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The Crystal Structure of Tosyl-L-prolyl-L-hydroxyprol ine monohydrate  
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The structure of the synthetic peptide tosyl-z-prolyl-L-hydroxyproline, Cl~H~206N2S.I420 , has 
been determined to establish the stereochemical configuration of the sequence--pro-hypro--and to 
determine the feasibility of using sulphur as the 'heavy-atom' and the tosyl system as a marker  
group for the analysis of compounds of comparable complexity. The compound crystallizes in the 
monoclinic space group P21 with 

a=6.291,  b=7.689, c=19 .640A;  f l=99°27.5 ', Z = 2 .  

Intensity data  were collected for 0-5 layers about the b-axis. With generalized Patterson functions 
Pk (u, w), the sulphur atom and a few others on the same y level were located. Subsequent image- 
seeking operations on modulus generalized Patterson functions and on the zero-layer Patterson 
distribution indicated the molecular structure which, with the aid of models of the component units 
-- tosyl ,  proline and hydroxyproline--was established by eo and A e projections. The y parameters 
were fixed by three-dimensional eo (and ec) syntheses. 

I t  has been established f rom hydrolysis  studies of 
collagen and gelatin (Schroeder et al., 1954; Kroner  
et al., 1955) t ha t  the proline and  hydroxyprol ine  com- 
ponents  of these substances occur commonly in the  
sequence -gly-pro-hypro- and  this sequence is now 
general ly accepted in discussing model s t ructures  of 
collagen and gelatin (Rich & Crick, 1955; Cowan & 
Gavin,  1955; R a m a c h a n d r a n  & K a r t h a ,  1955). The 
s t ruc ture  analysis of a peptide involving the sequence 
-pro-hypro- seemed therefore to be of interest ,  insofar 
as the  knowledge of the  steric relationships in i t  
might  be of some assistance for fur ther  developments  
of these models. We had  avai lable for this purpose 

the synthet ic  peptide tosyl-L-prolyl-L-hydroxyproline 
(Beecham, 1957)--C17H2206N2S ( I ) - - a n d  this substance 

O O 
I II 

CH S--O C C 0 0 H  

CH C l~-- C H i N  CH 

J f I I I I 
C CH CH2 CH~ CH2 CH2 

C//~'~C H j ~ C H2 -/ ~ J  
H3 CHOH 

(i) 

because of its p - to luene - su lphony l  (tosyl) group, 
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proved also to be an excellent test compound for the 
investigation of the limits of applicability of the 
'heavy-atom' method and of image-seeking methods 
of structure analysis in relation to compounds of 
comparable complexity. The sulphur atom alone in 
a molecule of this size (25 'light'  atoms) would appear 
to be rather too lightweight for direct application of 
the 'heavy'  atom method as the ratio, Z~/ZZ~., 
(Lipson & Cochran, 1953; Mathieson, 1955) is only 
0.24. However, being linked in the form of the sul- 
phonyl group to the p-tolyl ring, the whole tosyl group 
could be considered as a 'marker '  group with sufficient 
weight to initiate the analysis provided the orientation 
of the tolyl ring could be determined. Similarly, the 
tosyl group, once located, would be useful for the 
investigation and comparison of different image- 
seeking functions using a progressively increasing 
number of search points. The results and conclusions 
derived from these image-seeking tests will be de- 
scribed elsewhere and here they will be mentioned 
only to the extent tha t  they concern directly the 
structure determination. 

Preliminary results of the analysis were presented 
earlier (Beecham, Yridrichsons & Mathieson, 1958). 

Experimental 
The crystals, platelike in shape, belong to the mono- 
clinic space group P21 with cell dimensions, 

a=6.291,  b=7.689, c=19.640 ~ ;  f l=99 ° 27-5', 

determined against a standard (Pt, a=3.9231 /~). The 
density determined by flotation is 1.415 g.cm. -3. The 
initial micro-analysis, as well as infra-red examina- 
tion, indicated anhydrous material with formula 
C17H2206N~S (Beecham, 1957) which leads to a cal- 
culated density of 1.355 g.cm. -3 for Z = 2 .  The struc- 
ture analysis was initiated on this assumption and 
only later did it become apparent tha t  the material 
which, for the analysis, had been recrystallized several 
times, again from water, and for which the melting 
point gave little indication of change, was a mono- 
hydrate (see analysis section), the calculated density 
being then 1.419 g.cm. -a 

A strong tendency towards twinning was observed. 
The angular separation of the twin components is 
however ~o ~mall tha t  it cannot b~ detected optically 
and high-angle equi-inclination Weissenberg photo- 
graphs had to be used as a diagnostic test for the 
selection of suitable single crystals. 

Intensi ty data were collected at room temperature 
on an equi-inclination Weissenberg goniometer for 
0-5 layers around the b-axis, using multiple-film packs 
and visual intensity estimation against timed-exposure 
standards of selected single reflections. The 0/cl in- 
tensities were used to correlate the intensities of the 
b-axis layers. Each layer was given exposures of the 
order of 200 hr. with a crystal of approximate dimen- 
sions 0-35 x 0.25 × 0'075 mm. and Cu K~ radiation at  

30 kV. and 20 mA. Even with such long exposures, 
the population of reflections in the high-angle region 
was low, emphasizing the need for experimental 
conditions which would give more such reflections for 
precise structure determination of organic compounds 
of comparable complexity within reasonable time 
limits (Mathieson, 1961). A total of 1436 reflections of 
a theoretical 1800 were measured, 247 in the [010] 
zone. For the Lp corrections, the chart by Kaan & 
Cole (1949) was used, scaling factors and average 
temperature factors being derived from Wilson (1942) 
plots. No absorption corrections were applied. 

Structure factors and Fourier syntheses for the 
[010] projections were calculated on the University 
of Sydney computer, SILLIAC, using programmes 
devised by Freeman (1957, 1958). The three-dimen- 
sional calculations were carried out on the University 
of New South Wales computer, UTECOM ( - D E U C E )  
using coordinated programmes devised by Dr J .S .  
Rollett. Interatomic distances and angles were com- 
puted on a Standard Telephones and Cable Ltd. 
ZEBRA computer on a programme designed by Dr 
J. C. Schoone. Scattering curves used for C, N and O 
were those of Berghuis et al. (1955). For S, the values 
from Internationale Tabellen zur Bestimmung von Kri- 
stallstrukturen (1935) were used until more accurate 
values for scattering curves derived by Dawson (1960a) 
became available. 

Structure analysis 
As a preliminary to analysis, it was considered worth- 
while to review possible restrictions on the structure 
of I arising from structural information on its com- 
ponent uni t s - - the  tosyl group (Mathieson & Robert- 
son, 1949), proline (Mathieson & Welsh, 1952) and 
hydroxyproline (Zussman, 1951a, b; Donohue & True- 
blood, 1952). The p-methylthiophenyl and the ear- 
boxyl groups are planar as is the peptide group and 
the associated part  of the hydroxyproline ring. The 
prolyl ring is nearly planar. The structure of the 
molecule may therefore be viewed as composed of four 
linked planar groups. That  the plane of the carboxyl 
group lies at  right angles to the peptide-hydroxy- 
proline plane may be deduced from the analyses of 
glycyltryptophane.  2H~.O (Pasternak, 1956) and gly- 
cyltyrosine.HC1 (Smits & Wiebenga, 1953). The re- 
~triction~ on the peptide group mean tha t  the bond~ 
which permit spatial adjustment  of the planar groups 
relative to one another are - S - N -  and -Cprol.-Cpept.-. 
The question arose whether there is a further restric- 
tion possible with respect to adjacent planar groups 
free to rotate. At the time, there was not a great deal 
of structural evidence but  the analyses of sucrose 
(Beevers & Cochran, 1947) and cytidine (Furberg, 
1950) both indicated tha t  in such circumstances the 
rings tend to orient so tha t  their planes are at  right 
angles. So, for I, we have a probable molecular model 
with each of the four planar units oriented at  right 
angles with respect to its neighbour(s). 
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Fig. 1. (a) Harker section H(x, ½, z). (b) Harker section H(x, 0, z). (c) Distribution derived as a minimum function from the 
superposition of H(x, ½, z) and H(x, ½, z) displaced parallel to the S-S vector. 

As to the packing of the molecules, the dimensions 
of the unit cell suggested that  the molecules are 
extended approximately in the direction of the c axis 
and the chemical structure indicated that  the crystal 
structure could be of the dipolar type e.g. methionine 
(Mathieson, 1952). I t  may therefore be considered 
significant that  the ab cross-sectional area is 48 A 2 
which may be compared with the value of 43 ~2 
deduced by Brown (1951) as adequate to accommodate 
two benzene rings. Considered in relation to the space 
group, this observation suggested that  the aromatic 
ends of adjacent molecules must interpenetrate. 

The first step in the analysis of the diffraction data 
was the location of the sulphur atom and, if possible, 
some indication of the attached tolyl ring. As the 
computing facilities then available precluded a three- 
dimensional Patterson synthesis, generalized Patterson 
functions P~(u,w) (Cochran & Dyer, 1952) were 
calculated for all layers about the b axis i.e. k =0-5.  
As eould be expected, the normal 0-layer vector map 
because of severe overlap and the relatively small 
weight of the sulphur atom did not permit identifica- 
tion of the S-S vector. The generalized distributions 
were therefore combined to give Harker sections 

P(u, ½, w) and P(u, O, w), Fig. 1. The P(u, ½, w) dis- 
tribution revealed several relatively well-resolved 
peaks and the most prominent was assumed to be 
the S-S vector. Superposition of the two Harker 
sections with a relative displacement equal to the S-S 
vector permitted extraction of a minimum distribution 
to reveal peaks common to the two functions and 
corresponding to atoms on the same y level as the 
S atoms. The resultant contour map of the minimum 
distribution, Fig. l(c), revealed what appeared to be 
the main C - C - . .  C-S axis of the tosyl group as 
well as some off-axis atoms. From this it could be 
inferred that  the ring lies not far from the y level 
of sulphur and the atomic separation in projection, 
in conjunction with rough estimates of the y param- 
eters from the generalized Patterson projections, 
permitted assessment of the inclination of the tolyl 
ring. This disposition of the p-methyl-thiophenyl 
group, with the ring plane not far from perpendicular 
to the b axis and with its main length almost at right 
angles to 001 is in accord with optical measurements 
which show that  the smallest refractive index (1-55) 
is parallel to the b axis and the largest (1.62) near the 
direction of c. 
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The probable location of the two oxygen atoms of 
the sulphonyl group were fixed by inspection of the 
peaks around the S-S vector in P(u, ½, w), taking into 
consideration steric limitations imposed by the bond 
lengths and angles in the tetrad around S and also 
rough estimates of the y parameters from the gener- 
alized Patterson functions. This procedure also re- 
stflted in a tentative positioning of Npro which is 
linked to the tosyl group. 

With the tosyl group defined, the next step was 
to locate the other atoms of the molecule. I t  was 
decided to use image-seeking techniques (Buerger, 
1951) for this purpose since a molecule of this size 
would be expected to provide a relatively stringent 
test of the capabilities of this method of structure 
analysis. Preliminary investigations of image-seeking 
on the zero-layer Patterson function were disappoint- 
ing since the distributions obtained, although tending 
to outline the regions of the molecule, did not seem 
to be reliable enough to use as a basis for model- 
building. Thus, some regions well defined in the 
minimum [P(u, ½, w), P(u, 0, w)] function were but 
poorly indicated. An attempt was therefore made to 
improve upon the results derived from the zero-layer 
data. 

Earlier experience with modulus functions (Fridrieh- 
sons & Mathieson, 1955) suggested a further use for 
the generalized Patterson functions. These were com- 
bined to form 

5 

~lP~(u,w) l  . 
1 

In dealing with a vector distribution, as opposed to 
an electron-density distribution, it appears advisable 
to omit the zero-layer function since, in it, all vectors 
are present and cause considerable overlap. Image- 
seeking by extraction of the minimum function was 
carried out on the function 

5 

.Z lP~(u, w)l 
1 

with the tosyl group as search unit. The resultant 
distribution was regarded as sufficiently significant to 
derive a plausible molecular model taking into con- 
sideration known structural features for the com- 
ponent units~tosyl ,  prolyl and hydroxyproline. 

With the parameters derived from the first trial 
model, the first set of hO1 structure factors gave a 
reliability index of 0.52. Adjustment of parameters 
indicated by the first ~o and A ~ syntheses reduced 
it to 0.38 but further cycles did not produce any 
considerable improvement. 

Because it was relatively early in the analysis, it 
was thought that  there might be some misinterpretation 
of the vector maps, resulting in a partially wrong 
structure. This possibility was tested by careful re- 
assessment of previous deductions complemented by 
data from a sharpened (B ~ 0) zero-layer Patterson 
projection with the origin peak removed. Image- 

seeking on this sharpened Patterson with the S-S and 
the next strongest vector (assumed to be the through- 
centre vector of nearly superimposed N and O atoms) 
yielded a distribution remarkably similar to the 
previous syntheses. In view of this it seemed certain 
that  the chosen tosyl orientation was correct and that  
further refinement of the structure would depend on 
proper adjustments in the prolyl and hydroxyproline 
groups. Using scale models of these units and adjusting 
them to fit with the hO1 projection some repositioning 
of these groups and of the carboxyl group led to struc- 
ture factors with R=0.33. The corresponding Qo 
synthesis did not differ much from the earlier maps, 
the main improvement being a more uniform value 
of peak heights for atoms of the same type. For the 
prolyl group which in projection is viewed almost 
edge-on, with one oxygen of the sulphonyl group 
practically coinciding with the nitrogen, the definition 

c/2 

i f 

Fig.  2. T h e  p r o j e c t e d  e l e c t r o n - d e n s i t y  d i s t r i b u t i o n  O(x, z} 

Table 1. Atomic parameters of the molecule 
A t o m  x/a y/b z/c 

C 1 0"933 0"973 0.091 
C 2 1.015 0.897 0.037 
C a 0.884 0.884 - -0 .028  
C 4 0.671 0"947 - 0.037 
C 5 0.596 1.027 0.017 
C 6 0.731 1.047 0.082 
C 7 0.521 0.937 - 0.107 
C s 1.042 0.662 0.212 
C 9 0.836 0.900 0.255 
C10 0-758 0.714 0-269 
C n 0.925 0-566 0.265 
C12 0.902 0.967 0.327 
Cla 0.533 1.080 0.310 
C14 0.454 1.225 0.353 
C~5 0.568 1.197 0.428 
C16 0.783 1-115 0.418 
C1T 0.865 0.975 0.471 

N 1 1.033 0.853 0.225 
N 2 0-749 1-067 0.346 
01 1.307 0-982 0.158 
02 1.047 1-116 0.216 
O a 1.079 0.980 0-366 
04 0.518 1.391 0.329 
05 0.797 0.830 0.468 
06 1.029 1.038 0.523 
07 1.401 0.699 0-401 

S 1.105 0.990 0.172 
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Tab le  2. Observed and calculated structure factors 
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is still too poor, allowing only an approximate position- 
ing of the atoms. 

Another feature in this 0o map was the presence 
of an additional peak at x=0.406, z=0.400 (noted 
less obviously in preceding maps) where no scattering 
matter should have been expected. In the correspond- 
ing A ~o map, this peak represented the highest positive 
excursion of approximately 4.5 e.~ -~ indicating quite 
definitely an additional atom. The possibility that  the 
material was a hydrate, which earlier had seemed 
precluded by the micro-analytical data and infra-red 
measurements, had therefore to be carefully re- 
considered. To test the diffraction data further, the 
contribution of an oxygen atom located at the position 
of the additional peak was added to the last set of 
structure amplitudes with a considerable improvement 
of R from 0.33 to 0-27. Subsequent confirmation of the 
water molecule was obtained from careful estimation 
of the cell contents, and also by micro-chemical 
analysis and determination of weight loss on heating 
to I10 °C. of the same batch of crystals as had been 
used in the X-ray analysis. With the water molecule 
incorporated, the refinement proceeded smoothly to 
R=0.20, Fig. 2, at which stage it was decided to turn 
to the three-dimensional data. 

, 

(o) 

+ ~/2/ 1 \ Qo, o(H~)o, ~ 
'\ 'i 

\ c ~  . ,,..o~, oO~ i 

/ i 
C 7 "" __ 0 / 2 1 ,  ~J  C136.<4 . . C15 

(b) ~,, :F-c/2 

Fig. 3. (a) The electron-density distribution of the molecule 
indicated by sections of po(x, y, z), selected near the atom 
centres. The three atoms Cs, N 1 and O 2 which superimpose 
adjacent to the S atom are separately indicated at A 
relative to the same cell subdivision for reference. (b) The 
corresponding line diagram of the molecule. 

Approximate values of the y parameters for the 
majority of the 26 atoms had already been deduced 

- H Y : D R O X Y P R O L I N E  M O N O H Y D R A T E  

in building the molecular model and these were 
supplemented by values derived from one-dimensional 
line syntheses of the generalized Patterson functions 
at the respective x, z positions. Critical comparison 
of these values combined with the known steric 
restrictions led to considerable re-arrangement of the 
prolyl ring involving modifications of the x, z co- 
ordinates. With these parameters hkl structure am- 
plitudes were calculated and the resultant phases used 
in a three-dimensional syntheses of electron density. 
The second set of structure factors did not reveal 
rapid improvement and for the next step the calcula- 
tion of Qo(X, y, z), Fig. 3(a), was accompanied by 
O~(x, y, z). The changes in atomic parameters were 
derived from the slopes of the ~ o - ~  distribution 
parallel to the axial directions. :No further refinement 
was carried out, for reasons of economy, and the final 
parameters are given in Table 1. Comparison of the 
structure factors calculated from these parameters 
with measured values are recorded in Table 2, the 
agreement being indicated by the R value for the 
various layers 0.22(0), 0.21(1), 0.27(2), 0"30(3), 0.34(4), 
0"37(5)--mean 0.27. There is considerable scope for 
refinement of this structure but facilities for an 
efficient procedure were not available. 

Discussion 

The interatomic distances and angles in the molecule 
and the intermolecular approach distances, Table 3, 
Figs. 3 and 4, were derived from the atomic parameters, 
Table 1. Because of the more limited range both of 
the indices k and of the refinement in this direction, 
the y parameters are less accurate than the x, z 
parameters. However, estimation of the internal 
accuracy by comparison of bonds of the same type 
suggests that  the bond lengths are within 0.06 • of 
their correct value. In general the bond lengths are 
normal within the limits suggested. In the case of the 
carboxyl group, the dimensions suggest that  the 
hydrogen atom is localised on 06. 

With regard to the various groups in the molecule, 
the p-methylthiophenyl group is planar within ex- 
perimental error. The peptide group is dimensionally 
in close accord with previous average values (Corey 
& Donohue, 1950). However, the molecular model 
reveals that  the peptide group is not strictly eoplanar. 
Viewed ~10ng the bond CleN2, the line C903 tilts in 
one direction while the line C13C16 tilts in the opposite 
direction. The distortion although small appears 
definite and may be correlated with the intra- 
molecular close approaches between C13 and C9C10 and 
between 03 and the carboxyl group Cz70506 both of 
which are partly relieved by the slight rotation. Of the 
hydroxyproline ring, C15 lies close to the plane C~3N2C~6 
while C14 is a considerable distance (circa 0.31/~) out 
of this plane. The disposition of the hydroxyl 04 is 
trans to the carboxyl group as in hydroxyproline 
itself. The carboxyl group lies approximately at right 



J. F R I D R I C H S O N S  A N D  A. MCL. M A T t t I E S O N  575 

angles to the main plane of the peptide-hydroxy- 
proline system consistent with the earlier observations 
on glycyltryptophane (Pasternak, 1956) and glycyl- 
tyrosine (Smits & Wiebenga, 1953). The prolyl group 
shows, however, some measure of flexibility with 
regard to the conformation of the ring system. In 
copper proline, Mathieson & Welsh (1952) found that 
the atom corresponding to Cn (in this structure) 
lay out of the plane formed of the remaining four 
atoms (3C+N) and trans to the carboxyl group, an 
arrangement akin to that in hydroxyproline (Zussman, 
1951a, b; Donohue & Trueblood, 1952). However, 
Leung & Marsh (1958) in their analysis of leucyl- 
prolyl-glycine showed that  the corresponding atom of 
the pyrrolidine ring gave a somewhat anomalous 
electron-density distribution which could be ascribed 
either to violent asymmetric vibration or to equal 
occupation of sites above and below the plane formed 
of the other atoms of the pyrrolidine ring. The authors 
tend towards the latter explanation. In the prolyl- 
hydroxyproline peptide, the corresponding atom (C~) 
has swung cis with respect to the peptide group. 
I t  would appear from the evidence of the analyses of 
proline, leucyl-prolylglycine and tosyl-prolyl-hydroxy- 
proline that the prolyl ring, in contrast to the hydroxy- 

l~.o ~ 

Fig. 4. The arrangement of the molecules as viewed down the 
a axis. Selected approach distances are shown, 

prolyl ring, is rather flexible and its final orientation 
in each specific structure may depend largely upon its 
immediate atomic environment. In the present com- 
pound the approach distance Cn-C~-3 .95  ~ ,  :Fig. 4. 
If Cn were in the trans position this distance would 
be much too small. 

The overall shape of the molecule conforms quite 
closely to the probable shape deduced earlier from the 
available data i.e. composed of four intersecting planar 
(or near planar) atomic groups adjusted so that the 
adjacent planes lie approximately at right angles. 
The packing of the molecules is illustrated in Figs. 3 
and 4 which also show some of the main approach 
distances, Table 3. The basic arrangement is of polar 

Table 3. Interatomic distances, bond angles and 
intermolecular approach distances 

Interatomic distances 

Bond Bond 
Atoms lengths Atoms lengths 

C1-C e 1.38 ~k CI~-C~v 1.52 
C~-C a 1.40 C1-S 1.78 
C3-C a 1.41 S-O 1 1.35 
Ca-Cv 1.54 S-Oe 1.38 
Ca-C~ 1.37 S-N 1 ] .60 
Ca-C~ 1.43 N~-C s 1.50 
C~-C~ 1.38 N~-C~ 1.49 
Cs-C~I 1.56 C1~-O a 1-24 
Cn-C~0 1-56 Cle-N e 1.32 
C~0-C ~ 1-56 N~-C~a 1.43 
C9-C1~. 1.51 C~a-O a 1.45 
C~a-C~ 1.54 N~-C~s 1.45 
CI~-C~ 1.54 C~:-O~ 1.19 
C~a-C~ 1.53 C~:--O~ 1.41 

Bond angles 

Atoms Angle Atoms Angle 

C1-C2-C a 119.2 ° Cll-C10-C 9 115.2 ~ 
C2-C3-C 4 119.7 Clo-Cg-N 1 98.8 
Cz-C4-C ~ 121-9 N1-C'-C12 109.3 
C3-C4-C 5 120-0 C10-C'-C12 100.7 
C~-C4-C 5 118"1 C9-C12-O a 132"7 
Ca-Cs-C G 120"8 C9-C12-N e 110.9 
C5-C6-C 1 117" 7 Oa-C12-N 2 114"0 
C6-C1-C 2 122.4 C~2-N2-Cla 125.4 
C2-C1-S 118" 1 C19-N9-C16 114"8 
C6-C1-S 119"3 N2-Cla-C14 98.3 
C1-S-O 1 105.8 C13-C14-C15 106.6 
C1-S-O 2 115.5 Cla-C14-O 4 108.5 
C1-S-N 1 109.9 O4-C~-C15 109-3 
O1-S-O ~ 120-7 CI~-C~5-CI~ 103.0 
O1-S-.N ~ 118.6 Cla-C~-N~ 103.7 
Oe-S-N~ 85.5 C~6-N2-C~a 116.2 
S-N1-C s 120.3 N2-C~6-Clv 117.6 
S-N~-C 9 115.6 Cla-C~-Clv 114.7 
C8-.Nx-C 9 l 11.6 C~6-C1~-O 5 123.4 
N~-Cs-C n 107" 8 C~6-C1~-O ~ 140.8 
Cs-Cll-C~o 95.1 O~-C1~-O~ 124.7 

Intermolecular approach distances 

Atoms Distance Atoms Distance 

C2-C31 4.00 A Cll-O4 III 3-32/f~ 
C3-C21 4.05 O7-O4 IIIa 2-92 
C5-C5 la 3" 81 O7-C10 4.43 
Cs-C~H 3.75 O~-O a 2.97 
C6-C7 II 3.44 O7I-O~ 2.81 
O1-Cv IIa 3.85 O7-O6 IV 3.54 
C8-C7 Ia 4.16 O5-C17 TM 3.54 
Cn-CvIa 3"95 O6-C16 TM 3.58 
Cs-O~III 4.20 O5-O~ TM 2.49 
Cll-O2 III 3.70 

molecules with their active (carboxylic) ends as- 
sociated to form dipolar layers extended parallel~to 
the ab plane. The molecules are further cross-linked 
through the agency of the water molecule which is 
closely allied to the peptide C--O. The relatively 
inert ends of the molecules (tolyl groups) interpene- 
trate to permit the maximum number of van der Waa]s 
approaches. 

There are aspects of the structures of the various 
collagens and of polymeric proline compounds which 
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remain uncertain at present and for this reason data 
on peptides such as leucyl-prolyl-glycine and (tosyl)- 
prolyl-hydroxyproline may prove useful in elucidating 
certain points. From the analysis of tosyl-prolyl- 
hydroxyproline, the following factors may be men- 
tioned. The main one is probably the evidence pre- 
sented regarding the flexibility of the proline ring, 
evidence which adds to that  from the analysis of 
leucyl-prolyl-glycine but here the factor producing 
the cis conformation of the ring appears reasonably 
certain--namely the influence of the p-methyl group 
of an adjacent molecule. This flexibility, which applies 
only to the prolyl ring, the hydroxyprolyl  system 
being stabilized by the hydroxy group, may permit 
considerable adjustment of molecular models of proline- 
containing peptides or proteins and also influence to 
some extent packing of adjacent parts of the molecule 
and of neighbouring molecules. Such a molecular 
adjustment may play a part  in the configurational 
changes observed in poly-L-proline (Steinberg, Har- 
rington, Berger, Sela & Katchalski, 1960). 

We have noted that  there appears to be a small 
twist of the peptide group between the prolyl and 
hydroxyproline units and this deviation from pla- 
narity,  if substantiated, may also confer a further 
measure of flexibility in the construction of (hydroxy-) 
proline-containing peptides or proteins. This relaxation 
from strict planari ty had been considered as a pos- 
sibility by Cowan & McGavin (1955) in their s tudy of 
the structure of poly-L-proline, the possibility of a 
twist having been suggested by the analysis of N,N'- 
diglycyl-cystine (Yakel & Hughes, 1954) and it has 
been utilised by Sasisekharan (1959) in his analysis 
of poly-L-hydroxyproline A. 

On the basis of the experimental evidence of 
primary sorption for kangaroo-tail tendon (Rougvie 
& Bear, 1953), Burge, Cowan & McGavin (1957) have 
suggested that,  since this figure is close to tha t  
calculated for one molecule per polar side chain plus 
one for every two carbonyl groups, the molecular 
model for collagen can have two possible sites for a 
water molecule such tha t  it can form hydrogen bonds 
simultaneously with two carbonyl atoms--(i)  with 05 
and Ok of the next chain or (ii) with 04 and O5 of the 
same chain. I t  is of course not necessary tha t  the 
system of hydrogen bonds in tosyl-prolyl-hydroxy- 
proline should bear a close relationship to tha t  in 
collagen bu~ certain ~imilarities in general disposition 
permits its use as a guide. Thus the water molecule in 
tosyl-prolyl-hydroxyproline is located so as to ap- 
proach three oxygens, (a) the OH of hydroxyproline, 
which may be regarded as utilising its H for hydrogen- 
bonding and also the C = O oxygens, (b) of the peptide 
group and (c) of the carboxyl group. The linkage to 
C= O oxygens of adjacent molecules favours the first 
possibility of Burge, Cowan & McGavin. 

In the present analysis, considerable use has been 
made of generalized functions. The generalized Patter- 
son functions for the k-layers have been used as 

components of the three-dimensional vector function 
and in this respect they have one practical advantage 
over the full three-dimensional distribution in tha t  
they are visually readily comprehended. However our 
main preoccupation with generalized functions has 
been their particular property tha t  the data in each 
layer contains essentially the same information regard- 
ing two of the three positional parameters for each 
atom and only partial information regarding the third 
parameter. In the analysis of a structure use can be 
made of this property to focus attention first on the 
derivation of the (x, z) (say) location for each atom 
and only subsequently deriving the third parameter. 
This approach differs from structure analysis by 
simple projections in that  every k-layer as well as the 
0-layer contributes information, thus markedly im- 
proving the ratio of the number of data to the number 
of parameters to be determined (Mathieson, 1961; 
Fridrichsons & Mathieson, 1961). Use has been made 
of this type of approach in the analysis of crypto- 
pleurine methiodide (Fridrichsons & Mathieson, 1955) 
and encouraged by its success in dealing with 
functions, a similar application to generalized vector 
functions was attempted. I t  can be argued that ,  as 
the modulus projection Ip~(x,z)t for each k-layer 
should be, in general features, identical with the 
distribution for the zero-layer, Qo(X, z), apart  from 
overlap effects, so the modulus of the generalized 
Patterson function IPk (u, w)l should be closely allied 
to the zero-layer Patterson P0(u, w). Furthermore, 
for this type of compound, it may be argued tha t  the 
multiplicity of ZL--ZL vectors will tend to neutralize 
one another and the smaller number of ZH-ZL vectors 
be accentuated. Combination of the modulus functions 
will tend to accentuate common features (cf. the use 
of combined moduli functions ~0-t- ] ~11 ÷ I ~5l to ex- 
t ract  the best projection coordinates (Fridrichsons & 
Mathieson, 1955)). Since not all layers will necessarily 
contain data on all atoms, a simple summation rather 
than a minimum combination is more appropriate. 
For this reason, the moduli of the 1-5 layers were 
combined to form 

5 

2 :  IPk(u, w) l . 
1 

In  dealing with a vector distribution it appears 
advisable to omit the zero-layer function since, in it, 
all vectors are present and cause considerable overlap. 
The combined generalized Patterson function* derived 
in this manner proved successful in locating the 
general distribution of the molecule by means of 
image-seeking with a minimum function. Later work 
with the normal zero-layer Patterson confirmed the 
conclusions from the combined generalized functions 

* It would not appear likely that this technique can be 
applied indiscriminately but it may be found useful in par- 
ticular cases. 
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and  also permi t ted  fa i r ly  extensive tests to be made  
on this method  of structure analysis,  the  process 
being pushed to the l imi t  to reveal certain l imitations.  
These mat ters  will be dealt  with in detail  later. 
However  it  is of interest  to note tha t  the present 
analysis  which required the location of S + 2 6 ( C N 0 )  
represents a somewhat  more severe test  for the image- 
seeking procedure t han  was provided by  the analysis  
of diglycine.  HC1 i.e. CI+ 10 (C, N, 0)  (Buerger & Hahn,  
1957) in which image-seeking with the m i n i m u m  func- 
t ion was carried out on the three-dimensional  Patter-  
son function. 

One fur ther  point  m a y  be made  with regard to the 
analysis  of diglycine HC1. Buerger & H a h n  (1957) 
have claimed that ,  in tha t  structure,  the C1 a tom could 
not  be used as a basis for a 'heavy-a tom'  solution 
because ZH/ZL=17/81=0"21.  However a more suit- 

2 o able guide in this  ma t t e r  is to assess ZZB/XZ'L  
(Mathieson, 1955) which in this case is 0.58, a low 
value but  not outside the range for compounds which 
can be solved by  the direct use of the 'heavy  atom' .  
There are m a n y  examples  of analyses of this size of 
which we m a y  quote a recent one, aspart ic acid.  HC1 
i.e. C l +  9 (C, N, 0)  (Dawson, 1960b). Viewed in this 
way, i t  would appear  tha t  once the C1 ions in diglycine 
HC1 had  been located, analysis  would have been 
possible by  phasing by means  of the C1 atoms. The 
structure analysis  of tosyl-prolyl-hydroxyprol ine was 
ini t ia ted par t ly  to determine if it  would be possible 
to solve a structure where the index Z~H/Z, Z2L was as 
low as 0.24. The Completion of the analysis  confirmed 
tha t  this was indeed possible but  against  this claim 
we must  weigh the considerable amount  of informat ion 
a l ready avai lable  on components of the molecule. 
I t  therefore remains uncer ta in  if this  low index would 
permi t  analysis  ab initio of an unknown structure of 
this  magnitude.  

In  a similar  manner  it was thought  tha t  this com- 
pound would permit  assessment of the value in analysis  
of a 'marker  group' i.e. a group of l ight  atoms of known 
structure compared with the usefulness of the heavy  
atom. The conclusion is tha t  the 'marker  group'  is of 
much  less assistance t han  a 'heavy '  a tom even though 
in the aggregate it  outweighs the 'heavy '  atom. The 
value of any  sign or phase f ixing component  depends 
upon the concentrat ion of electron densi ty  and  hence 
in the directness of its influence on phase (see Mathie- 
son (1955), Fig. 2). Al though the  tolyl  group is 
convenient  as a marker  in tha t  i t  is h ighly  sym- 
metrical,  p lanar  and rigid, its diffuseness renders i t  
much  less useful for s tructure analysis  t han  the 
re la t ively  l ight S atom. 

Our thanks  are due to Mr J.  H. W e y m o u t h  of the 
Cement and  Refractories Section of these laboratories 
for measurement  of the ma in  refract ive indices and 
we are grateful  to Mr R. G. Smar t  of the Univers i ty  
of New South Wales  for his assistance in da ta-handl ing  
on UTECOM. 
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