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Summary: Ubiquitin is a small protein with a highly conserved sequence,
playing a pivotal role in ubiquitin proteasome system (UPS). Considering the
central role UPS has in cellular homeostasis, several drugs have been
developed to target UPS to remove cells responsible for cancer and other
neurodegenerative diseases. As an alternative to the above approach, in the
present study we have isolated dose dependent lethal form of ubiquitin gene by
in vitro evolution. In vitro evolution is a powerful tool for developing proteins
with novel and desirable properties. The ubiquitin gene of Saccharomyces
cerevisiae was subjected to in vitro evolution and lethal mutations were
selected. The ubiquitin of S.cerevisiae differs only by three residues from
human ubiquitin. The mutants were selected by expressing the protein in
temperature sensitive wubi4 deletion mutants of ubiquitin. Most of the
mutations in ubiquitin gene failed to complement UBI4 phenotype under heat
shock. Only one of the mutants caused cell lysis, even at permissive
temperature. Interestingly, expression of the same. protein in wild type S.-
cerevisige cells left them unaffected, establishing the mutant protein as a
competitive inhibitor for UPS. Sequencing of the mutant gene showed four
completely novel amino acid substitutions. They are namely, Ser20 to Phe,
Alad6 to Ser, Leu50 to Pro and Ile61 to Thr. Construction of the mutant
ubiquitin gene -and characterization of the mutant phenotype along with the
nature and location of the mutations are presented.

Keywords: in vitro evolution, Ubiquitin, dosage dependent lethal mutation,
directed evolution, error prone PCR.
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Introduction

Designing and engineering macromolecules with desirable characteristics and
functions has been a challenge and if the macromolecules happen to be proteins the
problem is compounded by the complex reactions in vivo. However, random mutagenesis
with effective selection strategies made in vitro evolution of proteins feasible turning the
seemingly impossible task attainable. The technique has already been successfully
employed to develop several proteins!™). Here we have exploited in vitro evolution to
develop a dosage dependent lethal variant of ubiquitin, which can act as an antagonist to
UPS.

Ubiquitin isa smaﬂ, compact globular protein with a highly conserved sequence. It
is present in all eukaryotes. Ubiquitin has been isolated and sequenced from a variety of
sources and has been found to be identical in all organisms from insects to humans 69 1n
yeast!'”! and Oat!'"! replacement of amino acids is seen only in three positions in ubiquitin.

{12,13]

Ubiquitin plays key role in protein degradation and various other cellular

phenomenat'*'

explaining why mutations are not permitted in it naturally. The
remarkable conservation of ubiquitin along with its smaller size, points to constraints
imposed on its sequence by folding, stability and functional interaction with other proteins.
A A natural variant of ubiquitin from Autografa californica displays only 75% identity with
ubiquitin protein sequence. This isoform of ubiquitin attenuated the formation of
polyubiquitin chain”). This observation suggests the potential of ubiquitin variants to
interfere with essential cellular phenomena leading to cell death. Though there are many
studies with mutated ubiquitins using site directed mutagenesis, including a few from our
own laboratory, the mutant ubiquitins do not give rise to the desired pheﬁotype.

Random mutagenesis is a powerful technique for directed or in vitro evolution of
proteins with novel and desirable properties. In the present study random mutagenesis of
ubiquitin gene was carried out by using error prone PCRP! (polynucleotide chain reaction).
Subsequently the mutants were selected for absence of complementation in UBI4 mutants
under stress conditions. Ubiquitin is encoded by four different genes in S. cerevisiae.
Among them the gene UBI4 codes for a polyubiquitin natural fusion protein, which is
processed post-translationally into free ubiquitin molecules!"®. The ubi4 mutants are
deletion mutants of UBI4 gene and are sensitive to temperature stress! '), Among the many

mutants generated, one of the mutants UbEP42 turned out to be unique. UbEP42 caused



the lysis of ubi4 mutant cells even when the cells were not under any kind of stress. The
present work deals with directed evolution of the gene, its sequencing and characterization

of the mutant phenotype.

Experimental part

Yeast strains, media, and plasmids

The S. cerevisiae strains used in the study are as follows. SUB62 (MATa lys2-801
leu2-3,112 ura3-52 his3-4200 trl-1) is a wild type strain for ubiquitin genes and SUB60
(MATa ubi4-A2::LEU2 lys2-801 leu2-3,112 ura3-52 his3-A200 tr1-1) is a deletion mutant
lacking UBI4 polyubiquitin gene!".

S. cerevisiae cultures were grown in synthetic dextrose (SD) medium containing
0.67% Hi;media yeast nitrogen base and 2% glucose as carbon source. Uracil, leucine,
tryptophan, lysine and histidine supplements were added as and when required depending
on the strain. The cultures were grown at 30°C at 200 rpm (except where indicated).
Bacterial strains and media ‘

Escherichia coli DHSa culture was grown at 37°C at 200 rpm in nutrient rich Luria
broth from Hi-media. Selection pressure of 100pg/m! of ampicillin was used with the
strains transformed by plasmids.

Plasmid construction and expression of ubiquitin
All ubiquitin gene mutations were carried in plasmids derived fromYep96, which
expresses a synthetic yeast ubiquitin gene from the CUPI promoter. Ubiquitin genes
“developed by error prone PCR were cloned into the Bgl I and Kpn I sites of Yep96.
Ubiquitin overproduction from the CUPI promoter was induced by the addition of 100
uM éopper sulphate.
Error prone PCR
" Error prone PCR was performed using the Tag DNA polymerase and a standard
reaction system containing 10 mM Tris—HCI buffer (pH 9 at 25°C), 1.5mM MgCl, 50mM
K(], 0.01% gelatiﬁ, 250uM dNTPs each. The error condition were modified by adding the
following chemicals in separate reactions: 10mM MgCl, 0.5mM MnCl, 1mM dATP,
1mM dGTP and 1mM dATP + ImM dGTP, to reduce the fidelity of Taq polymerase and
increase the rate of incorporation of mutations during PCR reaction. The forward primer
5’ATGCAGATCTTCGTCAAGACGTTAACCGGS? and reverse primer
5'TCCGGTACCC GCTCAACCACCTCTTAG'3 were used to generate 240bp amplicon



in different error prone conditions and cloned in copper inducible Ub expression plasmid
Yep96 at Bg/ll and Kpnl sites.
Mutant screening

Yep96 plasmid was originally constructed to express the wild type ubiquitin under
CUPI promoter. The wild type ubiquitin gene in Yep96 was replaced by the mutant forms.
SUB60 was transformed with above chimeric constructs and tested for failure of
complementation of the heat sensitive phenotype of SUB60 ubi4 mutant.

Yeast transformants were grown and streaked on SD agar selection media with and
without induction by copper sulphate. Plates were incubated at 40°C for 16 hours and
shifted to 30°C.

Sequence Analysis
The plasmid with mutant gene was sequenced using Sanger’s dideoxy sequencing

method for the detection of the mutation incorporation in the DNA.

Results and Discussion

Error prone PCR was carried out according to the conditions mentioned in the
section of experimental part. The PCR products were cloned in Yep96 and transformed
into SUB60 strain of S. cerevisige. In order to give heat stress plates were incubated at
40°C for 16 hours and then aéain incubated back at 30°C which is a favorable temperature
for the growth of yeast cells. SUB60 fails to grow, while the wild type strain SUB62 grows
normally. SUB60 transformed with Yep 96/Wt (Yep96 carrying wild type gene for
ubiquitin) shows normal growth due to complementation under heat stress.

The SUBG60 cells transformed by error prone PCR products were selected by
incubating at 40°C for 16hrs. Several variants were generated in different reaction

conditions listed under Experimental part (Figurel).

(b)

Figure 1. Isolation of UbEP42 by failure of complementation under temperature stress in
SUBG6O0 strain of S. cerevisiae. (a) The Petri plate on the left shows growth of SUB60,



SUB60/Wt (SUB60 transformed with Yep96 carrying wild type ubiquitin gene) and
SUBG62 strains at 30°C (permissive temperature and the Petri plate on the right shows
failure of growth of SUB60 cells after incubation at 42°C , (b) SUBG60 strain transformed
with products of error prone PCR grown at 30°C without copper sulphate (petri plate on
the left) and with copper sulphate (Petri plate on the right).

The colonies which failed to show complemetation were picked up from master
plate and cultured in SD media containing copper sulphate at 30°C. Interestingly, one of
the colonies UbEP42, obtained from the PCR reaction carried out in 0.5mM MnCl, |
showed lysis even at permissive temperature, under copper sulphate induction. Further, the
lysis showed concentration dependence on copper sulphate, showing complete lysis at
200pM copper sulphate (Figure 2¢).

The plasmid from EP42 strain, Yep96/UbEP42 was introduced into SUB62 cells
with wild type UBI4. In contrast to SUB60, the SUB62 strain did not undergo lysis (Figure
2d). The result suggests that the mutant form of ubiquitin UbEP42 acts as a competitive
inhibitor to wild type ubiquitin.

© . SUBSK/EPA2 SUBGU:‘EQ‘Q
* . 100pM /Cut *200uM Cuv

& L

@

Figure 2. Effect of expression of UbEP42 on S. cerevisiae grown at 30°C in 0, 100 and
200uM copper sulphate respectively. (a) The ubi4 deletion mutant SUB60 strain and (b)
SUBG6O0 strain transformed by Yep96 plasmid carrying wild type ubiquitin gene, both
showing normal growth at all concentrations of copper sulphate, (c) SUB60 transformed
with Yep96/UbEP42 show reduced growth at 100uM copper sulphate and undergo
complete lysis at 200uM copper sulphate, (d) SUB62 transformed with Yep96/UbEP42
show normal growth irrespective of copper sulphate concentration.

The plasmid from UbEP42 was isolated and the gene was sequenced. Sequencing

of the mutant gene showed four completely novel mutations (Tablel).



Table 1. The codon and amino acid residue substitutions observed with the sequence of

- UbEP42 mutant and the secondary structures where the mutations are located is given

below.
Codon | Residue | Amino acid Secondary structure involved
position :
TCC/TTC 20 Ser / Phe 3" residue of a type I turn

ATC/ATA 23 Ile / 1le —

CCA/CCG 37 Pro/Pro ————

TTG/ TTA 43 |Leu/Leu

GCC/TCC | 46 | Ala/Ser | 2™ residue of type Il turn
CTC/CCT 50 | Leu/Pro B-sheet

ATT/ACT 61 Ile / Thr Between two turns in the turn

rich region

There are seven bases in the original sequence where substitution mutations have
occurred. Out of these three are silent or neutral mutations resulting in replacement by
synonymous codons and the other four mutations led to replacement of amino acid
residues. The mutations Ser20 to Phe and Ala46 to Ser have occurred in type I and type III
‘turns respectively®. These two are surface residues and hence the substitution of a
hydrophilic residue Ser by a hydrophobic residue Phe may have a drastic effect on the
structure of the molecule. Formation of a hydrogen bond between the N of g-amino group
of Lys48 and Ala46 was reported in the wild type ubiquitin earlier, which may be affected
with the substitution in the mutant. The third mutation LeuS0 to Pro occurring in the p-
sheet may be significant as well since the side chain of Leu is buried in the interior of the
protein. Moreover, Pro being restricted in geometry due to its torsion angle¢, introduces
kink in the protein backbone. Even though, substitution of Ile61 by Thr is not a drastic
change, Ile61 is one of the first residues to be protected from H-D exchange during
refolding of ubiquitin®!. Further, the side chain of lle is also buried in a hydrophobic
pocket Alad6 and Lue67 of the wild type native molecule. Thr being polar may not show

same preference (Figure 3). Indeed our results indicate that the thermal stability of



UbEP42 is much reduced compared to wild type ubiquitin (unpublished observations,
Pradeep Mishra and C. Ratna Prabha). Structural characterization of the mutant protein

will give a better picture in this regard.
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Figure 3. Sequence of ubiquitin along with its secondary structure is presented above. The
amino acid residue substitutions in UbEP42 are indicated with arrows.

Ubiquitin of S.cerevisiae is almost identical to human ubiquitin in its sequence and
structure. Our results indicate possibilities of either the same combination of mutations in
ubiquitin or some other mutations generated by in vitro evolution of human ubiquitin gene
are likely to give rise to dosage dependent lethal effects in human cells as well. Fine tuning
the expression of such a dosage dependent mutation in tissue specific manner can have

profound medical implications.

Conclusion

" Invitro evolution of ubiquitin gene gave rise to a dosage dependent lethal variant
of the gene with substitution mutations in four positions, resulting in replacement of four
amino acid residues. The following conclusions were drawn from the sequence of the
mutated gene: (i) These mutations do not include any of the lysines, which are important
for the bioiogical role ubiquitin, (ii) Two of the mutations are present in turns, one is in the
f-sheet and one more is in the turn rich region, and (iii) Two of them convert nonpolar
residues to polar, one is polar to nonpolar and the other one is nonpolar to nonpolar

residue,
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Summary

Ubiquitin is a globular protein with a highly conserved sequence. Sequence conservation
and compact structure make it an ideal protein for structure-function studies. One of the atypical
secondary structural features found in ubiquitin is a parallel G1B-bulge. Glutamate at 64 is the
first residue of this ﬁ-bulge and the third residue in a type II turn. However, glycine is seen in
these positions in several proteins. To understand the effects of substitution of glutamate64 by
glycine on the structure, stability and function of ubiquitin, mutant UbE64G has been constructed
and characterized in Saccharomyces cerevisiae. The secondary and tertiary structures of UbE64G
mutant protein are only marginally different from wild-type protein (UbWt) and fluorescent form
of ubiquitin (Ub F45W). The earlier studies have shown that the structure and stability of UbWt
and UbF45W were similar. However, UbE64G has less surface hydrophobicity than UbWt.
‘UbE64G is found to be more stable compared to UbF45W towards guanidinium chloride induced
aenaturatiOll. In vivo complementation shows substrate proteins with Pro as the N-terminal‘
residue, which undergo ubiquitination, have extended half lives with UbE64G. This altered
preference for Pro as opposed to Met might be related to natural preference of glutamate at 64"

position in ubiquitin.



The function of a macromolecule is a consequence of its structure and dynamics. A small,
globular protein such as ubiquitin with extensively hydrogen bonded structure and evolutionary
conservation presents an excellent model system to understand structure function relationships.
Ubiquitin has no cysteines, metal ions or cofactors. Ubiquitin has been isolated and sequenced
from a variety of sources and has been found to be identical in all higher eukaryotes from insects
to humans [7-4]. In yeast [5] and oat [6] ubiquitin amino acid replacement is seen in only three
positions of the entire sequence. Ubiquitin is a remarkable protein from the functional point of
view as well. Ubiquitin forms conjugates with histo’nes playing a key role in cellular nucleic acid
metabolism [7]. Ubiquitination of many important cellular proteins marks them for ATP
dependent degradation mediated by proteasomes [8, 9] and by Iysosomés in case of certain
membrane proteins [/0]. The indispensable rofe of this protein and its striking conservation in
nature reflect the structural constraints imposed on almost every residue in the sequence of the
protein and its interaction with enzymes involved in ubiquitin conjugation.

The X- ray crystallographic structure of ubiquitin reveals a globular o/p structure with
hydrophobic core surrounded by five strands of B-sheet and four turns of a-helix. The compact
structure of ubiquitin has nine reverse turns [//]. Pulsed H-D exchange NMR experiments of
ubiquitin folding indicate;i that the backbone amide protons of N-terminal B-sheet and a-helix are
protected early. The C-terminal half of the protein exhibits a relatively slow folding kinetics [12].
Partially folded state of ubiquitin stabilized in methanol/water mixture revealed conservation of
native secondary structural elements in the N-terminal half. But the C-terminal half which is
predominantly B strand in character undergoes a transition to helical state [73-15]. While folding,
the N-terminal portion of ubiquitin serves as an autonomously folding chassis governing the
folding of rest of the protein through tertiary interactions [16].

Strict conservation of ubiquitin sequence leaves no scope of comparison with its
homologs from other species to understand the role of individual residues. However, site directed

mutagenesis has been successfully employed to elucidate specific functions of many residues [/7-

(8]



19}]. Ubiquitin does not contain any Trp residues. In order to study the structural properties of
ubiquitin using intrinsic tryptophap fluorescence, tryptophan was introduced in place of
phenylalanine at position 45 in the ubiquitin sequence. The folding kinetics and stability of this
protein were investigated using fluorescence spectroscopy and it was found to behave like the
wild type protein [20]. In most of the earlier studies the structure and folding of mutant
ubiquitins were investigated in great detail. However, the functional consequences of mutations in
ubiquitin molecule were largely ignored.

Ubiquitin has two B-bulges. The first one is located in N-terminal region in the type I turn
of the B-hairpin. This region displays native like structure in early folding intermediafes.
Occurreﬁce of B-bulge in type I turn, however, is uncommon [/7]. Hence, it became a topic for
extensive studies. Peptides from N-terminal region of ubiquitin have been found to attain f-
hairpin conformation autonomously in the presence [21] and the absence of organic solvents [ /6],
confirming the potential of this peptide to act as an initiation site for protein folding. The
replacement of TLTGK sequence, which forms type I turn along with B-bulge, by another type I
turn forming NPDG resulted in non-native strand alignment [22]. - -

The second B-bulge also displays some unusual features. It is a parallel G1 B-bulge,
which is very rare. Glu64 forms the third residue in a type II turn and first residue in the p-bulge
[11}. Generally first residue in a B bulge is a Gly. Further, the homologs of ubiquitin of Rubl and
NEDDS display Gly in this position [23] (Figure 1a). This unusual feature and its conservation
through millions of years of evolution make it an interesting protein for structure function studies.
Moreover, fhis acidic residue is adjacent to a basic residue Lys63, which has been found to be
important for UV repair of DNA [24], resistance of cells to stress conditions [25-26] and
endosomal degradation of certain proteins [10]. Significance of this structural feéture in ubiquitin
biology is the main focus of this work. In order to understand the importance of glu64 in the
structure, stability and function of ubiquitin, a variant of ubiquitin (UbE64G)V has been engineered

using site directed mutagenesis and characterized by circular dichroism {CD) and fluorescence



spectroscopy. The position of this mutation in the 3 dimensional structure of the protein is shown
in Figure 1b. Its stability was evaluated by guanidine hydrochloride and thermal denaturation
studies. Our results show that the mutant protein is structurally similar to wild type protein
(UbWt), except that its surface hydrophobicity is reduced. In the present study two forms of
ubiquitin, namely the wild type ubiquitin (UbWt) and fluorescent variant of ubiquitin (UbF45W)
were used as controls. UbE64G was constructed from UbF45W, thus containing the double
mutation.

Thg gene for UbE64G was introduced into a suitable vector and expressed in UBI4
mutant of Saccharomyces cerevisiae, a polyubiquitin deletion mutant, to validate its functional
integrity by complementation. The polyubiquitin gene UBI4 is expressed under stress and rescues
the organism in extreme conditions [27]. The mutant protein UbE64G was found to be
functionally complementary and rescued UBI4 mutants of S. cerevisiae under thermal stress
(results not shown}. The effect of mutation on the turnover of proteins was studied with two
different constructs of ub-B-galactosidase fusion protein, having Met and Pro as the N-terminal
residues of [(-galactosidase in UBI4 mutant expressing UbE64G. According to N-end rule
proteins with Met as N-terminal have longer half lives, where as proteins with Pro as their N-
terminal are extremely short lived [28]. Interestingly, our results show that proteins witﬁ Pro as
the N-terminal residue have extended half lives with UbE64G complemeﬁtation compared to the

UbWt control. Thus, a point mutation leads to altered substrate preference.

Experimental Procedures

Site directed mutagenesis, construction of UbE64G plasmid
Plasmid pKK 223-3 carrying ubiquitin gene with FA5W mutation was a gift from Prof.
Mark Searle’s laboratory [22]. The ubiquitin gene from pKK 223-3 was subcloned into pUCI8.

The mutation for UbE64G was introduced following Genei in vitro site directed mutagenesis



pr(;tocol. Introduction of mutation was confirmed by sequencing. The mutated fragment from
pUC18 vector was cloned back and pKK 223-3-E64G was obtained.
Purification of UbWt, Ub F45W and UbE64G proteins

The proteins UbWt, UbF45W and UbE64G (double mutant) were purified using the
methods given in literature [29-31]. Since wild type ubiquitin is known to be a heat stable protein
the heat step was employed during the purification of the protein. The supernatant that was
collected, after cell lysis and precipitation of DNA, was heated at 85-90°C in the presence of
ImM DTT for 15 minutes. The supernatant contained ubiquitin while most of the proteins
coagulated and were removed by centrifugation [29]. This step was adapted for the purification of
UbF45W earlier [20]. This purification step based on the thermal stability of ubiquitin could be
adapted to the purification of UbE64G as well. The following changes were made in the protocol.
After cell lysis, the lysate was fractionated [37] up to 85% ammonium sulphate precipitation.
After dialysis ubiquitin containing fraction was purified on Sephadex G-50 column. The protein
was concentrated by precipitation and djalysis. The protein stocks were stored in 10%glycerol at -
© 20°C. Protein concentration for FASW was determined using its extinction coefficient of 6744 M
cm™ at 280 nm [32]. Mutant ubiquitin UbE64G was purified using the same protocol that was

used for the wild type protein.

CD and Fluorescence Spectroscopy of Ub F45W and Ub E64G:

CD spectra were recorded using a Jasco J--?'IS spectropolarimeter. Far-uv CD spectra
were recorded with 1mm path léngth cells. Spectra were recorded in the range of 200-250 nm
with a scan speed of 50nm/ sec. The spectra were accumulated for six times and averaged to

| improve the signal to noise ratio. Protein solutions were prepared in 10mM Tris HCI, pH7.4 and
concentration of protein was 0.25mg/ ml. The near-uv CD spectra of the proteins were recorded

between 250 and 320nm. Path length was lcm and protein concentration was 0.774mg/ ml.



Appropriate blanks were prepared for all samples and the spectra of the samples were blank
corrected.

Fluorescence spectra were recorded wusing Hitachi F-4010 fluorescence
spectrophotometer using excitation and emission bandpasses of Snm respectively. Protein
concentration was 0.1mg/ ml. Samples were excited at 295nm to record the intrinsic tryptophan
fluorescence in the range of 300-400nm.

ANS was used as an extrinsic fluorophore at a concentration of 50uM. ANS was excited
at 390nm and emission was recorded between 450-600nm. Slit width was 5nm. Protein

concentration was 0.2mg/ ml Protein solutions were prepared in Tris HCI buffer, pH 7.4.

Construction of yeast vector carrying UbE64G gene:

Yeast-bacteria shuttle vector pUb175-E64G was constructed from pUb175 by replacing
Ub gene under CUP-1 promoter with UbE64G gene, which can be induced in yeast by 10-100uM
copper sulphate. The mutant ubiquitin gene from pKK 223-3-E64G was PCR amplified. The
resultant DNA was subcloned-into pUB175 yeast expression vector. The plasmid pUB175 was a
kind gift from Prof. Daniel Finley. Similarly the gene for UbF45W was also cloned to have a
control for fluorescence studies. The plasmid pUBI75-E64G was digested with restriction
enzymes and later it was sequenced for confirmation.

The vector was transformed into yeast UBI4 mutant, which lacks the polyubiquitin gene.
The gene for UBI4 expresses under stress and mainly responsible for the survival of the organism
under stress conditions. In absence of this gene the organism can grow at 30°C (permissive
temperature), but fails to grow at 39°C and above. Complementation by functional ubiquitin
restores wild type phenotype to the organism. This ‘system was used for complementation tests

with UbE64G mutant.



Effect of the ubiquitin mutation on substrate protein turnover
SUBGO (MATa ubi4-A2::LEU2 lys2-801 leu2-3,112 ura3-52 his3—A2004trp1—1) and SUB62
(MATa ly;92-801 leu2-3,112 ura3-52 his3-A200 trpl-1) strains of S. cerevisiae [33] were used for
in vivo studies. SUB60 and SUB62 strains of S. cerevisiae were transformed wiﬂx yeast plasmid
Yep96 [24] carrying the three variants of ubiquitin gene, namely wild type or UbWt, UbF45W
“and UbE64G and the recipients were referred to as Yep96/wt, Yep96/F45W and Yep96/E64G.
SUB60 double transformed with pUB23, a 2p -based vector expressing ubiquitin-X-pGal (Ub-X-
BGal) fusion gene under the control of galactose inducible GAL10 promoter with X position as
Met and Pro in independent sets. SUB62 cells were also transformed with pUB23 [28] with X
positién as Met and Pro. §. cerevisiae transformants were grown in synthetic galactose media at
30°C, conditions under which Ub—X-ﬁGal is constitutively expressed. The cells were grown with
and without 100pM of CuSQy in two independent sets for the induction of UbWt, UbF45W and
UbE64G from Yep 96. B-galactosidase activity assay was used as a measure of protein stability in

this set of experiments.

Results

CD and fluorescence spectra of the three variants of ubiquitin

Far-uv CD spectra were recorded to study the changes in secondary structure due to the
mutation in the sequence of ubiquitin. The far-uv CD spectrum of UbE64G shows slight changes
in secondary structure content, with réspect to both UbWt and UbF45W (Figure 2). Percentages
of various components of secondary structure in far-uv CD spectra of UbWt, UbF45W and
UBE64G were cacﬁlated usinngD Pro soﬁare [34] and are shown in Table 1. The values
obtained with UbWt are in agreement with X-ray crystallographic data [34]. The values observed
with the two variants UbFASW and UbE64G appear to be similar to those observed with 'UbWt.

However, UbE64G shows 4-5% decrease in a-helical content and 3% increase in P-sheet. The



changes in secondary structure of UbE64G could be due to enhanced flexibility introduced by the
substitution.

The CD spectrum of a protein in the near-uv spectral region (250-320nm) can be
sensitive to certain aspects of tertiary structure. At these wavelengths the chromophores are the
aromatic amino acids and disulfide bonds, and the CD signals they produce are sensitive to the
over all tertiary structure of the protein. Hence, tertiary structure is a qualitative measure of the
over all conformation of the molecule [35-38]. Based on near-uv CD spectra, the tertiary structure
of UbE64G and UbF45W appear to be similar, an indication that the coﬁformation of the protein
around the aromatic residue is unaffected by this mutation (F igure 3).

Due to‘lack of tryptophan, wild type ubiquitin (UbWt) does not display any fluorescence
properties. On the other hand, UbE64G and UbF45W display very similar fluorescence
properties, indicating that the environment around aromatic amiﬁo acid residue Trp45 is almost
identical (Figure 4).

UbWt shows greater surface hydrophobicity than UbE64G

Fluorescence spectra of ubiquitin with extrinsic fluorophore 1-anilino 8- naphthalene
sulphonic acid (ANS) showed higher intensity with UbWt compared to UbE64G. ANS is known
to bind to the exposed hydrophoﬁic surfaces of proteins and show enhanced fluorescence |
" compared to its weak fluorescence in aqueous media. Figure 5 shows that the intensity of ANS
fluorescence is higher when bound to UbE64G compared to that in the case of UbF45W and this
indicates that UbE64G has more exposed hydrophobic surface than UbF45W. However, higher
intensity of ANS fluorescence observed with UbWt is due to greater exposure of hydrophobic
residues to the surface in the wild type protein compared to UbE64G (Figure 5). Similar results
were obtained with two other extrinsic ﬂuoropﬁores, Bis-ANS and pyrene (results not shown).
The resultant differences seen in surface hydrophobicity of UbE64G perhaps can be attributed to

minor alterations in structure leading to changes in the extent of exposure of hydrophobic



residues. In addition the mutant replaces E with G which differ in hydropathy index, E is -3.5
while G is -0.4 [39].

Thermal denaturation and renaturation studies showed that the two proteins follow the
same pathway during folding and unfolding experiments and do not show much change in their
conformation. In retrospective, it could be reasoned that it Was possible to use the thermal
treatment step in the protocol for purification of UbF45W for UbE64G as well without any
modification, due to their similar thermal stabilities.

However, the guanidine hydrochloride denaturation curves of UbE64G and UbF45W
were not coincident. The Cyp values of guanidine hydrochloride (gdmCl) for UbE64G and
UbF45W were 3.6M and 3.24M (figure 6¢). The far and near-uv CD spectra recorded in the
- absence and presence of 4M guanidine hydrochloride suggests that UbE64G retains some amount
of its secondary and tertiary structure where as UbF45W loses tertiary structure completely

(Figure 6a and 6b) in the presence of 4M guanidine hydrochloride.

In vivo studies:

Ubl4 gene cluster has 4-5 copies of ubiquitin expressed as a single polypeptide chain,
which is processed into ubiquitin molecules post-translationally. SUB60 mutants lacking Ubl4
fail to withstand stress conditions, but grow normally at 30°C. SUB60 mutants lacking UBI4 gene
and SUB62 wild type cells were transformed with yeast plasmids (carrying variants of ubiquitin
gene as indicated), Yep96/wt, Yep96/F45W and Yep96/E64G. Yep96/wt, Yep96/F45W and
Yép96/E64G are plasmids carrying ubiquitin gene under CUP-1 promoter and have tryptophan
auxotrophy for selection. These transformants were co-transformed by pUB23, a plasmid with
wildtype ubiquitin gene fused to JacZ According to N-end rule, the stability of a protein is

determined by its N-terminal residue. B-galactosidase fusion with stabilizing N-terminal residues

like Met, is cleaved by ubiquitin hydrolases releasing a free B-galactosidase with longer half life.
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Those fusions with destabilizing residues such as Pro are not processed and a polyubiquitin chain
is built subsequently on the ubiquitin in the fusion protein, resulting in degradation of the B-
galactosidase. The ubiquitin-B-galactosidase fusion is under pGAL10 promoter. B-galactosidase
activity assay has been-used as a measure of protein stability. Our results show B-galactosidase
activity remained more or less unchanged in Yep96/wt, when Met (stabilizing residue) was
present as the N-end residue. B—galactogidase activity showed a decline, when Pro was present as
the N-end residue. However, the B-galactosidase activity increased for Pro- B-galactosidase in the

UbE64G mutant, compared to UbWt and UbF45W in Ubl4 mutant strain SUB60 (Table 2).

Discussion

Proteins showing complete conservation of their sequence through millions of years of
evolution are examples of opti‘mal balance of structure and function. Ubiquitin is one such
protein, showing no change in sequence from insects to humans and only three substitutions in
yeast. A close look at its structure indicates that in the second B-bulge there are certain unusual
features. The first residue in the P-bulge has a glutamate in place of glycine, the later being a
preferred choice in such structures. Structural homology searches also revealed that close
structural homologs of ubiquitin, NEDD8 and Rubl [40] and ubiquitin like protein from
baculovirus Autographa californica [41] have glycine at the‘ same position. Interestingly, those
structures are identical.

From our results it is clear that this substitution has been well accommodated locally.
However, replacement of glutamate by glycine has affected the overall conformation of the
protein, by altering the ionic and hydrophobic interactions, and changing the surface
hydrophobicity. In addition, this mutation makes the protein UbE64G less stable in phosphate
buffer (pH 7), precipitating it from solution (results not shown). Besides, the protein UbE64G

was found to be more stable than UbF45W towards guanidine hydrochloride denaturation under

11



equilibrium conditions. In 4M guanidine hydrochloride UbF45W loses all its tertiary structure
content, whereas UbE64G retains about half of it. Secondary structure of UbE64G remains
unchanged even at 4M guanidine hydrochloride (Figure 6a). On the other hand, UbF45W lost
most of its secondary structure, It was observed earlier that removal of surface charges stabilized
the protein [42, 43] and removal of certain charged residues inﬂuenced the pKa values of
neighbouring residues [43].

As described’ under Experimental Procedures section UbE64G could be purified by
adapting the heat treatment, used for purification of UbWt and UbF45W, because of its thermal
stability. Since UbE64G and UbF45W are thermostable, it appears that thermal treatment does
not lead to complete denaturation (Figure 7). The thermal denaturation profiles appear similar.
Thermal unfolding and refolding of UbE64G also did not differ from that of UbF435W.

The changes in structure of the molecule which are evident in vitro, appear to have a
bearing on the function of the molecule. Interestingly, UbE64G has extended the half life of
unstable substrate proteins with N-terminal Pro residue.

In conclusion, replacing the conserved glutamate at position 64 with glycine leads to
subtle changes in structure as indicated by 4-5% decrease in helicity, increased stability towards
guanidinium chloride denaturation and more importantly altered substrate interaction. The wild
type protein leads to slower turnover of protein with N-terminal Met residue, compared to the
proteins with N-terminal Pro residue. The mutant has reversed behaviour, it indeed extended the
half life of protein Qith N-terminal Pro, which should have been removed from the system faster.

This study provides an interesting example of a point mutation with subtle structural

* alteration and with a significantly altered function.

12



Acknowledgements

CRP is grateful to University Grants Commission, India for the research grant which
made this work possible. CRP wants to acknowledge the general laboratory help received from
her M. Sc. students Darshan Trivedi and Harsh Patel. CRP thanks Prof. Mark Searle and Prof.

Daniel Finley for providing with plasmids and strains necessary for the study.

CONFLICT OF INTEREST
None declared.

13



REFERENCES
1. Gavilanes, J.G., de Buitrago, G.G., Perez Castells, R. and Rodrigues, R. (1982) Isolation,

Characterization, and Amino Acid Sequence of a Ubiquitin like Protein from Insect eggs. J. Biol.
Chem. 257, 10267-10270.
2. Watson, D.C., Leavy, W.B. and Dixon, G.H. (1978) Free ubiquitin .is a non-histone protein of trout
testis chromatin, Nature. 276, 196-198.

3. Schlesinger, D.H., Goldstein, G. and Nail, H.D. (1975) Complete amino acid sequence of
ubiquitin, an adenylate cyclase stimulating polypeptide probably universal in living cells.
Biochemistry. 14,2214-2218.

4. Schlesinger, D.H. and Goldstein, G. (1975) Molecular conservation of 74 amino acid sequence of
ubiquitin between cattle and man. Narure. 258, 423-424.

5. Wilkinson, K.D., Cox, M.J., O’ Cornnor, B.B. and Shapira, R. (1986) Structure and activities of a

variant ubiquitin sequence from bakers' yeast. Biochemistry-. 25, 4999-5004

6. Vierstra, R.D., Langan, S.M. and Schaller, G.E. (1986) Complete amino acid sequence of ubiquitin
from the higher plant Avena sativa. Biochemistry. 28, 3105-3108

7. Levinger, L. and Varshavsky, A. (1982) Selective arrangement of ubiquitinated and D1 protein-
containing nucleosomes within the drosophila genome. Cell. 28, 375-385

8. Varshavsky, A. (1997) The ubiquitin system. Trends in Biochem. Sci. 22, 383-387

9. Weissmann, A.M. (1997) Regulating protein degradation by ubiquitination. Immunology Today.

18, 189-196
10. Galan, J.M., Moreau, V., Andre, B., Volland, C. and Haguenauer-Tsapis, R. (1996) Ubiquitination
mediated by the Npilp/RspSp Ubiquitin-protein Ligase is Required for Endocytosis of the Yeast
Uracil Permease. J. Biol. Chem. 27‘1, 10946-10952.
11 Vijay—kqmar, S., Bugg, C.E. and Cook, W.J. (1987) Structure of ubiquitin reﬁneduat 1.8A

resolutions. J. Mol. Biol. 194, 513-544.

14



12. Briggs, M.S. and Roder, H. (1992) Early Hydrogen-Bonding Events in the Folding Reaction of
ubiquitin. Proc. Nat. Acad. Sci. USA. 89, 2017-2021.

13. Harding, M.M., Williams, D.H. and Woolfson, D.N. (1991) Characterization of a partially
denatured state of a protein by two-dimensional NMR: reduction of the hydrophobic
interactions in ubiquitin. Biochemistry.30,3120-3128

14. Stockman, B.J., Euvard, A. and Scahill, T.A. (1993) Heteronuclear three-dimensional NMR
spectroscopy of a partially denatured protein: the A-state of human ubiquitin. J. Biomol. NMR. 3,
285-396.

15. Bruster, B., Bruschweiier, R., Emst, R.R. (1997) Backbone Dynamics and Structural
Characterization of the Partially Folded A State of Ubiquitin by 'H, °C, and ®N Nuclear
Magnetic Resonance Spectroscopy. Biochemistry. 36, 13043-13053

16. Zerella, R., Evans, P.A., lonides, J.M.C., Packman, L..C., Trotter, B.W., Mackay, J.P. and
Williams, D.H. (1999) Autonomous folding of a peptide corresponding to the N-terminal beta-
hairpin from ubiquitin. Protefn Science. 8, 1320-1331.

17. Loladze, V.V., Eemolenko, D.N. and Makhatadze, G.I. (2001) Heat capacity changes upon burial
of polar and nonpolar groups it proteins. Protein Science. 10, 343-1352

18. Loladze,V.V. and Makhatadze, G.1. (2002) Removal 6f surface charge-charge interactions from
ubiquitin leaves the protein folded and very stable. Protein Science. 11, 174-177

19. Burch, T.J. and Hass, A.L. (1994) Site-Directed Mutagenesis of Ubiquitin Differential Roles for
Arginine in the Interaction with Ubiquitin-Activating Enzyme. Biochemistry. 33, 7300-7308

20. Khorasnizadadeh, S., Peters, L.D., Butt, T.R. and Roder, H. (1993) Folding and stability of a
tryptophan containing mutant of ubiquitin. Biochemistry. 32, 7054-7063

21. Cox, J.P.L., Evans, P.A., Packman, L.C., Williams, D.H. and Wolfson, D.N. (1993) Dissecting the
structure of a partially folded protein. Circular dichroism and nuclear magnetic resonance studies of

peptides from ubiquitin. J. Mol. Biol. 234, 483-492

15



22. Platt, G.W., Simpson, S.A., Layfield, R. and Searle, M.S., (2003) Stability and Folding Kinetics
of a Ubiquitin Mutant with a Strong Pfopensity for Nonnative B-Hairpin Conformation in the
unfolded State. Biochemistry.42, 13762-13771

23. Jentsch, 8. and Pyrowolakis, G. (2000) Ubiquitin and its kin: how close are the family ties? Trends
cell Biol. 10, 335-342.

24. Spence, 1., Sadis, S., Haas, A.L. and Finley, D. (1995) Ubiquitin mutant with specific defects in
DNA repair and multiubiquitination. Mol. Cell. Biol. 15, 1265-1273.

25. Amason, T. and Ellison, M. J. (1994) Stress resistance in Saccharomyces cerevisiae is strongly
correlated with assembly of a novel type of multiubiqiiitin chain. Mol. Cell. Biol. 14, 7876-

7883

26. Spence, J., Gali, R., Dittmar, G., Sherman, F., Karin, M. and Finley, D. (2000) Cell Cycle—
Regulated Modification of the Ribosome by a Variant Multiubiquitin Chain. Cell. 102, 67-76

27. Finley, D., Ozkaynak, E. and Varshavsky, A. (1987) The yeast polyubiquitin gene is essential for
resistance to high temperatures, starvation, and other stresses. Cell. 48, 1035-1046.

28. Bachmair, A., Finley, D. and Varshavsky, A. (1986) In vivo half-life of a protein is a function of its
amino-terminal residue. Science. 223, 179-186.

29. Ecker, D.1., Butt, T.R., Marsh, J., Sternberg, E.J., Margolis, N., Monia, B.P., Jonnalagadda; S,
Khan, M.1., Weber, P.L., Mueller, L. and Cooke, S.T. (1987) Gene synthesis, expression, structures
and functional activities of site-specific mutants of Ubiquitin. J. Biol.Chem. 262, 14213-14221

30. Ecker, D.J., Butt, T.R., Marsh, J., Sternberg, E.J., Margolis, N., Monia, B. P.,JJonnalagadda, S.,
Khan, M.L., Weber, P.L., Muller, L. and Cooke, S.T. (1987) Gene synthesis , expression, structures
and functional activities of site—spécific mutants of ubiquitin- J. Biol. Chem? 262, 14213-14221.

31. Chen, P., Johnson, P., Sommer, T., Jentsch, S. and Hochstrasser, M., (1993) Multiple ubiquitin-
conjugating enzymes participate in the in vivo degradation of the yeast MATa2 repressor.

Cell. 74, 357-369

16



32, Gill, 8.C. and von Hippel, A.B.P.H., (1989) Calculation of protein extinction coefficients from
amino acid sequence data. Anal. Biochem. 182, 319-326.

33. Finley, D., Sadis, S., Monia, B.P., Boucher, P., Ecker, D.J., Cdoke, S.T. and Chau, V. (1994)
Inhibition of proteolysis and cell cycle progression in a multiubiquitination-deficient yeast mutant.
Mol. Cell. Biol. 14, 5501-5509,

34. Chyan, C.-L., Lin, F.-C., Peng, H., Yuan, J.-M., Chang, C.-H., Lin, S.-H. and Yang, G. (2004)
Reversible mechanical unfolding of single ubiquitin molecules. Biophysical J. 87, 3995-4006

35. Kuwajima, K. (1989) The molten globule state as a clue for understanding the folding and
cooperativity of globular-protein structure. Proteins 6, §7-103.

36. Buck, M., Radford, S.E. and Dobson, C.M. (1993) A partially folded state of hen egg-white
lysozyme in trifluoroethanol: Structural characterization and implications for protein folding
Bi;chemfslw 32, 669-678.

37. Schmid, F.X. (1989) Protein structure: A practical approach (T.E. Creighton Ed.) p.251, IRL Press,
Oxford.

38. Ratnaprabha, C. and sasidhar, Y.U. (1998) Conformational features of disulfide intact and reduced
forms of hen egg white lysozyme in aqueous solution in the presence of trifluoroethanol (TFE):
Implications for protein folding intermediates. J. Chem. Soc. Faraday Trans. 94, 3631-3637.

39. Kyte, J. and Doolittle, R.F. (1992) A simple method of displaying the hydropathic character of a
protein. J. Mol. Biol. 157, 105-132.

40. Whitby, F.G., Xia, G., Pickart, C.M. and Hill, C.P. (1998) crystal structure of the human ubiquitin-
like protein NEDDS and interactions with ubiquitin pathway enzymes. J. Biol. Chem. 273, 34983-
34991.

41. Guarino, L.A. (1990) Identification of a Viral Gene Encoding a Ubiquitin-Like Protein, Proc. Nat

Acad. Sci. USA. 87, 409-413.

17



42. Makhatadze, G.I., Loladze, V.V., Ermolenko, D.N., Chen, X.F. and Thomas, S.T. (2003)
Contribution of surface salt bridges to protein stability: guidelines for protein engineering. J Mol.
lBiol. 327, 1135-1148.

43. Sundd, M. and Robertson, A.D. (2003) Réarrangement of charge-charge interactions in variant

ubiquitins as detected by double-mutant cycles and NMR. J Mol. Biol. 332, 927-936

Table 1
Secondary structural analysis of far-uv CD spectra using CD Pro software
Type of UbWt* UbWt UbF45W UbE64G
secondary (X-ray) ‘
structure
A-helix 16 17 16 11.5
B-sheet 32 31 32 35
Turns and 52 52 52 53.5
random coil

* The values reported by Chyan et al., 2004 [34]
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Table 2

Effect of UbE64G on the half-life of proteins in the UbI4 background.

Strains of S.cerevisiae

used in the experiment

Ub-Met-§ Gal
nmoles of ONPG/ minute/ mg

Ub-Pro-p Gal
nmoles of ONPG/ minute/ mg

protein protein
After induction Without After induction Without
by copper copper by copper copper
sulphate sulphate. sulphate sulphate
SUB60 -8.283+1.161 -11.4667+1.180 -1.653+0.231 -2.283+0.234
SUB62 -11.627+1.871 -14.08+1.624 -2.323+0.372 -2.750+0.361
SUB60 B-Gal 55.303+8.026 49.71749.027 16.843£1.740 16.613+2.054
SUB62 B-Gal 55.963+8.792 46.873+9.071 2.038+0.901 1.937+0.236
SUB60 B-Gal/UbWt 48.747£2.941 39.480+4.842 4.653+0.738 7.183£0.639
SUB60 p-Gal/F45W 48.373+£7.338 41.29344.905 6.297+0.702 7.983+0.623
SUB60 -Gal/E64G 48.713£10.745 40.017+6.380 12.417+0.453 12.5+1.241

Table 2. Effect of UbE64G on the half-life of proteins in Ubl4 background. S.cerevisine strains

SUB60, SUB62, SUB60 transformed by plasmidsYep96/UbWt, Yep96/F45W and Yep96/E64G

expressing the three forms of ubiquitin, namely UbWt, F45W and E64G. These cells were also

transformed by pUb23 expressiﬁg Ub-B-galactosidase fusion with Met and Pro as the N-terminal

residues. In SUB62 cells were co-transformed by plasmids Yep96/UbWt, Yep96/F45W,

Yep96/E64G and pUb23 expressing Ub-B-galactosidase fusion with Pro as the N-terminal

residue. SUB60 and SUB62 were used as controls.
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Legends for Figures and Table

Figure 1. a) the sequences of Rubl and NEDD8 have been aligned with ubiquitin to show the
preference for G in the first position of B-bulge (indicated in bold). b) The position of E64 in 3D

structure of ubiquitin.
Figure 2. Far uv CD spectrum of three forms of ubiquitin, UbWt (1), UbF45W (2), UbE64G (3)
Figure 3. Near uv CD spectrum UbF45W (1), UbE64G (2)

Figure 4. Fluorescence emission spectra of UbWt (1), UbF45W (2), UbE64G (3) recorded after

exciting the protein at 280nm

Figure 5. Fluorescence emission spectra of of the three forms of ubiquitin UbWt (1), UbF45W (2)

and UbE64G (3) bound by extrinsic fluorophores ANS recorded after exciting the ANS at 280nm

. Figure 6 (a). Far uv CD spectra of UbE64G and UbF45W recorded in OM guanidine
hydrochloride (1 and 2 respectively) and 4M guanidine hydrochloride (3 and 4 fespectively). (b)
Near uv CD spectra of UbE64G and UbF45W recorded in OM guanidine hydrochloride (1 and 2
respectively) and 4M guanidine hydrochloride (3 and 4 respectively). (¢) Gaunidine

hydrochloride denaturation curves of UbE64G (1) and UbF45W (2).

Figure 7. Far-uv CD spectra of UbF45W and UbE64G before thermal denaturation (1 and 2

respectively) and after thermal denaturation (3 and 4 respectively).
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Figure 1

UBI- 'MQIVKTLTGKTITLEVESSDTIDKVKSKIQDKEGIPPDQQRLIFA®
RUBL - MIVKVTLTGKEISVELKESDLVYEIKELLEEKEGIPPSQQRLIFQ
NEDDS - MLIKVKTLTGKEIEIDIEPTDK VERIKERVEEKEGIPPQQQRLIYS

UBI- “*GKQLEDGRTLSDYNIQKESTLHLVLRLRGG"®
RUBI - GKQIDDKLTVTDAHLVEGMQLHLVLTLRGG
NEDDS8 — GKQNNDEKTAADYKILGGSVLHLVLALRGG

Figure 1. a) Sequence alignment of RUB1 and NEDDS, the homologs of ubiquitin with
the sequence of ubiquitin UBL. In the 64" position in RUB1 and NEDD8 G is conserved,
where as in ubiquitin in all eukaryotes in the same position E is found.

N-terminal

Figure 1. b) The 3D structure of ubiquitin. The arrow indicates the position of E64G substitution.
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GLUTAMATE 64 TO GLYCINE MUTATION IN UBIQUITIN MAKES IT MORE STABLE THAN WILD TYPE
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ABSTRACT:

globular protein found i yores.
found to be identical in insects to higher eukaryotes such is human. Sequence
variations are seen only in three positions in organisms as diverse as yeast and
plant Ubtquiun is also one of the most stable proteins found in eukaryouc ceils.

ked i residues in this ps roleforall residues
inprotein folding, stability or function One ofthe conserved residues. Glu64 is
thethird residue inatypell tumn. Italso formsthe fust residue ofa (Vbulge. Type
1 turnsand contain Gly rather uhiquitm. However.
suchjudgment based on consensus docs not take into account the global effectsa
residue has in specific situations. Thus, we chose to study the effects of
subswuation of Glu by Gly on folding, stability and fonctwo of ubiquitm.
Spectroscopic chanctoratiGn of Ub(F45W][E64G) mutant shows under normal
conditions the secondary and ternary structures of protein are only marginally
different from native protein. Despite minimal changes in the conformation the
mutant precipitates out at high concentrations of sail compared to wild type,

! ions inthe ol . A

The mutant shows higher hydrophobicity is measured by ANS fluorescence.
Guamduuum chloride induced Jenaturauoo of the mutant shows molten globule
likeintermediate.

INTRODUCTION:

Ubiquitm is a small protem with 76 amino acid residues, li is present
ubiquitously m all eukaryotic cells, playing important role in ATP dependent
proteasome mediated protem degradation.

Author for conesponJcoce: duMihiia ruvaboQ.com

METHODS:
Site directed

-43W|[E64G| plasmid:
LcoS EXPRESSION VECTOR:
[Yeast-UB gene under tac promoter]

Lane 1. i. fluid 1l Digest Marker
VtUTvpe

Lac 2: pUL-223]F45W| Undigested

Luc? SailDieea

Line4 Sall .ft1 Digest
Mitaai

Laes pKK-223( FAW](EB4G] Undigested

Lene6 Sol| Digest

laneT Soil ft.I Digest

Derum palim ofpKIOy-! FEW 11 pkk™*3-J [F4«WIUL|
Purification of Wt{Ub], Ib] F45W|and Ub| F45W [[E64G| proteins:

Ubiquitm is conjugaed to proteins  forming polyubiquitm chains.
Polyubiqui protem for

Ubiai P

Lys 11& Lys48 are known in formation.

Lvs 63 isessential for stress survival in Mutation in

WHIUb] is wild type ubiquitin. Ub(F45W] is a fluorescem valiant of ubiquitin
(Mart S.Scark/r.a/.2003). used as a control in for uv CD and fluorescence spectra.
Ub(F45W][E64G] is a mutant constructed in which Glu was replaced by Glym the

[Imposition leadslounpairedDNA rcpairiDuiidFmlevfi.il. IWi

SECONDARY STRICTI'RAL FEATURES OF UBIQUITIN

Ubiquitmisana 3 protein.Its structure comprises ofan a helix, a 3, helix, two
paralleland threeanti parallel 3 sheets.

Thereareeight reverse turns mnsstructure.

Ubiquuin hastwo 3 bulges. The first3bulge s present at the N-tominal region
second is located mtheCAermmalpaitoftheprotem.It involves Glus4().
Sei65(2)4Glii2fN].

UNUSUAL FEATURES OF SECOND BETA BULGE IN
UBIQUUIN

Glu64 islocated m the Type 11 turn m thethird position (i+ 2! and first position (11
ofBeta[3] Bulge.

Thepresence of Glu64 issupported by unusual 6>and Y conformationangles.

These conformation angle are commonly observed with Gly and therefore
comenhonally Gly is favored at (r2) positionofTvpell turnand first position 11) of
(3L bulge

Sequence 4 Structural homology searches also revealed that a close structural
homolog of ubiquitm. NEDDS (also known as Rub1t has glycine in the same
position.

Scqanct Ugiam

We decided to study the consequences of replacement of ghiM by gly on the
structure, functuxi. foldingand stability ofthe protein.

SubsUtuUon of charged amino acid (Glut with neutral amino acid (Gly) might
change the pattern of charge  charge  interaction on the surface, consequently alter
thestability.

Ubiquitm interacts with number of proteins, change in the surface residue will
mostlikely haveabearingon itsfunction.

Vrucirc Vkpweoi

P

The proteins Wt(Ub] and Ub(F45W] were punfied using the methods given by
CTedHnoverrtfli,|1980jand EckortuLIhWT).

Mutant ubiquitm Ub(F45W][F.64G] could be purified using the same protocol
without making any major inthe protocol used for purificati Jb) and
Ub[F45W],

Protem concentration for Ub(F45W) was determined using its extinction
coefficient of6744 NT cm at280nni( V.Hippetrtj/.IWi.

CD and Fluorescence Spectroscopy of Ub [F45W 14 Ub|F45W || E64G]:

The Far uv CD spectra of protem were recorded between 200 and 250nm with
path length of Imm and protem concentration 0f0.25mgmi prepared in 10mM Tris
HCLpHT74.

The near uv CD spectra of the proteins were recorded between 250 and 320nm.
path length was Icm and protein concentrauon was 0."4mg ml prepared in [OmM
TrisHQ,pH74.

Intrinsic fluorescence spectra of protem were recorded between 320440nm by
exciting at 280nm 4 295nm with concentration ofQJImg ml prepared in Tris HCI
bufferpH7.4.

Bis ANS was used as an extrinsic fluorophorc ai a coocentranon of I0jIM Bis
ANS was excited at 390nm and emission was recorded between 450-600nm. Protem
concentration was Oimg ml. Protein solutions were prepared m Tris HCI buffer pH
7.4. Die experiment was repeated with 50 jIM ANS. The excitation wavelength was
370nm. Other parameterswere not changed.

RESULTS:

Ftortvrwr mntioi vprttn ot Wil Ib[F4'W a Ib|F45U]F.M(i| molded

FlumctOM inliuoa ipxm of 1 bjUI[ | 45U 1t[I4SUi[LM4] . Hi
OMIMK fllHMrpftim Ro- \/*| VI lad WraBL

Fteumetict vpttrvm Okmii* inuir tnitfrf hrirtn trvpMpku «(
hiqunmmil VNvTKt spotn<rf IK|F45W]FMA indIb|F4$WI*<Rretortedn
wkwkt all prtvocr of WS

Givoidinc bvdrocU*ride dnuiuration tints of
Ib|F45V]udIK[F42M[EWC]

DISCUSSION:

Secondary structures of Ub{F45W](E64G] and Ub(F45W] appear to be nearly
same and are apparently more than that of wild Ig e Ub. X

Tertiary structure otib(F45WI( E64G] and Ul FFASW] seemtobealike.

Wild type Ub does not show any intrinsic fluorescence peak as it lacks Trp.
Ib[F45W][E64G] and Ub(F45W] show almost identical intensities of fluorescence,
indicating that the environment around aromatic ammo acid residues namely Trp45
andPhed isalmostidentical.

Fluorescence spectraofubiqutU with extrinsic fluorophorc ANS. showed
higher intensity with Ub(F45W][E64G] compared to Ub(F45W] 4 [Wild tpye] Ub.
Higher intensity of ANS  fluorescence is due to greater exposure of hydrophobic
residues on the surface in the mutant protem  Same result was observed with
another extrinsic fluoropborcs Bis-ANS.

E

Thermal denaturalion and renaluralon  showed that the two proteins
Ub[F45W1[F.64G] and Ub[F45W] follow same path during folding and
unfolding! resul howni Hence. th ion d effect the thermal stabilty
oflb(FA5W][E64G].

The guanidine hydrochloride denaturalion curves of Ub{F45W[EB4G] and
UbfT45W] aredifferent UbfF45WfE64G] retains its secondary and tertiary structure
evenafter Ub[F45W losesWti*yflractBt*)dmostofitssecondarystructure.

CONCLUSIONS:

From our results it is clear that substitution of glutamate 64 by glycine is well
accommodated in ubiquitin. However this replacement has affected the overall
conformation of the protein, by disturbing the ionic and hydrophobic interactions,

In addition, this mutation makes the protein Ub(F4SWF][E64G] less stable in
phosphate buffer. pH7. precipitating it from solunon (results not shown). Besides,
the protem UbfFASWI[EB4G| was found to be more stable than Ub(F45W] m

‘Thermal unfolding and refolding of the protein did not differ from that of
UbF45W.

The foct
us lo a foregone conclusion that undo certain conditions, the altered structure and
stability of(he moleculeinterferewith its fonctioo.
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ABSTRACT
Ubiguitini Il globularprotein wi conserved sequence. Its
sequence has been found to be identical in all higher eukaryotes Pom insects to
humans [1-4]. The ubtquitin of Saccharomyces cerevisiae differs only by three
residues from the human ubiquitin [5). Intracellularly. ubiquitinis used asa tag to
mart proteins for degradation by ubiquitin proteasome system (UPS) [6.7], The
substrate proteinsof UPS include cell cyclins. antitumor proteins and transcription
factors. Considering the pivotal roleUPS has incellularhomeostasis, several drugs
withanticancer potential ped to target the system. Si {
arenot naturally permitted in ubiquitin. artificially induced lethal mutation, with
regulated expression may have a potential to target cancer cells m a similar way.
Site directed mutagenesis of ubiquitin has limited scope in giling rise to a lethal
gene with desirable phenotype In contrast random mutagenesis with proper
screening strategy is better suited for attaining such a goal. Hence, in the present
study artificial mutagenesis was used to generate mutant forms of ubiquitin in
Sacdummnes cerevisiae. After random mutagenesis the ubiquitin gene was
clooed under CLT1 promoter and introduced into temperature sensitive ubiquitin
mutant of - i ion. The lectedby expressing
the protein in the UBI4 mutants lacking the UBI4 gene cluster. The UBI4 mutants
grow normally at permissive temperature 130*C), but tail to do so under heat stress
|40%C). Most of the mutations in ubiquitin gene (ailed to complement UBI4
phenotype under heat stress, unlike the wildtypc gene. Only ooe of the mutants
caused cell lysis, even at permissive temperature. Interestingly, expression of the
same protein in wildtypc i cerevisiae cells left them unaffected. This result
establishes that the mutant protein acts as a competitive inhibitor for UPS and its
effect is diluted out m UBI4 wildtype. where ubiquitin is expressed m several
copies. Sequencing ofthe mutant gene showed four completely novel mutations.
‘These mut3Uonsdo not include any ofthe lysines. Two ofthem are present in turns,
one is in the [3-sheet and one more is in the turn rich region. Two of them are
substitutions ofnonpolar residues by polar, one is polarresidue by nonpolarand the
otherone is nonpolarby nonpolar residue. Thismutant s likely to produce lethality
inadosage dependent mannerin higher eukaryotesas well leavingapossibility for
selective targeting of diseased cells by expressing under native tissue specific

ubiquitously in all eukaryotic cells, playing important role in ATP dependent
proteasome mediated proteindegradation

«Ubiquitinisconj p
+PolyubiquitinaUonearmarksa protein for degradation,
«Conjugation ofproteins by ubiquitin isath )

+Uys 11 and Uys48 areknownto praticipate n ployubiquitin chain formation.

sLys 63 isessential forstress survival in Saccharomycescerevisiae. Mutation in

thisposition leads toimpaired DNA repair! Finley aal.. 1995).

«Primary structure of ubiquitin shows total conservation from insectsto humans
making i i p impossible. A of ubiquitins from yeast
and human show differences only in three positions. Strong sequence conservation
suggests that the vast majority ofamino acids that make up ubiquitin areessential as
apparently any mutations that have occurred over evolutionary history have been
removed by natural selection.

iE-Wf LBOUTIN (P04638)
MQIFYXTITG KTTTLEVESS DTIDNVKSKI QDKEGIPPDQ QRLIFAGKQL

| 10 20 30 40 50
EDGRTLSDYN  IQKESTLHLV LRLRGG
Sl 60 70 6

PUNT IMOURN  (Callis&Vienmeld. 138V)
MQIFVKTLTG KTTHEVESS DTIDSVKaKI QDKEGIPPDQ QRLIFAGKQL
| 10 2 40 0

EDGRTLVDYN IQKESTLHLV LRLRGG
51 0 6

HIMAN IBIQUTIN ~ (P02248)

MQIFYXTITG KTTTLEVEPS DTKNVKAH QDKEGIPPDQ QRLIFAGKQL
| 10 2 30 40 50
EDGRTLSDYN IQKESTLHLV LRLRGG
51 60 0 76

Random mutagenesis isa powerful technique for n vitroevolution of proteins
with novel properties. In the present study random mutagenesis was earned out by
using error prone PCR The resultant amplicons were clooed into shuttle vector,
purified and  transformed into stress-hypersensitive IBM mutant of yeast and
loaked for complementanon. understress.

PLAN OF WORK
STEPS FOR ERROR PRONE PCR

ugatk™
+SULSeJ. Voo
[VokiViM w
MATERIALS AND METHOD

AMPLICONS GENERATED UNDER VARIOUS
ERROR PROM. CONDITIONS

7 Lane 1:100bp Marker Ladder
Lane "Standard condition
Lane3:10mM MgCl.
Lane 4: OJmM MnCl.
Lane5: ImMdATP
Lane 6: ImMdGTP
15% Acniimidc (id Lane 7: ImM dATP dGTP
Above PCR products were obtained under error prone conditions and
were similar to the amplicons obtained unda standard condition with respect to

Length.
PCR Error prone PCR STAND YRD CONDITION
Denaturalion iemp.:94° C for 5 minutes.
I x* Annealing temp.  :60*C for 30seconds
acTPdirp T tviension lemp  72*C for 30 seconds

jatp iiatp; Fmil extension. :72°C for 10 minutes
SN Final hold #4C

Vep36/WIlIbl DIGESTION PATTERN
ane | XHmi 11l Digest Matter
|'ane Mhn |gesl|edD p?asml Yepdowt
Lane 3ifiad 11t Digest
Lane4 Bam HI Digest
Lane 5:SgMI Digest
LaneBAjmI Digest
lane ":BamH\-Kpn | Digest

n {Gtes Hirynyr nap*
rTOStI’gISI my P

Va»:2  ogtoor mX cntsce
o. lai

slsict
wi

rvrcevaacntGTcuG.vtGm.vace)

ntcccTscaccrtuaveamic i

RESULTS AND DISCISSION

SCREENING OF MITANTS BY COMPLEMENTATION
UNDER HEAT SHOCK

il34*t *l47C

I B10HTIN GENE AMPIFICATION OF
ML TAM PLASMIDS

23 45 6 7 8 9110 128 %

PCR ofthe mutants (colony No. 6.9.1 UJ0J4J7J8.-W.42.64 k 68) in lane
310 14 respectively checked on 2 *agarose. With PCR of Yep 96Wt(Ub] in lane
2& 100bpladderDNAMaria) lane |

‘The mutant plasmid obtained from Colony No. 42 (Yep 96/EP42) transformed
mto Scerevisiae showed lethal phenotype unda induction in UBI4 background
even at permissive temperature.

LETHAL F.XPESSION OFVep36/IP42 IN VARYING
CONC ENTRATION OF COPPER SI'LPHATE

1BM mutant of S.c«miiue(l. Il and I11) with OpM. 100 pM and 200yM
CuSOl.transformed with plasmid carrying Yep%Wt [1] and Yep 96/EP42 [I1] the
lethal form of ubiquitin gene undacopper inducible CUPI promoter at 30*C
(permissive temperature).

(V) SUB 62 strain of Scerevisiae (wild type for ubiquitin) with 0 pM. 100 pM
and 200y.M CuSO.transfonned with plasmid canying Yep 96 EP42 at 30*C
(permissive temperature).

SLOT ENCTNG OF THE MITAN | GENE SHEWED FPL R
NOVEL MITVTIONS

«These mutations do not include any of the lysines.

«Two ofthem arc present in turns, one is in the {3-sheet and one more is in the
turn neh region.

«Two ofthem convert nonpolar residues to polar and one polar to nonpolar
And the other one is nonpolar to nonpolar residue.

MQIFVKTI TC.KTITLEVI PSDTIF.NVKAKIQDKEF fil PPDQ

QRLI F AfiKQLF.DfiRTLSDYNIQKE STLHLVLRLRGG
45 50 55 60 65 70 75
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The effects of S65D and Q2N mutations on the multiple functions of ubiquitin in

Saccharomyces cerevisige

INTRODUCTION

Ubiguitin is 2 highly conserved eukaryotic protein. it has a compact globular structure which
makes it 2 paradigm for stsctural studies. Its smalier size and evolutionary conservation

underfine the importance of eve

yresidue in structure-function refations of the protein.

UBIQUITIN STRUCTURE

Vigiy Rommar otsh 1987

The structure of ubiquitin displays some unusual features. One of the sonconforming
secondary structural features found in ubiquitin is a parallel G1B-bulge. In the present study
we have focused on two residues Ser63 and Gin2, which are present in the second and X
positicns of the parallet G1 f-bulge.

Why QN matetion 792 2 - Wiy SEBD 772 .
RN R Ay THH L BB 5L TLAE A
i } I o i pi
SUAL RN T AR SH M TS HENNE NS BN LD e
R o i . §
W LB G e i e TR ee

2 % v of smino neid i 7 W
‘aeiblye - % frequency of ocosrremce of sming aoid | in 4 balge. Chan ot al. 1883
Nowi - Yotal sumber of aatine scid i found it 4 bulge,

The % frequency of occurrence of these amino acids in a bulge in these positions isas low as
1.5 and .34 respectively. In order to test if these residues have any functional significance, we
have mutated ubiquitin to obtain 63D and Q2N substitutions, where the substifuting residues
have greater preference for the same secondary structural feature.

§  COMPARISION OF THE STRUCTURAL HOMOLOBS OF UBLOWTTIN S

< ¥y
The variants of ubiquitin UbS63D and UbQN have been constructed and characterized
for their structure and function.

EXPERIMENTAL STRATEGY
FUNCTIONS OF UBIQUITIN

1&“’”"%
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Our results establish that Sacchromyces cervisige expressing either of the two mutated
proteins UbS63D and UbQ2N, become sensitive to antibiotic cycloheximide and show altered
preference for N-end rule. However, heat sensitivity of the organism and thermal stability of the
protein remain unaltered.
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