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Abstract

X-ray diffraction data has been measured for DL-senne at 298K and 123K as well as for
I)-serine.Il,O ard L-serine.H,0 at 298K, The cell parameters for DL-serine (space group
P2,/a) are; at 208K, a=10.7332(11)A, b=0.1443(8)A, c=4.8286(7)A and B=106.42(1)° and at
123K, a=10.7720(5)A, b=9.1835(4)A, c=4.87956(2)A and B=106.73(1)°.The low
temperature data set w as used to further examire =2sidual electron density that was observed
at room temperature. The cell parameters for the urthorhombie crystals (space group P2,2,2,)
L-serine.H,0 and D-serine H,O are a=4.8189(6)A, b=9.3566(15)A and c=12.2253(12)A and
a=4.8195(6)A, b=9.3584(17)A and e=12.2183(14)A rspectively. The absalute structures for

both enantiomers were accurately determined by refinement of the Flack parameter in
SHELX.
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Chapter

Introduction

Amino acids are the building blocks of proteins. They are the monomers that, when linked
through hydrolysis form a sequence known as the primary structure, This structure then feolds
in the aqueous environment of the ceil to form a macromolecule with a unique shape. This
shape is directly related to the function of the protein and is largely dependent on the amino

acid composition.

1. Chemical structure of the tweniy haturally gecurring gmino

The first amino acid to be isolated was glycine, in 1820, from a gelatin hydrolysate by H.
Braconnot. There are 20 L-o: amino acids feund in proteins referred to as standard amino
acids (table 1.1). All, with the exception of proling, have a free carboxyl and a free
unsubstituted amino group on the & carbon. They differ from one another in the structure of
the side chain, R, (Lehninger, 1975}, The abselute configuration at the & carbon atom of o
amino acids is identical with that of glyceraldehyde .

Figure 1.1: The structure of an L-amino acid

Table 1.1: The twenty standard amino acid svr -ols and side chains.

Name Symbol - R

Glycine Gly H

Alanine Ala CH,;

Leucine Leu CH,CH(CH;),




_Isnieucine lle CH(CH,)CH,CH,
Valine Val CH(CH,),
Proline Pro Loo’

n;tb
Phenylalanine Phe CH.Ar
T'.')'p‘. ophan Trp N ‘J'H—-- [
.
e
Methionine Met CH,CH,SCH;
Serine Ser CH,OH
Threonine The CH,CH,OH
Tyrosine Tyr Xl iy
l!?l_-.
K
Agparagine Asn AH:
C—Cy,,
Glutamine Gin Atz
(_'H}'—(.'Hg-—-c%n
Cysteine Cys CH,SH
Lysine Lys {CH,),NH,
Arginine Arg (CH,,NHC(NH.),
Histidine His “'-“"-"3:— xnF
H.
"\f_’\m
Taof
Aspartic acid Asp CH,COOH
Glutamic acid Glu CH,CH.COCH

Amino acids other than the 20 standard forms exist. Rare amino acids may be found in some
profeins, such as hydroxyproline in collagen and desmosine in efastin. In addition to the

standard and few rare amino acids there sve over 150 other amino acids known to occur

[

e LT T S, =



biologically free or in a comuined form but never m proteins. Some have the 1> configurauon
such as D-glutamic acid found in the cell walls of bacteria, D-alanine found in some insect

pupae and D-serine in cathworms.

1.2 Amino acid pioperties

12.1 Polarity

Amino acids can be classified on the basis of the polarity of the side chain dividing them intc
four groups: non-polar (hydrophobic), polar (neutral), positively charged and negatively
charged. Nen-polar amine acids have aliphatic side chains and include alanine, leucine,
iscleucine, valine, and proline. Also hydrophobic are phenylalanine and tryptophan which
contain gromatic rings and methionine which is sulphur containing. The uncharged polar
amino acids inciude sering, threonine and tyrosine having a hydroxyl functional group:
asparagine and ghrtamine havirg amide groups and cysteine having a sulphveryl gronp.
Cysteine and tyrosine have the most pelar substituents. The positively charged amino acids
are basic at pH=7 and all have 6 carbon atoms. They include lysine, arginine and histidine
The negatively charged amino acids are acidic pH=7 with a second carboxyl group that is
futly ionised at pH 6-7. They are aspartic acid and glutamic acid.

The polarity of the aming acids is biologically important in that it alfects the three
dimensional structure that the protein assumes. Hydrophobic amine acids are found on the
imerior of a protein while the hydrophilic amino acids are exposed to the aquecus

environment on the surface.

122  Inthe erysie]

The co. . nic species of crystalline amino acids have a relaiively high melting point
(>200°C ) :nd are much more solubie in water than in non polar solvents. This is ta be
aexpected as the crvstal lattice is stabilised by ¢’ zctrostatic interactions between charged

carboxylate groups and ammonium group analogs. Most amino acids occur in, and crystallise




from neutral aqueous solutions as dipolar ions or Zwitterions.

Figure 1.2: Serine as a Zwitterion,

Amino acids that crysiallise with halide inclusions usually do not crystallise as Zwitterions
but as COOL-CHR-NH,". L-alanine, L-histidine, L-leucine, L-tyrosine, L-phenylalanine, L~
tryptophan, L-valine and Di.-valine have all been crystallised from an acidic environment
with HX (X=C1, Br) and have protonated carboxyl gronps.

1.2.3  Acid Base Properties of Amino Acids

Amino acidy are amphoteric in that they can act as acids (CQOH is a proton donor) or bases
{NH, is a proton accepior). In its fully protonated form, an amino acid is a dibasic acid and
can donate two protons during a complete titration with a base. The two stage titration yields
two points at which equimolar amounts of proton donor and proton acceplor are present, one
at the deprotonation of COOH and the other at the deprotonation of NH,* Equivalence
points are described with pK values.

pK;: NH, -CHR-COOH -+~ OH'=NH, -CHR-COr + H;0
pKs: NH, -CHR-COO + OH=NH,~CHR-COO + H,0

JE————L




[able 1.2: The pK” values for selected amino acids (Lehninger, (975)

Pk, PK;
oCOOH aNH,

Alayine 2.34 69
Serine 2.21 9.15
Threonine 2.63 10.43
Histidine 1.82 9.17

The pH of a solution of amino acids is therefore an important factor when growing crystals
and should lie in the region of pH 6-7 for the Zwitterion to be the dominant species.
Structures that crystallise with HX and have a protonated carboxyl group are grown from

strongly acidic solutions (pH= 2).

1.2.4  Stercochemistry

With the exception of glycine, all naturally occurring amine acids show optical activity, that
is, they rotate plane polarised light. Because of the nature of tha sp’ orbitals of the «-carbon
atom, four different groups can occupy two different arrangements in space to vield two
different chiral configurations or enantiomers. The prefixes D and L describe the absolute

configuration or stiucture of the molecule.

1.2.4.1 Absolute Structurg

The absolute structure of a molecule or crystal is its structure expressed in an absolute frame
of reference, This means that the purameters that serve to define the structure must contain
nat only the coordinates of each atom in the structure, but also a firm indication of the
handedness of the structure {Glusker, 1994). In 1951 Bijvoet showed that it is possible to
determine the absolute configuration of an optically active molecule from the effects of
anomalous scattering. Anomnalous scattering occurs when the scattering atom, usually a heavy
atom (particularly those with Z close to that of the element used to generate the incident X-
rays), absorbs X-rays. A phase change occurs for the X-rays scattered by the absorbing atom

5
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relative 1o the phases of the X-rays scattered by other atoms. The scattering is anomalous in
that correction must be applied to the normal scattering factors (the scattering power of 2
given atom for a given reflection). The scattering factor (f,) corrected for anomalous

dispersion is represented by the following expression:
fmmf, A A= A
where f, = the normal scattering factor
Af" = the real correction term
i4f” = the imaginary component

The increase of unomalous scattering with the increase in atomic mass is shown in table 1.3.

Table 1.3: Dispersion effects on scattering factors using MoK, incident radiation
(Glusker, 1994)

4" 4
H 0 0
C 00033 | 00016
N 0.0061 0.0033
p 0.1023 0.0942
Br -0.2901 24595

Friedel’s law states that , Fik/=FikT". This is true for centrosymmetric crystals bui does not
hold for non centrosymmetric structures if there is an anomalous scatterer present in the
structure. Anomalous scattering therefore enables the determination of absolute
configuration. Put simply, the Fi&/ and FAZT values that are observed are compared to those

that are calculated in order to determine whether the correct configuration has been chosen.

Fppr L {cos2 (hxtky+z)+isin2 (hx+ky+lz)} ie. the structure factor.
See section 1.6.1.1




This method has Leen i zorporated inte the SHFI X refinement method to produce an
additional parameter known as the Flack parameter (») which gives an indication of the
absotute configuration (Flack, 1983). Formaily the x parameter is defined by

|F(h, ) = (1) F (B + % | )

where F{h.x) is the structure factor for the reflection b, including the Flack parameter .
F(h) and {-h) are the structure factors of the Friedel pairs of reflection h.

When the atomic coordinate set of the calculated modal and the observed structure have the
same chirality, x takes the value of 0, whereas when they are opposed x becomes 1. Fora

centrosymmetric crystal in which Friedel’s law holds true, x is clearly undefined.

The effect of anomalous scattering primarily involves the i aer electrons of the atom (hence
the heavier the atom the greater the effect). For a given aivn, the effects of digpersion are
relatively greater at a high sinf than at low ones (Stout ard Jensen, 1989), If the molecule
under study contains no sitrong scatterers, collection of high angle data will assist in absolute
structure determination,

In this project, the structures of both D and L-serine H;0 were solved in order to ascertain to
what extent the refinement of small molecules contazining atoms no heavier than oxygen, can

give an accurate absolute structure determination,

1.3 Crystal jies of Amino Acids

R.E. Marsh was involved in the early crystal strocture determination of inany amino acids. In
1967 he reviewed all the amiuo acid structures that had been solved at that time. For
structures with three-dimensional structural data, he compared bond distances and angles of
the amino acid groupings as well as conformation about the C-Ce: bond. He also briefly
commented on hydrogen bond distances. Since then, accurate structural data has been

collected for all of the L, most of the DL and a few D-amino acids.




Amino acids have been extensively studied by diffraction techniques and structural data are
available for ali twenty of the genetically coded amino acids. Neutron structural dafa are
available for 16 of the 2N (Koritsanzky, 1996). Most of these are room temperature
measurenients, but incieasing numbers are being studied at low temperature for more
accurate bond structural parameters ar oftua in order to determine the electron density.
Those that have been studied at low temperature are L-th~onine at 12K (lanczak 1997), L-
asparagine snonohydrate at 15K (Weisinger, 198.), glycine at 77K {Kozhin, 1978), L- alanine

at 23K {Destro, 1988) and L-cysteine (3. =" . 1%9¢), L-feucine (Gorbitz, 1996), L-
methionine (Dalhus, 1996), DL-valine .- i L-valing {(Dalhus, 1996) ali at
120K. The racemate has been studied - . . w, [T ~isoleucine, DL-arginine,
Dl.-phenylalanine and DL-tryptophan. Beca.. - . . #'D amino acids is essentially

identical to L amino acids, few studies of it . »struc v i, - <n done, Those structurcs
that have been determined are D-methionine (Khawas, 1% 243, -iyrosine (Khawas, 1986) and

D-isoleucine hydrobromide monohydrate { Trommel, 1954).

Amino acids often crystallize with inclusions of ions or solvent molecules. Those that have
water in the crystal lattice are of particular interest as both serine enantiomers crystallize as
hydrates. Apart from DL-proline monohydrate, all of the hydrated amino acid ciystals are
composed of a single enantiomer. These include L-arginine hydrobroraide monohydrate, L-
aspasegine monohydrate, [.-cysteine hydrochloride monohydrate, L-histidine hydrochloride
monohvdrate, D-isoleucine hydrobromide monohydrate, L-lysine hydrochloride dihydrate and

L-serine monohydvrate.

1.3.1 Cambyid rstallosraphic Databy

Information on the molecular structures of amino acids was found by searching the
Cambridge Crystallographic Database (CSD){V5.13, April 1997) (Kenard, 1992). The CSD
contains results derived from the X-ray and neutron diffraction analysis of organic and
organometallic compounds. The current version of the database contains 175093 entries and
can be searched with crystallographie information such as unit cell parameters, symmetry,

space proup or three dimensional coordinates. Authors, journals. publication year and other




“text” haesd information can also be used as a search. Parameters were specified and search

data were then analysed with the statistical package, VISTA.

14
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‘The amino acid under study is serine or 2-amino-3-hydroxypropattoic acid denoted by the
symbol ser ¢r 5. The molecular formula of serine is CH,NQ,, it has a mnlecular weight of
105.09 and an isoelectric point of 5.68 ™ ~ontains a terminal liydroxyl groupand is a
hydrophilic amino acid. It was chosen  rcasons of availability, case of crystallisation and
simplicity of structure, L-serine ({S)-2-amino-3-hydroxypropanoic acid) is a genetically
coded amino acid found in peptide linkages in proteins and encoded by the codons AGC or
AGU. In mammals it is 2 nonesssentigl dietary amino acid. D-sering ({R)-2-amino-3-
hydroxypropanoic acid) occurs in silkworms and earthworms and residues of D-serine occur

in certain peptide antibiotics (Oxford dictionary of Biochemistry, 1997).

1.4.1 Serine function

The hydroxy! group of serine plays an important role at the active site of a group of enzymes
know as the serine peplidases. Peptidases are a group of digestive enzymes that hydrolyse
ceptide bonds. During catalysis by a serine peptidase an acyl enzyme intermediate is formed
by esterification of the hydroxyl group of the reactive serine with the carbonyl group of 2
peptide bond of the substrate.

1.4.2  Crystal Studies of Serine

A number of crystal structures of serine have been reported. X-ray diffraction expetiments
have been performed on DL-serine by Shoemaker (1953) and Kistenmacher (1974) and on L-
serine by Kistenmacher {1974) and Benedetti (1973). A neutron study by Frey et al. (1973)
looked at the structures of DL-serine and L-serine.H,O. A recent X-ray diffraction ¢xperiment
at 100K on DL-serine by Koritsanszky (1998) is in press but crystal data were kindly made

available for comparison.




1.5 lectron density of ine

The refinement of the crystal structure of DL-serine by Kistenimacher et al. (1974) showed
significant amounts of electron density between various pairs of bonded atoms, They referred
these as “bonding electrons’ but did not investigate ther further. Part of this study therefore
involves the electron density determinatinn of DL~serine from a low temperature data set in

order to get @ more accurate picture of this unusual electron density distribution.

1.5.1 Electron density determination

It is one of the basic tenets of quantum mechanics that the location of an electron cannot be
specified at a particular time. The position must be ¢iscussed with respect to the probability
of finding it in a volume element which is related to the square of the wave function. The
ability to measure .his probability density, otherwise called charge or electron density, would
provide a great deal of information on chemical bonding (Coppens, 1984). Using X-ray
diffraction methods electron density studies have become possible which have applications to
chemical and physical problems. These include comparison with theoretical results,

calct: ation of intermolecular interactions and the determination of the ground state in metal

coc:dination complexes .

Tt > suceess of the method depends on the experimental conditions. The data collection
shoald be performed at a very low temperature in order to minimize the effect of thermal
smearing (Boeyens, 1995} . Because there is a limit to the number of racasurable reflection
intensities it is also necessary . collect as many independent Bragg reflections as possible.
High angle reflections are particularly important for obtaining parameters associated with the
core electron density. By lowering the femperature the background scattering associated with

high angle reflections is reduced {Coppens, 1989).

10




1.5.1.1 The phage problem

In order to calculate the electron density at a point, {x.y.2), in the unit cell, knowledge of the
amplitudes and the phases of the diffracted wave in reciprocal space is needed. The
amplitude of the Fourier term in a series that describes (x,v.z) is calculated from the
measurable intensity ,[;;., of the diffracted ray. The phase is not as obviously recorded.

The structure factor, Fru- the computed ser. - for the reflection 47, is caleulated by
summing the waves diffracted by each of N ator.. - in the cell. Each term in the summation

represents one diffracted wave (Dent-Glasser, 1977).
Fyyy = Y £, fcos 2(hx+ly+iz) + isin 2 ix+ky+iz)}
f=scattering factor for the rth atom and the relative phase is described by the rest of the term.,

i The centrosymmetric crystal
In the case of a strucivre that packs into a space group wih a centre of syrametry, the phase
problem is somewhat simplified. For every atom (x, y, z), there is an identical atom at ( -x,-

y,-Z) and since sin(-x)=-sin(x}, the siructure factor equation reduces to

Eor = YA, {cos 2(hx+ky+iz)}

ie. the phase is restricted to two values and the atoms may be treated spherically when
calculating the phase,

i, The non centrosymmetric crystal

For the acentric crystal the imaginary term, isin 2(/nc+ky+iz)}, is retained and the values of the
phases are thus continuous variables. The model used to calculate phases must therefore include
the deviation from spherical symmetry of the atom densities ic. a non-spherical least squares

refinement is to be used to determine model parameters.

For this reason, electron density studies are preferentially performed on centrosymmetric

11
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structures, in this case DL-serine.

1.6 ALow Temperature (23K} Study of L-Alanine (Destro, Marsh and Bianchi)

Although there are many low temperatyure structures of amino acids, this study of alanine has
been selected as a particularly good example of a thorough X-ray diffraction study of an amino
acid. Results from this study give an indication of the amoumt of information that can be deduced

from an accurate low temperature data set.

The limitations of room temperature studies are discussed, the three main ones being;
1. Thermal smearitig
2. The subsequent difficulty in estimating true interatomic distances
3. Valence electron scattering being poorly represented by the widely
used spherically symmetric atom model.
Effects (1) and (2) can be minimised by cooling the crystal and effect (3) by modelling the outer
electrons differently.

Intensity data at 23 K were collected three times from the same crystal and the weighted average

of the three sets was used. Intensities were collected to a 20 value of 100° with background

measurements made before and atfter each scan. Corrections were made for Lorentz and

polarisation effects but not for absorption which was considered negligible.

Least squares refinement was carried out on five different models, those being:

A. The spherical atom modgl

B. As {A) but using only reflections with 20>40°

C. As (A) but with hydrogen atoms polarised in the direction of the atom to which they are
bonded.

D. Multipole model in which the electronic charge density of the molecule was analysed by 2
spherical-atom formalism.

E. A restricted multipole model in which the smallest multipoles of (D) were held constant at

Zero




Table 1.4: The five differant models usad to refine alanine.

A B C D E
no. of data 2515 2283 2515 2519 2519
no. of 83 83 83 186 159
parameters
R 0.032 0.03 0.032 0.0203 0.0206
goodness of fit | 2.35 144 239 1.166 1.192
scale factor 1.006(1) | 0.986(1) 1.006(1) 0.986(2) 0.9490(2)

The results found models A and C to be essentiatly identicol indicating that modelling the poles
of the hydrogen atoms had no effect on the overall refinement, Refinement B which ignered low
angle data (those reflections sensitive to the valence electron density) was predictably found to
have a different scale factor to those for A and C. Reliable scale and femperature parameters are
best obtained by either ignoring low-angle data or by appropriately modelling the valence
electrens as in D and E. The multipole models were found to best fit the experimental data as
evidenced by the R index and goodness of fit values,

This siudy shows that X-ray diffraction infensities that are accurately measured at a low
temperature and properly corrected allow for a reliable deconvolution of the electron distribution
from thermal motion, particularly when inferpreted by a multipole medel. Non hydrogen atom
bond distances and angles were more accurate and precise than those obtained in previous room
temperature and neutron stadies, C-H and N-H bond lengths were in agreement with those
obtained from neutron diffraction work and features of the hydrogen bonding network were
found in the deformation density maps.

As extensive a treatment of serine is not possible in this particular study given that the quality
and number of data at hand does not match that described. This sail, the low ternperature data
coliected certainly suffices in making valid comparisons with the room temperature structure and
previous neutron studies, give more aceurate bond lengths and angles as well as supply some

insight into the electron density distribution of the serine molecule.

T g - R [ = TR T ATl oo x RN




L.7. Aim

The main ohjective of this project is to collect good quality X-ray diffraction data for DL-serine,
L-serine. H,O and D-serine.H,0 for purposes of comparison. The aim is fourfold.

[. To determine the accuracy of refinement of an absolute structure parameter for D and L-
serine. H.O using Friedel pairs collected to & high 28,

[

Tao compare the configuration of both enantionmers in order to determine the extent of the
similarity of two structures that are expected to be identical.

3. To further examine electron density found along the C-C bonds at room temperature using
a data set collected at 123K.

4. To compare the racemic and enantiomeric crystal structures.
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Chapter 2

Experimental

21  Crustal Growth and Mounting

' '3 relatively easy to grow pood quality amino acid crystals from aguecus solution (Black,
1983). The solubility and the assumed form of the aminn acid is highly sensitive to pH.

210 LeserineH,0

L-serine crystals were pyrchased from Sigma chemical company and recrystallised from
aqueous solufion. Initially it was presurmed that the crystals formed were pure L-serine as per
Kistenmacher et «l. (1974) . Tt was soon realised from a Weissenberg photograph that the
crystals were dehydrating and becoming opaque at room temperature. This efflorescence
indicated that the crystal was more likely the moro-hydrated serine structure.

Attempts to crystallize pure L.-Serine from non-aqueous solvents such as ethar and ethanol
were unsuccessful due to the limited solubility of serine in these substances.

Latge, flat, pristns of good quality L-serine.H.O formed from a slow cooled solution
saturated at 65°C. The crystals were selected according to their ability to extinguish
pularised light under a microscope and were subsequently cut to size (0.2 mm=0.3 mm ~ 0.3
mm?} with a blade. The crystal was mounted in a Linderman tube (0.5mm diameter) witha
small amount of water placed at the end of the tube to ensure a moist atmosphere. The tube
was sealed with cyanoacrylate, as dehydration of the crystal was unavoidabie when sealing

with a flame.

2.1.2. D-serine.H,O

Crystals of D-serine H,O were prepared in the same way as L-serine H;O s, being

enantiomers, they exhibited the same properties. Two crystals were selected for the two data
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collections; one of dimensions 0.2mm-0.25mm » 0.4mm for the CAD4 and another ot
dimensions 0.3mm=0.3mm0.2mm for the SMART.

213 Dlserine

DL-serine crystals were recrystallised by slow cooling from an aqueous solution of (.5 g of
D-serine and 0.5 g of L-serine in enough solvent o result in a saturatsd solution at 65°C.
Clusters of rectangular prisms of good quality formed, DL-seriaw w.n * crystallise with
the inclusion of water so no special treatment of the crystal was jequired. Two crystals were
selected for the two data collections at different temperatures; one of dimensions
0.2mm~0.3mm>0.3mm for the CAD4 room temperature data collection and another of

dimensions 0.4mm=~0.2mmx=0.4mnm for the SMART low temperature data collection.

23 K-ray photographs

Oscillation, zero and first layer Weissenberg photographs were taken of all crystals prior to
data collection on the diffractometer, This was done in order to determine the cell parameters
and space group as well as to confirm that the crystal was not twinned and had not

dehydrated as in the case of' L. and D-serine H,O.

£
L)

Data collection

23.1 Data collection on T).-serine, D and L-serine.H () at toom temperature on the Enraf
Nonius CAD4 diffracs: meter,

Data were collected on an Enraf-Nonius CAD-4 diffractometer, on a Phillips generator, with
graphite monochromated, molybdenum Ke radiation (A=0.71069A} from a fine focus sealed
tube set at 50 kV and 30 mA as X-ray source. Cell parameters were refined by least squares

calculations froin 25 centered retlestions. Peak profiles were collected.
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Table 2.1 :Crystal data collected on DL-serine, D and L-serine.H,0 using the Enraf Nonius

CADA4 diffractomefer
DL-serine L-serine H,O D-serine. H,O
Identification code 5c53 sc34 seis
Empirical formula C,H,NQ, CH,NO, C,HNOQ,
Formula weight 105.1 123.11 123.11
Temperature (K} 293(2) 293(2) 293(2)
Ahsorption coefficient (mm™} | 0.137 0.138 0.138
F(000) 224 264 264
Theta range (°) 298 to 29.97 2.74t029.95 274102995
Index range -152h»15 6> 0>6 66
-122k>12 -13>£>13 -132k213
-621>6 ~17-617 ~17:4:17
Reflections collectad 2928 2845 3079
Independent reflections 1523 1192 1596
_ [Reint)y=0.0159] | [Reimt=0.02E7] | [R(int)=0.0269]
Data collection method w-20 w-20 w-20

Three strong reflections were monitored periodicaly during the data collection (table 2.2).
The crystals were stable in X-rays and did not undergo any structural change. This was
particularly important in the case of the hydrated crystals as dehydration would be evident in

the decay of the intensity of the control reflections.

Table 2.2 Intensity controls for DL-serine, D and L-serine. H.O

DL-serine L-serine. H,0 D-gerine.H,0
Intensity controls 3517 320 {45
hkl 271 40 fn-2-7
6-12 320 224

Unigne reflections were considered ohserved for I~2a(I).
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The final data were reduced with the data ceduviion program PROFIT (Strel'stov &
Zavodnik, 1989) which corrected for Lorentz poiarisation effects and scaled the data.
Structures were solved by direct methods using SHELXS86 (Sheldrick, 1920} and refined
with SHELXI.93 { Sheldrick, 1993). Method of refinement was {ull matrix least squares on F*
with non-H atoms refined anisotropically and H atoms isotropically to convergence. The

atomic scattering factors used were from the International Tables Yolume C (Wilson, 1992),

2.3.2 Data collection on DL-serine at 123K and D-serine. H,0 at 273K on the SMART CCD
diffractometer

2.3.2.1, D-serine.H,Q

Due to the tendency of the enantiomerig erystals to dehydrate, a small data set was collected
at room temperature over I hour on D-serine.H,0O on the SMART CCD diffractometer to
compare with data collected over 3 days on the Enraf Nonius diffractometer. Any crystal
decomposition due to dehydration over time would be minimised with the shorter data
collection time,

Data were collected on a Siemers SMART CCD diffractometer, on a Phillips generator, with
graphite monochromated, molybdenum Ke: radiation (A=0.71069A) from a fine focus sealed
tube set at 50 kV and 30 mA as X-ray source. The detector was set 4t a distance of 4.50 cm
from the crystal. Data were collected by rotation about the w axis. The rotation width was
0.3°. The frame size was 512~512 pixels and exposure time per frume was 10 seconds. The
final data were then reduced using the reduction program SAINT (Siemens, 1995b).
Structures were solved by direct methods using SHELXTL Version 5 (Siemens, 1995a) and
refined with SHELXTL (Siemens, 1995a). Method of refinement was full matrix least
squares on F2 with non-H atoms refined anisotropically and H atoms isotropically to

convergence. The atomic scattering factors used were from the International Tables Volume

C (Wilson, 1992).
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2322 DL-sering

Data for DL-serine were coliected at 123K for purposes of examining the eleciron density

and determining the atomic coordinates more accurately.

Data were collected on a Sjemens SMART CCD diffractometer, on a Phillips gencrator, with
graphite monochromated, molybdenum Ko radiation (4=0.71069A) from a fine focus sealed
tabe set at 50 kV and 30 mA as X-ray source. The detector was set at & distance of 4.50 cm
from the crystal. 37 reflections were used to determine cell parameters. Data were collected
by rotation abeut the w axis, The rotation width was 0.3, The frame size was 512+512 pixels
and exposure time per frame was 10 seconds. To check for intensity decay, 50 frames of the
first exposure set were repeated at the end of the data collection. Crystal decay was found to
be negligible after analysing the duplicate reflections, Unique reflections were considerad
observed for I>20(1). Empirical absorption corrections were performed by SADABS
(Sheldrick, 1996h). The final data was then reduced using the reduction program SAINT
(Siemens, 1995b). Struciures were solved by direct methods using SHELXS86 (Sheldrick,
1990) and refined with SHELXL.93 (Sheldrick, 1993). The method of refinement was full
matrix least squares on 2, Non-H atoms refined anisotropically and H atoms isotropically to
converpence, Afomic scattering factors used were from the International Tables Volume C

{Wilson, 1992).
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fable 2.3: Crysial data collected on DI-serine, I 2nd L-serine. H,O using the Siemens
SMART CCD diffractometer

Di-serine D-serine. H,O
Identification code sering | 5c36
Empirical formula C;H,NO, C,H,NO,
Formula weight [05.1 123.11
Temperature (K) 123(2) 208(2)
Maximum theta {°) 70.23 24.73
Index range 172017 ~2=h=S
-ldxi>14 -4>j>10
<1157 -13»/>4
Total frames 2169 252
Total data collection time 6 hours 1 hour
Spot spread XY () 1.6 L6
Spot spread Z (°) 0.6 0.6
Reflections collected 6892 858
Independent reflections 1940 680
[Rint)=0.0152] [R{int)=0.0239]




Chapter

Results and discussioy

31 solution and refin [-serine Oand L.
serine J,0
Table 3.i: Resuits of data collection and refinement
DL-serine L-serine.},0 | D-serine H,Q | D-serine. H,Q | DL-sering
Identitication code 5¢53 seS4 555 5e36 serine |
2 (A) 10.7332(11) | 4.8189(4) 4.8195(6) 48176(10) | 10.7720(5)
b (A) 9.1443(8) 9.3566(15}) 2.3584(17) 9.3466{19) 9.1835{4)
¢ {(A) 4.8286(7) 12.2253(12) 12.2183(14) 12.207(3) 4.7956(2)
B{® 106.42(1) not applicable | not applicable { not applicable | 106.73(1}
Crystal system Monoclinic Orthorhombic | Odhorhombic | Orthorhombic | Monaclinic
Space group P2//a P2.22, P2,2.2, P2.2.2, P2/a
Volume (A%) 454.57(%) 551.22(11) 551.08(14) | 549.6{2) 454.31(3)
z 4 4 4 4 4
Density {(calc) (g/m*) 1.536 1.483 1.434 1.488 1.537
Absarptiun coetticient (mor') 0.137 0.138 6.138 0.138 0.137
Tempezrature (K} 298 293 298 208 123
Diffractometer type CAD4 CAD4 CAD4 SMART SMART
Refinement methad Full-matrix least-squares on F*
data/restraints/parameters | 1323/0/92 1192/0/109 1596/0/109 680/0/101 1940/0/02
Gooduess of fit oa F° 1.078 0.837 1.065 1.137 1.375
Final R indices [I>2o(I)] [ R1=0.0365 RI=0.033] R1=0.0360 Ri=0.0275 R1=0.0323
wR2=0.106 WR2=D.036 wR2=0.098 wR2=0.0713 | wR2=0.1467
R indices (aH data) i -0.0402 RI=0,0333 R1=0.0397 R1=0.0293 R.1=0,0340
wR2=0.110 wR2=0.086 wiR2=0.102 wR2=0.0734 | wR2=0.1503
Flack parameter not applicable | 0.30(13) 0.20{12) nat caleulated | not applicable
Largesi difference peak 0.409 and 0.135 and 0.315 and 0.125 and 0.481 and
and hole (e.A™) 0.179 -0.183 -0.201 -0.111 -0.259




Structures may be referred to by their identification codes in order that different structure

determinations of the same compound not be confused.

311 Crystal data

3.1.1.1 DL-serine
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Table 3.2: A comparison of DL-serine crystal data with literature values

KRM* FLKH® | sc53 | serine | TK*
a{A) 10.73%2) [ 10.719¢3) { 10.7332(11) | 10.7720¢(5) 10,7626
b(A) | 9.149(2) 9.136(4) 9,1443(R) 9.1835(4) 9.1752
¢ (A) | 4.830(1) 4.833(2) 4.8286(7) 4,7956(2) 4.7889
B(°Y | 106.42(1) | 106.43(3) | 106.427(12) | 106.7340(10) | 106.7

The unit cell dimensions of the three room temperature structures (KRM, FLKH, sc53 (figure
3.1)) compare favourably for the short axis ¢ and for B, but for @ and » the FLKH values are
significantly smaller. Kistenmacher et al, also noted that cell constants were only in moderate
agreement with those found by Frey et al. Differences in cell constanis are difficult to account
for as they are a result of the reflections selected for calculation of the cell parameters and the
orientation matrix. The intensity , 20 value, distribution in the octants of the reciprocal lattice
and number of reflections all play a role in the determination of the celi constants but are
usually not fully deseribed in literature accounts. In the case of the respective DLL-serine cell
constants, they were obtained by least squares techiniques from 21 (FLKH), 11 (KRM} and 25
{sc53) centred reflections.

Data were collected at [23K for serine | (figure 3.2) and at 100K for TC. The cell constants

for the two low temperature structures were similar. There was an increase in « and # and an
overall volume shrinkage on cooling of only 0.05% for serine_1 and 0.35% for TC compared
to s¢53. This indicates that cc traction of the cell constants need not necessarily occur at low

temperatures,

For both data collections the cell parameters were initially found to be «=4.828A, h=9.1444,
=10.450A, $=99.88°. These cell constants were close to those r orted in the literature
except that the « and ¢ axis had been reversed, the /angle was smaller and the space group

was P2,/n as opposed to P2,/a. In a standard setting the a axis is chosen to be the shortest axis

* T.J. Kistenmaclier, G.A Rand, R E.Marsh, dcta Crywt., B30 (1974) 248
" M.N. Frey, M.S. Lehman, T.F. Koetzle, W.C. Hamilton, dcta Cryxr,, B29 (1973) 876
“Tibor Koritsanzansky, Hritten communication, 1995,
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but in this case a wansiormation was requnred in order to compare to titerateie values. The

following matrices were used to transform the cell parameters.

00 -1
010
100

i,
10 -i
01 0
00 1

The transformation resulted in a cell having space proup P2 /¢ as the diffractometer software
did not recognise P2,/a.

iii, A further transformation was performed in the stricture refinement using an HKLF 4
1 0010-101400in the instruction file ie. the transformation matrix was

001
0-10
100

The final transformation resulted in the desired space group and cell constants



3.1.1.2 Dand Loserine H,0

Figure 3.3: ORTEP (Johnson, 1970) diagram of L-serine.H,O (sc54)

Fipnre 3.4; ORTEP (Johnson, 1970) diagram of I}-seiine. H,O (sc55)



Tabl: 5.3; A comparison of 1-Serine, H. (O and D-Serine IO crystal data with literature values

L-serine. H,0 L-serine H,0O D-serine.tL,O | D-serine.H,0
FLKH (s¢54) (scaS) (sc56)
a(A) 9.365(7) 4.8189(4) 4.8195(6) 4.8176(10)
b(A) 12.23%(9) 9.3566(15) b a584117) 9.3466(19)
c () 4.835(7) 12.2253(12) 12.2183(14) 12.207(3)

The ceil constants found are inverted with respect to the literature vaiues with no consequence
because the cell is orthorhombic. The literature values are higher for all axis bui this is of
fitfle concemn because the standard deviations for these values are also high. The values for D
(sc53, figure 3.4) and L-serine.H. O (sc34, figure 3.3) in this study compare favorably 10 one
another although the ¢ axis is stightly longer for L-serine. H.O

Comparing the D-serine.H,0 structures, sc55 and sc56, it can be seen that the « axes are the
same but the » and ¢ are significantly shorter for data collected on the SMART CCD, This is
probably a result of the different methods used in determining the cell parameters on the two
diffractometers. The calcuiation of the cell constants using the SMART CCD is generally
considered more uccurate than for the CAD4. In the former ‘frames’ of intensity peaks givea
higher number and 20 spread of reflections than the 25 individual reflections selected on the
CAD4, This suid, the high standard deviation on the ¢ axis may be an indication that too few
007 reflections were selected in the initial determination of the zell constants. This would

subsequently affect further crystal data including the atomic parameters.

3.2.1 Absolute structuge

Friedel opposites were collected for the D (5¢55) and L-serine. H,O (5c54) data collections in
order dat any anomalous scattering be detected and used in the determination of the correct
absolute structure. Data collected for D-serine H.O (sc56) were small (680 reflections) and did
not include Friedel pairs so there was no information for absoluts structure calculation. As this
structure was known to be the D-enantiomer, it was simply compared to D-serine. HO (s¢55)
to ensure that the correct absolute structure had been refined.

The absolute structure parameter was refined as a separate parameter in the SHELXL
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refinement for D and L-serine.H,Q. This particular absolufe siructure parameter is cailed the
Flack parameter an. “wmerically lies between (0 and 1. A value close to zero indicates that the
correct absolute structure has been allocated, whereas if it lies close to one, the siructure needs
to be inverled. This was the case with the initial refinement of L-serine. H,O. A Flack
parameter of 0.70(13) was found as opposed to that of 0.20{12) for D-serine.FL,O. A MOVE i
11 -1 card was inserted into the L-serine. H,O SHELX instruction file to invert the structure.
The resulting parameter was 0.30(13) indicatng that the: correct absolute st-ucture had indeed
been assigned.

In thi~ study the high angle data collection (20 to 29.95° for both structures) accentuated any
weak anomalous dispersion so, although serive is an organic molecule with no atoms heavier
than oxygen, the absolute structure was accurat2ly determined with no strong scatterers
present. This indicates that the anoraaicus scatiering of carbon, nitrogen and oxygen is
sufficiently detec:able in the refinement and can therefore be relied upon for an acenrate

absolute structurs determination.



3.2 Mboleeuiar configurations
Bond lengths of organic compounds have been determined from structures in the CSD (Allen,
1987), using the weighted mean values of bond lengths of a certain type. Mean lengths of the

bond types present in serine are given in table 3.4.

Table 3.4: Mean values of bond length types found in serine

Bond type Bond length (A)
C-COQr in carboxylate anions 1.520¢11)
Csp’-Csp’ 1.524(14)
C-NH." 1.485(13)
CH.-OH 1.426(11)
C-C+0 deloculised double bonds in carboxylate anions | 1.254(10)

3.2.1 ~Serin

Table 3.5: A comparison + f non hydrogen bond lengthis for DL-serine

Bond Lengih KRM FLKH 5¢33 serine ]

tA) esd: 0.002-3 A [ esd: 0.001-2 A [ osd: 0.0011-13 A { esd: 0.0007-9 A
Ci1)-C(2) 1,531 1.531 1,5295 1.5329
C(2)>-C(3) 1.518 1.518 1.5178 1.5241

C(2)-N 1,491 1.487 1.4910 1.4908
C(1)-0(1) 1.245 1.248 1.2477 1.2549
C(13-012) 1.260 1.257 1.2600 1.2680
C(3)-0(3) 1.419 1.414 1.4192 1.4223




Tahle 3.6 : A comparison of non hydrogen bond angles tor DL-serine

Bond Angle KRM FIL.KH 5e53 serine 1
") esd; 0.1-2° esd: 0.1° esd: .07 -8° ] esd: 0.05 ¢
O1CU O 126.0 125.8 125.89 12594
O(1)-C(1)-C(2) 117.9 117.9 117.94 117.83
0(2)-C(1)-C(2) 116.1 116.3 116.16 116.22
C1-C(2)-N 109.5 109.6 109.48 109,72
C(3)-C{2)-N 1117 111.7 111.64 11147
C{-C{2)-C(D) 111.8 111.5 111,75 111.42
C(2»C3)-O3) 111.4 111.4 111.39 111.28

The distances (table 3.5) and angles (table 3.6) for the room temperature structure of DL~
serine compare favourably with those found by Kistenmacher and Frey. The values from this
study agree most strongly with KRM but any deviation from FLKH values is not significant.
All DL-serine bonds fall within the range described by Allen (1987).

Aside trom the C-N bond which remains unchanged, a comparison of the room and low
temperature structures reveals an overall increase in the bond lengths for the low temperature
structure, This is most likely a result of the elongation of the « and 5 cell axes on cooling. The
standard deviations for bonds and angles have decreased for the low temperature structure

which is to be expected with the relative reduction in thernmal motion at 123K,

The C1-01 bond of the carboxylic acid group is substantially shorter than the C1-02 by 0.010-
15A for all structures. The carboxyl group is anionic in the solid form with charge being
unevenly distributed across the functional group. The cause of this uneven distribution is the
hydrogen bonding of the carbonyl oxygens with O2 having two (to H2 and H3) and O1 having
one hydrogen bond (to H7). The increased hydrogen bonding to O2 reduces the electron
density available for bonding thereby elongating the C-0O2 bond giving it more single bond
character. A single hydrogen bond to O1 leaves more electron density avaitable for the
covalent bond and results in a shorter, stronger C-O bond, The structures of most Zwitferionic
amino acids show the same feature. In the multipole analysis of the 23K study of alanine

{Destro, 1988), the 02 was found to have a slightly larger ncgative charge than O1.



The C1-C2 bond for all structures is unexpectedly and significantly longer than the C2-C3
bond. From a statistical analysis of 69 amino acids found on the Cambridge structural
dutabase (CSD), the mean length of the C-COO" was found to be 1.533A (Appendix C, figure
C3) which falls ut the high end of the range of 1.520(1 DA described by Allen {1987). Not
satisfied that Allen’s value appropriately described the bond, 2 further search for this bond was
performed over the entire database. A search for any structure that contained the Zwitterion
group resulted in 312 hits and a mean bond length of 1.534A (Appendix C, figure C4), leading
to the conclusion that this elongated bond length appears to be a feature comir: v to all
Zwitterionic structures, The long C1-C2 distance was commented on in a topological analysis
of the experimental electron density of DL- aspartic acid (Flaig et al., 1997). It was reported to
be due to the net atomic charges of C1 and C2, calculated to be -0.4 and 0.2 respectively,

3.2.23  L-serine H.O and D-serine H.O

Table 3.7: A comparison of non hydrogen bond lengths for L-serine.H,0 and D-serine H;0

Bond Length(A) | FLKH L-serine. H;C | D-serine.H,0 | D-serine.H.O
{sc54) {5¢35) {s5¢56)
esd: 0.002-4 A [ esd: 0.002 A | esd: 0.002 A | esd: 0.002-38
C(1-C(2) 1.527 1.533 1.533 1.516
C(2)-C(3) 1.519 1,517 1.518 1.519
C{2)-N 1.488 1.484 1.489 i.491
C(1)-0(1) 1.2438 1.248 1.244 1.246
C{1H-0(2) 1.251 1.251 1,251 1.250
C{3H-0(3) 1.413 1.417 1,418 1417
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Table 3.8: A comparison of non hydrogen bona angies for L-serine.H,O and b-serine. H.O

Bond Angle L-serine. H;0 | L-serine. H,OQ D-gerine H,O | D-serine.H,0
) FLKH {sc54) {sc55) {sc56)
esd: 0.2° esd: 0.11-14° {esd:0.1° esd: 0.1-2°
O()-C(1)-0(2) ] 125.1 125.2 125.3 1248
OD-C(1)-C(2) | 118.6 118.7 118.8 119.0
| O(2)-C(1)C(2) { 1163 116.1 1153 116.1
C(1)-C2)»-N 110.6 110.7 110.4 110.9
C3)-C2)-N 111.2 1115 111.4 111.0
C(1-C(2)-C(3) | 110.9 111.3 111.3 111.8
C2)-Ci3-0(3) { 111.8 111.3 111.3 110.7

Bond lengths {table 3.7) and angles (table 3.8) all compare favourably and fatl within the
range of standard deviation. As for DL-serine, the C2-C3 bond for FLKH, sc54 and sc55 is
longer than the C1-C2 bond. However, the C1-C2 bond for D-serine. H,0 (sc56) is 1.0154
shorter than for the other structures, It is likely that this difference in bond length is & result of

the shorter cell parameters found for s¢56, It could also be due to the low number of data
coliceted on the SMART CCD. This bond length is inconsistent with that obtained from the
C'8D search on the C1-C2 bond (Appendix C, figure C4), and with the other three serine H;O
structures.

On comparison of the bond lengths and angles of the racemic and ¢nantiomeric structures, it
wis apparent that the two structures assume similar configurations in the crystal. A
comparison of torston angles (table 3.9) further indicated that D/L-serine.H,O and DL-serine
assume nearly identical peometries. The C-N bond and the carboxylate group are planar to
one another, the conformation is staggered down the C2-C3 bond (figure 3.5) and the
ammonium hydrogens are also staggered with respect fo the groups attached to C2 (figure 3.6).
Anhydrous L-serine (Kistenmacher., 1974) also assumes a similar geometry although there are
significant differences in the conformational angles about the C2-C3 and O3-C3 bonds. These
differences result from the differenices in the Q3-H7...0 hydrogen bond {see tables 3.11 and
3.12).



Fable 3.9: Selected torsion angles for D-serine F,0, L-serine.H,0, Dl-serine and L-serine

Torsion angle D-serine. H,O L-serine.H;O ) Di-serine L-serine
(") 5c53 5c54 553 (KRM}
01-C1-C2-C3 125.87 126 12571 124
02-C1-C2-C3 54.95 54.6 5547 56
_N—C2—C1-01 1.64 1.36 15 2

N-C2-Ci-02 179.17 179.3 179.68 179
03-C3-C2-N 70.82 71.3 70.21 60
03-C3-C2-C1 52.86 52.68 52,77 63
HI-N-C2-C3 64.61 64.39 60.88 60
H2-N-C2-C3 49.8 49.78 56.48 60
H3-N-C2-C3 178.09 172.57 179.35 180

Figurg 3.5: The staggered conformation down the C2-C3 bond of DL-serine (s¢53)




Figure 3.6: The staggered conformation down the N-C2 bond of D-serine. H,O (5¢55)
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3.3,  Hydrogen Bonding

According to Jefirey (1997) hydrogen bonds can be classified as strung, moderate or weak
depending on their bond lengths (table 3.10) . Most biomolecules have moderate hydrogen
bonds, but weak hydrogen bonds may also be present as the minor component of a three-
centre hydrogen bond. Weak C-H...O hydrogen bonds also occur in amino acid structures.

Table 3.10: Interatomic distances and hydrogen bond strengths for the A-H....B bond

A-H..B Strong Moderate Weak

(15-40 keal mol™) | (4 15 keal mol) {1-4 kcal mol™)
H....B (A) 1.2-1.5 1.5-2.2 2232
A..B(A) 2225 2,5-3.2 3.240

Hydrogen bonds are usually linear with a single acceptor, Hydrogen atoms with two acceptors
that form non linear bonds are found in approximately 75% of Zwitterionic amino acid crystal
structures. These bonds are referred to as three-centred since the hydrogen is bonded to three
atoms: one covalent and two hydrogen bonds (figure 3.7).

.81
A —H7,
lhr""-B 5
Figure 3.7 A three-centre hydrogen bond.

Three centred hydrogen bonds oceur because the COOF group prefers to accept four hvdrogen
bonds, ie. two per oxygen atom. The NH;™ group has only three protons so sharing becomes
necessary in order to satisfy the strong potential of the carboxyl proup as hydrogen bond
acceptors. The three-centre bond is usually unsymmetrical with a shorter major und a longer
mtinor component (r1>12). A study by Jeffrey and Mitra (1984) showed the hydrogen bond
configuration of 49 amino acid structures to be that depicted in figure 3.8. The three-centred
bond is found in 39 of the 49 structures.
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AmH ey f e A A-H—NH--A

i
H
i '}H\
A A A
i 25
A A
H—N™—H’ A\H—-N——H__‘
A ! A Am A
i A,
,
A A A

i+ m

iapure 3.8: The hydrogen bond configurations found in 49 amino acids (numbers of examples
are given below structures),

The following tables note all H...O bonds under 3A long. Most of the bonds are weak but all
contribuie o the assumed peometry of the molecules in the crystal.

3.3.1. DL-seri
Table 3.11: Hydrogen bond distances for dl serine at room and low temperature (i indicates an
intramolecular bond distance)

DL-serine (¢33} DL-serine (serine 1}

A-H.B H.B(A) | A.B(A) | £AH.B(®) | H.B(A) | A..B(A) | ZAH.B(*}
N-H1.,.03 1.895 2,773 158.42 1.899 2.766 160.33
N-H2...02 1946 | 2.822 161.55 1.929 2.800 162,23
N-H3...02 1916 2,474 171.48 2.063 2,860 164.93
N-43..01 2644 2.629 81.06 2,630 2.638 §1.63
N-H3..03 i 2807 | 3.018 93.16 2707 3.011 104.02
N-H3...01 2755 3.397 124.68 2816 3.421 132.55
03-H7...01 1.778 2673 175.73 1.742 2.666 172.26
03-H7..02 2,833 3.273 127.56 2,846 3.410 120.21
C2-H4...01 2.346 3.294 173,62 2,333 3.288 173.74
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Discrepancies in the hydrogen bond lengths are due to the difficulty in accurately placing a
hydrogen atorn in an X-ray diffraction experiment. The positions of hydrogens in this study
are sigrificant within 0.05A.

There are four moderate strength H...O hydrogen bonds per asymmetric unit. Two of the
NH,;" hydrogen atoms bond with neighbouring carbonyl oxygens; both H2 and H3 bond to 02
atoms of adjacent serine molecules of the same chirality. Hydragen bonds to O2 hold the
layers of serine molecules together so that they appear to stack upon on another (fig 3.9). HI
bonds to O3 and it is this hydrogen bond that holds the columns of D and L-serine molecules
together {fig 3.11), The 03-H7...01 bond is the strongest hvdrogen bond as indicated by its
short bond length of 1.778A. The 03-H7-O1 bond angle is 175.73°, 7. close to lincar as
expected for a strong hydropen bond,

Atom H3 is involved in a three centre hydrogen bond (fig 3.10). The major component is the
H3...02 bond (1.916 A) und the minor component is the intramolecular H3...01 ( 2.644 Ay
The C1-02-H3 bond angle is 108.72° and the O1-C1-H3 angle is 81.06" owing to the three
centre arrangement. A short distance of 2,346A was found between H4 and O1 indicating the
presence of a C-H hydrogen bond. The C2-H4-0O1 angle is 173.62°,
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Figure 3.10; H3 involved in a three centre hydrogen hond with O1 and Q2.
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3.3.2. Dand L-serinel:Q

Table 3,12 Hydrogen bond distances for D and L-serine . H,Q {7 indicates an intramolecuar
bond distance)

D-serine. H.O (sc53) L-serine. H,O (sc54)
AH.B H.OBA) LALBA) AALLBCY {HLBA) [ALBA) | rAHLB)
N-Hi...017 | 2,495 2670 92,05 2487 2672 9138
N-H1..04 |2.203 2.906 135.78 2.178 2.906 135.35
N-H1. .04 |2.764 2.966 94.16 2,769 2.966 93.18
N-H2..03 i | 2.764 3.017 98.82 2.693 3021 | 10406
N-H2..01i | 2.638 2670 82.67 2.6%0 2,672 79.65
N-H2...0Z | 2.065 2911 158.95 2071 2910 163.99
N-H2.01 | 2793 2,964 91.80 2.847 2.966 89.34
N-H3.02 | 1839 2758 15895 1835 2758 155.16
N-H3..04 |2.883 2.966 85.02 2,850 2,966 87.85

03-H7..01 | 1.956 1784 169.72 1.900 2782 170.28
03-H7..02 | 2,612 3.247 133.64 2,633 3246 129,53

04-HS8...01 | 1.987 2813 173.09 1.952 2.511 173.6

(04-H9...03 { 2.027 2.866 176.95 2.032 2.867 177.72
O4-H9..Q2 | 2.965 3.158 9796 2.885 3.159 160.29

There are 6 hydrogen bonds per asymn etric unit, Atom H1 of the NH;" group is bonded to
04 of the water molecule; the two renr ‘v hydrogen atoms of the NH; ™ group hydrogen
hond to carboxy! oxygens (O2) of Ly serines; the hydroxyl hydrogen bendsto a
neighbouring carboxyl oxygen (O1) and the nydroxyl oxygen accepts 2 hydrogen bond from a
water molecule. A short intramolecular contact worth noting is the N.O1 distance of
2.670A.

The strongest H bond is between the carbonyl oxygen O2 and I13.



34  Packin

AL interesting part of this investigation lies in the close relationship between the structures of
the enantiomeric and racemic crystal. Both structures are made up of sheets of serine stacked

upon on¢ another.

34.1 DLserine

Caolumns of serine molecules appear to lie parallel to the (100} face (Shoemacher, 19533). A
column of L-serine is bonded to a column of D-serine by H(1)....03 hydrogen bonds. The
three remaining H bonds; 03-H7...01, N-H3...02 and N-H2 .Q2, bind the molecules within
each column. The repeat period along the a axis therefore consists of alternating layers of 1.

and D serine molecules (figurs 3.11).

k

o
ey

L L
Y

L .zenime Torrine Lot Taeene

Figure 3.11: The repeat period along the & axis of DL-serine showing the alternating columins

of D and L-gerine.
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342 Dgnd L-serine 1.0

Packing in the enantiomeric crystal 1s similar to that of D].-serine except that the columns of
serine lie parallel to the (001) face. The serine columns are linked together by hydrogen
bonds through the water molecules. The repeat period along the ¢ axis therefore consists of

layers of serine wnolecules separated by layers of H,O molecules (figure 3.12).

Figureg 3.12: The repeat period along the ¢ axis ot D-serine.H;O showing the columns of

serine linked through water molecules.

3.4.3 L-serine (Kisteninacher. 1974)
" g non hydrated L-serine structure proves to be completely different from the hydrated and
racemic cry:tals. The hydroxyl groups ar: exclusively bonded to neighbeuring hydrvoxyl

groups and ail N-H hydrogens are donated to neighbouring carboxy! oxygen atoins.
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34.4 Alapine (Dastro, 1988)
The stacking feature is also seen in the structure of alanine where N-H...02 hydrogen honds
link molecules together to form columns along the x axis. The other two N-H...Q bonds link

the columns together in a three-dimensional network
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3.5 Residual Electron Density

The refined room temperature structure of DL-serine was found to have residual electron

density almost coplanar with and half way along the C1.C2 and C2-C3 bonds. These

features were noted by Kistenmacher et al. and referred to as ‘bonding electron” density but

were not further investigated. It was hoped that a low temperature study would give more

insight into the nature of this electron density which, given iis presence in two separate

studies, did not appear to be artifactual. On further investigation it was noted that residual

electron density was present along most non hydrogen atom bonds. The residual electron |
density peaks are denoted by E. |

Table 3.13: Details of interbond residual electron density for DL-serine 298K

Bond | Inter-bond electron | Angle Distance Distance Distance
A-B denrity, E(eAY)  |AEB(°) |AB(A) AE(A) B-E(A)
C2-C3 0.4 173.4 1.517 0.761 0.759
C1-C2 (039 173 1.529 0.755 0.718
C3-03 ]0.27 161.4 1.419 0.784 0.654
C2-N 0.25 173.1 1,491 0.773 0.720

Table 3,14: Details of interbond residual electron density for DL-serine at 123K.

Bond Inter-bond electron | Angle Distance Distance Distance
AB density, E (e.AY  |AEB(°) |AB(A) AE (A B-E (A)
C2-C3 0.48 167.7 1.522 0.777 0.756
Cc1C2 045 171.8 1.533 (.795 0.742
C2-N 0,34 175.4 1.490 0.677 0.815
Ci-01 0.32 171.0 1.268 0.636 0.635
Cl-02 030 161.1 1.255 0.671 (.6u1

The Iargest clectron density peaks are present half way along the C2-C3 and C1-C2
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internuclear axes with densitics equivalent to less than half an electron per A In any X-ray
diffraction experiment the single electren of the hydrogen atom is difficult to locate and the
appatent position will be shifted towards the atom X of the X-H hond by up to 0.1A (Jeffrey,
1997). Censidering this difficulfy it seems unlikely that a smalier amount of electron density
could be accurately placed on a Fourier map. Nevertheless, the above results show a strong
correlation with one another and the literature observation, suggesting that this electron
density is not artifactual but real and observed. If these peaks were not real, it would be

expected that they would disappear in the low temperature study

In a ronm temperature structure thermal motion of atoms is modeled using anisotropic
thermal parameters. Thermal parameters that are unsuitable coatribute to residual electron
density. When temperature is lowered, thermal libration is greatly reduced and electron
density becomes more spherical in nature and is positioned closer to the core of the atom.
This normally eliminates any residual electron density due to libration effects that may be
present in the room temperature structure, In the case of DL~ erine, thermal motion was
halved on cooling (see ORTEP diagrams (figures 3.1 and 3.2) and thermal parameters
(Appendix A, Tables A3 and A7)), yet the residua! density is still present in the same amount

at similar coordinates.

The electron density has moved further from the plane of tae bond at 123K yet is still visible
in a Fourier difference map through the plane of the C1, C2 and C3 atoms. The anomalous
shifis in the electron depsity away from the bonds may be due to the limited scattering power
of the peak. This could mean that the placement of this non artifactual electron density, like

in the placement of hydrogen atoms, is significam within 0,14,

The peak between the C3-03 nuclei disappeared on cooling indicating that it was due to the
libration of the terminal oxygen atom. A small amount of electron density is also present on
the C-N bond for both structures. Electron density accurs midway along the C-O bonds of the
carbony} proup in the low temperature refinement. It is possible that these small peaks of
electron density are visible at low temperature because high angle reflections were collected.

The E23K data were collected to 20=35". 5 more than the 298K data giving 667 exira



reilections. Fusther infprmaticn about the topolog, of the electron density of DL-serine is

containe in the high angle reflections.

The question then arose as to whether the peaks play a mle in bonding. These effects were
not encounterec for L. and D-serine. H,O, nor for any other amino acid structures in the
Hterature. There does not appear to be any other structurat feature nnique to DL-serine that
may help account for this observation. The fact that the electron density was midway along «
bond, real and reproducible implies thas it is electran density due to bonding, These features,
if they exist, don™t normaily appear in a Fourier difference map. Images of bonding density,
lone pairs and the like are usually visualised with a deformation density map {The *standard
deformation density” is the difference between the total density and the density
corresponding to superimposed spherical atoms (Coppens, 1989)). For further insight into
this bonding density, treatment with a charge density program {eg, Multipole refinement and
deformation density map with XD (Koritsanszky, 1995) would be required.
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C3

c2 el

Figure 3.13: Fourier difference map through the zero layer of the plane defined by C1, C2
and, C3 of DL-serine at 298, Contour intervals at 0.06 ¢.A™, Negative contours represented
by dotted lines
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o3

Figure 3,14: Fourier differenice map through the zero layer of the plane defined by C1, C2
and, C3 i L-serine at §23K. Contour intervals at 0.06 e.A*, Negative contours represented

by dotted lines
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Chapter 4

Conclusjon

From the analysis of the X-ray difftaction structure solutions of DL-serine, D-serine.H.0 and L-

serine. H,O the following poinis have emerged.

Lowering the temperature of the data collection has a considerable effect on the cell parameters
relative to data collected af room temperature. Expansion of the « and 4 axes and contraction
of ¢ resulted for DL-serine at 123K with minimal change in total cell volume, There was also

a significant change in bond lengths, notably the elongation of the C-O carbony! bonds.

Aside from attaining more accurate cell parameters, the main reason for the low temperature
data collection was to further examine residual electron density present in the room temperature
structure, Electron density at 123K was present in similar concentrations to that found in the
room temperature structure, particularly along the C-C internuclear axes. This indicated that it
was not sitifactual nor due to inadequate modeiling of the atom density, but real and most likely
part of the bond. The data set collected at 123K is large and of good quality. With XD, a
computer program package for multipole refinement and analysis of electron densities from
diffraction data (Koritsanszky, 1995), it would be possibie to thoroughly analyse the nature and
topology of the residual electron density.

The elongation of the C1-C2 bond with respect to the C2-C3 bond was earlier discussed. It could
be that the ‘bonding” density is in fact a product of this feature of the Zwitterion group. Selected
Zwitterionic structures need to be analysed by crystallographic methods with the sole purpose

of analysing the residual electron density in order to confirm this.

Data were collected for D and L-serine. H.O for the purposes of comparing the two structures and
to ascertain whether the absolute structure of small organic molecules can be determined with
the collection of Friedel pairs. As expected, the structures were essentially found to be identical.
With the assistance of the Flack parameter that refines as part of the SHELX refinement for
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aceniric structures, the correct absolule structure was assigned for both enanticruers. This
confirms that chiralty of structures without heavy atoms can he accurately assigned if Friedel

pairs are collected to a relativzly high 20 angle.

All structures were found to be stabilised by extensive hydrogen bond networks with most of the
honds being weak in nature, The racemic and enantiomeric crystal structure pack together

similarly with columns of serine linked together through hydrogen bonds,

X-ray crystallographic studies of amino acids are ongoing, particularly at fow temperatures and
using synchrotron radiation sources The aim of such detailed studies is to derive methodically
self-consistent experimental electronic properties of these molecules. Topological descriptions
of the electron densities of amino acids could ultimately Iead the modelling of proteins from

their primary sequence alone,
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CRYSTAL DATA FOR DL-SERINE

DL-serine at room temperature (sc53 )
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psTEL
L2y
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CRYSTAL DATA FOR D AND L-SERINE.H,O

L-serine.H,0 (5c54)

Tuble B]l. Atomic coardinates { x 10°4) and equivalent isatropic
disslacemert parametats (A2 x 10°3) for sc54.
Ufeq) is defined as one third of the trace of the eethogonalized

L1 tensor.
| y z Weq)

02} T3 6356(1) 0251 3N
[#¢)] 6886{%)  535%(1y  F6TB(L) 23
N T854(3)  2885(1) 831B(1) 251}
(s3] 8603(3) 3993(1) TSOL) 22N
C(3) 8293(4) 3438(2) 634101  28(1)
(oK} 5462(3)  3XAO(1)}  S0SHD) 3D
o) FEA15(3) 420W2)  9949(1) 41y
Qcl) 5208¢3) S3BRE(1) B454(E)  4HD)

Tohle B2, Bond lengths [A) and angles [deg] for 554,

HB-C(1)
b
Cl1»C2)
N-&(2)

NH{)

N-H{2)

C(2)-C(3}
C(2)-H(4)
C(3)-0(3)
C(3)-H5)
C3)-H(6)
O{3)-H(7)

OU-CN-012)
O(1)-Cr1)-C(2)
QCU)-C(2)
C(2)-N-H{D)
C(2)-N-H(2)
H{1)-N-H2)
N-C(2)-C(3)
N-C[-C(l)
CEM2)C)
N-C(2)-14)
C{3)-C(2)-Hed)
C1)-C(2)-Hi4)
K3)-CA-CL2)
0Q(3)-C{3)-Hi5)
C(2)-C(3)-H(5)
O{3)-C(3)-Hi6)
C(2).C(3)-H(6)
H{5)-C(3)-HeB)
C3r003)-H(™)

1.2504(18)
1.248(2)
1.333¢2)
LAMTIY)
0.92(3)
0873
1L.317(2)
0.98(3)
14172
0.99%(3)
0.99{2)
0.88(5)

125.20(13)
£18.65(12)
116.14(13}
L7.9(17)
103,316}
114(3)
111 33(i3)
114.68(11)
111.31(12)
108.1(12)
106.6(12}
108.4(12)
111,36(14)
11.2(16)
108.0¢13)
103.5(13}
107.5(14)
LEL2)
104(3)
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Tublg B3, Anisotropic displacement purmeters (A2 x 10%3) for 5054,
The anisotrople displacement factor exponent takes the fosmn:
2 pitZ [ ho2 w2 ULY +...+3 hka* b U12]

Ul U222 U3d w2 vl U2

0@ WL 2D AAN KD AL O
C(1) 20(1) 181y 3K -2 -KI <KD
N 2XL)y 2001 21 Ly ol 1)
C(@ 00} 19y 261 Oy AN O
C3) 32D 2B 2B qD) KD o
03 43(1) 301 39 D -5 S
Qi) 4601 441  36(8) 51y 81y -0
Of1) 49(1) 2%1) 48(1) «1) Z2I1(6) S

Joble B4, Hydrogen coordinates ( x £0%4} and Isotrcpie
displacement parametess {A*2 x 10/3) for sc54.

x ¥ z Uteq)

Ei)  10570(5)  4230(2)  7598(17) 33(6)
H(5) 2706)  2510{3)  629i(1B} 3INE)
H(1) HO40(6)  32BO(3) 90O00(2) 527
H(?) 3080110y 237003y G210  TX1S)
Hi6) 9130(5)  4150(2) 5B4%(19) 35(6)
H(2) GIOOI6)  2390(3) BIZN2) 41(E)
H{) 10750(8) 71204 672003 SXUM
H{8) 830(5) 404003y 10260(3)  S55(3)
H(%) 265007y 4520(3) 9SO 4KT)

D-gerine.H,0 (5¢55)

Tohla B35, Atomie eeordinates { x 104) and egquivalent isotoopic
displacement parameters (AN2 % 1043) for sc55.

EHeq) is defined as one thind of the trace of the arthogonalized
Uij tensor,

% y z Uten}

0[2) 2663(2) 1354¢1)  7035(1)  3(1)
Cily 33 3531 767N 24(1)
C2) 138042) -I003{1)  7498(1} 2X(1)
O(3)  4538(3)  1730(1}  S05HL) 3N}
N 20503 -2LIS(1) S3WL) 36D
Ci3) 17053) -155B(1) G337(1) 29(1)
ow -l413) 79301} 9MdOE) 421}
CHI) 4792(3) 3871y s4sxl}  4X1)

Tahje B6, Bond ‘engths (A] and angles [deg] for sess,

O2}FC(1) 1.2307(1LS)
{1)-0¢1) L2442(18)
C(D-C(2} 1,5326(16)
C{2-N 1.4851(13)
C(2)-C(3) 1.5883(17)
C(2)-Hid) 0.96(2)
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Q(3-.3) LATT6(D)

0(3}-1{(7] 0.85(3)
N-H{1) 0.885{19)
N-H() 0.88(3)
N-H(3) 0.9%(3;
C(33-H(5) 0.97(2)
C(3)-Hi6) 1.00¢3)
OW-H(B} 0.82(3)
OW-H(5) 0.85(3)
O(-COIOD F25.36(11)
O{D-C(1)-C2) 118.86L10)
O2)C(1)-CL2} 115761 L)
N-C(2}-C(3} ILL.38(10}
N-C(2)-(1) 110.40(10}
CEMA)-CLL) 11131010}
N-C(2}-H(d) 18790113
C(3)-C(2)-Hid) 107.0¢(11)
C{L)C2)-Hd) 10B.7(11)
C(3)-013-H(T) 103.5(19)
C(2)-N-H(1) 108,2{13)
C(2)-N-H(2) 110.8(15)
H(L)-N-H(2} 1073
C3-N-HI3) 105.2(16)
H{1}N-H(3) 197(2)
H(2-N-H(3) 1182}
0EXC(3)-02) 1113001 1)
O(3)-C(3)-H(5} 111.1£14)
C(2)-C(35-H(5) 106.4(12)
O(3)-C{3)-H(6) 107.5¢15)
CRCL3)-HIG) N26{13)
H{(5)-C(3)-H(5} 108018}
H(®)-OW-H(9) 103(2)

Table B7. Anisotrapic displacement parumetess {A*2 x 1003) for sc55.
The anisotropic displacernent factor exponent takes the form:
2piv2 22 ULl +... +2hka*b* U12)

ull U2 U3z v Uiz Uiz

O 221 1K ) &1y -k ol
C(Iy) 2Ly 1600 Ay -2y KD KD
@ o200 B O3 o) KD o)
0@ 4N 2 4D &L AL KD
N 281y  I&L) 3100 1) &1y -
o3 M 24 30 20 A KD
oW 4W1) 41y 3/ (1 -8l S(h
o[y 4% 8 SKD Sy 23D -1000)

Tohle BE, Hydrogen coordinates ( x 10%4) and isotropic
displacement parmeters (A2 x 103) for se55.

X ¥ z Uleq)

Hl) 1990 17400  89TB(L) 3K
Hi4) -540(8) 76019} 7599(15)  31(S)
2 3900(5)  -23%0(%) B2IN18) 3INUS)
His) 800(5) -BE02) 5E64t18)  40(5)
H(7)  4300{6) -25RO{3)  635B(1S) 63(8)
RS} 7706 -2500(3) G2IS(US)  4NE)
Hi3) 7406) -2840(3)  B250(D)  SE(D)
HIS) 26006 5103 951811 445
HO}  -86066)  -3003) 10250()  65(8)
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erine. L) (se561)

Table BS, Atomic coordinates { x 10A4) end equivaleat isotropie
displacement parameters (A2 x 10*3) for s¢35.

Uley) t5 defined as ane third of the trace of the arthogonalized
Uij tenser.

x ¥ z Uteg)

(L) E107(4 46532} 2323(2) 33(L)
or1) 9791{4)  4612(2)  1548(1y  S53(1)
) T667(3)  3646(0) 2971} A0(1)
{2y 6409(4) 59982y  2502()  3K1)
N 715604 712001 1685(2)  35(1)

C{3) 6703(5) 6560  o663(2)  40¢1)
Q) 9537(d)  6731{2) 3943(1)}  4B{1)
LeIC) 1358004y  S798(2) 51 3L

Jable B)O, Bond lengths [A} and angles [deg] for scS56.

C(1)-011) 1.246(3)
C{1-0(2) 1.250(2)
CLFCR) L.516(3)
N 1.491(3)
CMCE) L5193)
C2)-H) 0.99(3)
N-H(3) 1.12(3)
N-H(} 053()
N-H{I} 0.93(2)
C(3)-0(3) 14L7(3)
C(a-HE 1.04(3)
C(3}-HE) 1.04(3)
O@)-HID 0.98(3)
O()-HEB) 0.94(9)
O¢d)-HES) 0.78(3)
QU L-2) 12482
O(1)-CUC(2) 1190519
O2)-C1C(2) 116.1%17)
N-C@)-CID £1091(16)
N-C(2)-C(3) 110.99(1}
CUFE1D-CE) 11L.80(19)
N-C)MHE) 109.8(14)
CUFC)HA 108.3(13)
CI-CL2-H(S) 104.8(13)
C2)-N-H(3) 105.1¢14)
C(2)-N-H(2) 11LX18)
HI3)-N-H(2) 116(2)
C{-N-HB 110415}
H(3)-N-H(1) 102)
H{2)-N-H(ID 11%2)
QE)-CMCI2) 1107419
OB}CUE)HB 111.2{16)
C{2)-Ci3)-H(5) 105.5(14)
O[3)-C(3)-HI6) 110.8(16)
C(2)1-C(31-RI6) 107014}
H(5)-C(3)-H(6) 10U
C(3)-03H(1) TIRT L
HI8)-0x4)-H(9) 1Y)
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Table B11} Anisotropic displacement parameters {A%2 x 1043} for 5c56.

The wiisotropic displacement factot exponent takes the for .

2p"2[ 20201 + .. +2hka*b*U12]

Ull U2 a3 u23 Ul3 U1z
oy Bl ZmD) 400 KD XD 3D
I} &0(1) 4061y 581 51y 20y K]y
O I WD SHH K L KD
CEy 281 29(8) 3¥yh X 2y OE
N ) 30 2D wn o un
Ca) 42 WD KD 0 M) KD
O3 5401y 4101y  48(1)  6([) -1K1) -10¢1)
o8} 39(1y 551y 4601y -5 T} -1}

Tohle B3, Hydrogen coordinates { x 10°4) and isotrapic
displacement paramteters (A2 x 1043) for s¢56.

X y z Uiaq}

H) A436)  5750{(2) 242919 47
H® 547006y M0 17503y 53
H(2) 8960(6) T460(3) 180042y 53
H(1) 6900(6) &780(3) 980(2) 53

H(S) S730(6)  5820{3) 4160(2) 60
H(&) 5630(8) T523) 37602 6D
H(l) 10187y 770004 3780(2y
Hi8) 1225048) 34103 510,2) B0
H®) 14050(8) SDBO(4) -2M(3) RO
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APPENDIX C

CSD SEARCH RESULTS FOR BONDS FOUND IN ZWITTERTONS

The CST) was searched in order to collect all available information on amine acid stractores
that have been solved. The most obvious search was for the fragment common to afl amino
acids, COO-CH-NH,. The datauase contains 175 093 entries and, when searched for, this
fragment had over 600 *hits’. All amino acid structures were contained in these hits so the
results were treated as a smal! database. Each of the twenty naturally occurring amino acids
were searched for individually by *building’ the exact strueture required. In most instances
there was more than one hit per stncture.

Once all of the amino acids ad been found, they were combined to form a database of
amino acid structures containing 123 entries. The number was reduced by insisting on
coordinates, no disorder, R factor «10% and no errors. This amino acid database contained all
L, D and DL structures, some of which have solvent or ion inclusions. A structure was
present more than once if it has been solved a number of times and fulfilled the requirements
lister] above. The next search was for *H;N-C-COO" in order to exclude any amino acids that
do not crystallise as Zwitterions. The statistical package VISTA was used to examine the
Iengths of the bonds that are common to all amino acids .ie, C=0, C-N and Ca-COO",

4.1 e C=0 i ca late ani

The mean of the CO bond was found to be 1.250 A which falls in the range described by
Allen (1987 ). The spread is quite wide due to the difference in length of the two delocalised
C-O bonds in Zwitterionic amino acids (figure C1). '

4.2 e -] n

The mean of the CN bond was fouad to be 1.487A which falls in the range described by Allen
(figure C2). Short bonds are found in y-glycine (GLYCIN16, 1.461A ' and GLYCIN1S,

! The amine acid referred to by its CSD REFCODE and the relevant bond length.
60
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1,467A) and L-methionine (LMETON10, 1.465A). Long bends are found in L-histidine',
(LHISTDO02, 1.510A) and L-leucine (LEUCINO1, 1.530A)

43  The Co-COOQhnnd

The mean of the C-C bond was found to be 1.533A which falls in the range described by
Allen but would be considered long for this type of bond (figure C3). I was felt that Allen’s
bond length did not appropriately describe the C-C bond in the Zwitterionic group. A search
was therefore performed for any molecule, not necessarily an aminoe acid, in the database that
was Zwitterionic, 312 structures were found and 4 were suppressed giving 1 mean bond
length of 1.534A confirming that a C-C bond found between an ammonium and a carboxylate
group is longer .nan ‘standard’ C-COO bond (figure C4),
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Figure C1: CSD results for the CO bond

o
™
o)
59 o & o8
== o < S o
e Sogl Qoo S g
& AN D A
3 . o oML Engnh@e o
To-8097 m-lrwe ELT2HNEES
QoI ld €ligcce FEzE~m2,
s8a328 SorE885 288853485 H
- T o= e > =
LEFFOd %xESX=SsS0g TS Trds
4
: ! : =8
m m m m o ¢
1 1 Pa—
................ S B &
: : ' -
[ 1 1 i
i : _ 1
T H H ]
; ! : -
' : : o
................. S SN AT — a
: - — -
................ [ . i B
“ E m —
\ [ I e o
: : H : N
||||||||||||||| 1m....||l|u| H H 2
“ “ AL o
................. m,.--.........-.u._ = %..
" “ -
: i ; 12
lllllllllllllllll 1 o I_llll ———————— II_II|IIIII|III!I-I L 3
v M R — 4 N
! : ! ! -
¢ : : “ o
................. e T TR auai e PN
: ; E _ -
13 “ “ . 5
N " T 1 2
Ty3 <+ m ol —




Plcl Data
File=cn
Te

=1
Tot.Obs.=58
Cbs.=58
Supp.=0
Yeaxis
Min.=1.461
Max.=1.510
Range=0.049
Mean=1.487
Mean SE=0.001
Sample §P=0.009
Histogram
Median=1.488
Skew=-0.595
Quantile=10.000
1 Q=1.475
HQ=1.497
Bin Width=0.001
Max. Bin =8.000

Figure C2: CSD rer't. ~rihe CN bond
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Figure C3: C& resuits for the G162 bond
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Figure C4: CSD results for the C1C2 bond found it Zwitterions
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APPENDIX D

REFCODES OF THE 123 AMINO ACIDS STRUCTURES FOUND IN THE CSD

ALAHCL
ARGBRHO
ARGBRH02
ARGBRHIY
ASPARM
ASPARMOL
ASPARMD2
ASPARMO3
ASPARMO4
ASPARMOS
ASPARMOG
ASPARMO?
ASPART1)
CYSCLMIO
DLAINI
DLGLAC
DLHIST
DLLEUC
DLLEUCO!
DLLYSC
DLLYSC10
DLMETA
DLMETAO]
DLMETAO2
DLMBETA03
DLIMETAD4
DLNLUA
DLNLIACL
DLNLUAG2
DLPROL
DLPROM
DLPROMOL
DLSERN
DLSERND2
DESERNII
DLTYRS
DLTYRSCL
DLVALC

GLYCIN
GLYCINGL
QLYCING2
GLYCING3
GLYCINOS
GLYCINGS
GLYCINGG
GLYCINGZ
GLYCINDS
GLYCINO?
GLYCINIC
GLYCINII
GLYCIN12
GLYCIN13
GLYCIN14
GLYCINLS
GLYCIN1S
GLYCINI?
GLYCINIE
HISTCM
HISTCMO1
HISTCMI2
HISTDC13
HQPROL
HOPROLOL
HOPROLI2
LALNIN
LALNNOL
LALNINGS
LALNIN12
LCYSTN
LCYSTNGS
LCYSTNG4
LCYSTNI2
LCYSTNZL
LEUCBH
LEUCHI
LEUCIN
LEUCINGL
LEUCIND2
LEUICNBIO

LHISTDOL
LHISTDO2
LHISTD{4
LHISTDI10
LHISTD13

LTYROS10
LTYROS11
LVALIN
LVALINGL
LYSCLH

LYSCLHO2
LYSCLH03
LYSCLHIE
PHAENCOHL
PHALNCID
PROLIN
TACQUY
TRYPIC
TRYPTCD1
TRYPTDOL
TRYPTDIO
VALEHCID
VALEHCI1
VALIDL
VALIDLOI
VALIDLM2
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APPENDIX E

STRUCTURE FACTOR TABLES FOR DL-SERINE

19

Tabls EL  Qbserved ond calcuiaed structnzs Eactois e 5053
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APPENDIX F

STRUCTURE FACTOR TABLES FOR D AND L-SZRINE.H,O
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