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Table 2 Amino-acid sequences at the a-lactalbumin elbow

Protein 79 80 81 82 83 84 85 86 87 88
a-lac, 'hun.lan Lys Phe Leu Asp Asp Asp Ile Thr Asp Asp
a-lac, bovine Lys Phe Leu Asp Asp Asp Leu Thr Asp Asp
Lys, hen Ala Leu Leu Ser Ser Asp Ile Thr Ala Ser
Lys, human Ala Leu Leu Gin Asp Asn . Ile Ala Asp Ala
Lys, horse Lys Leu Leu Asp Glu Asn Ile Asp Asp Asp
Calcium ligands in a-lac + * + * *

The residue numbering is based on human a-lactalbumin. Add three to these numbers to get the classical hen lysozyme numbering.
* Residues that contribute a side-chain calcium ligand; + residues that contribute a carbonyl oxygen ligand.

elbow are relevant to protein evolution. The divergence of a-
lactalbumin from lysozyme involves the formation of a novel
enzyme system, and seems to be related to the formation of an
extremely well developed Ca?* binding ability, a surprising
innovation. We would argue against an alternative evolutionary
interpretation, that an ancestral lysozyme possessed Ca** bind-
ing activity and the current lysozyme structure retains a ‘memory’
of this, because the proposed serial homologues (phage, goose
and hen type lysozymes®’) do not possess this loop as a common
feature. It is an interesting coincidence, however, that the loop
of phage lysozyme once proposed as a calcium binding loop is
probably homologous to a region fairly close to the elbow in
a-lactalbumin?’?®. Clearly the evolution of a novel functional
property of the a-lactalbumin molecule has not come about
through exon shuffling or any sophisticated structural
modifications. It seems instead to be a structurally localized
property that arose principally through simple amino-acid sub-
stitutions at three positions to produce a calcium binding site
of exquisite specificity. While other cases of divergence of struc-
tures to fulfil radically different functions are known (for
example, the various functionally diverse immunoglobulin
domains), here the process is so recent that we feel that we have
almost caught evolution flagrante delicto. Naturaily a-lactal-
bumin may lend support to the rather simplistic approach to
protein engineering that considers function to be a local
property. Such a hypothesis can be tested easily in this case by
investigating the effects of mutagenic modification of the
lysozyme loop in an attempt to produce a calcium binding site
(as may have already been accomplished naturally in the horse
milk lysozyme). We would be pleased if our observations stimu-
late such studies and studies on the biological significance of
calcium binding to the lactose synthetase. Although the lactose
synthetase complex is not cytosolic, it is interesting to see
essentially intracellular calcium binding at a site with no
homology to the EF-hand. At any event it is encouraging to see
nature innovating rather than restricting itself to spare-func-
tional-part protein design.
This work was supported by the MRC and SERC.
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DNA fragments that show retarded electrophoretic mobility
through pelyacrylamide gels have been found in both prokaryotes
and eukaryotes'™". In the case of kinetoplast DNA, evidence has
been presented that the DNA is curved or ‘bent’®’. Bent DNA has
previously been found at the A and simian virus 40 (SV40) DNA
replication origins®’. Here we show the existence of bent DNA at
a yeast autonomously replicating sequence (ARS1), a putative
replication origin. The bent DNA has been localized to a 40-55
base pair (bp) segment and contains six (A); s stretches (that is,
six poly(A) stretches, three to five nucleotides in length) phased
approximately every 10.5 bp. This region contains a DNA binding
site for a yeast protein factor. This site lies at the 3' end of the
TRP1 gene, in a region devoid of nucleosomes, and is positioned
80 bp away from the ARS consensus sequence; removal of this
region impairs ARS function in vivo. The bent DNA may be
involved in transcription termination or the prevention of nucleo-
some assembly in this region.

Yeast ARS sequences have properties expected of origins of
replication: they allow the autonomous replication of sequences
to which they are attached, occur at a frequency expected of
chromosomal origins, replicate once per cell cycle using genes
responsible for chromosomal replication and act as origins of
replication in vitro (see ref. 10 for review). Electron microscopic
data for ribosomal DNA and 2u DNA has mapped nascent
replication bubbles near ARS elements suggesting that ARSs
act as replication origins in vivo'"'.

The structure of ARS1, which is near the 3’ end of the yeast
TRPI1 gene, is shown in Fig. 1. There are three elements that
comprise ARS1, domains A, B and C. Domain A is an 11-bp
consensus sequence found at most other ARS sequences.'>'.
Mutations in this sequence at ARS1 or the ARS at the HO locus
obliterate ARS function in vivo'>'*'®, Domains B and C flank

ARS1 and are important for its function'®"'®; mutations in either
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ARSH1

Fig. 1 a, Features of yeast ARSI,
b, mobility of ARS1 restriction frag-
ments on a 10% polyacrylamide gel.
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crylamide gel. 837 indicates the position of the 837-bp ARS1 fragment. Sizes of ®X174 Haelll marker fragments are given. The 281-bp
fragment of ®X174 migrates more slowly than expected. Other standards used are A BstEII markers and pBR322 Hinfl markers (not shown).

region reduce, but do not abolish, ARS function in vive. Domain
B begins very close to the 3’ end of the TRPI gene and may
overlap it. A protein factor called ABFI (ARS binding factor I)
that has been partially purified from yeast extracts,”® binds in
this region. The roles of the different ARS domains A, B and
C, and of ABFI are unknown.

Because bent DNA has been found at bacteriophage and viral
DNA replication origins®’, we tested for unusual DNA confor-
mational features in the ARSI region by subjecting restriction
fragments of ARS1DNA to electrophoresis in 10% poly-
acrylamide gels and identifying DNA fragments that exhibited
unusually retarded mobility’®*'*2 The mobilities were com-
pared to ‘normal’ DNA fragments derived from pBR322, $X174
and A DNAs (see Fig. 1 legend). Several DNA fragments were
found that migrate 20-40% more slowly than predicted from
the known DNA sequence® at 24.5°C (Fig. 1). For example,
an 837-bp fragment migrates to a position expected of a 1,170-bp
fragment, 40% more slowly than anticipated. Using the method
of Diekmann and Wang'?, several restriction fragments spanning
the ARS1 region were tested for abnormal electrophoretic mobil-
ity and their k values determined (k=expected distance
migrated/observed distance migrated for the DNA fragments).
All DNA fragments that contain the 150-bp region between the
Hphl and Pstl sites are found to have k values> 1.20. DNA
fragments generated by cleaving the DNA with Hinfl and Ddel
that cut within this 150-bp segment do not show abnormal
mobility. Data presented below demonstrate that the HinfT (118)
and Ddel (152, 170) sites bracket a region which has properties
characteristic of bent DNA. It is clear that there is a strong
correlation between the position of the 118-170 Hinfl/ Ddel
region within a fragment and the observed k value. It has been
noted that when the bent sequence is near the end of a fragment,
the effect on retarded mobility is diminished?!. Similar results
were obtained after the digested ARS1 DNA was extracted with
phenol or treated with proteinase K (data not shown). Thus
reduced mobility does not appear to be due to association with
proteins.

The abnormal DNA region was further localized by deletion
analysis. A series of five deletions beginning at the HindIII site
and extending increasing distances towards ARS1 were con-
structed (Fig. 2). These are called A108~A197; the numbers refer
to the number of base pairs deleted. Restriction fragments of

plasmids containing these deletions were generated by cleaving
at sites located 150-200 bp outside the deletion regions in such
a way that the putative bend is approximately in the centre of
the fragment. The mobility and k values of these DNA fragments
are shown in Fig. 2. Both the wild-type (wt) and A108 DNA
fragments migrate more slowly than expected (31 and 32% more
slowly, respectively). A149 (which differs from A108 by 41 bp)
migrates normally. Thus at least some of the DNA that confers
abnormal mobility lies between 108-149 bp on the map in
Fig. 1.

Bent DNA tends to migrate more ‘normally’ at higher tem-
peratures'**. ARS1 DNA fragments from the deletion plasmids
were analysed as above except that the electrophoresis was
performed at 38 °C instead of 25°C. As shown in Fig. 2, the
wild-type and A108 fragments migrated faster at the higher
temperature (lower k values). Relative mobilities of fragments
lacking the 108-149 region were not affected by temperature.
Thus, the effect of temperature on abnormal migration is con-
sistent with the presence of bent DNA. Abnormal migration
cannot be due to simple denaturation of DNA sequences, which
would have the opposite effect with temperature. Inspection of
the DNA sequence in the 108-149 region reveals the presence
of six A,_; stretches phased approximately every 10.5 bp (Fig.
3). This feature is characteristic of the bent DNA observed in
kinetoplast DNA and A replication origin®®*!. It has been
shown® that bending occurs at the 3’ junctions of A tracts, and
is maximized when the 3' A junctions are phased approximately
every 10 bp.

Interestingly, DNA footprint analysis with partially purified
yeast extracts demonstrates that a protein factor {ABFI)
specifically binds to this region at residues 139-155 (Fig. 3). So
far, five different binding sites for this factor have been identified
in yeast DNA near ARS elements®. The binding site at ARS1
contains an (A)s stretch directly in its centre and other binding
sites contain (A);_, stretches. The bent conformation of the
DNA at ARS1 may affect the affinity with which this factor
binds DNA, similarly to SV40 T antigen where the nucleotides
contacted by T antigen flank a DNA bend that is critical for
binding’.

To determine whether the bent DNA region is important for
ARS]1 function in vivo, the effect of the five deletions shown in
Fig. 2 on ARS activity was assayed. Each ARS fragment was

©1986 Nature Publishing Group
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Fig. 2 Deletion analysis through the bent DNA region. a, The features of
ARSI and deletion fragments; b, mobility of digested deletion plasmids. a,
All fragments were cloned into YRP14/CEN4?*. The wild-type (wt) fragment
was inserted between the HindIII and EcoRI sites. Deletions begin at the
HindllIl site and extend to the nucleotides indicated. BamHI octanucleotide
linkers were added and the BamHI/EcoRI fragments cloned into
YRP14/CEN4. For bent DNA analysis wt DNA was cleaved with Rsal and
EcoRV which leaves 156 bp of pBR322 sequences () adjacent to the
HindIll/ Rsal ARS1 fragment. For the deletion plasmids, DNA was digested
with Rsal and Sphl which leave 187 bp of pBR322 sequences adjacent to
ARS1 fragments. The lengths of the resulting fragments of interest are: wt
467 bp; A108, 396 bp; A149, 355bp; A173, 331 bp; A183, 321bp; A197,
307 bp. Electrophoresis was as in Fig. 1, at 25 °C. DNAs were also digested
with enzymes that remove the pBR322 sequences and analysed on the same
gel. The wt fragment still migrates abnormally, but all deletion fragments
A108-A197 now migrate with k values <1.05 (not shown). ARS activity for
each plasmid was assayed by transforming the plasmids into yeast strain
YNN318 (a/a ura3-52/ura3-52 lys2-801/1ys2-801 ade2-101/ade2-101 trpl-
A901/trp1-A901 his3-A200/his3-A200). Cells harbouring plasmids were
transferred from selective yeast minimal plates containing glucose to yeast
minimal media supplemented with galactose (Calbiochem) and grown for
16 h at 30°C (selecting for the plasmid) and an additional 10 h without
selection, then plated on nonselective galactose plates containing limiting
adenine; cells containing the plasmids appear pink while those lacking the
plasmid are red””. The frequency of 3 sectored colonies among colonies
containing a single plasmid (n =296 to 2,000) was measured to determine
the rate of plasmid loss per cell division. Loss for wt and A108 plasmids
was 4/1 1:0/2:0 segregation events while for A149 and A173 loss was >45/1
1:0/2:0 segregation events. Loss rates are very high for A183 and A197
constructs; all colonies appear homogeneously red. For A183 and A197 the
number of plasmid-containing colonies plated was determined using selec-
tive glucose-containing plates. When similar ARS activity experiments were
performed using glucose media, the relative stabilities of the wt and A108-
A197 plamids are unchanged; however, the overall plasmid stability is
increased. This medium effect is consistent with our observations that ARS
plasmids are more stable on richer carbon sources>>2, b, Polyacrylamide
gel showing mobility of the digested deletion plasmids. Left, DNAs analysed
at 25 °C for 16 h; right, identical gel electrophoresis at 38 °C for 13 h. Lanes
are as indicated and described above. Additional lanes are: M,, ®X174
Haelll digested DNA (sizes indicated in bp); wt/ Rsa, Rsal the HindIIl/
EcoRI ARS1 DNA digested with Rsal. The 311-bp DNA fragment migrates
coincident with a 356-bp DNA fragment at 25 °C (the 356-bp DNA fragment
migrated 11% more slowly than expected on this particular gel).

cloned into YRP14/CEN4, a centromere-containing plasmid
lacking an efficient replicator, and the rate of plasmid loss was
determined by a colony colour assay (Fig. 2)*°. Plasmids contain-
ing bent DNA (wild type and A108) are stable and lost at the
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Fig. 3 DNA sequence in the bent DNA region of ARS1. All A

residues that have neighbouring A residues are shown in bold type.

10.5-nucleotide intervals and the ABFI binding site are also indi-

cated. A 25-bp region centred around this site is protected in DNase

1 protection experiments’. The endpoints of deletions A108 and

A149 are shown. The ARS1 consensus sequence is located at
position 241-251.

1
gacAAAtggtgtAAAAgactctAACAAAA
—

rate of 10% per cell division. The A149 plasmid, which lacks
most of the bent DNA and half of the ABFI binding site, is
fivefold less stable (Fig. 2). Thus, the bent DNA region is
important for ARS function in vivo. It remains to be determined
whether this effect is due to the bent DNA sequence, to the
binding site for ABFI, or to both.

Bent DNA has been previously discovered at the bac-
teriophage A and SV40 replication origins®’*%. The discovery
of such DNA at yeast ARSI suggests that it may be important
at chromosomal origins as well. Although the precise role of
the bent DNA at ARS1 is presently unknown, the position of
this region suggests several interesting possibilities. Since it is
located at the 3’ end of the TRPI gene, it may be important for
transcription termination. Transcription through ARS1 has been
found to reduce its activity (M.S. and R.-W.D., unpublished
observations). Thus one role of domains B and C might be to
act as transcription termination segments to protect domain A.
The bent DNA with its associated protein could serve an impor-
tant role in this process. In addition, the region immediately
adjacent to the ARSI consensus element on a TRPI ARSIl
plasmid (nucleotides 60-242) has been shown to be free of
nucleosomes*”?%. Another function of the DNA bend might be
to keep this region free of nucleosomes and readily accessible
to the DNA replication apparatus and/or other proteins. The
origin region of SV40 DNA has also been found to be free of
nucleosomes® 3!,
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