084 (3)  —0.208 (3) 6(1)
carbon are those of Cromer and Mann!7 and for hydrogen those of HGI)  1.026 (2) 0.243 (3) 0.110 (3) 5(1)
Stewart, Davidson, and Simpson. '8 The real component (Af) of the H(312)  1.007 (2) 0.340 (3) 0.185 (3) 6 (1)
anomalous corrections for the chlorine atom (+0.348) is listed by H(321)  0.962 (2) 0.480 (3) 0.381 (3) 6 (1)
Cromer and Liberman.'? H(322) 1.033(2) 0.398 (3) 0414(3)  6(1)

Final positional and average thermal parameters are listed in Table
I for SGG, Table II for MACI, and Table III for MASGG. Individual
thermal parameters are listed in the microfilm edition of this journal
(Table 1). A table of observed and calculated structure factors may
be obtained from the authors on request.

Results and Discussion

The interatomic distances and interbond angles found for

2 See footnote a, Table 1.

SGG and MASGG are shown in Figures 1 and 2, respectively.
Values for MACI, less accurate because of disorder, are listed
in the microfilm edition (Table 2). From the location of hy-
drogen atoms, it can be seen that both SGG and MASGG exist
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Figure 1. Interatomic distances and interbond angles for SGG. Estimated standard deviations from the least-squares refinement are given in parentheses

with respect to the last digit quoted for any given dimension.
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Figure 2. Interatomic distances and interbond angles for MASGG. Estimated standard deviations from the least-squares refinement are given in parentheses

with respect to the last digit quoted for any given dimension.

as zwitterions, the C-terminal carboxy! groups being ionized
and the N-terminal nitrogen atoms bearing positive charges.
Since MACI is disordered in the approximate ratio 3:1, the
molecular dimensions are less accurate (esd values from the
least-squares refinement are probably underestimated). There
are no significant changes in dimensions on alkylation of the
tripeptide compared with both the simple peptide and the al-
kylating agent except at the point of alkylation. The bond
lengths and angles in SGG and MASGG all approximate those
listed by Marsh and Donohue.?°

The conformations of the two tripeptides differ, as shown
in Figure 3, and, surprisingly, one peptide group in MASGG
(I11) is nonplanar (torsion angle 159°), as shown in Table IV.
It is of particular interest that this nonplanar peptide confor-
mation occurs in the peptide group farthest from the site of
alkylation. No reason for this nonplanarity is immediately
obvious. It does not seem to be due to intramolecular repulsions
but may possibly be a result of packing forces (see later). The
major difference in conformation (for SGG on alkylation)
occurs at the C(7)-C(8) bond. It should be noted that, since

each peptide occurs as a racemate in the crystals studied, the
signs of all torsion angles (in Table 1V) are changed for the
mirror image of each molecule. In Table IV a comparison with
selected torsion angles for glycylphenylalanylglycine (GPG)?!
is given. In SGG there is a bend in the molecule so that N(6)
lies only 2.78 A from N(10) in a cis configuration. In MASGG
this N-C-C-N conformation is trans and N(21) «- O(24) is
2.86 A. For a fully extended peptide chain torsion angles would
be ¢ = ¢ = w = +180°.22 For a right-hand « helix the values
are ¢ = —57°, ¢ = —47°, w = +180°.23 The torsion angles for
MASGG and SGG have been drawn as a Ramachandran
plot2# (in the microfilm edition, Figure I). This map compares
¢ and ¥ values for « helices,?? pleated sheet structures,?>-2¢ and
polyglycine 11.26 Values for MASGG lie near those for pleated
sheets and for polyglycine, but for SGG, values (the crystal is
a racemate) lie near those for o helices. These points on the plot
correspond to the torsion angles involving the atom C(7) (see
Figure 3 and Table 1V), about which the two peptide groups
hinge. The conformation in this area (C(22)) of MASGG is
different. Thus the partial helical character of SGG has been
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Table IV. Torsion Angles for Tripeptides
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MSAGG SGG GPG
C-N-C-C 1 17 16 18 19 -163.3 1 2 3 4 -176.4
2 19 21 22 23 -9%6.7 4 6 7 8 72.1 -126.3
3 23 25 26 27 -71.1 8 10 11 12 —-85.4 84.3
N-C-C-O 16 18 19 20 11.4 2 3 5 24.1
21 22 23 24 -36.7 6 7 8 9 -163.7
25 26 27 28 3.1 10 11 12 14 3.1
25 26 27 29 -177.3 10 11 13 -177.5
N-C-C-N Y 16 18 19 21 -171.0 2 3 4 6 -158.5 127.6
¥ 21 22 23 25 147.0 6 7 8 10 17.4 132.0
O-C-N-C 20 19 21 22 6.0 5 4 6 7 —-4.4
24 23 25 26 -17.0 9 8 10 11 -2.6
C-C-N-C wi 18 19 21 22 -171.4 3 4 6 7 178.3 -175.4
w2 22 23 25 26 159.3¢ 7 8 10 11 176.2 179.7

@ Note: Each peptide exists in the crystalline state as a racemate. Therefore the signs of torsion angles may be reversed. MASGG, SGG:
this work; GPG = glycylphenylalanylglycine: ref 21. # Nonplanar peptide bond group.

(a) (b)

Figure 3. Views of the two tripeptides showing differences in conformation:
(a) SGG, (b) MASGG. The nonplanar peptide group in MASGG is in-
dicated by an arrow, as is the large aromatic ring system. Nitrogen atoms
are black, carbon atoms white, and oxygen atoms stippled.

altered on alkylation to give an extended polypeptide chain.

The ring system is not precisely planar but shaped like a
butterfly with an angle of 8.5° between the outer rings for
MASGG but only 2.2° for MACI. Details are given in the
microfilm edition (Table 3).

The hydrogen bond systems for SGG and MASGG are
described in Tables V and VI. There is no water of crystalli-
zation present in SGG and the packing (Figure 4) may be
described as a network of hydrogen bonds in all directions.
However, MASGG, with a bulky hydrophobic substituent, has
two molecules of water of crystallization per peptide molecule
and, as shown in Figure 5, the packing is much simpler since
molecules aggregate to give a layered structure of aromatic
groups, peptide chains, and water.

In SGG the terminal carboxyl goup, O(13), and terminal
nitrogen atoms, N(2) (i.e., the areas of charge), hydrogen bond
across centers of symmetry to give dimers. However, there is
no other hydrogen bonding between these two molecules, i.e.,
a pleated sheet does not form. The hydrogen bond network is
extended by similar dimer formation between N(6) and O(14)
(of the terminal carboxy! group). This network lies in a plane
perpendicular to the b axis. There is also hydrogen bonding
between N(10) and O(9") in a direction parallel to the b axis.
One carbonyl oxygen atom, O(5), does not take part in hy-
drogen bonding but the other, O(9), does.

Ton3'l

BN

ona"t

Figure 4. Packing in SCG. A0/ projection. For clarity only a few molecules
are shown (and only part of some). Hydrogen bonds are shown by broken
lines. Superscripts are defined in Table V.

The packing in MASGG is dominated by that of the MA
portion of the molecule. This may be part of the cause of the
nonplanarity of one peptide group since, if the group were
planar, as shown in Figure 5 by dashed lines, the hydrophilic
carboxyl group (O(28) and O(29)) would penetrate into the
hydrophobic layer. The energy required to make a peptide bond
nonplanar is small. From the equation?® ¥ (w) = (K,/2) (1 -
cos 2w) (where w is the torsion angle, K, is the barrier to in-
ternal rotation about the bond and is approximately 20 kcal
mol~!, and V(w) is the potential function), the torsion angle,
159°, corresponds to 2.5 kcal per mole.2%39 This energy loss
may be balanced by efficient N-~H-O hydrogen bonding, by
C-H:-:O interactions between the anthracene group and car-
bony!l groups (see later), and by the repulsion of hydrophobic
groups as mentioned above.

No distortion to tetrahedral symmetry, which might have
been expected as a result of the distortion of a peptide group
in MASGG, can be detected around N(25). The sum of the
angles around N(25) is 359°. The hydrogen bonded contact
O(29/) lies 0.81 A from the plane through the atoms C(22),
C(23), N(25), and O(24). For comparison O(31i) lies 0.13 A
from the plane of C(18), C(19), N(21), and O(20) (a planar
peptide group). It seems that some torque is imposed on the
peptide group in order to satisfy the N(25)-H--O(29#) hy-
drogen bond. Since O(29') is below the plane of the peptide
bond, C(26) is forced above this plane as a hydrogen bond via
N(25) is formed. Cross sections of the packing in the water,
peptide, and aromatic group layers are given in the microfilm
edition of this journal (Figure 1I).
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Figure 5. Packing in MASGG. h0! projection. This view, partially diagrammatic, shows the segregation into layers of aromatic groups, peptides, and water.
The location of the one molecule, if the peptide groups were both planar, is indicated by broken lines on the left hand side of the diagram. Nitrogen

atoms are stippled on the right hand side of the diagram. Molecule x at | — x, —y, —z.

Table V. Hydrogen Bond Distances and Angles in SGG*

D-H---A A---D, A D--H,A H---AA £(D-H- - -A, deg ZH-D- - -A, deg
N(2)-H(21)- - -O(137) 2.722 (6) 0.94 (6) 1.82 (6) 160 (6) 13 (4)
N(2)-H(22)- - -O(13i%) 2.801 (5) 0.84 (7) 201 (7) 155 (7) 17 (5)
N(6)-H(6)- - -O(14ii1) 2.799 (6) 0.86 (6) 1.98 (6) 158 (6) 16 (4)
N(10)-H(10)- - -O(9") 3.059 (5) 0.85(5) 2.23(5) 167 (5) 9 (4)

@ Code: (i) =x, =y, —=z; (ii) ='A + x, v, b= z; (i) =x, =y, | = z; (iv) =x, ='o+ y, b= z.
Table VI. Distances and Angles in the Hydrogen Bond System in MASGG*“

D-H---A A---D,A D- -H,A H---AA £D-H- - -A, deg ZH-D- - -A, deg
N(16)-H(16)---- - 0(29") 2.685 (3) 0.98 (3) 1.74 (3) 161 (3) 12 (2)
N(21)-H(21)----- O(31i) 2.826 (3) 0.91 (3) 1.98 (3) 153 (3) 18 (2)
N(25)-H(25)- - - - -O(29iii) 3.028 (3) 0.90 (3) 2.16 (3) 162 (3) 13(2)
O(31)-H(311)----- 0(28") 2.814(3) 0.88 (3) 1.95 (3) 167 (3) 9(2)
O(31)-H(312)---- - 0(32) 2.749 (4) 0.85(3) 1.93 (3) 161 (3) 13 (2)
O(32)-H(321)----- 0(28Y) 2.959 (4) 1.07 (3) 1.93 (3) 159 (3) 14 (2)
O(32)-H(322)----- 0(28Y) 2.745 (3) 1.00 (3) 1.77 (3) 164 (3) 10 (2)

Other interactions
C(l)-H(1)-------- O (20) 3.401 (4) 0.98 (3) 2.45(3) 164 (3) 11(2)
C(8)-H(8)-------- O(24v) 3.312 (4) 1.04 (3) 2.33(3) 157 (3) 16 (2)

¢Code: () x,p, 2z = L (i) x, o=y, btz (i) x,=h =y, z=h (V) 2=x,=p, | =z, (M x, o=y, z = (Vi) 2= x, b+ p, l'h =

Z.

The water molecules and O(31) and O(32) hold two layers
of peptide groups together (along the a axis) via hydrogen
bonding. O(32) forms hydrogen bonds to O(28) of different
peptides, and O(31) interacts with N(21) of one peptide and
O(28) of another. The carbonyl groups (O(20) and O(24))
serve as mediators between the water and hydrophobic layers.
O(24) packs against C(8ii) and O(32) (a water molecule) while
O(20) packs against C(1) and O(29) (terminal carboxyl
group). The C-H«-Q interactions are linear, possibly indicative
of some acidic character in carbon atoms 1 and 8 (equivalent
by symmetry). It is interesting that MASGG has almost te-
tragonal cell dimensions and some of this symmetry is evident
in the water layer.

The packing in MACI is very similar to that in 9,10-di-
methylanthracene3! and 9,10-bis(chloromethyl)anthracene,32
particularly down the short axis, which varies from 4.5 to0 5.3
A for the three compounds. A diagram is provided in the mi-
crofilm edition of this journal (Figure I11),

The overlap of rings, i.e., their stacking in planes 3.5-3.6 A
apart, is very similar (although not absolutely identical) in
MAC! and MASGG (see microfilm edition for diagram,
Figure 1V). There is a strong tendency for methyl groups to
overlap the outer rings as shown. Thus the hydrophobic layer
may be well structured by these specific interactions, so that
water molecules are needed in the crystal structure to complete
the necessary packing of the peptide chains. Water molecules
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have also been found to crystallize with glycylphenylalanyl-
glycine?! and with alanylalanylalanine,?? but not with gly-
cylglycylglycine. 34

This study has shown the effect of alkylation by a bulky
hydrophobic group on the conformation of a peptide in the
crystalline state. The tendency to segregate the hydrophobic
from hydrophilic regions of the molecule in packing and the
formation of strong hydrogen bonds may have contributed to
the experimentally observed distortion of the peptide confor-
mation on alkylation.
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are also provided: Table |, anisotropic temperature factors for SGG,
MACI, and MASGG; Table 2, interatomic distances and interbond
angles for MACI; Table 3, angles between planes; Figure |, Rama-
chandran plot of torsion angles; Figure 11, packing in MASGG. View
down the a axis; Figure 111, comparison of packing in MACI with that
in 9,10-dimethylanthracene®' and 9,10-bis(chloromethyl)anthra-
cene;*2 Figure IV, stacking in ring systems 3.5 A apart (11 pages).
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