shared with A. spicatum. This striking
difference in phosphorus acquisition oc-
curred in zones where there was an
abundance of actively absorbing roots of
both shrub and grass. These results indi-
cate that A. desertorum has a great ca-
pacity to obtain phosphate at the ex-
pense of Artemisia, even though the
shrub has invested as much in root
length and mycorrhizal associations in
the interspaces with A. desertorum as in
the interspaces shared with A. spicatum.
This provides evidence of competitive
exploitation as a mechanism of interspe-
cific competition.

These findings also have implications
for agricultural intercropping systems.
Analogous experiments could provide
important information on the competi-
tiveness of different crop species for
phosphate and the effectiveness of phos-
phate fertilization patterns.
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The Crystallization of Ultralong Normal Paraffins:

The Onset of Chain Folding

Abstract. The nature of chain folding in polymers and the determination of the
chain length at which folding occurs have been central questions in polymer science.
The study of the formation of lamellar polymer crystals through chain folding has
received a new impetus as a result of the recent synthesis of normal alkanes of
strictly uniform chain lengths up to Csey Hysy. Chain folding is found in all such
paraffins starting with CisoHspy. As with polyethylenes obtained by conventional
polymerization, the fold length in the normal alkanes varies with crystallization
temperature, but it is always an integral reciprocal of the full chain length. This .
behavior indicates that the methyl end groups are located at the lamellar surface and
that the fold itself must be sharp and adjacently reentrant.
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One of the most remarkable character-
istics of flexible polymers is that they
crystallize by chain folding (I). There are
still many questions about this general,
yet largely unexplained, phenomenon
and also controversial problems (2). Pos-
sibly one of the most intriguing questions
concerns the transition from the tradi-
tional behavior of short-chain molecules
to that of a typical polymer. More specif-
ically, at what chain length does chain
folding set in and what is the nature of
this fold?

It is evident that the primary prerequi-
site for such an inquiry is the strict
uniformity of the chain length in the
material to be examined. Further, the
chains must have end groups that are not
“‘alien’’ to the system. Moreover, there
should be sufficient background informa-
tion on the crystallization behavior of the
material, both in the oligomeric state and
in the polymeric state. In past experi-
ments (3-9), these conditions were never
all satisfied simultaneously. As a conse-
quence, conclusions such as could be
reached were not sufficiently definitive
or general to constitute a representative
solution of the central problem.

Normal alkanes (n-alkanes) the oligo-
mers of polyethylene, would be the best
materials to examine, provided that suf-
ficiently uniform preparations could be
obtained with increasing chain lengths of
up to several hundred carbon atoms. As
a result of a new synthesis (10, 11), such
materials have become available. The
maximum length reached so far is
Ci99H7s2, Which should ensure overlap
with polyethylenes obtained by conven-
tional polymerization where chain fold-
ing is consistently observed.

We now report that n-alkanes with
lengths as short as C;soHsg, are capable
of crystallizing in a chain-folded manner.
The fold lengths are integral reciprocals
of the total chain lengths, and thus the
chain ends must lie at the layer surfaces.
The fold itself cannot contain more than
a few chain members; hence it must be
sharp and adjacently reentrant.

The n-alkanes used were prepared by
the method of Bidd and Whiting (/1) and
had the following extended-chain melt-
ing points (Ty,) as determined by differ-
ential scanning colorimetry (DSC) to an

accuracy of 0.3 K: Cy0oHzg6, Tn = 388.9
K; CisoHapa, Tn = 396.4 K; CiogHags,
= 399.8 K; C246H494, Tm = 401.8

K; Cy4Hsoy (12), Ty, = 403.6 K; and
CiooH782, Ty = 405.2 K. A comparison
of T, for our CisoH3p, with the data
reported for the longest n-alkanes pre-
pared in the past [394.2 K for CjsHas
(13) and 395.4 K for CigH3;, (14)] indi-
cates a clear improvement in purity in
our materials.

The samples were crystallized both
from the melt and from solutions (Table
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1). Three standard methods were used to
examine. the crystals (15): (i) low-fre-
quency Raman spectroscopy, recording
the longitudinal accoustic mode (LAM);
(i) small-angle x-ray scattering (SAX);
and (iii) DSC.

LAM frequencies measure straight-
chain length, L; o in terms of the vibra-
tion of a rod of length Ly oy as expressed

by
1 E 12
vy = — 1

' 2Liaum <P> M

Here v, is the frequency of the first-order
mode, E is the longitudinal elastic modu-
lus, and p is the density. SAX measures
the average periodicity in a stack of
layers formed by the chains; according
to Bragg’s law. This periodicity also in-
cludes the space taken up by the fold and
any gaps between individual layers that
could be affected by the mode of layer
packing. DSC scans provide information
on the melting behavior, which is closely
related to the nature of chain folding.

All the samples provided prominent
first-order LAM peaks, and in most cas-
es higher orders were also observed.
Representative examples are shown in
Fig. 1.

The number of carbon atoms in the
straight stems giving rise to the observed
frequencies (n; sm) and the ratios of
to nyam are listed in Table 1. The LAM
frequencies (v;) correspond to straight-
chain lengths that are very close either to
those of the fully extended chains or to
integral reciprocals thereof (Table 1). We
conclude from these observations that
(i) chain folding can be found in all
n-alkanes with n > 150; (ii) chains fold
in integral reciprocals of the extended
chain length (within a limit of 5 percent
in all cases); and (iii) the greater the
supercooling during crystallization, the
larger the number of folds per molecule,
a feature that parallels the situation in
crystalline polymers. As many as four
folds per molecule (fold groups with five
stems) were found in solution-crystal-
lized C390H732.

Several orders of small-angle x-ray
reflections were obtained from all sam-
ples. Because of the complexities of par-
affin crystallography (/6), we will pre-
sent only the general scheme with some
numerical examples. Two situations
arise:

1) The SAX spacing (Lgax) is very
close to Lj am; to within ~3 percent. For
onice-folded chain crystals of CyssHugs
rapidly cooled from the melt, Ly om Was
158 A and Lgax was 160 A.

2) Lgax is different from Liam. In
such cases, Lgax is always less than
L am. For crystals of CoygHyo4 grown by
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Table 1. Longitudinal acoustic mode frequencies (v;) and derived values for selected alkane

samples.
n-Alkane Mode of vt I Neotal! Sucgﬁzisr:ed
chain crystallization* (cm™} LAM 1AM conformation
CsoHz02 From solution 16.4 152 0.99 |
32.0 78 1.93 n
CiogH308 From solution 25.6 97 2.04 N
37.9 66 3.01 n
Cra6Huo4 From solution 30.8 81 3.04 n
38.(3) 65 3.8 n
Cra6Huos Slowly cooled 10.0 249 0.99 I
melt (0.7 K per 20.0 124 1.98 n
minute)
Ca94Hs00 Slowly cooled 8.0 311 0.95 |
melt (0.2 K 16.3 153 1.93 n
per minute)
Cio0H7g2 From solution 32.5 77 5.09 w
C390H782 Quenched melt 12.1 206 1.90 N
18.3 136 2.87 n
Ci90H7g> Slowly cooled 12.3 202 1.93 n

melt (0.5 K per
minute)

*All solution crystallization at room temperature from petroleum ether.

tFirst-order peak frequencies:

spectra were recorded on a Coderg T800 triple monochromator instrument at 1-cm™! band pass with Ar*

laser 514.5-nm exciting radiation.

cooling the melt more slowly than in the
earlier case, Lyam for the once-folded
chain crystals was 158 A but Lgax was
129 A. This finding implies that the
chains are tilted to the basal layer sur-
face. In this example, which is typical,
the chains are inclined at 35° with respect

| !
5
A

40 ' 20 ' 0

PIINC OVIN

30 20 10
v(cm™')

Fig. 1. (a) Low-frequency Raman spectrum of
solution-crystallized n-C;5oH3o, (peaks at 16
and 47 cm™! are due to the first- and third-
order LAM’s of the extended chains; the peak
at 32 cm™! is due to the first-order mode of
once-folded chains). (b) Low-frequency Ra-
man spectrum of melt-quenched n-CiooH7g,
(the lower and higher frequency peaks corre-
spond to once- and twice-folded chains, re-
spectively).

fThe relation ny o = 3169/1.273 v, was used (25).

to the layer normal. Such a situation is
familiar in the crystallography of paraf-
finoid substances, including chain-folded
polyethylene. It corresponds to a stag-
gered stacking of methyl groups or folds
with the orthorhombic lattice within the
layer interior otherwise preserved. Thus
the basal plane will have a low index
{hk€} instead of {00¢} for the perpendicu-
lar structure. The 35° corresponds to a
basal plane of {201}, a frequently occur-
ring plane in paraffins (/6) and polyethyl-
ene (17).

The DSC melting curves for these ul-
tralong paraffins always consisted of dis-
crete endotherms, either single or multi-
ple. A representative thermogram is
shown in Fig. 2a. The individual peaks
could always be identified as due to
the melting of extended-chain, once- or
twice-folded chain crystals. The identifi-
cation was substantiated by the informa-
tion obtained from the Raman spectra
and SAX patterns of the same material
crystallized under the same conditions.
However, the thin-layer crystals that
formed at high supercooling refolded
during the DSC scan. This behavi-
or manifested itself by the appearance
of either an endotherm-exotherm-endo-
therm sequence (see Fig. 2b) or, in the
extreme cases of very unstable crystals,
a small exotherm followed by the melting
endotherm of the refolded or chain-ex-
tended form. This behavior was more
marked when the rates of heating were
low. As a rule, melting endotherms of
the solution-grown, chain-folded crystals
in their original form were not observed.

The thermal data suggest a threefold

387



dependence of T,,: (i) on chain length
[Ty, is higher for longer chains (Table 1)];
(ii) on fold length (T}, is higher for longer
folds for the same chain length); and (iii)
on chain tilt in the case of chain-folded
crystals.

The results obtained by all three ex-
perimental methods demonstrate the in-
trinsic tendency for chain-folded crystal-
lization in linear molecules beyond a
critical length. This length is not more
than 150 carbon atoms, or 193 A, in the
case of polymethylene chains. The actu-
al limiting value could be even lower.
The tendency toward chain folding in-
creases with increasing chain length.
Folded chain crystals of C;soHsg, could
be grown only at large supercoolings,
either by solution crystallization or by
melt quenching. Even then, they were
mixed with the extended-chain form. In
contrast, the longest paraffin, CsgqH7s,,
tended to fold so readily that special
measures had to be taken to obtain the
extended form. Such measures involved
prolonged isothermal crystallization at
temperatures close to the melting point,
for example, a 15-hour crystallization at
398.2 K, that is, at 7 K supercooling.
Even this treatment produced only 62
percent (by weight) of the extended-
chain form, the remainder being in the
form of the once-folded crystals.

The lowest fold length obtained so far
(Liam data) corresponds to 65 carbon
atoms (85 A) for solution-crystallized
Cy46Huos (Table 1). Except for one spe-
cial case (/8), this value is markedly
lower than usually encountered in poly-
ethylene (19, 20).

The tendency of pure alkanes to fold in
integral reciprocals of the extended
chain length indicates the exclusion of
chain ends from the crystal interior. In
this way the impairment of lattice perfec-
tion through the presence of end groups
is avoided. Such end-group exclusion
modifies the lamellar thickness versus
supercooling relation by making it a step
function for any given paraffin instead of
the continuous function normally ob-
served in polydisperse macromolecular
systems (/). Such a stepwise change in
layer thickness has been observed by
SAX measurements (6) and some re-
markable optical microscopic studies (7,
8) of short polyethylene oxides which
had narrow molecular weight distribu-
tions but were not monodisperse (21).

The analyses of Raman spectra can be
used to examine the nature of the fold
and fold surface. The ratios of Aot tO
niam (Table 1) were very close to inte-
gral values, in all cases within 5 percent.
Even the small departures were mainly
in the direction corresponding to an
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Fig. 2. (a) DSC thermogram of n-C,q4Hsog
slowly cooled from the melt (0.2 K/min);
heating rate, S K/min. The two endotherms
correspond to the melting of extended and
once-folded chain crystals, as indicated. (b)
DSC thermogram of melt-quenched n-
Csy46Huo4 (heating rate, 10 K/min). Melting of
once-folded chain crystals (low-temperature
endotherm) is immediately followed by re-
crystallization (exotherm) in the extended-
chain form, which melts at a somewhat higher
temperature (high-temperature endotherm).

nyam larger than the appropriate integral
reciprocal of the total carbon number in
the chain. Hence it is unlikely that any
appreciable portion of the chain is any-
where but in the straight stem, with only
a small residual (say ~S5 A or S0) set
aside for an adjacent reentry fold when a
fold is present. The data leave little lee-
way for the presence of a substantial
fraction of longer folds, so it follows that
the majority of folds must be sharp and
adjacently reentrant. In fact, when Lgax
is compared with the corresponding cal-
culated integral reciprocal of the extend-
ed chain length, the agreement is even
closer; typically the difference does not
exceed 2to 4 A.

The results of thermal analysis support
the idea of chain folding and the discrete-
ness of the fold-length values. They pro-
vide additional information on refolding
to larger fold lengths when the paraffins
are heated. Such behavior is characteris-
tic of chain-folded systems, but in the
present case refolding occurs in large
discrete steps consistent with the LAM
and SAX results. As a corisequence, for
the first time in a chain-folded system,
net exotherms corresponding to an in-
crease in fold length could also be identi-
fied.

Our results demonstrate the intrinsic
tendency of these simple and unspecific
chain molecules beyond a certain length

to fold on crystallization, and this in a
sharply folded and adjacently reentrant
manner. Accordingly, such behavior can
be considered characteristic of the crys-
tallization of long flexible chains in gen-
eral. However, we do not wish to imply
that all chains will behave exactly in the
above fashion, irrespective of length.
For increasingly longer chains crystalliz-
ing from the melt and particularly in
polydisperse systems, the regular, adja-
cent, sharply folded deposition of chain
segments will be increasingly disrupted
by intervening neighboring molecules
and by the trapping of remote parts of
the same chain either through entangle-
ments or by incorporation in other parts
of the same crystal or in different crys-
tals. Such effects will limit the extent of
the adjacently reentrant, sharply folded
sequence and create loose loops, hairs,
and tie molecules. Such formations
would be responsible for the amorphous
characteristics of the fold surface and for
much, if not all, of the amorphous con-
tent of an otherwise fully crystallized
semicrystalline polymer. Yet the exis-
tence of such imperfections should not
obscure the intrinsic trend of long chains
to fold in a regular manner. Recent de-
velopments on biological polymers are
fully consistent with this view. Neutron
scattering and infrared spectroscopic
studies on isotopically labeled materials
(22-24) reveal clusters or subgroups of
adjacent stems that originate in the same
molecule but do not comprise the full
molecule. We regard these subgroups as
the long-chain equivalents of the chain-
folded structures discussed here.
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Amino Acid Replacements That Compensate for a

Large Polypeptide Deletion in an Enzyme

Abstract. Deletion of more than 400 amino acids from the carboxyl terminus of an
enzyme causes a severe reduction in catalytic activity. Selected point mutations
within the residual protein partially reverse the effects of the missing segment. The
selection can yield mutants with activities at least ten times as high as those of the
starting polypeptides. One well-characterized mutation, a single amino acid replace-
ment in the residual polypeptide, increases the catalytic activity of the polypeptide by
a factor of 5. The results suggest substantial potential for design of protein elements
to compensate for missing polypeptide sequences. They also may reflect that
progenitors of large aminoacyl-tRNA (transfer RNA) synthetases—one of which was
used in these studies—were themselves much smaller.
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We examined the possibility that a
substantially truncated protein can reac-
quire, through substitution of one or
more amino acids some of the activity
that is lost when a large polypeptide
sequence is removed. Because there is
no opportunity for compensatory inter-
actions between mutant amino acids in
the residual protein and the missing poly-
peptide sequences, the possibilities for
restructuring the enzyme are limited.

There were two reasons for doing
these studies. First, protein engineering
is conceptually simpler and technically
easier with small polypeptide chains.
Many enzymes are large and, if they are
to be redesigned or modified, the small-
est possible unit of structure that retains
activity is to be preferred. Removal of
polypeptide sequences, however, can se-
verely attenuate, if not eliminate, activi-
ty. This may pose constraints on how
small an efficient enzyme for a particular
reaction can be made.

The other reason concerns the overall
design and organization of a particular
class of enzymes, one member of which
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was investigated in these studies. These
are the aminoacyl-tRNA (transfer RNA)
synthetases (/, 2). Some of these en-
zymes are large polypeptides (approxi-
mately 1000 amino acids), but there are
data that support the hypothesis that the
progenitors of these large enzymes were
themselves much smaller (3, 4). The
question is whether a barely active,
small subfragment of a large synthetase
has latent potential to retain specificity
while reacquiring some of the catalytic
activity that was lost on removal of a
large segment of protein.

We demonstrated direct selection of a
mutant fragment with enhanced catalytic
activity. This was done without knowl-
edge of the three-dimensional structure
of the protein. The idea is that, for any
strain construction in which the cell
growth rate is severely retarded because
of limited activity of the enzyme of inter-
est, a mutant enzyme with enhanced
specific activity will have accelerated
growth and a clear selective advantage.

Mutagenesis and selection were ap-
plied to a catalytic fragment of Esche-
richia coli alanine tRNA synthetase. The
enzyme catalyzes a two-step aminoac-
ylation reaction of tRNAA®, The first
reaction is synthesis of aminoacyl ade-
nylate, which can occur in the absence of
tRNA2®, The second reaction is be-
tween the enzyme-bound adenylate and

tRNA2R, to yield Ala-tRNAA"2, The sum
of the two reactions is the aminoacyia-
tion reaction.

The full-length enzyme is an 875-ami-
no acid polypeptide (5). Aminoacylation
of tRNA%® requires a 461-amino acid
NH,-terminal fragment, as judged by an
in vivo complementation assay (3, 4).
Although the activity is sufficient to
achieve complementation of a specific
mutation in vivo, the aminoacylation ac-
tivity in vitro is virtually undetectable.
There is no evidence for activity in vivo
or in vitro for an amino-terminal frag-
ment having 76 fewer amino acids (frag-
ment of 385 alaS amino acids).

The original plasmid construction that
encodes the 461 NH,-terminal ala$ co-
dons specifies a polypeptide that comple-
ments the temperature-sensitive alaS5
mutation but does not complement a
strain that carries the AalaS2 null allele
(3, 4). This suggests that improving the
specific activity of the fragment in vivo
could result in complementation of the
null allele background.

Plasmids pMJ385Nt and pCH461Nt,
respectively, encode the 385- and 461-
amino acid fragments at the NH,-termi-
nal of alanyl-tRNA synthetase, plus a
COOH-terminal ‘‘tail’’ of 14 codons de-
rived from pBR322. Plasmid pCH461Nt
complements (at 42°C) the temperature-
sensitive alaS5 mutation (3). Plasmid
pMIJ385Nt complements neither alaS5
nor AalaS2 mutant alleles. The polypep-
tide encoded by pCH46INt has low
aminoacylation activity (see below). Al-
though it is sufficient to complement the
alaS5 strain, it is insufficient for coinple-
mentation of a specially constructed nuil
allele, AalaS2 (4, 6).

Heteroduplexes between these plas-
mids were formed and subjected to bisui-
fite mutagenesis (7, 8) (Fig. 1). (Except
for the deleted nucleotides in pMJ385Nt
and a removed Sal I site in pCH461Nt,
the two plasmids are identical.) The mu-
tagenized DNA was passed through a
ung™ alaS5 strain (9). This strain is tem-
perature sensitive by virtue of the aluS5
mutation; the uracil-N-glycosidase defi-
ciency (ung~) assures that mutant ura-
cils are not excised. The ung™ alaS5
cells were also transformed with an un-
treated mixture of heteroduplex and lin-
ear DNA’s. In this control experiment,
about half of the transformants selected
for plasmid-mediated ampicillin resist-
ance (Amp") at the permissive tempera-
ture (30°C) were viable at the restrictive
temperature (42°C). This established that
segregation of the plasmids within the
heteroduplex occurs after replication
and that the deletion loop is retained in
the 42°C transformants, because exci-
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