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I. THE CRYSTAL AND MOLECULAR STRUCTURE OF DIAQUO ZINC(II)

GLYCYLGLYCYLGLYCINATO HEMISULFATE DIHYDRATE
CHAPTER I
INTRODUCTION

During the past 20 or 30 years remarkable progress has been
made in the isolation of large biologically important molecules,
especially proteins. These techniques have progressed to the point
where relatively large single crystals of active protein can now be
obtained. This has allowed the biochemist to characterize these with
reasonably certainty that he has the molecular species that is active
in the living organism. In turn these characterizations have revealed
that the metals of the fourth period are singularly important in bio-
logical systems. The loss of a metal ion or even its replacement by
another metal ion will render an enzyme of 30,000 molecular weight
impotent.

The fourth period includes Potassium, Calcium, Iron, Copper,
and Zinc among others. All of these are necessary to human life.

For instance only about 100 mg. of Copper are found in an adult human
but its importance may be seen from the fact that cytochrome oxidase
is among the many enzymes it activates. Copper enzymes are efficient
02 carriers. Copper deficiency also leads to a deficiency of heme
proteins.

Zinc is involved in biological oxidation-reduction with many
of the flavoproteins although it apparently is not directly involved
in the electron transfer. Zinc is also essential in many hydrolytic

-1-
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enzymes, for example alkaline phosphotase, carbonic anhydrase and
carboxy-peptidase. Zinc is also unique among the biologically active
metals; it is the only post-transition metal ion with a well established
catalytic role.

Further during the course of the characterization of the bio-
metallic systems it became obvious that the metal ions behaved
differently from the usual metal-inorgnaic icn complexes. With these
facts in mind the decision was made to isolate and determine the struc-
ture of complexes of 4th period metals in protein like environment. It
is hoped that these experiments will help elucidate the differences be-
tween the fourth period ions and thereby explain their specifity. So that
the results would be relevant to biological systems, the complexes have
been isolated almost exclusively from solutions of approximately neutral
pH.

The role of zinc ion in biochemical phenomena was of special
interest. Virtually all zinc enzymes, except those involving flavinoid
co-enzymes, are hydrolytic. Further the mechanisms of many of them
appear similar.l Metal replacement studies show a similar pattern in
carbonic anhydrase, alkaline phosphotase and carboxy-peptidase.2’3’4
The zinc and cobalt complexes are active while the copper compounds are
completely inactive. Spectral studies show a similar bonding geometry
in carboxy-peptidase and carbonic anhydrase. Also carbonic anhydrase
has been shown to have esterase activity.2 In view of Freeman's compa-
rative structural5 studies, which indicated a marked similarity between
copper and zinc geometries, the inactivity of the copper enzyme complexes

was disturbing. Therefore when crystals of diaquo zinc glycyl glycyl



-3-
glycinato hemi-gulfate dihydrate were obtained it was decided that this
structure would offer an excellent opportunity to investigate the dif-
ferences of copper and zinc ions in biological surroundings, since the
structure of copper(II) glycyl glycyl glycinato chloride sesquihydrate
had been reported.46 '

An obvious question concerning the validity of the results of
conformational studies in the crystalline state arises, mainly to
what extent does the process of crystallization affect the geometry
of the metal surroundings? While it is impossible to prove that there
is no effect, it may be safely said that the effect is very small or
perhaps even negligible. This conclusion is reached after examining
the metal surroundings with different ligands and the different metals
with the same ligand. These investigations show a large variation in
the crystal system and the number of solvent molecules included in
order to fill space. This indicates that the chemistry of the system

determines the metal geometry rather than considerations of efficient

space filling.



CHAPTER II
EXPERIMENTAL

During attempts to grow crystals of the mixed chelate, zinc
glycyl glycyl -glycinate l-serinate, long boat-shaped plates crystal-
lized from several of the solutions. The solutions were prepared
by dissolving equi-molar quantities of zinc sulfate, glycyl glycyl
glycine and l-serine in distilled water and precipitating the sul-
fate by adding an equi-molar amount of barium hydroxide. Because
identical crystals grew from solutions containing not only the de-
sired compound alone but also from solutions which contained either
an equivalent of hydrochloric acid or an equivalent of sodium hy-
droxide per equivalent of zinc, the presence of an anion other than
the peptide and amino acid was not expected. Also it was thought
that all of the sulfate ion had been removed by precipitation with
barium hydroxide during the preparation of the chelate solutiom.
Therefore when the crystals were found to be of a centrosymmetric
space group it was thought that crystals of the compound zinc glycyl
glycyl glycinate hydroxide hexahydrate had been grown.

However, structure analysis by X-ray diffraction revealed
that the crystals were of the compound diaquo_zinc glycyl glycyl
glycinate hemi-sulfate dihydrate, Zn(C6H10N304).%804.4H20. Crystals
of this compound may be readily grown by layering a five-hundredths

-l
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to one-tenth molar aqueous solution of the compound with ethanol.
This solutién is prepared by dissolving equi-molar quantities of
zinc sulfate and glycyl glycyl glycine. The sulfate is partially
precipitated by the addition of a one-half molar quantity of barium
hydroxide. The long, boat-shaped plates appear within twenty-four
hours. The crystals are elongated along the b-axis and the plate
face is perpendicular to the a-axis. Approximate chemical analysis
showed a ratio of 2.3 atomic weights of zinc to one ionic weight of
sulfate. The zinc was determined by titration with ethylene diamine
tetraacetate6 in basic media and the sulfate ion was determined
gravimetrically by precipitation as barium.éulfate.7 The density
was measured by flotation and found to be 1.763 grams per cubic
centimeter, the density claculated assuming eight molecules in the
unit cell is 1.762 grams per cubic centimeter. The agreement between
the observed and calculated densities indicates that the ratio of
zinc to sulfate is actually 2.0 to 1 as expected rather than 2.3 to
1 shown by approximate analysis.

The reflections Okl when k = 2n+l, hOl when 1 = 2n+l, hkO when
h+k = 2n+l, hOO when h = 2n+1, OkO when k = 2n+l, and 001 when 1 = 2n+l
were found to be systematically absent. This uniquely determines the
space group to be Pben. The cell parameters were fitted by least
squares to thirty-four observed reflections in four octants of recip~

rocal space and are:

25.86 £ 0.03 A

]
]

8.011 + 0.006 A

o
"

13.59 + 0.01 A

(e}
]
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The intensities were measured with nickel filtered copper Ko
radiation on a General Electric XRD-5 diffractometer, using the theta-
two theta scan technique. 2095 independent reflections were measured
out to a two theta of one hundred twenty degrees; of these 317 were
too weak to be observed. Near the end of the refinement ninety-two
reflections were retaken because of poor agreement between their
observed and cﬁlculated values. Of these, only fifty were different
enough from their original values to justify replacement by their
new values. Lorentz-polarization, absorption, and anomalous dispersion
corrections were applied to the data. The absorption corrections were
redone when the sulfate ion was found to be present. The final linear
absorption coefficient including the contribution from the sulfate ion

is 37.1 cm .



CHAPTER III1
NOMENCLATURE

In order to describe the crystal and molecular structure
of diaquo zinc glycyl glycyl glycinato hemi-sulfate dihydrate clearly
it is necessary to introduce a standard nomenclature for the des-
cription of peptides.8

The term glycyl residue shall refer to the sequence of atoms:
-NH-C® HZ-C'O-. The sequence of atoms, -c* —C'O-NH-(CG), shall be
referred to as a peptide unit. The residues and units will be numbered
starting at the amine terminal end of the peptide chain. The tetra-
hedral carbon atoms will be referred to as Cai where i is the num-
ber of the residue in which the carbon atom is found. The trigonal
carbon atom will be referred to as C'i, the nitrogen as Ni and the

oxygen as O The oxygen atoms in the carboxyl terminal residue

i.
will be referred to as 013 and 023 where Ol3 will be the atom bonded
to the C'3 with the most double bond character, that is the oxygen
bonds. Thus Nl C 1 (C 101)

with the shortest of the two C'3—03

Ny=C%)=(C' ,0,)-N,=C% - (6" 3013023)" shows the numbering of the skeletal
atoms of the glycyl glycyl glycinate ion.

While the molecular structure can be described in terms of
a single molecule, the description of the crystal structure requires
that the interactions between the several molecules within the unit
cell be discussed. Therefore it is also necessary to introduce a

standard notation for referring to different molecules. This will

be done with prescripts, both subscripts and superscripts.

=7~
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Atoms which have neither a pre-subscript nor a pre-superscript
shall be understood to have the co-ordinates given in the list of atomic
positions and belong to a continuous molecule. Superscripts shall be
ugsed to designate symmetry operations within the unit cell. Subscripts
gshall be used to indicate unit translations in the directions of the
cell axes.

The eight equivalent positions given in the section on the
solution of the structure result from seven symmetry operations. Super-
scripts one through seven are used to indicate the symmetry operations
one through seven respectively. The equations for these symmetry

operations are:

35X lyatey Loaterz
2X=%+X 2Y=%—Y 2Z=1—Z
3X=l—X 3Y=Y 32=%—Z
4X=l—X 4Y=1—Y 4Z=l-Z
Sx=igtx Syloty P2=%-2
Ogts-x Oyaisty 62-2
7X= 7Y=l—Y 7Z=3§+Z,

The subscripts will have the values ta, *b, or c, indicating
positive or negative translations along the indicated axis. Also more
than one direction of translation may be indicated. The use of the

subscripts may be expressed by the following equations:

X=X+1 Y=Y Z=Z
a a a
X=X-1 Y=Y Z=Z
-a -a -a
bX=X~ bY=Y+l : bZ=Z-

and so on with c operation on the z co-ordinate.
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The order of operation should always be the éymmetry operation
followed by the translation. Thus an atom _EW with co-ordinates of W
at X, Y, Z will have co~ordinates found by applying symmetry operation
2 to yield %X, %Y, 1-Z followed by a -c translation, Z-1 to yield
final co~ordinates of %X, %-Y, -Z.

Additionally the oxygen atoms in the water molecules shall be
referred to as OY,'i = 1,2,3,4. OY.and Og‘shall be the water molecules
bound to the zinc ion. Oi shall refer to the oxygen atoms of the

sulfate ion. Also, for convenience the compound diaquo zinc glycyl

glycyl -glycinato hemi-sulfate dihydrate shall be referred to as zinc

triglycine.



CHAPTER IV
SOLUTION OF THE STRUCTURE

In the Patterson function for space group Pben one would
normally expect to find seven peaks representing zinc-zinc vectors,
the Patterson inversion peak and six Harker peaks.9 It is then
possible to find the co-ordinates of the zinc atom by using the co-
ordinates of these seven peaks to fit the seven sets of equations
generated by the symmetry operations of the space group. These
seven symmetry operations are expressed in terms of an independent
set of atoms with co-ordinates X, Y, Z and the seven symmetry equi-
valent positions. For space group Pbcn the eight symmetry equivalent
positions and the seven resulting equations for the symmetry peaks are
as follows:

Equivalent Positions

X Y z
-X -Y -z
-X Y 42
L-X b~y Ik
h-X Loty Ltz
X -Y Ltz
L+x L~y -Z
X bty -7
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Symmetry Peaks

a) u = 2x, v = 2y, w = 2z
b) u = -2x, v=0, w = %2z
c) u = %-2x, v = %2y, W= 5

d) u = %2x, v =2k, w=20

e) u=0, v = =2y, w=25%

f) u=5k, v = k&-2y, w = -2z
g) u=>5%, v =, w = %2z

However in this case the peaks corresponding to equations a
and b both had v co-ordinates of zero and the peaks corresponding to
equations f and g had v co-ordinates of one-half. This caused the
sets of equations a and b, and f and g to become degenerate; that is,
it is not possible to distinguish the peak which corresponds to
equation a from the peak which corresponds to equation b. This re-
sults in the x and y co-ordinates of the zinc atom being determined
but not the z co-ordinate. More exactly, this situation results in
two equally probable z co-ordinates, zy and Zys related to each other
by the equation:

2) = %2y
This is the equation of a mirror plane parallel to the xy plane and
with z = 1/8.

An attempt was made to remove this ambiguity by calculating
the relevant sections of the Patterson function on a grid of eight
one-hundredths Angstroms in the direction of the v co-ordinate.
However, even at this resolution the v co-ordinates of neither of the

peaks could be distinguished from zero. Thus fitting the seven peaks
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marked as Zn-Zn vectors in Table A, the two possible zinc positions
are found to be: x = 0.125, y = 0.0, and z, = 0.062 or z, = 0.188.

It was decided to attempt to solve the structure by inter-
preting the Patterson function in terms of both possible zinc positioms.
It was hoped that the ambiguity in the zinc positions would be resolved
when one position resulted in a satisfactory structure and the other
led to results which were nonsensical, eithér chemically or from pack-
ing considerations.

The first glycyl residue was readily found since it is chelated
to the zinc atom through the amine terminal nitrogen, Nlland the
carbonyl oxygen, 01' However, these two atoms, Nl and 01, could not
be located accurately because of overlap in the Patterson peaks from
which their co-ordinates were derived. This overlap was caused by the
fact that these atoms were approximately mirrored across the y = 0
plane, the plane in which the zinc atom is situated.

At this point a difficulty was encountered which caused the
abandonment of this method of solving the crystal structure. This
difficultylwas caused by the Patterson function containing both the
crystal structure and its mirror image. This is true of all Patterson
maps. However combined with the zinc atom having a zero y co-ordinate
results in a pseudo-mirror plane in the crystal structure derived from
the zinc peptide vectors of the Patterson function. That is any zinc
to light atom vector which determines an atom at x, y, z also determines
an atom at x, -y, z. However this type of mirror plane can be resolved.

This is done by taking advantage of Friedel's law which states

that I(h,k,1) = I(-h,-k,-1) where I1(h,k,l) is the intensity of the
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reflection associated with the Miller indices or reciprocal lattice
indices h,k,l1. This law is extended by the symmetry operations of the

Laue group of the crystal. As a consequence of this, Friedel's Law

is extended for space group Pben to: I(h,k,1) = I(-h,-k,-1) =

I(-h,k,1) = 1(h,-k,1) = I(h,k,-1) = I(-h,-k,1) = I(-h,k,-1) = I(h,-k,-1).
This law may also be expressed in terms of the structure factors, F,

by replacing I(h,k,1) in the above expression by |F| (h,k,1) where |F|

is the absolute value of the structure factor. By examining the general

structure equation:

A + iB

g
]

where A = If cos2m(hx_+ky +1z )
nn n n n

%fnsinZN(hxn+kyn+lzn)
it ié apparent that one may write Friedel's Laws in terms of the atomic
positions in real space as well as the h,k,l indices in reciprocal
space. In terms of the atomic positions Friedel's Law is |Fl(x,y,z) =
|F| (-x,-y,~-z) where (x,y,z) are the co-ordinates of the atoms in the
structure and |F| (x,y,2) is the contribution made to |F| (h,k,1) by
the atom‘at (x,y,x). This law may also be extended by use of the
symmetry operations of the Laue group of the crystal so that: |F|
(%,5,2) = |F| (-x,-y,-z) = |F| (~x,y,2) = |F| (x,~-y,2z) = |F| (x,y,-2)
= |FI (-x,-y,z) = |F| (-x,y,-2z) = |F| (x,~y,-z) is valid for space
group Pben.

Thus the mirror may be broken by use of the equality |F| (x,y,z) =
|F| (x,~y,z). At this point the only atoms used in the structure factor
calculations have y co-ordinates of zero so that y = -y. Therefore one

is free to choose the y co-ordinate of any other atom as either y or -y,
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subject only to the constraint that all further atoms be of the same
mirror image across the false mirror plane at y = 0.

Either position may be arbitrarily chosen for the first atom
which is placed out of the mirror plane. This however fixes the
mirror image of the structure and all subsequent atomic positions must
be of this same mirror image. Therefore the mirror image was fixed
by the choice of image for Nl’ the first atom found in a location not
in the pseudo-mirror plane.

After the mirror image was chosen in this manner the remaining
atoms of the first glycyl residue were readily found. Another problem
arose at this point. N2 and N3 were found in positions which were
their own mirror images across the pseudo mirror plane in the crystal
structure. This appears, at first to cause no problem. However, the
problem arises in placing the next atoms in the sequence along the
chain, the 02 and C3 atoms which are bonded to N2 and N3 respectively.
This is because the two positions x, y, z and x, -y, z for the carbon
atoms are equidistant from the nitrogen atom to which an atom at either
of those positions would be bonded, also the bond angles for both
positions were reasonable for the accuracy with which the atoms were
placed. Further, at this stage there were not enough atoms placed to
make use of packing considerations. Therefore it was not possible to
choose the mirror image of the second glycyl residue, located between
N, and N3, such that it was necessarily of the same mirror image as

2

the first glycyl residue. Because both N2 and N3 were their own mirror

image a similar ambiguity existed between glycyl residues one and three

as well. As a consequence a similar ambiguity also existed between the
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second and third glycyl residues. Thus it was not possible to place
any two glycyl residues such that they were sure to be of the same
mirror image.

Therefore all attempts to solve the major portion of the struc-
ture from the Patterson function were abandoned, even though several
possible peptide chains and one water molecule could be readily located
for either zinc position.

After abandonment of the Patterson function the structure
analysis was continued using standard heavy atom methods and successive
Fourier syntheses. Because of the overlap in the Patterson of the
peaks corresponding to vectors between the zinc atom and its surrounding
ligands, we decided to start by using only the two possible zinc positions.
Therefore two sets of structure factors were calculated, one for each
possible zinc positions.

These structure factor calculations did not successfully deter-
mine the signs of enough structure factors to warrant the calculation
of an electron density map. The reason for this may be seen by
examining the structure factor equ;;ions for space group Pbcn, these are:

a) for h+k = 2n and 1 = 2n

A = 8cos2mhxcos2rkycos2mlz
b) for h+k = 2n and 1 = 2nt+l

A = 8cos2mhxsin2rkysin2nlz
c) for hitk = 2n+l and 1 = 2n

A = 8sin2mhx cos2rkysin2wlz
d) for h+k = 2n+l and 1 = 2n+l

A = 8sin2whx sin2wky cos2wlz
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Also B is equal to zero in all cases and F, the structure factor is
equal to A+iB. Since y=0 for both zinc positions equations b and d
are zero for any h, k, and 1. This leaves the signs of the half of
the data with 1 an odd number undetermined._ Further because x is
approximately 1/8, equation c will be zero when h=4n and equation a
will be zero when h=2n but not 4n. These two conditions cause another
eighth of the data to be calculated as zero when the zinc position
alone was used. These phenomena associated with the zinc positionms,
along with the two lighter atoms which have y co-ordinates of nearly
zero, explain the relatively high percentage of weak and unobservable
reflections.

At this point two of the lighter atoms which lay very nearly
at y=0 were placed using the Patterson function. These atoms were
later identified as N2 and 023. These two atoms were then included
in the structure factor calculations along with the zinc atom.

Because all three atoms have y co-ordinates of zero, half of the struc-
ture factors again calculate as zero. However a sufficient number of
the signs of the structure factors were well enough determined to
warrant calculating Fourier electron density maps for both trial zinc
positions. These maps were calculated using less than half of the
total data and contained a false mirror plane at y=0. The false
mirror plane is a consequence of the zero co-ordinates of the three
atoms used in the structure factor calculations to determine the signs
of the observed data. It is caused by half of the data calculating

as identically zero because of the form of the structure factor equa-

tions, which was previously discussed. However even with these
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disadvantages the Fourier maps resolved the overlap and resulting
ambiguity in placement of the atoms of the first glycyl residue which
had been present in the Patterson map.

With this information it was now possible to begin attempts
to resolve the false mirror plane. This is done by arbitrarily choosing
the mirror image of one atom as explained previously. At this point
then the first glycyl residue was placed by arbitrarily choosing one
mirror immage. The peptide chain past the first peptide nitrogen, N2,
could not be placed at this time because the ambiguity which prevented
the solution from the Patterson function still existed.

At this time another set of structure factors was calculated
for both zinc positions and the seven lighter atoms associated with
each of them. The atoms, other than the zinc, which had been located
for both trial structures were: Nl’ Cal, C'l, Ol’ N2, N3 and 013.

N3 was mistakenly assumed to be 02 and entered as an oxygen in the
structure factor calculation. 013 was assumed to be an oxygen; however,
it was not identified as part of the peptide at this time.

Only four of these light atoms, Nl’ Cal, C'l, and Ol were not
their own mirror image across the y=0 false mirror plane. Therefore
only these four contributed to resolving this false mirror plane.

Fourier electron density maps were calculated using the ob-
served structure factor magnitudes and the signs of the calculated
structure fgctors. Only those structure factors which had observed
magnitudes of 9.9 electrons or greater and which had calculated magni-
tudes of three-fourths or more of their observed magnitudes, were in-~

cluded in the calculation of the Fourier maps.
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It was hoped. that these maps would have the two mirror images
resolved for at least the peptide chain. However this was not the case.
Even so three more atoms were resolved from their mirror images for
each trial structure and the positions of the atoms in the first glycyl
residue were improved. For trial solution one, with the zinc z co-
ordinate of 0.062, the three newly resolved atoms included the carbonyl
oxygen of the second glycyl residue, 02, which was mistakenly identified
as a nitrogen. This was a consequence of having misidentified N3 as 02
in the previous Fourier map. An oxygen later found to be 023 waé also
resolved as was an atom on the two-fold symmetry axis. This atom was
thought to be an oxygen from a water molecule. It was later found to
be the sulfur atom in the sulfate ion. For trial solution two with
the zinc z co-ordinate of 0.188 the three new atoms were the remainder
of the second glycyl residue, Caz, C'2, and 02. In this case the
previous misidentification of N3 as 02 was recognized at this point
and corrected.

At this point in the investigation each trial solution contained
eleven atoms, the zinc plus ten light atoms. For trial solution one,
with zinc at 2z=0.062, they were: Nl’ c® , C'l, Ol, N2 and Ol3 which
were correctly identified. 013 and 023 were included as oxygens but
had not been assigned to the peptide at this point. Also included but
misidentified at this point were 02 and N3 which were identified as N3
and O2 respectively and an unidentified atom which was thought to be
an oxygen from a water molecule. For the second trial solution all of
the atoms placed at this point were also correctly identified at this

time. These atoms were the zinc with a z co-ordinate of 0.188, Nl’ Cal,
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1° 01, N2, Caz, C'2, 02, N3 and 013. 013 was not yet assigned to

the peptide chain. Once again structure factors were calculated for

Cl

both trial solutions and Fourier electron density maps were then
calculated using the results of the structure factor calculations in
the manner previously described.

The Fourier map for the structure including zinc position
one showed the complete peptide chain clearly resolved from its false
mirror image. Also two prominent peaks appeared at a distance of 1.5
Angstroms from the supposed water molecule on the two fold axis. It
seemed likely that this was caused by the presence of disordered water
molecules in the crystal structure. Therefore this atom was removed
to allow this region to resolve itself without the inclusion of an
outside bias. Also three new peaks were tentatively assigned as
water molecules. However, their mirror images were not resolved. The
oxygens 013 and 023, were now correctly assigned to the peptide chain.
The misidentification of 02 and N3 was also corrected as a result of
this Fourier map.

The Fourier electron density map for the trial structure con-
taining zinc position two failed to resolve the third glycyl residue
of the peptide or any of the other remaining atoms from their false
mirror image. In fact a complete peptide chain could not be found for
either mirror image in this map. If the two lmages are called mirror
image A and mirror image B then this may be explained as follows.
Glycyl residues one and two plus N3 were present in the Fourier map
because they were used for the preceding structure factor calculationmns.

Then C*, was present in image A but not for image B. C'3 was present

3
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in image B but not in image A. Ol3 was p;esent for both images since
it was its own mirror image but 023 was not found for either mirfor
image A or B. This was a net regression as the three atoms Ca3, C'3,

and 02' were present for both mirror images but unresolved in the

3

previous Fourier.

On this somewhat arbitrary basis zinc position one was taken
as the correct zinc position and attempts to complete that trial solu-
tion were continued. All attempts to complete the trial structure
including zinc position two were discontinued. Later more conclusive
evidence was found to indicate that the second zinc position was indeed
wrong.

Structure factors were again calculated and a Fourier electron
density map computed for the trial solution containing zinc position
one. The atom on the two-fold axis, which had been deleted from the
structure factor calculation, returned in the Fourier map. Its elec-
tron density was high enough in this map to indicate that it was an
atom considerably heavier than oxygen. Also it had an extremely reg-
ular tetrahedral surrounding at a distance of 1.5 Angstroms. The
peaks for these surrounding atoms were slightly higher than any of the
four identifiable water molecules. These facts indicated that the
previous supposition of disorder was incorrect. A careful considera-
tion of the circumstances of preparation indicated that sulfate ion
was the most probable identity for this grouping of atoms. Qualitative
test on a solution of redissolved crystals disclosed the presence of
sulfate ion. In addition to the sulfate ion four molecules of water

were found. Two of these were ligands of the zinc atom.
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Examination of a three dimensional model of the compound in its
crystal environment indicated that all of the available space was
filled by these atoms. Subsequent difference Fourier maps indicated
that there were no more atoms, other than hydrogen atoms, in the crystal
structure, Structure factor calculations over all data, using the atomic
positions revealed by the previous Fourier map yielded a residual error,

R of 0.229. The residual R is defined as

sk, | - IF. ]
R =
LIKF |

where Fo is the observed structure factor and Fc is the structure factor
calculated from the assumed atomic parameters. This is compared to a
value of 0.828, the most probable value for random arrangement of in-
correctly placed atoms.10

It 1s necessary to examine at this point the final choice for
the correct zinc position. This is necessary because the rejection
was made on an arbitrary basis. That is the phenomena on which the
choice was made could conceivably have been caused by picking glycyl
residues one and two of opposite mirror images. It is unlikely that
this is the caée, since the free choice of image for glycyl residue
one led to the resolution of the two mirror images for glycyl image
two and thus dictated which of the two possible images was chosen.
However it is useful to consider what other evidence is available on
which to base the choice between the two possible zinc positions.

The most powerful of this additional evidence results from
the presence of the sulfur atom on a special position, the two-fold

symmetry axis, in one of the trial solutions. From the Fourier maps
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calculated using the results of the structure factor calculations in-
volving the zinc positions and the seven associated light atoms, it
was obvious that the two trial structures were related to each other
by the same equation by which the two possible zinc positions were
related. That is: z, = Y - z, for any atom, not only the zinc
atoms. Thus it is obvious that only the sign of the w component,
the component in the z direction, of the interatomic vectors has
been changed. Pattersonll has shown that the intensities, I(h,k,1)
are dependent only on the atomic composition and the interatomic

vectors of a crystal structure. They are related by the equation:

2, T2 o h(x =% )+k(y =y )+1(z;-2,)

[F°| (hkl) = kI, = B £ 0+ k) £if e

kl
Since the interpretation of Friedel's Law discussed earlier holds for
the interatomic vectors as well as atomic positions the two structures

12,13 That is they have the same magnitudes in

are then homometric.
the components of their interatomic vectors and therefore the same set
of intensities. However, these arguments hold only for structures
whose homometric pairs have their corresponding atoms in the same
symmetry.

The consequence of an atom being situated on a special position
is that there are fewer of this species in the unit cell than would be
required if the atom were located on a general position. In this case
there are only four sulfur atoms required by the symmetry operations of
the unit cell, rather than the eight required of atoms in general posi-

tions. However the location of the sulfur atom in trial solution two

was not on the two~fold axis. This is predicted by the equation
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relating the two trial solutions and seen in the trial Fourier electron
density maps. This fact then leads to a significant difference in the
interatomic vector set for the two trial structures, with the consequence
that they are in fact not homometric.

For trial solution one, with zinc position one and the sulfur
on the two-fold axis, one expects four vectors from sulfur to any
atom in the unit cell, since there are four sulfur atoms per unit cell.
For trial solution two, with zinc positon two there are eight sulfur
atoms and one expects eight vectors from sulfur to any atom. Therefore
it should be possible to use the Patterson function, which is simply
a mapping of the magnitudes of the components of the interatomic vectors,
to distinguish between the two posibilities.

Generally, the higher the peak height of the peaks used to make
the distinction the more reliable the results. The highest peaks suit-
able for this purpose are the zinc-sulfur vectors. However because of
the y co-ordinate of the zinc atom being zero, the vectors which should
be missing if trial solution one is correct instead of trial solution
two are of the type u,-v,w while the vectors present for both solutions
are of the type u,v,w. Because the Patterson function reveals only the
absolute value of u,v, and w the peaks from the two possible structures
coincide. The atomic positions and derived Patterson peaks for the
zinc-sulfur vectors in the two possible structures are listed in
Table 1. Thus, because of the coincidence of the vectors in Table 1
it is obvious that the distinction between the two structures cannot

be made using the zinc-sulfur vectors.
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TABLE 1

Zinc-Sulfur Vectors for the Trial Solutiomns

Zinc Position

Sulfur Positions

(=P e I o ol ]

Patterson vectors
1

2
3
4

Zinc Position

Sulfur Positions

SR MO0 A0 TR

Patterson vectors

O~

Correct‘Structure

Jul

.128

1/2
1/2

372
.372
.128
.128

Alternate Structure

[ul

.128

1/2
1/2
1/2
1/2

[eNeNoNo

.372
.372
»372
372
.128
.128
.128
.128

M

.000

1/2-y
1/2+y

y

y
1/2-y
1/2-y

vl

.000

“<dd<

1/2-y
1/2+y
1/2-y
1/2+y

<R

1/2-y
1/2-y
1/2-y
1/2-y

[wl

.062

1/4
3/4
1/4
3/4

.188
312
.188
.312

v

° 188

1/2
1/2

1/2
1/2

.188
.188
<312
<312
.188
.188
«312
312
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The next highest peaks are those caused by the sulfur-sulfur
vector. These seven peaks indeed prove suitable. The co-ordinates

of the three peaks common to both structures and their heights are as

follows:
u v W height
5 % 0 412
Y 0.018 ] 293
0 0.482 Y 331

Because the sulfur atom is on a two-fold axis for trial solution one
these three are the only sulfur-sulfur vectors expected. The other
four which are normally expected coincide with these three and the
origin peak. The four additional peaks which would be expected if

trial solution two were correct are as follows:

u v W height
0 0 L 3500
0 0.482 0 -21
% 0.018 0 -35
> E % 60

The peak heights are on a scale such that 130 is the expected height
of a single sulfur-sulfur vector. The very high value of the peak at
0,0,% is caused by four multiple interactions of all atoms which lay
approximately in the y=0 plane. This of course includes the zinc atoms.
The other three peaks for trial solution two are below the predicted
peak height for a sulfur-sulfur vector. Since these vectors are not
present in the vector map trial structure two may be eliminated as a

possible solution.
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The evidence from the Patterson map alone is conclusive in
eliminating the second zinc possibility. When combined with the
experimentally found two to one ratio of zinc to sulfur, which is pre-
dicted by the structure containing zinc position one and the behavior
of the Fourier electron density maps, during elucidation of the struc-
ture, the evidence in favor of zinc position one is overwhelming.
Thus it can be safely stated that there is no possibility that the

wrong structure has been chosen.



CHAPTER V
REFINEMENT OF TRIAL STRUCTURE

After all of the atoms were found by Fourier methods their
positional and thermal parameters were refined by the block diagonal
least squares method. To save computer time all atoms except the
zinc were assigned isotropic temperature factors initially. At this
stage of refinement the contribution from any reflection to the least
squares sums was included only if I[F°| - ch| / |Fo| < 0.50. The
accepted contributions to the least squares sums were weighted by the

function

£
|

= |F_|%/625 1£ |F_|? < 625
o [o]

and

w=625/|F_|* 1£ |F | > 625.
The |F0| used was on the observed rather than the absolute scale.
This weighting scheme was used throughout the refinement.

This refinement was continued until the shifts in the para-
meters were less than one-half of the estimated standard deviation.
At this point all atoms were given anisotropic temperature factors -
and the refinement continued. The weighting scheme and rejection
criteria employed for the least squares sums were the same as were
used previously. This refinement was continued until the shifts for

all positional and temperature parameters were less than one-third

-27-
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of the estimated standard deviation.

When the refinement of the structure had reached this level
it was appropriate to make corrections for anomalous dispersions.
The corrections were made on the calculated structure factors, Fc,
rather than on the observed structure factors Fo. This method was
employed because it was included in the structure factor-least

4 This method is equivalent

square program which was being used.1
to the method of Patterson’> applied to either |F0-| or |F0+| rather
than the mean value, (|F°+| + IFO—I)/Z. While making the corrections
in this manner 1s perhaps esthetically less pleasing than the method
of Patterson because of this method's noncorrespondence to the phy-
sical model, it has the advantage of allowing the correction tr be
made during each cycle of refinement. Patterson indicated the desi-
rability of making anomalous dispersion corrections during successive
cycles of refinement. However the labor involved in making the
correction had in practice prevented the acceptance of this procedure.
The refinement was continued, making anomalous dispersion corrections
on each cycle, until the shifts were once again less than one-third
of the estimated standard deviatioms.

When the shifts had diminished to this level a difference
Fourier was calculated. This Fourier, with co-efficients Fo_Fc’ was
calculated using only those data with a sine squared of theta of less
than 0.45. Using this Fourier difference map 14 of 18 hydrogen atoms
were found. These hydrogen atoms were then included in the parameters
list for the structure factor calculations but were not refined by

least squares. They were assigned isotropic temperature factors of 0.5
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plus the last isotropic temperature factor value calculated for the
atom to which they were bonded.

At this point in the refinement the rejection criteria for
the least squares sums was changed. Let Fm be the minimum value of
an observed F0 which is considered to be distinguishable from the
background intensity. Then reflections were included in the least
squares sums only if the following pairs of conditions were obeyed.

For F < F

o m
include if ||Fo| - |Fc|| / |Fo| > 2;
for F < F_ < 2F
m o m
include if 2.1 x |F | > |F_|;
c )
for 2 F <F_ < 3F
m ) m
include if 1.8 x |F | > |F_|;
c o
for 3 F < F_ < 4F
m 0 m
include if 2.0 x IFCI > IFOI;
for 4F < F
m o
include if 2.5x |F_| » |[F_|.
c o
Fm was assigned a value of 5.0 on the absolute scale. After two cycles
of least square the shifts were once again less than one-third of the
estimated standard deviations. The hydrogen atoms were removed from
the parameter list and a structure factor was calculated. A difference
Fourier was calculated as before. In this difference map all hydrogen
——g
atoms were located.
These 18 atoms were assigned temperature factors in the same

manner as was previously used. They were included in the structure

factor calculations but not the least squares scheme as before. The
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least squares was continued as before using the new rejection scheme.

At this stage it was decided to make the anomalous dispersion
corrections using Patterson's5 method rather than the method used
previously. The corrections were applied to the |F0+|2 rather than the
mean value of (|F+|2 + |F_lz)/2. The corrections were applied on
each successive cycle of structure factor-least squares rather than
only once as is generally done.

In order to apply the correctiorns in this manner it was
necessary to modify the structure factor program used.14 To make
this change Patterson's equation, which was written in terms of the
ratios of Af' and Af'' to f, the scattering factors. Patterson's
equation is:

2 2

2 _
|F:| =A"+B°+ 256 (AA +BB)-2036, (AB -BA)

+ Iz (8,6

r s 1r1s + GZrGZS)(ArAs + BrBs)

- % g (§1r623 - §ls§2r)(ArBs f-Asﬁr)'

A and B are the real and imaginary parts of the structure factor for
the non-dispersive parts of the scattering factors for all atoms.

Ar and Br are the contributions from the dispersive parts of the

th = ' = 1
scattering factor for the r  atom. Glr = Af r/fr and 62r Af r/fr'

2 2 _ _
o is +1 for |E+] and -1 for |F_|°. H = Ar/fr and K = Br/fr’ that
is Hr and Kr are the geometrical and thermal contributions of the rth
atom, summed over the symmetry related positions. The equation may

be rewritten in terms of Af' and Af'' rather than 61 and 62. That

equation is:



i
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|F+|2 = 4% + B + 2A3(Af' H_ - oAf'' K. ) + 2BI(A£'K_ + oAf''H.)
X r rr rr r r r

+ ZI(Af' Af' HH + Af'' Af'' HH + Af' _Af' K K
rs r srs r s 'rs r srs
+ Af'' Af'' KK ) - oLEZ(Af' Af'' HK -=Af' Af'' H K
r srs’ rs r s'r's- s rrs
- Af' Af'' HK_ + Af' Af'' HK)).
r ssr s rsr

It was this equation which was used to calculate the anomalous dis-
persion corrections.

The refinement was continued, making the anomalous dispersion
corrections on each cycle, until the shifts were once again less
than one-third of the estimated standard deviations. When the
shifts had diminished to this level, Fourier and difference Fourier
maps were calculated to check the correctness of the structure.

These maps revealed no significant peaks except those predicted by
the structure.

At this point the structure analysis was complete. The
observed and calculated structure factors are related by the equation
Fc = 1.166 x Fo' The final residual, or R value was 0.065 over all
reflections. The final electron demsities for each of the non-
hydrogen atoms is listed in table 2. The electron and difference

densities for the hydrogen atoms are also listed in table 2.



-32-
TABLE 2a

Electron Density of the Atoms

Atom Height Atom Height
Zn 60.2 Hl(Nl) 1.3
N, 8.1 H,(N,) 0.5
Cay 6.7 H, (Cap) 0.9
c'y 7.7 H,(C%)) 1.2
0; 11.5 B (N,) 0.9
N, 9.3 H, (Ca,) 0.9
Ca2 7.6 Hz(caz) 0.7
c', 7.8 H (N,) 1.1
0, 9.7 H, (C9y) 0.6
N, 8.4 H,(Cay) 0.7
co g 7.1 H_l(o"’l) 0.7
c'y 7.2 HZ(OWl) 0.7
o', 8.1 H, (0")) 1.3
023 10.1 H,(0",) 1.4
") 9.0 H, (05 0.7
0, 9.9 H2(0W3) 0.8
o"’3 8.0 Hl(OWA) 1.0
0, 7.4 H,(0",) 0.7
S 23.0
0%, 8.1
0° 8.6
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TABLE 2b

Electron Density of the Atoms from the Difference Fourier

Atom Height Atom Height
Zn -0.80 H, (N)) 0.48
N _ 0.06 H,(N,) 0.48
Cal ~-0.02 Hl(Cal) 0.34
c'y ~0.14 H,(Ca,) 0.54
0, 0.09 B (N,) 0.32
N, -0.08 H, (Ca,) 0.41
Ca2 0.19 HZ(Caz) 0,51
c', -0.04 H (N,) 0.42
0, -0.06 H, (Ca,) 0.32
Ny 0.04 H, (Cay) 0.43
ca, -0.06 Hl(Owl) 0.62
c'y -0.05 Hz(Owl) 0.39
o', 0.06 H, (0%)) 0.39
0%, -0.13 Hy(0")) 0.49
") 0.31 H, (0"3) 0.27
0", 0.31 H2(0W3) 0.37
o”, ~0.09 H,(0")) 0.47
o”, -0.12 H,(0",) 0.24
S -0.80
0% -0.35
0® -0.21
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TABLE 3a

Atomic Parameters of Zn(ggg) °l/2804‘4H20

Atom X Y Z

Zn .37186(2) .49433(9) 06174 (4)
N .42408(16) .3213(5) .0154(3)
Cay .4009(2) .1533(7) .0028(4)
c'y .35280(17) .1378(6) .0649(3)
0, .33002(12) .2638(4) .0949(2)
N, .33577(15) -.0157(5) .0774(3)
Ca, .2862(2) -.0512(6) .1228(4)
c', .28811(17) -.0766(6) .2328(3)
0, .32249(14) -.0229(5) .2851(3)
N, .24725(17) ~.1588(5) .2684(3)
Ca, .23857(18) -.1875(7) .3727(4)
c'y .19473(18) ~.0910(6) 4184 (5)
o', .16721(16) .0014 (6) .3710(3)
0%, .18912(12) . 1116(4) .5102(2)
oWl .37096(15) .5741(7) .1995(3)
oW2 .41891(13) .7054(5) .0302(3)
oW3 .47572(13) .3182(6) .3672(3)
ow4 42189 (18) .1153(5) .2425(4)
S .50000 .7411(3) .2500
os1 46026 (17) .6379(6) .2953(3)
0® L47674(17) .8443(6) .1737(3)



Atom

Hl(Nl)

HZ(Nl)

H, (Ca,)
H,(Ca;)
H (N2>

H, (Ca,)
H, (Ca,)
H (N3)

H, (Ca,)
H, (Ca,)
H. (0
Hy(0"))
H, (0",)
H,(0"))
H (0"
H,(0",)
H, ("))

W
H2(0 4)

<433
J4b4
429
.387
.355
. 264
274
.225
.267
.226
.395
.353
435
443
444
.485
416

<445
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TABLE 3a - continued

Y

.343
.310
.065
.160
-.106
.040
-.140
-.109
-.160
-.300
.620
.550
.690
. 740
275
.485
.097

.005

-.044
.059
.039

-.067
.052
.113
.092
.225
.408
. 385
.220
.255

-.030
.063
.334
.337
.319

<225

Isotropic
Temperature
Value
3.85
3.85
4,37
4,37
3.37
3.47
3.47
3.64
3.70
3.70
4.51
4,51
4,07
4.07
5.04
5.04
7.10

7.10



by1

.00120(1)
.00129(7)

.00176(10)

.00106(7)
.00115(5)
.00128(7)
.00132(9)
.00114(8)
.00149(6)
.00133(6)
.00137(9)
.00118(8)
.00222(8)
.00145(6)
.00212(8)
.00163(6)
.00189(7)
.00235(9)
.00131(3)
.00211(8)
.00266(9)

* The b23 and

exp[-(by1h? + byyk2 + bgql2 + bygkl + byglh + byphk)]

bp2

.01206(9)
.0155(8)
.0133(9)
.0178(8)
.0101(5)
.0100(7)
.0109(9)
.0106(8)
.0191(7)
.0170(8)
.0153(9)
.0114(8)
.0385(10)
.0138(6)
.0300(9)
.0168(7)
.0263(9)
.0227(10)
.0180(3)
.0271(10)
.0190(8)

TABLE 3b

Anisotropic Témperature Values

b33

.00351(3)
.0040(2)
.0055(3)
.0040(3)
.0051(2)
.0043(2)
.0044(3)
.0038(3)
.0048(2)
.0034(2)
.0036(3)
.0035(3)
.0041(2)
.0035(2)
.0032(2)
.0047(2)
.0045(2)
.0105 (4)
.0047(1)
.0066(3)
.0060 (3)

b23

.00070(8)

.0017(7)
.0001(9)
.0012(8)

~.0002(6)

~.0013(6)

-.0021(9)

-.0015(8)

-.0016(7)

-.0013(7)
.0003(8)
.0006 (8)
.0032(8)

-.0004 (5)

-.0027(7)

-.0014(6)
.0000(8)

0%
.0026(9)
.0014(B)

.0058(10)

bi3

-.00015(3)

.0003(2)
.0012(3)
.0000(2)
.0008(2)
.0013(2)
.0001(3)
~-.0002(2)
-.0009(2)
.0004(2)
.0009(2)
-.0004(2)
.0000(2)
.0003(2)
.0004(2)
.0007(2)
.0003(2)
-.0013(3)

.00041(9)

.0004(2)
-.0023(3)

b12

.00021(6)

.0001(4)
-.0008(5)
.0001(4)
.0010(3)
.0008(4)
-.0013(4)
.0002(4)
-.0021(4)
-.0010(4)
.0004 (4)
-.0009(4)
.0085(5)
.0005(3)
-.0078(5)
-.0028(4)
-.0006(4)
.0006 (5)
0%
-.0029(5)
.0010(9)

by, elements of sulfur are identically zero, because the sulfur
occupies a special position.

—98—
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TABLE 3c

Principal Axes and Direction Cosines
of Anisotropic Ellipsoilds

Atom B 1 1y 1,
3-11 _0407 0850 0332
2.52 .181 -.281 .942
Ng 4.14 .163 .926 .337
3-48 1943 = 246 .221
2.82 -.288 -.282 .914
%, 5.40 .808 -.148 .569
3.60 -.372 .620 «690
3- 25 0455 0770 "0446
C'l 3.29 .123 .722 .679
2,85 .861 +261 -.435
2.73 .492 -.639 «590
3.07 641 .624 -.445
2,27 .379 -.331 .863
N2 4,26 . 746 .029 664
2.94 <397 .781 -.481
2.03 -.533 .623 571
%y 3.88 .790 -.544 .280
3.47 -.453 -.212 .865
2,28 411 811 W415
C'z 3.28 ‘”0643 -0499 0580
2.88 .765 -.441 468
2.44 .022 745 «665
02 5.47 -.532 .845 .035
4.29 --547 "'0376 0747
2.75 «645 .378 .663
N3 4.63 --404 .896 ".178
3.40 . 888 «432 .156

2.42 -.217 .095 .971
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TABLE 3c~ continued

Atom B ll 12 13
oy 4,17 .692 .634 .343
3' 76 ""0557 9772 -.302
2.34 -.457 .018 .889
C's 3.59 .764 -.550 -.335
2.68 .396 .811 -.429
2.45 .508 .195 .838
ol3 11.07 .563 .823 .068
3. 75 1733 -0460 _0499
2.74 .379 -.331 .863
02, 4.01 .899 (419 .120
3.46 -.390 . 896 -.207
2.59 -.195 .139 .970
o¥y 10.16 ~.588 . 804 -.083
3.29 . 806 577 -.124
2.34 .051 .140 .988
0%y 5.68 .698 -.667 .257
3.40 .177 .510 .841
3.07 .693 542 -.475
5.05 .978 J141 .149
3.30 -.148 -.014 .988
0%, 8.77 -.361 -.396 .843
5.95 .907 . =.355 222
5.17 .212 .846 . 488
S 4,64 .000 1.000 .000
3.79 -.702 .000 .711
3,21 711 .000 .702
5.44 .673 .286 .681
4,31 -.555 -.411 .722
os2 7.94 .900 .083 -.425
5.04 .066 942 .326
3.48 0428 Y 322 Y 843

The B values correspond to isotropic temperature factors
along the three principal axes of the vibration ellipsoid.
ll, 12, and 1., are the direction cosines of that axis with
reapect to the a, b, and c axes respectively.
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TABLE 3d

List of Observed and Calculated Structure Factors
Using Final Parameters of All Atoms
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TABLE 3d (Continued)

.
L
»
.
.
-
1
?
[
.
s
.
¥
"
'
z
v
4 M e Ve an
s ene P
. W% oAy Yoy e
[ YA oot s
AT L)
- i o
w e 9
[ L
T oA s § e ey
3w e 2 1% ey
s 2 v YoM evs
s 200 e200 . M W
son e ey

'
’
\
. " Y
s
. [ L]
r 1 e
3w L
- o %N
‘ e te e
H
» 1 18 ot
. P owe
s 3 S 20
s . A e
w0l @
"
1]
?
+
.
s
.
-
1
]
3
.
s
.
- LY
[ - oae 10
3 b ey -ata
. 7 e ess
) .
o N2 6 W
W ol le 9 W e
L one e . e
2 381 =y 1w
A e 7o
.o e 3 an
3 2 ey A e
[ I
. 10
- Al de
o ie AN
[ it
2 et - o v oent
3113 e L ooty s
¢« 1w ? e N
' 1% -9 ’ L

3
\ i
: <
I ?
o B ene .
23} - A3
be 1%t I8 e
€ ags =agv '
L€ - ¢
¢ =1
) sl
o et = .
DR TR Y
L]
be s te 10 '
9 a2y eeee ¢
i % oo >
3 asE =ile .
3 M »
-0
"o
ve ile ke 1O ‘
€ a1y a3 2
Lo ernz 3
& dev 11 LY
by ewr > el =
. 0 e
"
[T TR TN
3 3
i o 3 e @
. L oan s s
I i .
. EER LTI 24 .
»
. . -
- 1o Iy
201 2
03 a2 I3
‘ e .
‘ *
3 "
. e
» i
. .23 [y
e i
»e 3
e abe It .
[3 B
' S dve =2i¢
. LT 137 we B3k W
3 & den =0
ks T I L)
’ e Bets Ul & omom
. 3 a3
1 18 -n2v . n
» o e ~200
we 2
[
: cee Bete W
.
3
.
)
.
-
3
)
.
1
S
1
.
[
¢
i
.
3
. 1
s e
w
3
' 1
i I
3 3
. .
[l 3
. e o
b 1 te C
ve age o
€ 1IN 2 m 3
1ol K LD . A el
14K E 04
o4 ae 3 [ I TN 1]
& a1 meld 4
TR ’

« fa sc
a e
L oane =it
7 e e
3oty 1M
o e MY
LR U

wownen wownmc vewn-n eren-o

vsvaro
-
¥

- Tk U

- s W2

[
1
7
3
.
o e
1 e
LI
3 e
o ey

sunno

e
-1t

Hete 12

svnve

™ iete U

ne o
s

12
-22
. e 12

"~
"

« 0 e = e c
-
o w1
I eIn wevp [}
1oey w2
e e
w =
- ke
* o ue

o W1 et
L4
.

w ate WY

.21y

7
e jee
270 <rev

I3
i - e e
- ais 1
1Y s ?
2 e N
V1N en? we
o e e
a
w Tete 1Y 1
’
ne ez0m
“w =TT W
=2
e [
1
"n 14
L I I TR C T
]
” e e on
.o V%7 =wne
M G ke 1) W e ts 4y
LL B td

1 M =M 1
P oase 82
» [} ke 18

LR LT ) 1 Ve e
2w s

I 4 0
2 106 =110 W Y le N

3 1
[SETURN L}

o alete 1Y
LI TRCENLY

1 e ete
2 we =8 Vour e

» A4
L DR U L4

- At le 13
e
(TN CIN 1Y
ar e




CHAPTER VI
DISCUSSION OF THE STRUCTURE

The most immediately notable feature of the crystal structure
of zinc glycyl glycyl glycine is its segregation into an aqueous
region and a protein-like region. With the zinc ion as the link
between them, the peptide chains form infinite chains, connected
through the bridging action of the zinc ion. The chains form an
extended, two stranded, coil around a two-fold screw axis parallel
to the ¢ axis. These coils then stack along the glide plane parallel
to the bc plane to form an infinite, protein-like sheet of material.
This is clearly shown in figures 2 and 5.

The tripeptide molecules are linked through the zinc ions.
The zinc ion is chelated by the amine terminal nitrogen and the car-
bonyl oxygen of the first glycyl residue. The second peptide mole-
cule is bonded to the zinc through the negatively charged oxygen of
the carboxylate group of the carboxyl términal or third glycyl residue.
Thus the zinc ion serves in place of a peptide bond in the formation
of the infinite protein-like peptide chains. The sulfate ion is
located on the two fold rotation axis parallel to the b axis. This
sulfate ion and the two water molecules not bonded to the zinc ion
form infinite columns of water and sulfate with the two fold rotation
axis as the center of the column. These columns do not penetrate the

=41~
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protein~like sheet. This aqueous column is connected to the peptide

sheet through hydrogen bonds from the zinc ligands.

Discussion of Zinc Surroundings

The nature of the bonds between a zinc ion and its ligands is
a much avoided subject. Not, however without reason, for the possi-
bilities are many and complex and the means for distinguishing between
them are few and inconclusive. This paucity of information is both
experimental and theoretical and is a consequence of the fact that
zinc is not a transition metal ion--its 3rd subshell is complete.

Thus when an irregular and unexpected zinc coordination was
found its proper description was not obvious. There are six potential
ligands. The zinc to ligand distances fall into three groups. There
are three distances clustered about 2.0 Angstroms, two more near 2.16

Angstroms and the sixth distance is 2.78 Angstroms. The atoms and

distances are, N1 at 2.034 A°, OY at 1.979 A°, fcog at 1.964 Ao, 0l at
2.186 A°, 0; at 2.126 A° and fco§ at 2.782 A°. The spatial relation-

ships of these atoms may be seen in figure 1 and tables 4a and 4b.

The first question which needs to be answered is: 1Is the
sixth, most distant atom, in fact a ligand? There are several circum-
stances which make it possible that this is a ligand. There are several
structures reported,5 which exhibit zinc-oxygen distances of this
magnitude, and which have been proclaimed bonded interactions. Also
the presence of the sixth atom has caused distortion of the zinc
surrounding by significant amounts from any of the geometries predicted
by bonding theory for atoms with five ligands. Further zinc bonding

has, for many years, been considered primarily electrostatic in nature,
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Figure 1. The Zinc Ion and its Ligands.
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TABLE 4a

Comparison of Zinc Surrounding with Values for Ideal

Trigonal Bipyramid and Tetragonal Pyramid

Ideal Ideal
Trigonal Tetragong%
Angle Bipyramid Observed Pyramid
Owl—Zn—Nl 120° 121.3(2)° 100°
Owl-Zn—Ol 90 94.1(2) 100
Owl-Zn-sz 90 86.6(2) 100
\"J 1 .2
0¥ -zn-_ 0", 120 100.0(2) | 100
Nl-Zn-sz 90 95.7(2) 88.4
W 1 2
1.2
0,-Zn-_ 0", 90 94.6(1) 88.4
1.2
N,-Za-_ 04 120 138.4(2) 160
Ol—Zn-0w2 180 174.7(1) 160

Average deviation from trigonal bipyramid is 7.3°.

Average deviation from tetragonal pyramid is 10.1°.
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TABLE 4b

Distances of the Ligands from the Zinc

g

Bond Length
Za-N, 2.034(4) &
zn-" 0%, 1.964(3)
Zn-o"1 1.979(4)
Zn-0, 2.186(3)
Zn-o"2 2.126(4)
zn-_ 0%, 2.782(4)

Standard deviations are in parentheses
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TABLE 4¢

Known Zinc Complexes with Penta-coordination

-

Compound Reference. Coﬁfigufation
Zinc N-methylsalicyaldimine 56 trigonal bipyramid
bis-acetylacetonate Zinc 57 trigonal bipyramid
monoaquo bis(acetylacetonate) Zinc 58,64 intermediate
Z0(Zn(S,CN(CH,) ), . CHN 59 trigonal bipyramid
NN' disalicylidene EDTA Zn 60 tetragonal pyramid
Zn tetraphenyl porphine HZO 61 tetragonal pyramid
terpyridyldichlorozinc 62,65 tetragonal pyramidl
bis l-serinato zinc 63 tetragonal pyramid
Zinc glutamate dihydrate 21 tetragonal pyramid2

1This structure was initially described as a distorted trigonal bipyramid.

2The original author considers this structure to be 5 surrounded, however,

others have disagreed.



47~
TABLE 4d

Least Squares Planes of the Zinc Surrounding

Atoms to which

Plane plane was fitted Equation of Plane*
I o¥. 102 x ~15.565x - 6.002y + 3.751z = -8.471
1-c 31 y ToRey T 3 .
I 0¥, fc023 N, Zn 15.562% + 6.007y - 3.733z = 8.487
1 2 _w _
ITT N, 0, I o? 0%, 2.619x + 1.360y + 13.321z = 2.121
IV za N, 0, L 0%, 0¥,  2.642x + 1.336y + 13.331z = 2.188

l11-c" 3" 2

*x, y, and z are expressed in fractional coordinates.

Distances from the Planes to Certain Atoms

Atom Plane I Plane II i Plane III . Plane IV
Zn -0.052 & 0.039 & 0.348 & 0.278 &
N, -0.015 ~0.367 -0.432

0, 2.107 -2.120 0.367 0.302
1ot ~0.184 0.167

-c 3

1 42 -0.013 -0.338 -0.412

-¢c 3

o"’1 -0.010 2.290 2.219

o” -2.168 2.156 0.337 0.264
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and one therefore expects irregular co-ordinations. Finally this oxygen
lies only 0.167 A° from the least squares plane of the zinc ion and its
three nearest ligands. This distance is not an unusually large de-
parture from planarity for the fourth ligand of the basal plane of an
octahedral zinc surrounding.

However it does not appear that a zinc oxygen distance of 2.78 A°
should be considered bonded, at least for this structure. Pauling16 has
developed an empirical formula for fractional bond lengths. Its results
are admittedly only rough approximations and depend on the bond length
which is assigned as a single bond. The equation is

D(n) = D(1) - 0.60 log n
where D(n) 1is the length of a bond of bond number n, n less than one
and D(1) is the assumed length of a single bond of the same type. If
the other zinc oxygen bonds in the possible basal plane are assumed
to be single bonds the sixth bond calculates to have a bond order of
less than 0.05 which is certainly negligible in view of the accuracy
of the equation. Even if the second longest zinc oxygen distance is
used the bond order is only 0.10. Further it is probable that this
longer assumed distance is not applicable since it is perpendicular to
the proposed basal plane, an orientation which is predicted to be of
a different bond type by many molecular orbital calculations.l7’22

Also the position of this atom may be explained more readily
in terms of factors other than a bond to the zinc ion. It is in the
same carboxylate group as the Og which is bonded to the zinc. This
of course severely limits its possible positions since the peptide

chain is fairly extended and therefore has little freedom of movement



-49-
remaining. Also this distant oxygen forms a rather strong hydrogen
bond with the water molecule in the proposed basal plane of a second
zinc ion. These two facts would seem to adequately explain the posi-
tion of this oxygen. This explanation coupled with the negligible
bond order would seem to rule out the possibility of any significant
bonding interaction with the zinc ion. Therefore it is concluded
that the zinc ion has five ligands rather than six.

Three other crystal structures in which there is a similar
approach to the metal ion by the second oxygen have been published.
They are monoaquo copper(II) glycylglycylglycinato chloride hemihydrate

46,5 copper (II) glutamate dihydrate

by Freemen, Robinson, and Schoone;
by Marsh and Gramaccioli;75 and zinc(II) glutamate dihydrate by
Gramaccioli.21 In all three instances the sixth atom would complete
a badly distorted octahedral surrounding by filling the second axial
position. The two axial bond lengths and the angle these bonds make
with each other are: 2.30 X, 2.82 &, and 148° for the copper (II)
glycylglycylglycinate chloride; 2.30 X, 2.58 X, and 149° for the zinc
glutamate.

In the original publications none of these three metal ionms
were thought to be octahedrally bonded. According to Gramaccioli
and Marsh, "The coordination about the copper atom is approximately
square planar, the square comprising the two oxygens and a nitrogen
atom of glutamate groups and a water molecule. . . . a fifth atom,
0(2) occupies an axial position at 2.30 % from the copper atom; a
sixth, 0(4), at 2.59 R and considerably displaced from the other axial

nl5

position completes a severely distorted octahedron. Whether or
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not these axial atoms are bonded to the copper atom is not discussed.
In the article on zinc glutamate Gramaccioli refers to this copper

21 In the discussion of zinc

surrounding as "(4+1) coordination.”
glutamate, Gramaccioli,21 calls the zinc surrounding a tetragonal
pyramid and notes that its average deviation from a regular tetragonal
pyramid is only 4.0°. In the initial article on copper (II) glycyl
glycylglycinato chloride, Freeman describes the bonding of the copper

n46 He however notes that this may

atom as "fivefold coordination.
be the result of access to the sixth ligand position being blocked

by the second oxygen of the carboxylate group. The first oxygen

of this group is bonded to the copper atom.

However Freeman has changed his point of view. 1In a review
article on metal chelates of peptides and amino acids5 he says that
all three are distorted octrahedra. He views the copper octahedra as
a square planar structure with four strong planar bonds and two weaker
bonds perpendicular to this plane. The two weaker bonds are allowed
to assume fractional bond orders so that the coordination number of
the copper ion varies by increments of % from four to six. He then
attempts to establish a correlation between the coordination number,

the absorption maxima of the compound in solution, and the color of

the crystals. The results are reproduced in Table 5, which was taken
5

' volume 22.

from "Advances in Protein Chemistry,’
In doing this he neglects the fact that nearly all cupric
ions are thought to be square planar with two more distant ligands

when in aqueous solution. Specifically the complex CuC12(0H2)2, and

the complex ions Cu(0H2)4++ and Cu(NH3)4++ are of this type. These



TABLE 5

Ligand Fields and Coordination Numbers in Cu(II) Complexes

Complex

Cu(biu)2012 =
Cu{Gly-Gly-Gly)Cl:+1/2H,0 NHy
Cu(Glu)-2H.0 NH,
Cu(Gly),-HJ0 NH
Cu(pro) -Zﬁ 0 NHﬁ
Cu(B-Ala) 6H20 NH,
Cu(B-NH, But) *2H,0 NH,
Cu(Gly—l—Hisg 1 1/2 H0 NH2
Cu(Gly-Gly)+3 H90 NH,
NaCu(Gly4Gly—G1y) Hy0 NH,
Cu(g-Ala-1-His). 2H20 NH,
K2Cu(Biu) 2 4H20 NH

Na2Cu(Gly-Gly-Gly-Gly)-10 H,0 NH,

NapCu(Gly-Gly-Gly-Gly=Gly) . 4HpD NH2

Taken from an article by H. C. Freeman in Recent Advances in Protein Chemistry, Vol. 22.

atoms

= O= =
= 0° Cl
0- 0- OHy
o 0 o-
NHR O~ O~
NH, O0C O
NH, O 0
N Nim O~
N 0~  OH,
N N o~
N Nim O
NH NH ©NH
N N N
N N N

atoms

2 C17(2.96)

OH2(2.3),0=(2.8)

0=(2.3), 0=(2.6)

OH2(2.4), 0=(2.7)

2 OHy(2.5)

2 OH,(2.5)

2 OH,(2.5)

OH (5 5), 0=(3.0)
%(2 .3)

OH (2.5)

Four closest ligand Next-nearest ligand Coord.

np. of

NS R R NV, NV, IV, IV, RV, R )]

Cu

3/4
3/4
1/2
1/2
1/2
1/2
1/4

3/4
3/4

Color X max.

Blue-green -
Blue—-green 730

Blue 620
Blue 630
Blue 610
Blue -
Blue -
Blue 595
Blue 635
Violet 555
Violet -

Violet-pink 505
Violet-pink 520
Violet-pgink 510

5

_‘[g_
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three ions show colors which span most of the color range exhibited by
the compounds in Table 5. CuCl2(OH2)2 forms green crystals and has, in
concentrated solutions, an absorption maxima at 850 millimicrons.78 In
dilute solution the compound hydrolizes to give the Cu(0H2)4++ ion. The
wavelength of the absorption maximum shifts from that of the Cu(OH2)4++
ion to 850 millimicrons gradually as the concentration of the solution
is increased.78 Cu(0H2)4'++ is found in crystals of CuSO4.5H20); the cry-
stals are light blue and the Cu(0H2)4++ ion has an absorption maximum, in
solution, at about 800 millimicrons.77 The Cu(NH3)4'++ ion is found in

crystals of CuSOa.4NH 0 which are deep blue; the solution absorption

38,
maximum is about 600 millimicrons.77 Only those compounds in which the
ligands are deprotonated amides are outside the range exhibited by the
above three complexes. A more complete description of this explanation

and more of the experimental evidence which supports it may be found in

Advanced Inorganic Chemistry by Cotton and Wilkenson.77 Examination of

Table 5 reveals that the change of color may be accounted for by the change
in the types of ligands rather than the change in the number of ligands
present. This explanation, in terms of the types of ligands, would
seem to be superior to an explanation in terms of the change in the
number of ligands because it would change the order if the two compounds
Cu(gly.l—His)l%HZO and Cu(Gly.Gly).3H20 so that they would be in the
right order with respect to their absorption maxima. Freeman's explana-
tion, in terms of the total number of ligands, has them out of order
with respect to their absorption maxima.

It should be further noted that Freeman's primary point is that
those complexes to which he has assigned a coordination number of

four in the solid state will also exhibit this low coordination



-53=
number in solution. That is these complexes will not bond to two water
molecules to form an octahedral complex upon being dissolved in aqueous
solution. The arguments in favor of this point are quite reasomable.
However it should be pointed out that it is not necessary to accept
the formation, in the solid state, of the highly strained and elongated
axial bonds which he postulates, in order to accept his primary thesis.
In fact Freeman points out that "it is unlikely that these strained
Cu-0 bonds survive dissolution of the crystal.'" They are probably re-
placed with water molecules when in solution.

While this discussion does not prove the non-existence of the
postulated bonds it does show that one is not forced to postulate these
bonds in order to explain the observed properties of the compounds.

If the postulated bonds are indeed present, then the solid state spectra
of the copper compounds should show abnormalities caused by the extreme
assymetry of the bonding. Thus it should be possible to investigate

the existence of these bonds and resolve the question.

The conclusion that the zinc ion has only five ligands is justi-
fied only if the bonding is largely covalent and not merely electrostatic.
This is because the geometry of electrostatic bonding is determined
mainly by space filling requirements. If the bonding is covalent then
the zinc ion must use one of the sp3d hybridization schemes, either a
trigonal bipyramid or a square pyramid.74 Also all of the orbitals must
come from the fourth main shell.

There is evidence,l7 both experimental and theoretical, that
third series transition and post transition metals use their 4d orbital

to form rather strong covalent hybrid bonds in some complexes. The most
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relevant experimental evidence is the isolation in solution and in the
solid state of the optical isomers of zinc trisethylenediamine chloride
and zinc trisethylenediamine sulfate.ls'.While these compounds are
stable for only a few hours in solution, even this limited stability
indicates significant covalent character in the bonds.

Assured, with reasonable certainty that the zinc ion is
surrounded by five covalently bound ligands, it is now useful to
examine the geometry of the bonding arrangement, (fig. 1). It was
noted earlier that three of the ligands were closer to the zinc than
the other two. These three are: Nl’ OY and fcog. These three are

essentially co-planar with the zinc ion and the angles between them

at the zinc ion are:

angle N:L-Zn--!--+ OY is 121 degrees,
angle OY - zntt ;fcog is 100 degrees

and angle }cog - Zn++ - Nl is 138 degrees.

The bonds between the zinc ions and the other two ligands, OZ and Ol
make angles of 90+5 degrees with the bonds between the zinc and the
three close ligands, except for the one involving both ligands of the
chelate ring which is 79.5°. This geometry appears to be best des-~
cribed as a moderatley distorted trigonal bipyramid.

A systematic comparison of the angular distortions of the
actual bonding from of geometry of either the trigonal bipyramid or
the tetragonal pyramid may be found in Table 4a. The angular values
used for the tetragonal pyramid are those suggested by Gillespie.55

This configuration minimizes the electrostatic repulsions among the

ligands. Statistical confirmation of the correctness of describing
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the geometry as that of a distorted trigonal bipyramid is also found
in Table 4a. This arises from the average deviation of the observed
angles from those of either idealized geometry. The average deviation
from the trigonal bipyramid is 7.3° while the average deviation from
the tetragonal pyramid is 10.1°.

Table 4d lists some least squares fitted planes through the
zinc surrounding. Planes I and II are planes through the ligands in
the basal plane of a trigonal bipyramid surrounding. The relevant
ligands and the zinc are very closely co-planar for this geometry.
Planes III and IV are the basal planes of a tetragonal pyramid and a
square planar, (4+1) pyramid respectively. The atoms used to calculate
these planes are obviously not co-planar. In fact the deviations
approach the tetrahedral distortion found in bis(l-serinato) zinc.

The major distortion, that of the angles in the base plane of
the trigonal bipyramid, can be ascribed to the dislocation of Ecog.
This atom is part of the carboxylate group on the peptide. Therefore
its freedom of movement is severely limited by conformational limits
of the peptide chain. Further this oxygen cannot move without dis-
placing the other oxygen on the carboxylate group and disturbing its
hydrogen bonding and conformational and packing contacts. Thus it is
likely that this distortion is the result of the constraints imposed
on the structure by packing considerations.

The only other really significant distortion is the 79.5°
Nl-Zn-Ol angle. This is undoubtedly caused by the fact that both

atoms are in the first glycyl residue and are the atoms through which

the peptide chelates the zinc ion. Freeman5 points out that chelation
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rarely results in a significant distortion of the peptide residue in-
volved. This means that this angle is a function of the bond lengths
between the metal and the chelating ligands. This hypothesis is
supported by the N-Zn-0 angles in the chelate rings of zinc di-1-

serine and zinc-~l-glutamate. The angle in zinc glutamate is 79.40.21

The two angles in zinc di-l-serine are 79.6° and 80.00.63

There have been very few zinc structures determined by diffrac-
tion techniques in which the zinc is unequivocably five surrounded.lg’20
A fairly complete listing of these structures will be found in Table 4c.
The zinc glutamate dihydrate structure has been described as octahedral.5
However, as discussed previously it does not seem likely that the sixth
ligand is actually bonded to the zinc ion.

There has been little theoretical work done on five surroundings.
Further what has been done is often contradictory. Valence bond,
molecular orbital, and electrostatic repulsion approaches to pentaco-
ordination all yield the result that the trigonal bipyramid is the most
stable configuration for d° and dlo electronic states. The most suc-
cessful approach thus far has been through the use of molecular orbital
calculations using modified Slater orbitals to calculate overlap inte-

17,22 Craig et al.17 have shown that, for a maximized overlap

grals.
integral, the apex bond are predicted to be about ten per-cent longer
than the equatorial bonds. Further the bonds are of approximately the
same strength., Cotton22 assumes all five bonds to be of the same length.
He then shows that the overlap is greater for the equatorial bonds than

for the axial bonds under this condition.

The three zinc ligand bonds in the equatorial plane are of normal
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length. 1In fact they are the length predicted by the Pauling tetrahedral
co-valent radii. This result is in agreement with the calculations of
Craig et al..17 Their results indicate that the equatorial hybrid orbi-
tals each contain twenty-five per cent 4s character, sixty-seven per
cent 4p character and only eight per cent 4d character. Thus they have
essentially the same composition as tetrahedral orbitals.

The axial, or apex, zinc oxygen bonds are significantly longer
than is predicted by the tetrahedral radii, about ten per cent longer.
This is the direction and magnitude of the elongation predicted by Craig

1 It is tempting to argue for the correctness of those calcula-

et al..
tions in view of this experimental result. However, the elongation is

not found in all trigonal bipyramidal structures. A suitable explanation
of this elongation is not obvious.

It should be pointed out that this is the first trigonal bipyramid
surrounding found for zinc with ligands which might be considered biolo-
gical in nature. Also this is the largest of the biological type ligands
thus far used with zinc. The structures previously determined were with
ligands which had less freedom of movement than glycyl glycyl glycine.
Thus it is possible that packing considerations influenced the zinc
surrounding to a greater extent than in this structure. Therefore it is
possible that the trigonal bipyramid could have an important role in the
biochemistry of zinc.

Since one of the principal reasons for determining the molecular
structure of zinc glycylglycylglycine was to investigate the differences
between the bonding geometries of zinc and copper ions in biological

environments, these differences should be examined at this time. There are
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three pairs of well determined copper and zinc chelates; the ligands are,
in order of increasing complexity, l-serine, l-glutamic acid, and glycyl-
glycylglycine.
The copper(Il) and zinc ions in the serine complexes are both

63,76 The geometries are best described as distorted

five coordinated.
square planar with a fifth axial ligand. The four ligands in the base
plane are all within 0.12 8 of the least square plane fitted to these
four atoms in the copper chelate.76 The corresponding deviations in
the zinc chelate range from 0.31 % to 0.38 2.63. Two of the ligands in
the zinc chelate are approximately 0.1 % above the zinc, along the direc-
tion perpendicular to the least squares plane through the four ligands.
The other two are approximately 0.5 angstroms below the zinc along the
same perpendicular axis. Thus it could be said that the addition of the
fifth ligand has distorted this surrounding from tecrrahedral toward
the (4+1) pyramid. Therefore the copper chelate approximates the ideal
(4+1) coordination much more closely than does the zinc chelate.
The differences between the bonding geometries of the copper and
zinc ions in the glutamate structures are similar but more pronounced
than those in the serine chelates. As in the serine chelate the copper
bonding is best described as a square planar plus one, (4+1), arrangement.Zl’75
The zinc structure, however, is best described as a tetragonal pyramid.
All five zinec-ligand bonds are approximately of the same length, while the
fifth bond in the copper surrounding is appreciably longer. In both of
these compounds the four ligands of the base plane are planar within 0.03 2.
The copper is displaced from this plane by 0.15 X, the zinc by 0.32 2.

The copper surrounding in copper(II) chloride glycylglycylglycine

more closely resembies that in copper(Il) serine than that in copper(II)
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glutamate. That is the four base plane ligands deviate appreciably from
being coplanar.46 The bonding geometry however is still best described
as a distorted (4+1) coordination. As has been shown the zinc bonding
in the glycylglycylglycine chelate most closely approximates a trigonal
bipyramid.

Thus in these three chelates the copper(II) ion demonstrates a
strong preference for the square planar plus one geometry while the ziac
has approximated three different geometries. In all six crystal struc-
tures the number of ligands was the same, five. The most important
difference between the zinc and copper ion in biological environments
seems to be that the zinc bonding is much more labile than is that of
the copper ion. This impression is enhanced by the fact that zinc fre-
quently exhibits tetrahedral geometry while copper(II) has been known

to assume this geometry only in a few of its complexes such as CuCl4 .

The Hydrogen Bonding Scheme

The reader is referred to tables 6a, 6b, 6c and 6d of a systematic
presentation of the distance and angular relationships among the atoms
involved in the hydrogen bonds found in this compound. Table 6e is a
systematic presentation of the geometry of the bonded contacts of each
water molecule.

The most notable thing about the hydrogen bonding arrangement is
that it emphasizes the existence of two different regions in the crystal
structure, an anhydrous peptide region and an aqueous region around the
sulfate ion. The hydrogen bonding between the two regions is weak. The
main link is through the zinc ion. Both water molecules which are bonded
to the zinc ion, 01W and OZW, form strong hydrogen bonds with the sulfate

ion.
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TABLE 6a

Distance(X...Y)
3.152(6) R
3.052(6)
3.166(5)
3.152(5)
2.597(5)
2.699(5)
2.658(5)
2.698(5)
2.723(5)
2.768(6)
2.765(6)

2.858(6)

Angle (X-H...Y)
171°

155
161
170
167
154
168
156
142
143
167

90*

that this interaction is a van der Waal's contact

The reasons
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TABLE 6b

Other Relevant Distances and Angles in the Hydrogen Bonds

Distance (X~H)
N, -Hy

.858 &

N, -H,

.789 &

N2-H

.943 &

N3—H

.861 &
\"}

0",y
.906 R
W

0"y -8y
.773 &

W
0"yl
.926 &

\"J
0"y,
.814 R
\"J
075
.988 &
\"

0" -8,
1.420 &
W
0",-H,
1.093 &
W

0" ,-H,
1.060 &

Distance(H...Y)

Hy. . . 20

2.30 &

2.31 &
H . . 0",

2.24 R

6
H. . L] l-bol

2.29 &

1.97 &

Hy. .. 100,

1.74 8

HZ. .. 0 2

1.93 8

Hl. . .0 4

1.87 %

HZ' . . 1

1.49 %

Hye o+ 0%,

1.677 &

Hl. -+ 0,

2.64 &

*See note in preceding table.

Angle (Z-X..

a

C l—Nl. . .

95.6(3)°

CG.

113.4(3)°

o

c 2—N2. . .

113.8(3)°

‘ —
C 2 N3.

109.1(3)

o

l-Nl. . .

.Y)
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TABLE 6¢

Van der Waals' Contacts Less than 3.50 4

Atom X Atom Y Distance
0, 6N3 3.15 &
02 6N3 3.43
02 Gcas 3.33

2

0 3 lez 3.18
2 o

0 3 }bC 2 3.16
o

c 2 §b01 3.37
o 2

C 2 Zb’_cO 3 3.21

o“’2 1 2.43

TABLE 6d

Minimum Contact Distance542

Normally Outer
Contact Allowed Limit
C...C 3.20 R 3.00 &
c'..c' 2.95 2.90
c...0 2.80 2.70
C...N 2.90 - 2.80
c...H 2.40 2.20
0...0 2.70 2.60
0...N 2.70 2.60
0...H 2.40 2.20
N...N 2.70 2.60
N...H 2.40 2.20

H...H 2.00 1.90
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TABLE 6e

Geometry of the Possible Bonding Contacts of the Waters

A. 0%
Angles at the Water Oxygen
Angle )
Hp-0¥1-Hy 102°
Zn—-0%;~H; - 119
Zn-0%1-Hp 136
Hydrogen_Bond Acceptors Hydrogen Bond Donors
(6013, 087) (none)

Angle )
Zn-0¥;-601;  141.4(3)°
Zn-Owl—Osl 120.5(2)
08,-0¥,-b01,  86.3(2)

B. Ow2

Angles at the Water Oxygen

Angle

-O¥ -
H,-0%,-H,
Zn-0%,-H;
e\ LY
Zn-0"2-H,

Hydrogen Bond Acceptors
(03, 0%7)

Angle 0
Zn-0¥p-T 0¥y 115.1(2)°
Zn-0¥2-08; 119.9(2)

052-0wy-7 O¥3  109.2(2)

)
101¢

109

127

Hydrogen Bond Donors

(pN9)
Angle

Zn—sz-bN 2

8
97.6(1)°

7 (0¥3-0%,-pNy 126.3(2)

S
0%2-0"2-pNy

86.5(2)
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TABLE 6e -~ continued

C. Owg
Angle at the water oxygen H;-0¥3-H, 110°
Hydrogen bond aesceptors 0%, 08
Hydrogen tond donors 3N;, 70V,

Angles between the hydrogen bonds
Angle 8
O¥4-0W3-087 105.1(2)°
0¥4=0¥5=3; 139.6(2)
0%1-0¥3-3N, 107.2(2)
70¥9-0%4-081 10616(2)
To¥,-0¥3-3N8, 91.4(2)
7oV )=0" ,-0%, 101.7(2)

D. 0w,

Angle at the water oxygen H;-0Y,-H,  100°
Hydrogen bond acceptors _b052, 02*
Hydrogen bond donors Ow3

Angles between the hydrogen bonds

Angle ]
0¥3-0¥4-0, 124.1(2)°
0¥3-0%,-_1 0% 114.9(2)
0,=0% ,~_1,0%, 103.0(3)

* It seems likely that this interaction is a ven der Waals
contact rather than a hydrogen bond; the reasons
for this are discussed in the text.
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One of these oxygens, Olw forms the only strong hydrogen bond
with the peptide. This hydrogen bond is between 01w and6 031, one of
the atoms in the carboxylate group. The oxygen-oxygen distance is
2.59 X, the shortest hydrogen bond in the structure. This bond is
expected to be especially strong because of the partial positive charge
on the donor atom and the partial negative charge on the acceptor atom.
01s is the acceptor atom for the second hydrogen bond formed by Oiw.
The second oxygen bonded to the zinc also donates both of its
hydrogen atoms for hydrogen bonding. Both bonds are shorter than the
"normal” oxygen-oxygen distance of 2.75 angstroms31 and therefore are
supposed to be stronger than the usual oxygen-oxygen hydrogen bond.
Again this is not surprising, upon consideration of the partial charge
on the donor and one of the acceptor atoms. The acceptor atoms are 0s2
Y also accepts

at 2.698 & and ZCO V at 2.658 8. It is possible that O

3 2

a hydrogen from bN2 to form a weak hydrogen bond. The nitrogen-oxygen
distance is 3.166 & which is long but still within the accepted limits
for hydrogen bond formation. Marsh and Donohue40 report that 2,90
angstroms 1s the typical distance for a peptide hydrogen bond involving
the amide hydrogen. Also the oxygen is situated very near to the extended
axis of the nitrogen-hydrogen bond. However it is unlikely that the
hydrogen bond actually exists. First the fact that this water molecule
is one of the zinc ligands makes it a very poor hydrogen bond acceptor.
The geometry of this possible hydrogen bond may be seen in figure 5.
Secondly the zinc and two hydrogens covalently bonded to the oxygen form
a trigonal surrounding rather than the tetrahedral surrounding expected
for the formation of four bonds. The angles involved in the surroundings

of the water molecules are listed in table 6e.
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As mentioned above ZCOSW accepts a hydrogen bond from Ozw. It also
accepts a hydrogen bond from Nl which is 3.052 & from 303W. This distance
is considerably longer than the 2.80 to 2.85 angstroms40 usually reported
for ammonium nitrogen to oxygen hydrogen bonds. This is however the short-
est hydrogen bond in this structure involving a peptide hydrogen. This
water also donates both of its hydrogens to form hydrogen bonds. The

hydrogens are donated to 01S and 04w. The oxygen-oxygen distances are

2.768 & and 2.733 & respectively.

04w also donates a hydrogen to the sulfate ion, specifically

s

04w hydrogen bonds to at a distance of 2.76 angstroms. This com~

02

pletes a bridge forme& b} 0.”

3
fate ions. The translation is along the b axis, the axis of the aqueous

and 04w between translationally related sul-

column. Thus this aqueous column is a continuous structure held together
by hydrogen bonds. It is open to question whether or not the other
hydrogen in Oéw'is involved in hydrogen bonding. 04w is 2.858 & fromloz,
however the difference Fourier used to locate the hydrogen atoms shows
the O w—hydrogen axls as nearly perpendicular to the line between the

4

O4w—02 axis. There is absolutely no peak between the two oxygen atoms

which might be a hydrogen atom. Further the internuclear separation of
the two oxygen atoms agrees well with that predicted by the Pauling16b
van der Waals radii of 1.40 angstroms for oxygen. It should also be
noted that when isotropic temperature factors were refined 04w had a
temperature factor of 6.6 compared to 4.5 for O w’ the other water not
bonded to the zinc. This indicated more freedom of movement and probably

less bonding. Therefore perhaps the hydrogen position shown by the

difference Fourier is correct and 04w is involved in only two hydrogen bonds.
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From the preceding discussion it should be clear that the environ-
ment of the water molecules contains two features which could be considered
abnormal. These features are the possible acceptance of a hydrogen bond
by OWZ, which is one of the zinc ligands, and the failure of one of the
hydrogen atoms on Ow4 to enter into the formation of a hydrogen bond.

Examination of the hydrogen bonding angles in Table 6e reveals
that the water molecule 0w2 is surrounded by a distorted trigonal pyramid.
This is not usually considered one of the geometries favorable to hydrogen
bond formation. However the bipyramid has appeared in the crystal struc-
ture of sodium perxenate octahydrate.79

It is difficult, if not impossible, to explain the apparent non-
formation of a hydrogen bond between Ow4 and 02. The angles listed in
Table 6e indicate that Ow4 could donate a hydrogen to form a hydrogen

bond with 0, without disrupting the other hydrogen bonds in which it

2
participates. However the hydrogen atom is not located in a position
such that the bond is formed.

There is one other notable feature which involves a water mole-
cule, This feature is the large anisotropy in the thermal parameters of
\"/ 1
0 1 and O 3°

major axes of thermal ellipsoids of the two atoms in the hydrogen bond

These are the two atoms involved in hydrogen bond V. The

are very nearly parallel and almost perpendicular to the bonds which hold
these two atoms. There is no readily apparent explanation for these
large anisotropies. Frequently such incongruous anisotropies are the
result of disorder within the crystal. This should be considered as a
possibility even though the exact nature of the disorder is not made

clear by examination of the final Fourier maps, the result of which is
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given in table 2 or by examination of a three dimensional model.

The amine terminal nitrogen, Nl’ is involved in two weak hydrogen
bonds. It donates hydrogens to 303w and to icOlS. The nitrogen oxygen
distances are 3.052 & and 3.152 & respectively, significantly longer
than the "normal" value of 2.85 angstroms. This is the third hydrogen
bond for which Of is the acceptor oxygen. It 1s not unusual for a
sulfate to accept a third hydrogen bond, especially if the donor is an
ammonium ion.41 N2, as previously discussed, probably does not enter
into the formation of a hydrogen bond.

There is only one potential hydrogen bond between the peptide
chains. This is from N3 to fbol.
weak, the nitrogen to oxygen distance is 3.152 2. The N3—H axis is

This bond, 1f it exists, is very

coincident with the N3-01 bond. Therefore the geometry is favorable to
hydrogen bond formation; the distance, however, is unfavorable. Further
0l is the carbonyl oxygen involved in the formation of the chelate ring
with the zinc ion. This would be expected to reduce its ability to
accept a hydrogen bond. Therefore at best this hydrogen bond is very
weak. This may be seen in figure 5.

Thus all twelve hydrogens capable of hydrogen bonding could be
involved in a hydrogen bond. The sulfate-aqueous column has arranged
itself to maximize its internal hydrogen bonding between it and the
water molecules which are zinc ligands. The hydrogen bonds formed by
the peptide hydrogens are very weak and appear to have little effect on
the conformation of the peptide chain. There is only one possible

hydrogen bond between the anhydrous peptide region and the aqueous column

and its existence is questionable. This lack of influence by hydrogen
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bonding forces is in marked contrast to the important role of hydrogen
bonding in uncomplexed peptide. Also in the CaCl2 complex of glycyl
glyeyl glycine the Eombination of hydrogen bonding and metal-carbonyl

oxygen bonding forces the peptide chain into an unfavorable conformation.

The Sulfate Ion

The sulfate ion is situated on a two fold rotation axis, one
of the crystallographic symmetry operations present in this structure.
Therefore there are only two independent bond lengths and three angles
needed to completely describe this sulfate ion. All of the angles are
within one and half degrees of the tetrahedral angle of 109.5 degrees.
The bond lengths are the same. The experimental value of 1.445 angstroms
agrees with the expected value of 1.45 angstroms.3l From these values
it is reasonable to conclude that the negative charge on the sulfate ion

is equally distributed among the four oxygens.

TABLE 7

Distances and Angles in Sulfate Ion

Bond Distance Angle 0
o
§-0, 1.445(4) & 0,-8-0, 109.4(2)
3
S—O2 1.445(4) 0,~8-70, 110.8(3)
3
0,-8-70, 108.2(3)

Geometry of the Peptide

The peptide bond distances and angles are generally explained in

terms of the resonance structures A and B, shown on the next page.
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TABLE 8a

Bond lengths and Angles in the Tripeptide Molecule*

Bond Length Angle o
N, -c* 1.482(7) & N,-c% ~¢’ 110.1¢4)°
17" 1 . 17%1 .
¢ ¢ 1.505(7) c®.-¢c'. N 115.3(4)
1 . 171 .
l_ _'_a
c',-0; 1.240(6) 0,-C' =€ 120.7(5)
t -C! -
c' N, 1.318(7) 0,-C' |~N, 123.8(4)
N.-c* 1.448(7) ¢', -N.-c* 122.3(4)
27" 2 . ) .
c*.-c' 1.510(7) N.-c%.-C' 114.8(4)
2 . 27¢ 2 .
v _ & _Ar
c',-0, 1.216(6) c%,=C' =N 113.6(4)
c' N, 1.335(7) 0 -c'z-c“ 123.6(4)
N,-C%, 1.453(7) 0,-C' ,-N, 123.7(5)
c*.-c' 1.506(7) ¢'. ~N.-c* 123.5(4)
373 y 273 y
¢t ol 1.212(6) N, - ~C' 115.9(4)
3773 . 373
G 1.267(6) c®.—c'.-0 122.3(4)
377 3 . 373 .
¢* -c'.-0 115.2(4)
373
1 .,
0-.~C'. ~0 122.4(4)
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TABLE 8b

Average Values in Peptides and Metal-Peptide Complexes

Peptides
(Marsh and Donohue) -

Bond Length
N-C (terminal) 1.49 &
¢! 1.51
c'-0 1.42
C'-N 1.325
N-C 1.455
Anéle €]
N-c*-C! 111°
c?~c'-N 116
c®~c'-0 120.5
0-C'-N 123.5
c'-N-c* 122

*Standard deviations are in parentheses.

Metal Complexes
(Freeman)
Length

1.49 &
1.53
1.26
1.30

1.46

111
115
119
126

123




-73-

TABLE 8c

Least Squares Planes of -the Peptide .Chain

Plane Atoms to which Equation of the plane*
plane was fitted

I 01 Np €% C'3 14.132x - .420y + 11.361z = 5.639
I1 0; Nz €% c'; €% 13.365x'~ .66ly + 11.583z = 5.334
III C*# Ct, 0y Ny 12.806x - 6.890y - 1.664z = 3.818
Iv C% C'y 0, N3 C% 12.476x - 6.966y - 1.428z = 3.776
v c%3 c'4 ol3 0%y 16.102x - 6.103y +2.423z = 3.598

* X, vy, and 2 are expressed in fractional coordinates.

Distances from the planes to certain atoms

Atom Plane I Plane II  Atom  Flane III.. Plane IV
0, -.008 & .001 & c%, -.003 & -.023 A~
N, ~.007 .060 c', .012 .019
c% -.006 -.045 0, -.005 -.001
c'y .021 .035 N3 -.004 .031
c%, -.176 -.051 c%3 -.099 -.026
Atom Plane V
c%y .001 2
c', -.005
oty .002

02, .002



Figure 3.

Bond Distances in the Tripeptide Molecule
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Figure 4. Bond Angles in the Tripeptide Molecule
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~¢ ~C
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Unfortunately there have been very few peptide structures done with
sufficient accuracy to make feasible a quantative discussion of the
bonding. Also many of the compounds studies have been obtained under
conditions of high pH. However some general trends have been estab-

3,40 These trends include confirmation of the general correct-

lished.
ness of Pauling's hypotheses concerning peptide group dimensions and
allowed peptide configurations. Also the use of carbonyl oxygen as

a transitions metals ligands has been established.

The bond distances and angles found in zinc triglycine are all
within the experimentally established range of values. The bond dis-
tances and angles are in Figures 3 and 4 and Table 8a. The bonding
of the peptide molecule 1s so regular that only a few of the values
deviate from the averageSb’40 values found in several compilations.

The values from these compilations are found in Table 8b. The bond
distances are also in agreement with those published for zinc glycyl-
glycine.5b

The Nl-Ca1 distanee of 1.482 & 1in zinc triglycine is not signi-
ficantly different from the 1.49 & found as an average of several com-
plexed peptides by'ffeeman.Sb Neither is it much different from the
values of 1.48 & and 1.46 & found in zinc glycylglycine. The distances

for the bonds N, -C*, and N,-C*_ are 1.448 & and 1.453 § respectively.

272 373
This is not significantly different from distances of 1l.44 and 1.46

angstroms in zinc glycylglycine and 1.46 angstroms as an average of
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several complexed or chelated peptides.5b The bond angles at the peptide
nitrogens N2 and N3 are 122.3° and 123.5°. These are within a standard
deviation of the average value of 123°. For purposes of comparison the
c*-C' bond are generally broken into two groups, those in which C' is
part of an amide group and those in which C' is part of a carboxyl group.
The two C-C' bonds which terminate in amide groups, Cal—C'1 and
]

c Z-C'2 have lengths of 1.505 and 1.510 angstroms respectively. The

distances found in zinc glycylglycine are 1.50 and 1.51 angstroms.

Marsh and Donohue40a give 1.51 angstroms as the average for non-chelated
peptides. FreemanSa gives 1.53 angstroms as an average in chelated
structures. The Cal—C'l bond appears short when compared to Freeman's
average value. However this average is heavily weighted with copper
chelates which are bonded through a deprotonized peptide nitrogen; this
alters the bond lengths appreciably.

The Ca3-C'3 bond which terminates in a carboxyl group has a
length of 1.506 angstroms. This is definitely shorter than the lengths
of 1.52 and 1.54 angstroms found in zinc glycylglycine or 1.52 and 1.527
angstroms average values given by Freemensa and Marsh and Donohue403
regpectively. However it is within three standard deviations of the
average values and one of the lengths found in zinc glycylglycine.
Thus it is probably not significant.

The most important mechanism for relieving strain in peptide

molecules is the deformation of the N-C*-C' bond angle. The most

40a o

commonly occuring value is 111° for peptides. Values of 105° to 115

are common however, and one structure has been reported with a value of

1250.42 The values in this structure are in the normal range. In the
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amine terminal residue, the angle Nl-Cal-C'1 is 110.10, almost exactly

the average value. The values for the two peptide group angles,

N,-c*,-C', and N.-C°,-C'. are 114.8° and 115.9° regpectively. It is

27272 37373
not apparent what strains have caused these two angles to deform in
this manner. The conformational angles in table 10 indicate that it is

not an internal strain. Perhaps it is simply stretching between two

zinc ions and over another peptide chain.

The bonding around C', is in agreement with the published

1
averages.5 The C'l—Ol bond length is 1.240 angstroms compared to

1.24% and 1.268 in zinc glycylglycine. Freeman5 gives an average of
1.24 angstroms for C=0 bonds when the oxygen atom is complexed with

a metal ion. The C'l-N2 distance is 1.318 8, compared to 1.31 angstroms
given by Freeman5 and 1.32 angstroms found in zinc glycylglycine.5 The
three bond angles, c“l-c'l-ol, c“l-c'l-Nz, and 0,-C' N, are 120.7°,
115.30, and 123.8° respectively. This agrees with the averages given
by Marsh and Donohue40 rather than those of Freeman.5 The Marsh and

°, and 123.5° respectively, those of

Donohue? values are 120.5°, 116
Freeman are 1190, 1150, and 126°. This discrepancy is probably caused

by the fact that Freeman's values are heavily weighted with compounds
chelated through deprotonized peptide nitrogen atoms.

The bonding around C'2 shows significant deviations from the
averages of March and Donohue40b for uncomplexed peptides, this peptide
group is also uncomplexed, and therefore a comparison is valid. The
angles Caz-C'z-Oz, Caz-C'z—NB, and 02-C'2—N3 are 123.60, 113.60, and
123.70, respectively. These differ significantly from the average values

of 120.50, 1160, and 123.50, except for the third angle. The C'2--02
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bond is 1.216 R, significantly shorter than the 1.24 angstroms listed

by Marsh and Donohue. The 1.335 R C'2-N distance is longer than the

3
"average' value of 1.325 angstroms but not significantly. An examination
of the conformational angles and packing distances43 indicates that the
deformation, as in the case of the Nz-Caz—C'2 bond angle deformation,

is not caused by the necessity to relieve an internal strain.

The stretching proposed to explain the extended N-c*-C' bond
angles in the second and third peptide residues fails for this deforma-
tion. The stretching would be expected to increase the C°2—C'2-N3 bond
angle. Instead this angle has contracted. Therefore another explanation
must be found.

The only feasible explanation is that packing forces and van der
Waals' repulsion are responsible for these angular deformations. The
particular van der Waals contact is between 02 and Owé. The success of
this argument of course depends upon the absence of a hydrogen bond
between these two atoms. Experimental evidence for the absence of this
hydrogen bond was discussed earlier. This repulsion would apply force
in the direction required by the deformation of the angles N2-Ca2—C'2,

(¢)

¢, -C' —N3, and Caz-C' The absence of this hydrogen bond also

27C' 9 270,-

gives rise to an explanation for the shortened C'2—O2 bond and the

possibly lengthened C'2-—N3 bond. The exceptionally weak hydrogen bond

formed by N, is also a factor in this deviation of bond length. 1In

3
terms of the resonance structures, A and B, introduced earlier, these
bond length deviations correspond to an increase in the contribution of

form A. It should now be noted that the averages40b are taken from

strongly hydrogen bonded structures. Further hydrogen bonding would
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tend to stabilize resonance structure B and therefore increase its contri-
bution at the expense of form A. Thus a non-hydrogen bonded amide would
be expected to have a larger contribution from resonance structure A.

This is indeed the effect observed and the most probable explanation
of the deformation of the second peptide residue.

There is a small but probably real deviation from planarity
of the peptide group Cuz-(C'z-Oz)—Ns—Ca3. The deviations are shown in
Table 8c. The deviation corresponds to a two degree rotation about
the C'2--N3 bond. This is the angle omega two (wz) in Table 10. This
grouping is generally thought to be planar because of the high contri-
bution of resonance structure B to the bonding in protein-like material.
Therefore this small deviation is also consistent with an increased
contribution of resonance form A.

Therg is a similar deformation of the first peptide group,
This deviation from planarity corresponds to a

O _rat oy YN @
C 1 (c 1 Ol) N2 C 2°

5.5 degree rotation about the C'l—N2 bond. This deviation is a common
occurrence in chelated peptide groups.sc This rotation would reduce the
amount of resonance energy gained by the amide group. Also chelation
should increase the contribution of form B. There is therefore no sat-
isfactory explanation of this phenomena.

There is nothing remarkable about the carboxylate ion of the
peptide. The four atoms Ca3, C'3, 013, and 02 are co-planar within
experimental error, as is seen in Table 8c. The bond angles do not
differ significantly from the average values for carboxyl groups bonded
to metals. The bond lengths from C'3 to 013 and 023 are 1,212 and 1.267

angstroms respectively. This indicates some localization of the pi
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electrons as is predicted as a result of 023 being bonded to the zinc ion.
It is meaningless to compare the bond lengths with averages since a

large variation is to be expected.

The Chelate Ring

As 1s typical of five membered rings, the chelate ring formed
by the first glycyl residue and the zinc ion is not planar. The ring
could be described as having either Nl or Col puckered out of the plane
of the ring. The more satisfactory description is that which has Nl
puckered from the plane of the other four atoms. This is because Cal,
C'l, 01, and the zinc ion are more nearly co-planar than are Nl’ C'l,
Ol, and the zinc ion, as is seen in Table 9. This is in line with the
fact that the linear combination of atomic orbitals approach to either
molecular orbital or valence bond theory predict that the atoms Cal, C'l,
Ol, and the zinc ion should be co-planar. The slight departure from
planarity is to accomodate the transannular strain between the zinc ion

and Ca and C'l. There is a 19° rotation about the Cal—C'1 bond which is

1

necessary in order to accomodate this pucker. The angle at the zinc

ion, Nl-Zn-O is 79.50, typical of this type of chelate. The angles

1’
at the ligand atoms, Zn—Nl-Cul and Zn—Ol-C'l, 112.6° and 112.50, are

also quite typical.

Conformation of the Peptide

Because of the uniformness of the dimensions of peptide molecules
it is possible to specify completely the conformation of any peptide
molecule by specifying the rotation about the bonds along the peptide

backbone. In order to facilitate the description of peptide conformations
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TABLE 9a

Least Squares Planes for the Chelate Ring

Atoms to which
plane was fitted

Zn N C'y 07 €%

Zn Ca C'i 01

1
o
c% €' 0 N,

€% C'y N, 0

Zn

Equation of the Plane*

10.511x
11.794x
13.864x
14.052x

14.132x

432y + 12.3982z
.888y + 12.002z
.715y + 11.410z
+637y + 11.361z

422y + 11,361z

= 4,487

= 4.764

5.496

5.587

5.639

* X,y, and z are expressed in fractional coordinates.

Distances from the planes to certain atoms

Plane I
-.027 &
.023
-.040
044

i} 304

Plane II
-.077 &
.136
047
.032

-0138

Plane III Plane IV
.010 & .023 &
.330 <342
.032 .014
-.026 -.040
-.015 -.019
.020

Plane V
.109 &
.393
.020
-.008
-.006

-.007
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TABLE 9b
Distances and Angles in the Chelate Ring

Distance Angle ]

2.034(4) & Zn-Nl-c“1 112.6(3) °

1.482(6) Nj-C%-C';  110.1(4)
1.505(7) ¢%-C'1-0;  120.7(4)
1.240(5) C'1-0,-Zn  112.5(3)
2.186(3) 0;~Zn-N; 79.5(1)
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in this manner a standard nomenclature, descriptive angles, and reference
configuration have been proposed.8

There are four angles necessary to describe glycine structures.
They are the three rotational angles and the bond angle N-CG-C', which
is referred to as r(Nlcalc' ). This bond angle is necessary because it
is subject to wide variation, and its magnitude determines the range of
allowed values for the rotational angles.

The first rotational angle is the rotation around the axis of
the Ni—Cai bond. It has a value of zero when the Ni-H bond 1is co-planar
with and cis to the Cai-C’i bond of the same peptide residue. The angle
is measured as a righthanded rotation, clockwise, when viewed along the
vector from Ni toward C:. The angle is denoted by the symbol phi, 9,
As a practical matter the angle is calculated using the C'-N bond rather
than the N-H bond because the carbon atom is much more accurately located.

The second rotational or conformational angle is the rotation
about the Cai-C'i bond. It is assigned a value of zero when Ni-Cai bond
is co-planar with and cis to the C'i-Oi bond. As previously, the angle
is measured as a righthanded rotation about the bond axis looking in the
forward direction along the peptide chain. 1In this case the forward
direction is from Cai toward C'i. The angle is referred to as psi, Wi.
Some authors have denoted this angle as phi prime, ¢', where ¥ = ¢' + 180°.
Since some of the tables and conformational maps use the ¢' instead of
both values are given for convenience.

The third conformational angle is the rotation around the C'i-N:H_l

bond axis. It is assigned a zero value when the C'i—Oi bond is co-planar

with and trans to the Ni+l_H bond. The angle is measured as a right
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TABLE 10

Conformational Angles of Three Triglycine-Metal Complexes

Angle Zn(ggg) '1/250,, caCl, (ggg) CuCl (ggg)
48,0 3H50 11/2 H)0
2 2 2
¥ 341° 342° 349°
o'y * 161 162 169
wy 355 2 8
N;-C%-C'y 110.1 110.5 107.9
%2 272 82 294
Y2 338 176 313
?'2 158 356 133
w2 358 358 2
o
Ny-C 2-C', 114.8 120.1 111.1
o3 71 291 266
¥s 358 351 353
2" 3 178 171 173
o
Ng-C%3-C'4 115.9 114.5 110.7

*The angles ¢'j are the same as the angles V¥ i+ It 1is
from an old nomenclature and has the opposite reference
configuration, thus ¢'y = ¥, - 180°. It is included
because the angles @'i are plotted in figure 7.
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Allowed Conformational Angles for Glycine Residues.

/.

Don
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180°

From an article by Ramakrishan and Ramachandran.

360°



‘upipueydBWRY pue ueysTayewey £q 9TOFIIB UB WOIJ

(A

————3’“95

3¢07 (4751

VA !

4

P2 ™o )
[ |

Fpmnumnann@d

B e

L3

o .

o
o

go oo 13 o> D © :s:aaﬂuq‘

[+]

O DI-AND TRIPEPTIDES - NON-GLYCYL
© DI-AND TRIPEPTIDES- GLYCYL
O CYCLOHEXAGLYCYL HEMIHYDRATE
© FERRICHROME - A & 895 iver.
€ «-HELIX RIGHT—HANDED}(M,
€ o«-HELIX LEFT - HANDED 13)
A POLY-GLY- PRO-HYPRO
A COLLAGEN
0 sk
© © -ORM OF POLY-B-BENZYL-L-ASPARTATE
(® RIBBON SYRUCTURE = 2-29- HELIX
@ VHELIX (51y) :
® T-HELIX  (4-4;¢)
@ 24-HELIX
@ 3-0,gHELIX

4-34-HELIX

P-C- PUCKERED CHAIN
¥V ANOTHER POSSIBLE TRIPLE HELIX

180 bfg e T
: )
' m I a L
f ° LA ¢ D
[ | 0 [} oyl oo
] o 3
j 0 '
1 i
et = S 4 &d
P all ¢ |
U 1
: o g B g &
' { ® £ ¢
t ‘ ¢ @
,’ ‘ﬁn n% = &= 6” 5‘5 B
o8
o 180° 360"

;L 2an3tg

$91N30N13g umouy wolF SoTSuy TBUOTIBWIOFUOD

—88_



-89~

Figure 8. Reference Peptide Configuration

From an article by Edsall et al.8
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handed rotation about the bond as one looks from C'i toward Ni+l' The
angle is referred to as omega, W, As a practical matter the angle
is calculated as if the cis configuration of the C'i—Oi and Ni+1_cai+l
bonds were the defined zero. This is because the hydrogen atom is not
located as accurately as is the carbon atom. The two methods are equi-
valent if the nitrogen has trigonal sz bonding. Because of the
resonance in the amide this angle is theoretically zero.

If the omega angle is assumed to be zero then only certain values
of the phi and psi rotations are possible. These allowed values are a
function of the bond angle N-C®-C' and the van der Waal's radii of the
atoms. Because of the experimental uncertainty and the importance to
theoretical protein models two sets of van der Waal's radii have been
used in calculating the theoretically allowed limits of the conformational
angles phi and psi. This results in two sets of conformational angles,

a normally allowed set corresponding to normally used van der Waal's
radii and an "outer limit" set which correspond to a shorter set of

van der Waal's radii. Table 6d shows the normal and outer limit van

der Waal's radii and Figure 6 shows the allowed ¢‘and “Yangles for glycyl
residues with a T(NCaC') of 115 degrees.

The conformational angle Wl is probably meaningless in terms of
allowed peptide or protein conformations. It is expected that this angle
will adjust itself to the requirements for the efficient formation of the
chelate ring. Its value of 341° is however very similar to that found for
uncomplexed amino acids.40b This similarity probably results from the

requirements of efficient packing for the amino acid structures, rather

than any fundamental structural feature. There is no angle ¢l because it
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involves the C' atom of the previous peptide residue which does not exist
for the amine terminal residue.

A comparison of the calculated conformation angles with the
mapping of allowed conformations reveals that all of the angles fall
within the normally allowed region. This is confirmed by the relevant
intramolecular contact distances which are all larger than those values
listed as normally allowed. The only values which might be considered
abnormal are the two angles t(NZCaZC'z) and T(N3Ca3c'3) which are 114.80
and 115.90 respectively. However it is not unusual to find angles of this
size.5’40’42

It should be noted that it is possible to calculate two values
of ?3. This degeneracy results from the fact that residue three is the
carboxyl residue and therefore has two oxygens, either of which may be
used to calculate W3. These two values differ from each other by 180°.
The value listed in the table is calculated using the oxygen with the
shorter C-0 bond, the oxygen with the carbonyl character. This is the
oxygen not bound to the zinc and the W3 is 358°. The WB calculated using
the more ionic of the two oxygens, the one bound to the zinc is 178°.

If the conformational angles for residues two and three are
plotted on Figure 7 and compared with the other values plotted there
it is obvious that the angles are similar to other structures containing
glycine. These include other glycine peptides and the structural pro-
teins. In fact, the conformational angles of residue three are inter-
mediate between those of silk and the currently accepted collagen struc-

ture.45 Both silk and collagen are composed of extended peptide chains

and have a high glycine content.
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In silk the peptide chains are almost completely extended and
planar. A slight degree of pucker along the chain is necessary to
accomodate the B-carbon atoms of adjacent peptide chains. The N-H
and C=0 bonds are approximately perpendicular to the direction of the
chain. The adjacent chains in the plane of the amide groups rumn in
opposite directions. The structure is stabilized by an infinite chain
of hydrogen bonds between the amide groups of these adjacent chains.

The collagen structure is not so definitely known as is the
silk structure. The currently accepted version is based on the poly-
glycine(II) structure.45 The basic unit is composed of three extended
peptide chains which run in the same direction. The chains are packed
together such that the contacts are van der Waals contacts rather
than hydrogen bonds. Each individual chain is in an extended left-
handed helix that repeats approximately every third residue. These
chains then make up the three stranded cable. This three stranded
cable is then twisted into a right-~handed coil or helix. This macro-
structure is referred to as a coiled coil.

The peptide chain in zinc triglycine shows several similarities
with the proposed collagen structure. First if the zinc is considered
to replace a peptide bond in an infinite chain then the peptide chain
makes a continuous coil as is found in polyglycine 1145 and is proposed
for collagen. In collagen it is proposed that three strands of coiled
peptide coil together to form a supercoil in a structure known as a
coiled coil. In zinc triglycine the coil is formed around a two-fold
screw axis. This limits the macrostructure to a two stranded coil.

The short repeat distance of the crystal and the chain length prevent
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the formation of a supercoil. Also the C=0 and the N-H bond are oriented
more or less perpendicular to the chain as is proposed for collagen and
in contrast to other helical structures. Finally, infrared studies45
indicate that collagen is very poorly arranged for hydrogen bond forma-
tion within the three stranded coil. In zinc triglycine only one peptide
hydrogen out of four is situated so that it bonds to its own peptide
chain. Further this hydrogen bond is rather weak, 3.16 R. Thus it seems
reasonable that the peptide configuration in this and other similar struc-

tures could prove useful in building theoretical models of the fibrous

proteins.

Comparison of Structural Features with other Triglycine Complexes

Zinc triglycine is the third reported crystal structure of a
glycyl glycyl glycine metal complex which was crystalized from a neutral
solution. There have been other reported structures containing glycyl
glycyl glycine but they were crystalized from a very basic solution and
are not indicative of what might be found in a biological system. The
other two comparable structures are copper(II) monochloride triglycine
sesquihydrate46 and calcium dichloride triglycine trihydrate.47 It
should be instructive to examine the three structures for similarities
and differences.

A comparison of the conformational angles of the three triglycine
complexes, Table 10, reveals several similarities. Eight of the nine V¥
angles fall into one range. The exception, WZ of the calcium complex
is distorted so that the oxygen is complexed to the calcium ion. Four
of the six ¢ angles fall.into the same range. The two exceptions ¢2

of the calcium complex and ¢3 of the zinc chelate may be explained on
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the basis of allowing the complexing atom to reach the position required
for bonding to the metal. It 1s interesting to note that the deviations
from the norm are rotations of approximately 180° in all three cases.

It should be noted that the wy angles in the zinc and copper
chelates deviate significantly from planarity. This has been noticed
in nearly all peptide-metal chelates.5 This rotation is easier to
explain in the basic chelates, where the chelation is through the de-
protonized peptide nitrogen. In this case, where the chelation is through
the carbonyl oxygen the origin of the distorting force is not clear.
The interpretation however is the same for either type of chelate. The
bonding to the metal results in a larger contribution of the ionized
resonance form in the chelate.

There is one other feature of all three structures which is
worth remarking. This is that the C'2=O2 bond in all three structures

is shorter than one expects for peptides. This is also true of the

C'1=0l bond in the calcium triglycine complex. The bond lengths are
for the copper chelate 1.19+0.01 R, for the calcium complex 1.21+0.01 X,
and for this chelate 1.216+0.006 8. These distances are significantly
shorter than the average distances of 1.24 R for free peptides40 and
1.26 & for carbonyl oxygens not bonded to metal5 in the compilation of
distances in the peptide metal complexes.

It is possible to reconcile these observations with the concept
that these bond lengths are determined by the relative contribution of the
two resomance forms, H-N-C=0 and H—N:C-O_ if one considers that the short

bonds have been lengthened less than in other structures rather than

actually shortened. Evidence in support of this view 1s found by examining
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the C=0 bond lengths in aldehydes and ketones. There should not be any
contribution from similar resonance forms in these structures. The
normal value is given as 1.21+0.01 2,48“and for compounds with polar
substituents such as B-propiolactone and trichloroacetaldehyde, 1.18 )4
and 1.15 & 48 are reported respectively.

If the explanation that these bonds are not shortened, but
instead the bonds in the averages have been lengthened to a greater
extent, 1s correct it should be possible to demonstrate the mechanism for
this lengthening process. It indeed is possible to postulate reasonable
lengthening mechanisms. This is more easily done for the average from
metal complex structures.

All of the bond lengths included in this average are from struc-
tures in which the amide nitrogen, in the amide group from which the
bond length is taken, has been deprotonized. Thus the molecular resonance
might be represented as
R' 0

- Ny’

0

A4

C—N
R - R~

Form A' Form B'

rather than the conventional resonance for an amide of

[} - [

) o—n"" ® 0\c=;/ ®

" g R’ g
Form A Form B

An increase in the percentage of B' over B would be expected. This is
because increasing B' is dispersing an isolated charge while increasing
B is creating opposite charges on nearly adjacent atoms. The structures

in the set used for the averages also demonstrate the shortening of the
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C-N bond predicted by a larger contribution of the C=N form. The dis-
tance for this set of structures is 1.30 & compared to 1.32 2 for non-
chelated peptides.40 While apparently the matter has not been investi-
gated, it would seem a reasonable supposition that the energy difference
between the two deprotonized resonance contributors is less than the
energy difference between the two normal resonance contributors.

The bond lengthening mechanism in structures such as the : -helix
or pleated sheet is more subtle. It is however equally reasonable and
in line with the current chemical thought. The lengthening in this
instance is attributed to the induced dipole effect in these structures.

The large magnitude of this effect is the result of two contri-
buting factors. The first and probably most important of these factors
is the existence of infinite chains of amide to amide hydrogen bonds.
This causes the induced dipole effect to be cumulative. That is the
formation of the hydrogen bonds changes the magnitude of the dipole
moment of the amide group. However the original magnitude of this dipole
was the major factor in determining the strength of the hydrogen bond.
Thus this change in the dipole moment causes the hydrogen bond to become
stronger. This changed dipole moment and stronger hydrogen bonding then
result in an increase of the resonance form -O-C=N+.

The second contributing factor to the large induced dipole effect
is the initial existence of the resonance structure. It is well known
that pi systems, such as this, show large: induced dipole effects.

It should be pointed out that none of these three triglycine-
metal complexes forms these infinite chains of amide to amide hydrogen
bonds. The bonding in these cases does not present the opportunity for

this type of cumulative dipole effect. For these reasons these shorter
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C=0 bonds seem to be significant and real, not just the normal variation
one expects from molecule to molecule.

It was hoped that the compounds used by Marsh and Donohue40 to
compute a set of average dimensions for peptide bonds would yield suffi-
cient data to test this hypothesis. Unfortunately this was not the case.
As Marsh and Donohue point out, most of these structures were done before
either the data or computing facilities, which are needed to achieve the
accuracy necessary to resolve this type of problem, were available. The
carbonyl bond lengths of these compounds and the hydrogen bond arrangement

of the peptide groups are given in Table 11.
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TABLE 11

Carbonyl Bond Lengths of Structures Included

in Marsh and Donohue's Averages

Compound
a=-glycylglycine 66
glycyl-l-aspargine 67

glycyl-l1-tryptophane 68

glutathione 69
tosyl-l-prolyl- 70
1—hydroxyproline.H20
N,N'-diglycyl-1- 71

cystine

glycyl-l-phenylalanine 72
glycine

1-leucyl-l-prolyl 73
glycine.HZO

Reference

Cc=0
Length

1.249(7) &
1.227(15)
1.226(15)
1.23(3)
1.24(3)
1.24(6)
1.21(3)
1.21(2)

1.23(2)

1.236(15)
1.272(15)

Type of Structure
anti-parallel pleated
sheet

hydrogen bonding not
in series

hydrogen bonding not
in series

neither in series
hydrogen bonding not
in series

hydrogen_bonding in
series

parallel pleated sheet2

neither in series

1N—H...O distance is 3.31 X., a very weak hydrogen bond.

2These bond lengths should be viewed with extreme skepticism due to
systematic factors pointed out by the authors which specifically

affect the C=0 bonds.



PART II

A PROPOSAL FOR VECTOR REFINEMENT AND

SOLUTION OF CRYSTAL STRUCTURES

The advent of electronic computers with moderately large memories
and fast computational time has made possible the refinement of structural
parameters by the method of least squares. The results of this method
depend upon the choice of the origin in the crystal structure. If the
origin is not implicit in the mathematical form of the matrix of least
squares sums then this matrix will be singular.23 In a large majority
of the possible crystallographic space groups this causes no problem.
This is because the symmetry elements are arranged such that the struc-
ture factor equations for those space groups assume a particular origin
to make efficient use of the symmetry operations. There are however
sixty-eight space groups in ten point groups for which their is no sym-
metry implied origin in one or more dimensions. These are known as the
polar space groups and point groups.

The least square matrix in terms of the atomic positions in
these polar space groups is singular.23 This problem is usually over-
come by the application of an additional arbitrary constraint for each
polar dimension. This constraint takes two usual forms; either one
atom i1s defined as the origin and not allowed to shift or the covariance
between all pairs of atoms is set equal to zero. This later method

~99-
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TABLE 1

Polar Crystallographic Point Groups-?' 3

Number of Number of
Point Group Space Groups Polar Dimensions
1, Cl 1 3
m, C 4 2
s
2, C2 3 1
mm2, sz 22 1
4, C4 6 1
4mm, CZW 12 1
3, 03 4 1
3m, C3v 6 1
6, 06 6 1
6mm, C 4 1
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implies that each atom shifts relative to a fixed origin rather than
relative to the other atoms. It has been shown that either of these
approaches leads to systematic errors in the estimated standard devia-
tions derived from the least squares matrix.23 The standard deviations
derived from these matrices are too large. However there is an alterna-
tive approach that does not lead to these errors.

This alternate approach is based on the fact that the intensi-
ties which are the measured quantities in the experiment are a function
of the atomic composition and the interatomic vectors. Since the set
of interatomic vectors contains both vector AB and its inverse BA for
all pairs of atoms A,B, it is apparent that the set of interatomic vec-
tors, the Patterson function, is non-polar. This is a direct result
of the presence of the inverse operation in the set of symmetry elements
present in the symmetry group of the vector set. The inverse, i, opera-
tion is defined by the equation, v(®»1i = -v. Thus the origin must be
exactly half way between v and -v and is therefore uniquely defined in

all dimensions. Therefore the symmetry group is non-polar.

Development of the Least Squares Equations

If a suitable set of normal equations may be found the method of
least squares could be applied to the set of interatomic vectors rather
than the atomic positions. Patterson has derived an expression for the
absolute magnitude of the intensity, IFhkllz’ in terms of the interatomic

vectors and atomic composition of the crystal unit cell.

2 % o B R -2 (hu, ,+kv
P = a2y £5 % 48y 4B fifg0 134

1#3

+lwij) Eq. 1
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where fi is the atomic scattering curve of the ith atom in the unit

cell and u, , and w

13* Vi3 ij
b, and ¢ directions respectively of the vector between the ith and jth

are the fractional co-ordinates in the a,

atoms of the unit cell. This equation is of course a complex Fouriler

series which may be written

|F |2 = g f2 n ; £, f, cos2n(hu +kv +1w )
hk1l 151 181 yh £45y 137V 4
n n
i l P 1 fifjisinZW(huij+kv j+lw j) i#j Eq. 2

The expression may be simplified by making use of the centrosymmetric

property of the vector set. This yields

n n n

2 _ 2
thkll = igl fi + 2 igl j£i+l fjc032ﬂ(hu j+kv j+lwij) Eq. 3

These equations are not linear in the unknowns u, v, and w. However,
it is well known that the method of least squares may be applied to
errors in the parameters u, v, and w if good initial guesses are avail-
able for the u, v, and w. This is accomplished by expanding the ex-

pression for |F 2 in terms of its Taylor series about the points

hklI

Upss Voo and w

13° 13 13"

available since it has been shown24 that a Fourier series with |F kllz

The required initial guesses of u, v, and w are

as coefficients produces a density function in which the high values
correspond to the ends of vectors in the vector set.

The Taylor expansion of a function £(x) about the point a is
given by:

F(x) = £(a) + £'(a)(x-a) + £''(a) (x-a)2 + ..... + f“'(a)(x-a)“...
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where x is the "correct" position on the curve, a is the known approxi-
1
mation and £ (a) represents the nth derivative of the function £(x)

with respect to x at the point a.

It is now necessary to introduce the notation needed to apply

the above mathematics to the set of observational equations. Let

| Ihkllz be the ideal or "correct" value of the measured intensity, let
o 2 c 2

|F hkl| be the value actually observed and let IF hkll be the value

calculated by equation 3 above using the approximate u, v, and w. Then

I
|

2 0
Fral = |

2
Pt * Fniy
where Ehkl is the error in the experimental observation. The errors in
the parameters uy and w,, shall be ¢ and 1,, respectivel
P 13> “iy° 1 11° °13 1 *°°F Y
and the required condition for successful least squares approach may
then be stated as:

[ >> €2 3 § >> 62 2

13 1y 13 iy } 13 77 T 13
With this assumption the Taylor expansion may be applied to

|Fhk1|2 and all terms past the first derivative ignored. This process

yields | c |2
3(|F )
_ e g2 s 7 hkl
Pl = Fual™ * B = [Fga ™+ 2 48y 45 € B, €4
c 2 c 2
3P | 3(F a1
b g et Eq. 4
ij ij

where |Fchkl|2 is given by equation 3.

The theory of the least squares states that for a set of ob-

servational equations the "best" values of uij’ vij’ and wij are found
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2
when hﬁle hkl is a minimum. This quantity is a minimum when the deriva-

tives
E2 E2 E2
2 (nE1® hk1) a (nk1® pr1) 3 (hE1E hk1)
oy A BECTE

are zero. The sum of the errors squared and the necessary derivatives

may then be calculated using equations 3 and 4.

2
3(|F .19
2 c 2 o |2 n o hk1
GE1E hr1) = nfa HF nerl Pl F 242 (B¢ Bu, €43
c (2 c 2 2
AUETIR YUF g 17
Syt T, Ty Eq. 5
13 ij
and the derivatives
o ( E n n
hk1 hkl)ij Y
% __ hEl[IF el " Fmal” * 242 45a
ﬁ
c 2 c 2 c 2 {
3P [ 3(IF e 1D CIQ:a )
— € t— e § = )
uij 13 avij ij awij 1§71
2
3 F |
T Eq. 6

rs

y O or T__ and wrs is its associated

here ¢ 1s €
w ¢rs any error term, s s

rs
variable U.gs Voo and V.o respectively. Then setting these derivatives

to zero yields the equations

c 2
N L b 207wl 2{‘8 LRl )~¢ Eq. 7
nE1 UF hkl Y] i1 | ot 4 a.
rs ij rs _
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which are the normal equations needed for the least squares method.

Application to the Refinement of Structures

Thermal parameters, either isotropic or anisotropic, could be
associated with each vector in the same manner in which they are associ-
ated with individual atoms in the usual refinement technique. The
details of including these parameters in the conventional least squares
on atomic parameters have been worked out previously25 and the applica-
tion of analogous terms to vector refinement is identical. Buergerz6
has shown that equation 1 is the product of two complex Fourier series
over the atomic positions of the molecule in its symmetry group. From
this it is obvious that the isotropic thermal parameters and the dia-
gonal elements of the anisotropic thermal parameters of the vectors
are the sums of the corresponding thermal parameters of the atoms which
define the vector. These sums are of course weighted by the atomic
numbers of the atoms involved. The off-diagonal elements of the aniso-
tropic thermal parameters tensor reflect the alignment of the thermal
ellipsiod of the vector.

It will now be demonstrated that these same normal equations
arise from the minimization of the residual, R = hﬁl (lFohkll2 -

)2 with respect to the errors in the interatomic vectors, ¢,

|2
hkl
§ and 1. This function has also been minimized with respect to the

|¥°

errors in the atomic positions and used for least squares. First the

o 2 c 2,2
function hEl(IF HRIJ - |F hkl| )© which will yield the smallest value is
expressed in terms of |F°|2, |Fc|2, and corrections to IFCI2 which will
then improve the fit. It is necessary to assume that these corrections

are small. Then
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(|¥%k1|? - |Fnk1|%)? = hﬁl[]Fohkllz - |F%hK1|?

nk1
a(|F® 2 3¢ |¥¢ 2 a(|FC 2) 1
+ 2(—31——L—l S 14 il o R 14 il o I .
uij ij Bvij ij awij ij ;

Next the derivatives

B(hEI(IFOhkllz - |Fnk1]%?
3¢

rs

are computed and set equal to zero. This yields the normal equations in
equations 7.

D. W. J._Cruickshank27 has shown that 1f the quantity |F°|2 - |Fc|2
is minimized with respect to the errors in the atomic positions, rather
than the interatomic vectors, the least squares corrections yield shifts
identical to the shifts which result from the refinement of atomic posi-
tions by the method of steepest descent applied to the Patterson density.
It will now be shown that the least squares corrections of the inter-
atomic vectors are related to the differential Fourier shifts from
the Patterson if the least squares is weighted by the function l/fifj'

The refinement criteria for the method of steepest descent is
that the slope in the function calculated from the observed amplitudes

and the slope in the function calculated from the amplitudes calculated

by use of equation 3 be identical. This may be expressed by the equations

ap° ap¢
D)., = ) k = 1,2,3.
awijk 1 BWijk
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where P° and P¢ are the Patterson functions calculated from observed and

calculated amplitudes respectively and Wij is one of the co-ordinates of

. 1 2
a Patterson peak, uij’ vij’ or wij’ such that ¥ 13 = uij’ ¥ 14 = Vij’ and
3

¥ 11 = wij' Both sides of the above equation may be expanded in terms

of a full multivariate Taylor series and if the corrections are small

only the first derivatives are considered. This yields

ap° : 32p© ap¢ 32pC
G, + L 6.,k ( . Vi = G & 0.k Gr—rma5—)
awijk 1] £ i3 awijk awijm ij awijk 1j £ % awijk awijm 1ij
3 ap€
+_ L ¢ "¢ ) ( ) e
m,r,s8 'rs awrsm 8W1jk ij

Application of the criteria that the slopé Patterson density be the same

for both the observed and calculated functions yields the equations

ap° ap© m_d ap¢
Gr—is = G + ¢ (
awijk ij awijk ij  m,r,s 'rs awrsm awij

D1y

The calculated Patterson density, PF, is of course a function of the para-

meters, ‘i’l: 1 Therefore, ¢ shall represent the calculated Patterson

Pij
density due to the trial vector ij and its symmetry related vectors.

Thus the previously derived equations may be rewritten as

8P° ap® m ) aPcrs
G = G, . L _ ¢rs ¢ )
awijk 14 awijk i ¥ m,Z,s 3¥_m 0¥ ki

Then if hk is any index, h, k or 1, the coefficient for the

error terms may be written as,
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L a(IFc[;jz) 3k, k
—ir-h,k h T" sin2m ( Z h Tij )
i3
where IFij |2 is the component of |Fc|2 resulting from the peak at 1ij.

They by inspection of Eq. 7 and Eq. 3 it may be seen that the coefficient

of t@e errors in the least squares method is given by

2
3(|F%, .19 3
k i k, k
‘S"hfk h fifj awijk sin2m (kz h ? 14 )

Further the column vector associated with the least squares method is

ky k

8n z 14

3
s +f5 (|¥°|2 - [F°|%) sin2n (L b )

h,k

A modified Patterson density Pij is now introduced, defined
such that
¥

P' cos2n (hu + kv +-1w) - .

1
14 =V n,E,1
By taking advantage of the center of symmetry the following equations

may be derived.

3
ap'° 7 L.k 2 k. k
(ay jk) = v LB f f |F°| sin2n( 2, h wij )
) A S |F¢|2 sin2n( : nky Ky
B, g B EgEy sin2m( k) h¥yy
2 3
5  ,9P'%44 =21 Lk a([F¢19 k, k
37, K ¢ Yes =W h P ffy Ty x sn2TGE WY D)

i3 Y™ 1]

rs
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Thus the normal equations of the least squares method may be written

3P'rs

) .
3, k1

ap'° ap' ¢ 3
(o— e o G

awijk)ij - (awijk)ij *r,5n % 5¥_m

The above derivation shows that for small corrections the method
of least squares applied to 1nteratoﬁic vectors, as derived in equa-
tions three through seven is equivalent to a weighted differential
Patterson or steepest descents method in Patterson space. The required
welghting function for the steepest descents or differential Patterson
function is fifj' This is equivalent to weighting the least squares by
a factor of llfifj.

The difficulties which arise in the practical application of
the method result from the large number of terms to be refined. For
a structure with n independent atoms there are nx(n-1)/2 independent
interatomic vectors to be refined. Thus for a compound with thirty
atoms, there would be 1305 positional parameters to refine. It would
therefore be necessary to take a complete set of data to have suffi-
cient data to make least squares valid. However because of the develop-
ment of automated diffractometers this is no longer such a formidable
or tedious task.

The second major practical problem is the inversion of a
matrix of this size. The recent advances in computer technology would
seem to make the time required feasible. However the possibilities
for round off or truncation error are almost limitless for a matrix
of this size. This problem could be overcome by careful planning.

Therefore there would not seem to be any insurmountable problems to the

application of the vector refinement method to crystal structures.
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Application of the Vector Refinement to the

Solution of Crystal Structures

As discussed previously it 1s necessary to have initial esti-
mates of the interatomic vectors before the refinement can be under-
taken. It is perhaps useful at this point to examine the means
available for obtaining these initial vectors and the difficulties
associated with the various means.

The most obvious means of obtaining initial estimates of the
interatomic vectors is through the use of the Patterson vector density
map. If this can be done, and the estimates refined into a set of
discrete point vectors by the least squares or the nearly equivalent
differential Fourier method, it is then a simple and routine matter to

28,26b for the co-ordinates of the atoms which give rise to this

solve
vector set. Thus the refinement becomes a general method for the
solution of crystal structures from the Patterson functiom.

The major difficulty in using this method of structure analysis
is of course the overlap in the Patterson function. A practicéi effect
of this overlap is that the method will be of little use in the solu-
tion of structures containing a heavy atom. This is because these
structures are readily solved using only the easily recognizable
subset of interatomic vectors between the heavy atom and the other atoms
or by Fourier methods which directly reveal the positons of the atoms
in the unit cell. Therefore it is expected that the method will find
its widest application in the solution of structures composed of atoms

of approximately equal atomic number. That is, the so called "equal

atom" structures.
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It has been established27

for the least squares corrections
which are realted to corrections by the differential Patterson method
in the above manner that the cross terms in the least square matrix
between Fourier density peaks which are resolved are negligibly small
compared to the terms in the matrix block which relate to only one
atom. Howevér the cross terms between those Fourier peaks which are
overlapped with one another are not negligible. In this instance the
peaks in the Fourier density are the locations of the ends of the
interatomic vectors. Also it is well known that the major difficulty
in solving crystal structures from the Fourier map of the interatomic
vector, the Patterson function, is the fact that these peaks are
overlapped26c for structures of even moderate complexity. Thus while
the common block diagonal approach, often used in the refinement of
atomic positions, would be inadequate, the use of the complete least
squares matrix would not be required. What would be required is a
matrix composed of blocks each of which would contain the complete
matrix of elements for a group of overlapped peaks.

There are several steps which may be taken to overcome the
overlap problem in an '"equal atom" structure. The most basic is to
take as complete a set of data as is possible under a given experi-
mental arrangement. This increases the resolving power of the Patterson
function as well as decreases the error due to series termination
effects. Also this step will reduce the error introduced by some of
the other means of resolving overlap.

Other means of resolving the overlap involve mathematical

manipulation of either the Fourier amplitudes, |F°l2, used to calculate
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the Patterson density or a manipulation of the density map itself. The
most obvious of these techniques is to use "sharpened" Fourier ampli-
tudes. This sharpening ié accomplished with a weighting scheme which
gives heavier weights to the high order amplitudes which have a shorter
periodicity. Many different sharpening schemes have been proposed29
and one could be picked which offered the most promise for a particular
compound. For an equal atom problem it is possible to sharpen to the
extent that the coefficients correspond to those of a structure of
point atoms at rest.3o' Sharpening the coefficients has the regrettable
effect of also increasing the error in the vector density map caused
by series termination effects. Extreme sharpening may even result in
false peaks appearing in the vector map.

In general, extension of the range of the data and sharpening
of the Patterson coefficienté will not resolve all of the overlap in
the Patterson density map. In order for the least squares method to
work, all of the vectors must be resolved and refined. Thus further
steps must be taken to locate, with the necessary accuracy, the vec-
tors contained in the overlapped regions of the vector map. It would
seem possible to approach this in a systematic manner.

If the data are placed on the absolute scale then the numbers
produced in the Patterson map have physical significance. These
numbers represent the average of the products of the electron densities
of all points in the crystalline unit cell separated by that vector.
The integral of this function over the volume of the peak is then the
sum of the products of the atomic numbers of the atoms in the crystalline

unit cell which are separated by vectors which fall within the volume of
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the peak integrated. This then yields the number of vectors under
the overlapped peak, assuming again the "equal atom" compound. Further
it is possible to check this number of vectors since it is possible
to determine, from density, unit cell and molecular weight measurements,
the number of atoms within a crystal unit cell and hence the total
number of vectors that will be generated.

Furthermore the theoretical density of a Patterson peak may
be calculated using simple functions, since spherically symmetrical
atoms might be assumed. Then use could be made of the fact that the
overlapped peak is the sum of the previously determined number of
single vectors. The use of this fact should make it quite straight
forward to develop methods for placing single peaks to build the com-
posite peak. The most obvious means of initial placement is through
extension of the techniques used in conventional absorption spectro-
scopy. If suitable criteria could be developed these placements could
be initially refined to give the best fit of the overlapped region
before the vectors were used in the least square scheme. The criteria
which are most obvious are those of the differential Fourier refinement
method discussed earlier. Namely that the derivatives of the observed
and calculated densities with respect to the co-ordinates u, v, and w
be the same at the vector locations. Because of the known overlap
further criteria such as the equality of the second derivatives with
respect to the coordinates probably should be employed. Once this had
been done then the approximate vectors could be used as input for the

least squares refinement.
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Finally as a result of the progress made in recent years in the
programming of solution of nonlinear equations it is possible to extend
the range of initial error allowed in the least square and differential
Fourier methods. This is done by including second and third derivative
terms in the Taylor series expansion of the function. This results in
a polynomial in the errors raﬁher than the usual normal equationms.
However by requiring that the solutions to these equations be small
and real the right set of corrections may be found. Eichhorn44 has
shown how these terms may be included in the usual least squares and
differential Fourier methods of X-ray diffraction. The extension to
the vector space refinement producures proposed here is obvious.

However this expedient should not prove necessary if the initial fit

of the vectors to the overlapped peaks is sufficiently accurate.



PART III

ATTEMPTED SOLUTIONS OF THE CRYSTAL STRUCTURE

OF N-ACETYL PROLINE MONOHYDRATE

The introduction of an l-proline residue into a protein
chain causes a gross distortion of many of the commonly occurring
secondary and tertiary structures of these molecules. The introduction
of an l-proline residue into a right-handed a-~helix forces the helix
to change direction by at least 35 degrees and disrupts two of the
stabilizing hydrogen bonds.43 Neither can a proline residue be
introduced inté either the parallel or anti-parallel pleated sheet
arrangements. iThis is because the tertiarj amide cannot enter into
hydrogen bonding. Also the substitutionAof -CHZ- for the hydrogen of
the amide group results in severe distortion caused by van der Waal's
forces. Finally none of the attempts to build a model for the
structural protein, collagen have been completely successful. This may
be attributed, in 1afge part, to the necessity to include a high
percentage of proline and hydroxy-proline resides45 in the protein
sequence.

For these reasons it was decided to investigate the geometry
of the l-proline molecﬁle with the nitrogen in the amide form.
Acetyl-l-proline was chosen rather than glycyl-l-proline to eliminate

the effects of the polar ammonium ion on the conformation of the molecule.
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Figure 1. N-Acetyl-l-Proline-Monohydrate Data Crystal
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Large crystals of N-acetyl-l-proline monohydrate were grown
by evaporation of an aqueous solution. The data crystal is shown in
Figure 1. The only systematic absences were for 0kO with k odd. This

or P2 . Since P2 cannot accomodate an 1 abso-

2
1 1/m 1/m
lute configuration without the simultaneous presence of the d absolute

indicated either P

configuration, P2 was chosen as the space group. The unit cell dimen-

1
sions are:
a=6.618%
b = 10.69 &
c=6.66 %
8 = 108.89°

The experimental density was determined to be 1.301 gm/ml, while that
calculated for C703NH11.H20 N-acetyl-l-proline monohydrate is 1.306 gm/ml.
There are two molecules per unit cell.

The intensities were measured with nickel filtered copper K—a
radiation using the theta-two theta scan technique. 860 independent
reflections were measured out to a two theta of one hundred forty degrees.
Of these only 23 were too weak to be observed. Lorentz-polarization and
absorption corrections were applied to the data. The linear adsorption
coefficlent was 4.106 cm_l.

A wilson plot was prepared. A visual fit yielded values of
192 for K, the scale constant, and 4.50 for B, the temperature factor.

These values were used to compute the sharpened structure factor co-

efficients U and E. (See appendix B.)

Identity of the Compound

As previously noted the observed density agreed excellently with

the density calculated from the unit cell constants and the molecular
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weight of N-acetyl—l—proline'monohydrate. .However proline is more
difficult to acylate than are other amino acids. Therefore it was
necessary to investigate the possibility that the crystals were
actually l-proline acetate, the acetic acid salt of l-proline.

The only reference to the melting point of N-acetyl-l-proline
did not indicate whether the hydrated or unhydrated form was reported.49
The reported compound had beeﬁ precipitated from an aqueous solution
by acid and recrystallized from acetone. The reported melting point
is 118°. The crystals on which the data was taken melted at 82°,
Recrystallization from acetone &id not change the melting point.

A search of the literature on identification of organic compounds
failed to yield any compound with a suitable molecular weight and
melting point. The melting point of l-proline acetate could not be
found. |

A proton magnetic resonance‘spectrum was taken on this compound.
A drawing of this spectrum is shown in Figure 2a. The number in
parentheses above each peak is the relative area under that peak. If
the smallest peak is assumed to be caused by the proton attached to the
o— carbon atom of the proline, then the numbers also represent the nymber
of protons which resonate at the frequency at which the peak is found.
The peaks have also been lettered. The peak a, as stated above, had
been assigned to the single proton on the o -carbon. The peak b has
been assigned to the two protons on the §-carbon atom of the proline
residue. Because proline is a cyclic imino acid the 8-carbom is
adjacent to the nitrogen atom. This fact explains the location of this

peak. The peak c has been assigned to the three hydrogens of the acetyl
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Figure 2a. Proton Magnetic Resonance Spectrum
of N-Acetyl-l-Proline Monohydrate..
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Figure 2b. Proton Magnetic Resonance Spectrum
of N-Acetyl-l1-Proline after drying.
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group and the four hydrogens of the B.and y carbons of the preline
residue. The sharp single spike in peak c has been assigned to the
three hydrogens bf the acetyl group. The second number in parentheses
by peak ¢ is the integral, starting from the left, of peak c up to

and including this spike. The peak d has been assigned to the acid
hydrogen of the acetylproline molecule and to the two hydrogens from
the water of hydration. The addition of deuterium oxide to the sample
caused this peak to disappear. It was replaced by a sharp singlé peak
which overlapped part of peak b. This clearly showed these three
hydrogens to be exchangeable.

However it is also possible to assign the peaks to the protons
in proline acetate. In order to resolve this ambiguity Q.0346 grams
of the compound were dried in a vacuum desicator over P205 at 60°C
for twenty hours. This yieided 0.0335 grams of dried compound. This
product melted at 117-118°C, the recorded melting point of N-acetyl-
l-proline. A proton magnetic resonance spectrum of this dried compound
was taken. It is shown in Figure 2b,

Peaks a, b, and ¢ in this spectrum have been assigned to the
same protons as were discussed above. Peak f has been assigned to the
acid hydrogen of acetylproline. The extra protons under peaks f and ¢
have been attributed to contamination of the solvent by water and non-
deutrated aceto-nitrile. The solvent Qas deutrated aceto~nitrile for
both spectra, however the solvent was from a different source in each
case, which is the reason for the different number of extra protons in
the two spectra.

To test the possibility of solvent contamination for the
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deutrated aceto-nitrile used fo run spectrum 2b, a blank was run. This
was done by mixing some of the solvent with carbon tetrachloride. The
region in peak ¢ showed the presence of protons in this spectrum also.
The addition of a small amount of water to this sample caused part of
the protons in this region of the blank spectrum to shift. This
indicates that part of these protons were water protons. The rest were
methyl protons from non-deutrated aceto-nitrile.

The dried sample on which the spectrum was run was recovered
and its melting point checked. The sample melted over a lower and
wider range than previously. This is further evidence for the
postulated contamination of the solvent by water.

The proton magnetic resonance spectra clearly indicates that the
drying process removes water rather than acetic acid from the compound.
If acetic acid were being removed the spectra should reveal the loss
of one proton from the d peak and three proﬁons from the c peak. Further
the three protons lost from the c peak should be the protons represented
by the large, sharp spike so thaf the loss would be obvious, even in
the presence of impurities in the solvent. If water werevlost the spectra
would be expected to show the loss of two of the active protons of peak d
to form peak £, There does not appear to be any loss from peak ¢c. It
is, therefore, fairly certain that water rather than acetic acid is
being lost. Thus these sbectra, combined with the close agreement of
the observed and calculated density and the melting point of the dried
compound, show the ideﬁtity of the compound to be N-acetyl-l-proline

monohydrate.
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Attempted Solutions of the Structure

The first attempt to solve the structure was by the use of the
Patterson function. This attempt was based on the fact that for space
group le the section x, 1/2, z is a Harkerghsection of the Patterson
function. This Harker section results from the symmetry operation of
a two fold screw axis, which may be written x,y,z 9 -x, 1/2+y,-z.
Therefore the vector between an atom and its symmetry related atom
has coordinates 2x, 1/2, 2z, Thus the Harker section shows a pro-
jection of the molecule down the b axis. The interatomic distances in
this projection are, as can be seen from the form of the Harker vectors,
twice those of the real molecule.

Several orientations of the five membered ring of the proline
molecule that would fit the Harker section could be found. Only a few
of these could be extended to the complete N-acetyl-l-proline molecule.
These trial solutions were compared with the complete Patterson
function, Most of them did not fit the Patterson function. Structure
factors and Fourier electron density maps were computed for those which
most nearly matched the Patterson function. The structure factor and
Fourier calculations showed these trial solutions to be wrong.

The failure of the Harker section to reveal the structure may
be attributed to the main difficulty in solving all structures from
their Patterson maps, the severe overlap of the vectors. In this
particular Harker section only nine distinct peaks can be located.
There should be twelve, one for each atom in the asymmetric unit. Of
these nine, five are overlapped with each other in two groups, one of

two peaks which may be identified and a second group with three peaks.
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The height of the entire region of this second group is greater than
the maximum height of any single peak. This makes it hopeless to try
to use these peaks to place atoms, therefore the attempts to solve the
structure from the Patterson function were abandoned.

An attempt was made to solve the centrosymmetric ac projection
of the crystal structure by use of the Harker-Kasper34 inequalities.
However the unitary structure factors, U, associated witﬁ the hOl
reflections were not large enough to determine a sufficient number of
phases. A Fourier calculated by including the phases which almost
but not quite satisfied an inequality yielded no useful information.

B All further attempts to solve the crystal structure of
N-acetyl-l-proline monohydrate were based on the symbolic addition

30,39,50,51 The use of this method

procedure of Hauptman and Karle.
requires that the origin be specified by assigning phases to appropriate
structure factors.50 In space group P2 the appropriate structure
factors must include two with indicies iOI andvone with indicies hkl with
k # 0. Further the two hOl structure factors must be of different
parity with respect to the eveness or oddness of h and 1. Neither can
they be of the type even, 0, even.

The necessity of the parity requirement may be seen by examining
the structure factor equation for the hOl reflections. This equation
may be written

FhOl = 2 cos2n(hx+lz).

The origin, in this projection is on one of the four points; 0,0,0; 1/2,

0; 0, 1/25 or 1/2, 1/2, Thus the specification of the origin on this

projection is a matter of picking one of these four points. The
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different parity groups'change sign in different manners in going from
one point to another. It can be seen that the parity group even, O,
even does not change sign while changing origin. Thus it cannot be
used to specify the origin. The sign changes are given in the

following table.

Parity

Group 0,0 1/2,0 0,1/2 1/2,1/2
e,0,e + + + ‘ +
e,0,e + + - -
0,0,e + - + -
0,0,0 + - - +

Thus any combination of relative sign chéﬁges corresponds to a
permissible origin in the hOl projection.

Examination of the general structure factor equations for P21
reveals that the arbitrary assignment of a phase angle to a subsequent
general reflection corresponds physically to choosing arbitrarily the y
coordinate of the center of gravity of the contents of the asymmetric
unit, The equations are for k=even

A = 2 cos2m (hx + 1z) cos2nky

B = 2 cos2n (hx + 1z) sin2rky
for k = odd

A =-2 Bin2m (hx + 1z) sin2mky

B = 2 sin2n (hx + 1z) cos2nky
where F = A + 1B,

The final choice of the symbolic addition procedﬁfé to space
group P2 is the choice of the enantiomorph. That is the choice between

1
a right or left handed structure. Of course when the choice is made
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it is not known whether the left or right handed structure has been
chosen. Karle and Hauptmanso state that this choice.is made by
arbitrarily choosing the sign of any structure invariant whose
vectorial value is not either zero or pi. The choice of the positive
sign for the phase angle o is equivalent to the choice of an
enantiomorph with coordinates (x, y, z) the choice of minus a is
equivalent to the choice of the opposite enantiomorph with coordinates
(-x, -y, -z). A structure invariant is a structure factor whose
vectorial value is independent of the choice of origin, Haﬁptman and
Karleso have shown that the structure invariants in P2 have the

1
indicies of the parity even, 0, even. Thus in P2 there are no

structure invariants which do not have a value ofleither zero or pi.

In practice in le the enantiomorph is chosen by assigning to
a fourth structure factor a symbolic value, represented by a letter.
This structure factor is a general structure factor so that it is
expected that its phase 1s not either zero or pi. Phase determination
may now proceed using the three arbitrarily assigned phases and the
symbol.

Phase determination39 is initially carried out using what is

known as the 22 relationship, which is,

O = Ot Okt

¢h is the phase of the structure factor associated with hkl indicies h.
This process is continued until an initial five to ten per cent of the
data have been assigned phases in terms of the initially assigned

phases and the symbol. This symbol is then given several values between

zero and pi. The value which leads to the most self-consistent set is
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chosen as the correct value. The negative values between zero and minus
pi are not considered because they correspond to the choice of the
opposite enantiomorph.51 Three different initial sets were used in
the attempts to solve the structure of N-acetyl-l-proline monohydrate.

They are listed below.

SET I
101 =o0(+)
104 =0(+)
192=0(+)
212=a
SET II
101=0(#
104 =0
212=nm/2
1101=a
SET III
702=0(+
101=0(
291+0H)
46 2=a
383=0

It will be noticed that two symbols were used in the third set of
initial phases. This was necessary because it was not possible to
reach all of the structure factors with the 22 relationship using only
the four initially assigned phases. This syﬁbol must be allowed to

assume all values between minus pi and plus pi. In this case however
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the application of the I, relationship revealed that b = 3a. Thus this

2

relationship was used in assigning values to the symbols.

After the phases are assigned they are refined using what is

known as the tangent formula.39 This formula is:

tan ¢, = g 1B By [sin (o + 0y )
ﬁ |Ek Eh-k |cos (¢k + ¢h-k)

This equation is the equivalent of the 22 relationship in terms of the
vectorial components. This formula was then used, as described in
appendix B, to assign further phases. This was continued until the
number of assigned phases was ten to fifteen times the number of atoms
present in the structure.

At this point Fourier maps were calculated using the assigned
phases and the sharpened structure factors, E, as coefficients. These
maps were investigated for features of the N-acetyl-l-proline molecule.
Several of these features were found in each of the maps. Attempts were
made to complete these structures.

These attempts fell into two catagories. The first was the
traditional structure factor-Fourier cycle. The atoms found in the E
maps, the Fouriers computed using the results of the symbolic addition
process, were used as input for a structure factor calculation. Those
structure factors which calculated in good agfeement with their
observed values were used as input for a Fourier calculation. New atoms
were located in several of these Fourier maps. However it was impossible
to obtain a trial solution which would refine.

The second method used in attempts to correct and complete

the initial set of atoms involves the further use of the symbolic
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52,33 The first step involves the calculation of the

addition procedure.
structure factors using the atoms located in the initial E map. Then
phases are assigned to the structure factors associated with high E
values. The phases are assigned only if X*chl>|F°| where X is the
fraction of the scattering matter used in the structure factor calculation
ch’ is ‘he absolute value of the calculated structure factor and |Fo|

is the absolute value of the observed structure factor. These assigned
phases are then used to initiate the phase generation using the tangent
formula. When sufficient phases are generated another E map is
calculated. This process also resulted in changgs and additions to

the initial structures. Once again these trial structures could not be

refined. In a few cases the process was repeated several times.

Reasons for the Failuré of the Symbolic Addition Procedure

The most plausible reason for the failure of the symbolic

addition procedure to solve the structure is found in its statistical
nature. As explained in Appendix B the general inequality from which
the tangent formula and the I2 relationship are derived places no
absolute restriction on the phase of a structure factor in a complex
structure. However an analysis of the probability relations between
the phase and the structure factor magnitude indicates that the
averages or summations used in the tangent formula and the I2 relation
give the most probable phase.39

This inequality may be expressed in terms of the unitary

structure factors, U, as



1/2 1/2
* *
U, - Ui Uh—k 1 Y% 1 Uk
1 g
U 1 Uk 1
1

The three largest unitary structure factors are the -6, 6, 3 with

U = 0.495; -4,5,2, § = 0.455; and -7, 0, 2, U = 0.391, Even if these
three structure factors were related to each other in the manner
required for the application of this inequality they are not large
enough to constrain the phase. The result of this is that the acceptance
of any phase is dependent only on its consistency with the set from
which it was generated and others generated by that set.

When the first phases are generated the process is not
statistically proper. That is there are not enough known phases so
that new phases are the result of an averaging process. They are
determined by the indication from a single pair. This means that there
is a high probability that the‘phase is incorrect. If several of the
first phases generated are incorrect by a large amount then the tangent
formula will propagate this error and it is likely that the phases
will converge to a self-consistent incorrect set. This leads to a
failure of this method.

A second source of trouble in le is the fact that it is a
polar space group. Because of this the origin is not uniquely defined
in the b direction. It is defined only by the phases generated by the
symbolic addition procedure. Each of these phases will be incorrect by
some amount. This deviation is small and random for sets of phases

which lead to correct structures. However in a polar direction each of
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these erroneous phases has defined a different origin. This
problem is compounded by the small number of structure factors used
in calculating the E map. This could lead to a disordering of the
structure in the polar direction. This disordering, if systematic,
could cause the convergence of some atoms into a single peak and the
divergence of others so that bonded pairs would not be recognized.

This lack of a well defined origin, in the polar direction, could
offer an explanation of a disconcerting phenomenon which was observed
in many of the calculated E maps. This was the occurrence of a peak |
whose height was at least three times that of the next highest peak.

In all but one of these cases this peak occurred at the x and z co-
ordinates predicted by the highest peak in the Harker section of the
Patterson function. The y coordinate of a single peak is, of course,
not obtainable from the Patterson function for le.

These phenomena would ordinarily be interpreted by the
presence of a heavy atom. Potassium or chlorine were the most likely
from the apparent electron denéity. Chemical tests failed to disclose
the presence of either of these species. Least square refinement of
this proposed atom tended to disperse the high electron density. The
Fourier based on phases generated by this "atom" failed to reveal the
structure. At least part of this structure should have been apparent
if indeed the heavy atom were present. Thus it was concluded that this
was not a heavy atom.

The high Patterson peak may be explained either by the presence
of several atoms with almost the samé x and z coordinates or by the
presence of non-symmetry related atoms with a difference of 1/2 in the

y coordinate. It is probably caused by a combination of both, If there



-131-

are several atoms with the same x and z coordinate then the convergence
phenomena postulated above could explain the otcurrence of the high
peak in the E maps.

It is unfortunate that this hypothesis cannot be tested
until the structure is solved. It is, however, worth noting that
space group P21 has a hearsay reputation for causing more difficulty
with the symbolic addition procedure than other non-centrosymmetric space
groups. Perhaps this 1s because most of the other non-centrosymmetric

space groups, in which symbolic addition has been tried have been non-

polar, such as P or P .
212121 22121

The Occurrence of False Mirror Planes

There is yet one type of incident which occurred during these
attempts which should be recorded. This is that the E maps calculated
from the phases generated by two initial sets contained mirror planes.
These sets are listed below and are distinct from the initial sets

listed earlier.

SET IV SET V
l1 0 1=0 l 0 1=0
-1 0 4=0 -1 0 4=0
-1 9 2=0 -1 9 2=0
110 1=a 210 2=a

This mirror plane was parallel to the xz plane and had the same
coordinate as the large peak which was discussed earlier. However the
mirror plane was not present in all of the E maps which contained the
large peak. In these E maps the large peak had a regular octahedral

surrounding of nearest neighbors.
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At -the time this occurred it was thought to be caused by the
choice of a reflection with k even for the selection of the enantiomorph.
However subsequent events have proved this hypothesis incorrect. The
first of these events is the publication of the crystal structure of
the alkaloid panamine.51 This molecule also crystallizes in space
group leland the enantiomorph was chosen with the reflection 5, 2,

8 which has k even. Further some of the sets which yielded trial
solutions for these attempts on N-acetyl-l-proline used reflections

with k even to select the enantiomorph. Set II even used the reflection
-1, 10, 1. None of these E'maps contained the mirror plane. Therefore
it does not appear'that the use of reflections with k even caused the

mirror planes. These false mirror planes were not.investigated further,

and their cause is, at present, unknown.



PART IV
SUMMARY AND CONCLUSIONS

The crystal and molecular structure of diaquo zinc(II)
glycylglycylglycinato hemisulfate dihydrate was solved using classical
Patterson-heavy atom methods. The zinc ion and two light atoms were
located from the Patterson map. These three atoms were their own
mirror image across the false mirror plane at y=0. This mirror
plane was a natural consequence of the symmetry of the Patterson
function. Successive cycles of structure factor-Fourier electron
density map calculations revealed the crystal and molecular structure.

The zinc ion was revealed to be one of a small but growing
group of metal ions with a well established pentaco-ordination. The
co-ordination geometry is best described as a moderately distorted
trigonal bipyramid. The zinc is chelated through the amine terminal
nitrogen and the first carbonyl oxygen of the peptide. Also the zinc
ion is complexed to the carbonyl group of another peptide molecule.

This compound is the first trigonal bipyramid surrounding which
has been found for a zinc ion with ligands with a biological nature.
This geometry offers a possible structural explanation of the inacti-
vity of several zinc containing enzymes.

The bond distances and angles of the peptide molecule are
generally within the range of normally reported values. The conforma-
tion of the peptide chain is also well within the normally allowed
range. Probably the only important deviation in the peptide chain is

the slight but significant shortness of the C'2=02 bond. This shortness
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has also been noted in the structures of the copper chelat:e46 and the

calcium complex47 of glycyl glycyl glycine. This shortness has been
attributed to the weak and non-cumulative interactions which are found
in these structures. If this explanation is then valid then these
different dimensions may be useful in constructing theoretical models of
the structural protein collagen. This is because infrared studies45
indicate that this protein does not form the almost infinite chain

of hydrogen bonds found in other structural proteins. In fact collagen
is apparently a very poor hydrogen bond former, a characteristic shared
by zinc triglycine.

It is known that the process of least squares on atomic
coordinates on polar space groups leads to errors in the estimated
standard deviations of these coordinates. This problem may be over-
come by the least squares refinement of the interatomic vectors rather
than the atomic coordinates. This process also has the advantage that
it yields directly estimated standard deviations of the bond lengths
in a structure. Since it is possible to obtain approximate interatomic
vectors directly from the Patterson function, the refinement technique
also may be used to solve unknown structures. The method should be
most useful in solving "equal atom" problems, the type of structure
which is most difficult to solve using current methods.

Finally the various attempts to solve the crystal structure of
N-acetyl-l-proline monohydrate have been presented. Possible reasons
for the failure of methods employed to solve this structure have been
proposed. The presentation of these unsuccessful attempts serves to

emphasize the difficulty in solving the above "equal atom'" structures

with current techniques.
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APPENDIX A
Mathematical Analysis of Conformational Angles

The program calculates the dihedral angle between the two planes
determined by the sequences 1,2,3 and 2,3,4 in a list of 4 atomic posi-

tions. The zero angle may be specified as either a cis or trans confi-

guration.

& O (9
2 4 3
&/% C
Trans configuration Cis configuration

zero angle zero angle

This dihedral angle is the right handed rotation about line 2-3 needed
to produce the existing configuration from the planar cis or trans
reference configuration. The right handed rotation is defined as clock-
wise motion of atom 4 when one looks in the direction from 2 to 3.

The calculations are performed in Euclidian three space, that
is a three dimensional orthonormal co-ordinate system. This results
in appreciable simplification of the formulas used in the computations
and therefore saves computation time if several angles are to be com-

puted.
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In the following discussion A, B, and C will represent the
axes of the orthonormal system and a, b, and ¢ will represent the
crystal co-ordinate system axes, a*, b* and c* will represent the
dual co-ordinate axes of the crystal system. The coﬁtravarient com-
ponents of the atoﬁic co-ordinates in the crystal system will be
X, y, and z and their counterparts in Euclidian space will be X, Y,
and Z. The fractional atomic co-ordinates of the atoms in the crystal
must be given in a right handed system.

The orthonormal co-ordinate system is chosen such that A is
coincident with a and of unit length. B is in the ab plane per-
pendicular to A and of unit length. C is of unit length and per-
pendicular to both A and B, this causes C to be coincident with c*.

These relationships may be expressed in terms of the following

equations.
A = a/la|
C = c*/|cx|
B=CxA

The transformation of atomic co-ordinates is written in matrix form
as:
(X,Y,2) = (x,y,2)(B).

For an orthonormal crystal system the axes A,B,C are coincident
with the axes a,b,c. This allows one to immediately write the matrix
in terms of the reciprocal cell parameters or dual axes.31

1/a* 0 0
B = 0 1/b* 0

0 0 1/c*
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For a monoclinic crystal system A and B are coincident with a and b.
The matrix may again be easily written in terms of the reciprocal

cell axes and angles.

1/a* sin B* 0 0
B = 0 1/b* 0
-1/c* tan B* 0 1/c*

For a triclinic system the fact that all of the reciprocal angles
differ from ninety degrees complicates the cross terms of the
matrix so that it is not easily expressed in terms of the recipro-
cal cell dimensions. In this case the B matrix is best expressed
in terms of the covariant and contravariant components, gij and gi:l
of the metric tensor of the crystal co-ordinate system. The contra-
variant components of the metric tensor may be directly expressed

in terms of the reciprocal cell parameters. If al = a¥%, a2

= b*,
= y* then the contravariant components,
gij, of the metric tensor are given by the following formulae.

gii (ai)z

aiajcosak, i#j#k

14
g J

1
Since (gij) = ) ., the covariant components, gy 't of the metric

(8, 4
tensor may be found by inverting the matrix of the components of the

contravariant metric tensor. The B matrix of the components of the

metric tensor is,31

Vgll 0 0
812778 Y lg|g33/ 811 0
g31/v’ VIgleg,/V811855 1/Y84,
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where Igl is the determinent of the covariant components of the metric
tensor. The formulae for the elements of the metric tensor and the B
matrix in terms of its components are valid for all crystal co-ordinate
systems. The metric tensor is inverted using the Gauss-Jordan Pivot
method32 programmed in Fortran IV language.33

After the atomic co-ordinates are transformed to the ortho-
normal system the three vectors representing the bonds between the
four atoms are formed. For the trans zero conformation the vectors
are

V1 = atom2 - atom1

v, = atom3 - atom2
v, = atom4 - atom3

For the cis zero conformation the vectors are

Vl = atom2 - atoml
V2 = atom3 - atom2
V3 = atom3 - atom4
The calculation of V, in this manner arranges the vectors so that

3

the zero configuration of the vectors is trans while that of the
atoms is cis. This allows the angles of rotation to be calculated
from the vectors of either the cis or trans arrangement of atoms by
the same alogrithms.

Next the unit normals to the planes formed by atoms 1, 2,

and 3 and 2, 3, and 4 are calculated.

2
]
=2
|

= V,xV,/ |leV2 |

2
]
=2
[

= V3xV2/'V3xV2|
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Then the sine and cosine of the angle of rotation are calculated as,
cos ¢ = N2.N1
|sin ¢| = INsz1
The sign of sin ¢ may then be calculated using the trignometric
identity
cos(ax90) = % sin o
and the fact that V3 and N2 are orthogonal. More relevantly, the
projection of V3 on the plane which has V2 as its normal makes an

angle 90+¢ with N Then if ¥ is the angle between N1 and V3 and

1°
¢ the angle between N1 and N2’ for

0<¢<m them w/2 <y < 3m/2
and for

mT<¢<2r them -m/2 <y < /2,
Therefore the sign of cosine of the angle between V3 and N1 is the
opposite of the sign of sin ¢, or
sign of [|sin ¢|] = sign of [—V3.Nl].

Knowledge of the sine and cosine of an angle is of course equivalent

to knowledge of the angle itself.



APPENDIX B

The Symbolic Addition Procedure

In 1948 Harker and Kasper34 derived a set of inequalities
which would reveal the phase of the large diffraction amplitudes.
The inequalities were good only for centrosymmetric space groups.
They were developed in terms of normalized structure factor ampli-

B _2ps?.
tudes, U, where U = Fo/K iglfie .

Fo is the observed structure factor amplitude, fi is the
scattering factor for the ith atom in the structure, S is the sine
of theta, the diffraction angle, divided by the wave length of the
X-rays, and K and B are the scale factor and temperature co-efficient
derived from a Wilson plot.35

These original inequalities were derived by applying the
Schwartz and Cauchy inequalities to the Fourier transform used in
X~ray diffraction. Other836’37'later showed that these inequalities
were a result of the non-negativity of the results of the Fourier
transform, the electron density. Hauptman and Karle showed that
these inequalities were best written as determinants. Also by the
introduction of the symmetry constraints on the electron density it
is possible to write more powerful phase determining inequalities.

The above mentioned inequalities are severely limited in the

complexity of the structure which may be solved by their use. This
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Figure 1. '
Geometrical Interpretation of the Inmequality.
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arises from the fact that experience has shown that it is usually
necessary for about ten per-cent of the U values to be 0.40 or
greater if the structure is to be solved by direct application
of the inequalities. If the U's have a normal distribution38
which is given by the equation
Py av = (2ne)L = @7/29) g

where
2

€ = i fi/§fj s
for a structure composed of only one type of atom, this corresponds
to a maximum of sixteen atoms. Of course larger structures have been
solved by this method, but in most cases the U distribution was made
abnormal by a molecular symmetry which has a systematic effect.

It has also been observed that U's which have values almost
large enough to determine their phases usually have the phase indi-
cated by the inequality which nearly applies. Further if several of
these inequalities almost apply then the phase is more probably
correct than if only one equality relationship which is almost met
can be found. Hauptman and Karle have developed a method which sys-
tematically exploits these two phenomena. It is known as symbolic

30 and is the most successful and widely used of the so-called

addition
direct methods.
The original formulation for centrosymmetric crystal structures
is a sophistication of the Sayre38 equation, which is
B = ¥ & Tk
© is a constant which is a function of the particular structure and V

is the volume of the unit cell. This equation was derived by applying
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the self convolution theorem to the Fourier co-efficients for a
crystal structure and the structure which has the square of the elec-
tron density of the first structure at all points. Using this equa-
tion one is able to establish relationships of the type
s(h) x s(k) x s(h-k) = +1

where s(h) is the sign of F .

Karle and Hauptman used normalized structure factor ampli-
tudes, such that the F's are normalized using the equation

2
Fy

€} fi2 exp{~285)

2

Eh

where € is the inverse of the fraction of reflections absent from
a particular set of reflections because of space group extinctions.
They found that if the structure factor amplitudes are normalized
in this manner then it is possible to derive a simple relationship
between the size of the summation E EhEh-k over these E values with
known phases and the probability that the phase of Eh is positive.

The probability that the~phase~of<Eh is-positive 1s given by
P (h) = %+ Mtanhaa, /2 E_IE
+ 3% En EEPnx
2o n
% =t%
where M is the number of atoms in the unit cell. Since one may
arbitrarily choose up to three phases in order to specify the origin
it is possible to proceed and compute the probability that each
phase is correct. Thus while one is not certain of each phase, those
phases most likely to be wrong may be discarded.

However the most significant advancement achieved by Hauptman

and Karle was the extension of direct methods to non-centrosymmetric
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as well as centrosymmetric structures. This was achieved by use of

the inequality,

Fh—ka Fooo F:-»(h-k) Fooo -k

F = —=

h
000

N

000

where Fooo is the structure factor amplitude of the radiation scattered
in the same direction as the incident radiation. This inequality may be
rewritten as
|Fh-6| g r.

This inequality has the following geometrical interpretation which is
illustrated in Fig. 1. The interpretation is that the complex structure
factor Fh may not take any value but must be in the area of the complex
plane bounded by a circle of radius r whose center is at 6. Further if
the magnitude of Fh is known then the complex quantity Fh must be located
on the circle swept out by its magnitude and be between points A and B
on that circle.

Since the vector k may be varied at will, there are many such
limitations on the phase of any amplitude Fh' If only the large Fhék
and Fk values are considered then the value of r is small and Fhﬁé <§Q’k
or Fh=$'<?h-kF£>k’ where <k;>k implies the average of the large values
of Xk as k varies at will. Since the quantities Fh are complex vectors
the averages are vector averages. Thus each Fh is associated with a
phase angle by the equation

F, = F exp(i¢,)

which leads to
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|Fh| exp(1¢,) -~<|Fh_k| |Fk| exp(i¢, ) exp(:Lctk)>k .
Recalling the Sayre equation one concludes
0 g DI
The limitation to the method is the fact that as the crystal
becomes complex, the quantity r becomes so large that the general
inequality itself imposes no restrictions on the phase of Fh. However
Karle and Karle39 have shown that the derived phase determining formula,
which use the location of § rather than the size of r, remain valid.
During the course of the analysis showing that the phase relationship
was valid for complex structures a more accurate formula was derived.

This is the well known tangent formula.

<jEk E | sin(o, + ¢h-ki>
tan¢, = (IEk Eﬁ‘-kl cos(¢, + ¢h-k)>

It is this formula that is generally used in the phase assignment

procedure leading to a crystal structure.

This formula and the criteria for rejecting unreliable phases
has been implemented in a pair of computer programs written for the
I.B.M. 360/40 in Fortran. The first program in the pair find all com-
binations of the type

h = k +(h-k)
where h and k are the crystallographic indices associated with the
large E values. All pairs k and h-k for each h are then stored on
magnetic tape for use by the second program. Also stored are the E
values the indices and the parity group.

The second program takes an initial set of assigned phases

and generates more using the tangent formula. After generating the



-150-
phases the program cycles them through the tangent formula to obtain the
best self consistent set. On the last refinement cycle the various indi-
cators fop accepting or rejecting the assigned phase are calculated and
checked against user specified values. The poorly defined phases are
removed from the list of assigned phases and the program then repeats

the procedure, starting with the generation of new phases.



APPENDIX C

A List of Computer Programs Used during these Investigations

Type of Calculation

Least Square Unit Cell
Least Square Plane

Bond Distances and
Angles

Packing Distances
Thermal Ellipsoids

Structure Factor
Least Squares

Fourier

Data Reduction

Data Listing
Absorption Correction
Goniostat Settings

Lorentz-Polarization
Corrections

Absorption Corrections

Structure Factor
Least Squares

Fourier

Computer and Language

I.B.M. 360, FORTRAN IV

I.B.M. 360, FORTRAN IV

I.B.M. 360, FORTRAN IV

I.B.M. 360, FORTRAN IV

I.B.M. 360, FORTRAN IV

I.B.M. 360, FORTRAN IV

I.B.M. 360, FORTRAN IV

I.B.M. 360, FORTRAN IV

I.B.M. 360, FORTRAN IV

I.B.M. 1410, FORTRAN II

I.B.M. 1410, FORTRAN II

I.B.M. 1410, FORTRAN II

I.B.M. 360, FORTRAN IV

I.B.M. 1620, Assembly

I.B.M. 1620, Assembly
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