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values has indicated that for BPR and CatV ligands,
chelation of [Co(1,10-phen),]*" moiety occurs from 3/, 4’
position of the quinone ring (see Scheme 4). Hence, on
the TiO, surface anchoring process takes place through the
gallol and catechol rings of the BPR and CatV ligands
respectively. The surface anchoring observed for the two
complexes is quite similar to the anchoring which occurs
in the case of anthrocyanine dye material®.

The findings clearly suggest that non-planarity of the
triphenylmethane-type ligand strongly influences the
observed photocurrent conversion efficiencies. This is
reflected by the different intensities of the observed
MLCT transitions for the complexes. Variation in the
strength of the MCLT transition occurs as a result of
different torsion angles. In the case of high torsion angles
substantial dn—nt* interactions take place, and similarly,
in the case of low torsion angles less dn—m* interactions
occur.
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determination: TATAPRO 11

H. S. Atreya, K. V. R. Chary* and Girjesh Govil

Department of Chemical Sciences, Tata Institute of Fundamental
Research, Homi Bhabha Road, Colaba, Mumbai 400 005, India

TATAPRO (Tracked Automated Assignments in Pro-
teins), a novel algorithm for automated NMR assign-
ments in proteins is presented to aid in high throughput
protein structure determination. In this version (TATA-
PRO 1II), the 20 amino acid residues are classified into
nine distinct categories based on their characteristic
BC* and BCP chemical shifts derived statistically using
a database of ~ 100,000 shifts. Further, in the current
version, the N- and C-terminal residues of an assigned
polypeptide stretch are retained during the course of
resonance assignments. This results in faster execution
time of the program, increased efficiency and greater
robustness towards missing peaks.

SEQUENCE-specific resonance assignment (hereafter abbre-
viated as ssr_assignments) of all the NMR-active nuclei
in a protein constitutes the first step towards the complete
characterization of its three-dimensional structure'.
Ssr_assignments, if carried out manually, constitute a
tedious and time-consuming task. For this reason, there
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have been several efforts to automatize the assign-
ment processz. With the advent of multidimensional,
triple-resonance ('H, ""C, ’N) strategies for resonance
assignments, it has become increasingly clear that the
information content of protein spectra can allow com-
plete automation of ssr_assignments’. This advance has
tremendous implications for the growth of NMR spec-
troscopy as a powerful tool in structural genomics®’,
which involves high-throughput protein structure deter-
mination.

A number of strategies have been proposed for
sst_assignments in proteins®. These include approaches
which utilize information from triple-resonance experi-
ments and methods such as simulated annealingé, Bayes-
ian statistics and artificial intelligence’, characteristic
BC® and BCP chemical shifts of individual residues®,
threshold-accepting algorithm®, connectivity-tracing algo-
rithms'® and neural networks''.

We have recently proposed a novel algorithm for such
automated assignments called TATAPRO (Tracked Auto-
mated Assignments in Proteins)'>. TATAPRO achieves
sst_assignments of 'HY, °C% 1*CP, BC’/'H* and N spins
by utilizing the protein primary sequence and peak lists
from a set of 3D triple-resonance spectralz, namely
CBCANH", CBCA(CO)NH'", HNCO" and HN(CA)
CO'%. Peak lists obtained from these spectra consisting of
chemical shift coordinates of the peaks, (®;, ®,, ®;)=
("c/'HY, PN, 'HY), along with their intensities and
phases are taken as inputs for TATAPRO. For example,
automatically picked CBCA(CO)NH peak list has infor-
mation about 13C(f,1 and 13CE-3,1 chemical shifts for a given
pair of 15N,- and IHI}I. From such a list, the chemical shifts
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of 13C(f,1 and 13CE-3,1 are identified for each specific pair of
"N, and 'HY chemical shifts within the user-defined tol-
erance limits and grouped into a single set. Likewise,
automatically picked CBCANH peak list has information
about °C% *c® 13c%, and *CP, chemical shifts, for a
given pair of "N, and 'H} chemical shifts. On the other
hand, automatically picked HN(CA)CO and HNCO peak
lists provide information about B¢ and/or C/ chemical
shifts. Besides, the success of TATAPRO relies on the
classification of the 20 amino acid residues into eight
different categories, which is based on their characteristic
BC* and PCP chemical shifts, derived statistically from a
large database of chemical shifts in the BioMagResBank
(BMRB)"". The program has been successfully tested for
resonance assignments using experimental data in three
different proteins in the molecular weight range of
15-20 kDa (ref. 12). The program has also been tested
for its robustness using published assignment data of
four other proteins in the molecular weight range of 18-
42 kDa (ref. 12).

During the course of its application to various different
proteins, it was felt that the efficiency and speed of
TATAPRO could be further improved by incorporating
several changes in the program. The software has been
modified accordingly, which has resulted in its increased
robustness towards spectral overlap and missing data, a
feature that is common when dealing with large molecu-
lar weight proteins. In this communication, we provide a
detailed description of the improved version TATAPRO
IT and the results obtained thereby. The improved version
of the program, called TATAPRO II, is available on
request from chary@tifr.res.in or through the BMRB web
server: www.bmrb.wisc.edu.

An extensive statistical analysis was carried out using
the *C* and "CP chemical shift information of all pro-
teins currently deposited in the BMRB. Out of 1832 pro-
teins for which chemical shifts are available, B shifts
are available for 839 proteins in the molecular weight
range of 10-42 kDa. The total number of “C* and o
chemical shifts reported so far is 58,768 and 45,463
respectively. The total number of amino acid residues for
which both C* and *CP shifts are available is 42,629.
The distribution of chemical shifts for individual amino
acid residues is given in Table 1.

Figure 1 shows a 2D plot of “C* and BCP chemical
shifts. As is evident from the figure, one can classify amino
acid residues into eight distinct categories (as against
seven done earlier'?) based entirely on the characteristic
BC* and CP chemical shifts (each of these categories is
shown with a different colour): (i) Gly having no Bk,
(ii) Ala having 14 < *CP < 24 ppm; (iii) Arg, Cys™, Gln,
Glu, His, Lys, Met, Val, Trp having BcP in the range
24-36 ppm; (iv) Asp, Asn, Cys®™ Ile, Leu, Phe and Tyr
having BCP in the range 36-52 ppm; (v) Ser having B3P
in the range 56-67 ppm; (vi) Thr having Bk~ 67 ppm;
(vii) some Val residues having “C*> 64 ppm and
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24 <BcP<36 ppm, and (viii) some Ile residues having
PC% > 64 ppm and 36 < BeP <52 ppm. Pro residues, which
lack an amide proton ('H"), are not observed in any of the
aforementioned triple resonance spectra and hence are
classified as the ninth category. In our algorithm, each of
these nine categories is distinguished from one another

Table 1. Distribution of *C* and *CP chemical shifts for
individual amino acid residues used in the statistical ana-
lysis. Pro residues are excluded from the analysis as they

do not show up in any of the triple-resonance spectra
considered in the present algorithm (see text)

Number of chemical shifts

Amino acid Bee Bk 3C% and *CP
Alanine 4617 4006 3790
Arginine 2935 2379 2102
Asparagine 2590 2181 1978
Aspartic acid 3832 3275 2978
Cysteine™ 460 334 299
Cysteine™ 572 506 490
Glutamic acid 2561 2120 2019
Glutamine 4834 4092 3891
Glycine 4396 0 0
Histidine 1305 1085 997
Isoleucine 3284 2787 2553
Leucine 5216 4336 4213
Lysine 4651 3890 3598
Methionine 1355 1090 1009
Phenylalanine 2319 1950 1887
Serine 3669 2976 2812
Threonine 3382 2761 2689
Tryptophan 636 580 456
Tyrosine 1939 1592 1456
Valine 4165 3523 3412
Total 58,768 45,463 42,629
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Figure 1. Two-dimensional plot of 42,629 '*C® vs *CP chemical
shifts obtained from 839 proteins. The chemical shifts have been grouped
into 7 categories, each shown with a different colour, based on the
characteristic °C% vs '*CP shifts (see text).
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by a two-digit code. In the earlier version of TATAPRO,
amino acid residues were classified into eight different
groups (Pro residues as the eighth category), with both
Ser and Thr put under the same category'’. Their sepa-
ration into separate categories in the current version of
the program has resulted in accomplishing the assignments
in relatively less number of iterations and with an
increased percentage of assignments as discussed below.

Table 2 shows the different categories of amino acid
residues described above. The last two columns in Table
2 indicate percentages of residues that violate the two-
digit code assigned to them. This happens only if a given
residue exhibits unusual >C* or/and *CP chemical shift(s)
as a result of which, it acquires a code different from the
one generally expected. As is evident from Table 2, no
dramatic differences have been observed in the percent-
age of BCP chemical shift violations with the increased
amount of chemical shift information, which is presently
available in the BMRB. Interestingly, most of the viola-
tions are relatively less compared to what has been found
earlier'” (shown in parenthesis). The only exceptions are
Ser and Thr, as they are presently given different two-
digit codes. This is primarily due to the partial overlap of
their *CP chemical shifts. However, such an overlap does
not have any adverse effect on our assignment procedure.
On the contrary, as discussed below, the algorithm
becomes more efficient and robust towards missing
peaks.

Ssr_assignments using TATAPRO 1II can be divided
into four essential steps: (i) preparing the chemical shift
list (master_list). This list contains individual sets or
rows of 'HY, PN, c%, Pch, Bcy, P, Pty and e,
chemical shifts; (ii) assigning two-digit codes to the indi-
vidual rows in the master list using the criteria shown in
Table 2; (iii) starting assignments; this results in the crea-
tion of an assig array and pps_array (described below);
and (iv) mapping of the assig array onto the pps_array
for final ssr_assignments.

To begin with, the program reads in the 13C(f, 13C?, and
13C,’- chemical shift values from the first row in the
master_list and searches for a row where, within the
user-defined tolerance limits, these three shifts are seen
as 13C(f,1, 13C?,1 and 13C,’-,1 chemical shifts. If the search is
successful and unique, the two-digit code associated with
the new row is stored in an assig _array. This procedure
corresponds to forward assignment in the primary
sequence, which is continued till a break is encountered.
The break can be due to a Pro residue, a missing peak(s)
or if the C-terminal end of the polypeptide chain has been
reached. Once a stretch of amino acid residues has been
assigned in the forward direction, the program continues
with the assignment in the backward direction, starting
again from the first row in the master list. For backward
assignment, the program reads in the 13C(f,1, 13C[,-3,1, and 13C,’-,1
chemical shifts for a given row in the master list, and
searches for the row where these chemical shifts are seen
as 13C(f, 13C[,-3 and 13C,’- chemical shifts. If the search is suc-
cessful and unique, the two-digit code associated with the
new row is stored in the same assig_array, as was done
in the case of forward assignment. The assignment is
continued till a break is encountered. During this proce-
dure, if more than one possible pair of 'HY, and "N,
chemical shifts satisfies the assignment condition, the
program continues with the assignment along each possi-
ble pathway until a break is encountered. After assigning
a stretch of amino acid residues in both forward and
backward directions, the program maps the assig
array(s) thus obtained onto the pps array as the final
step of ssr_assignments.

In the older version of TATAPRO, once a stretch of
amino acid residues was assigned and before commen-
cing with the next round of assignments, assigned rows
and residues were deleted from the master list and
pps_array respectively. However, this resulted in the loss
of crucial information, particularly for residues which
constitute the N- and C-terminal ends of the assigned

Table 2. Two-digit code assigned to different amino acid residues based on their characteristic '*C* and *C® chemical shift ranges
obtained using the most recent database of chemical shifts in the BMRB

3¢ and *CP chemical shift

(8 in ppm) characteristics Amino acid

Two-digit code

Percentage of 3B chemical
shift violations*

Percentage of other residues
taking the code*

Absence of CP Gly
14 <8 (BChy <24 Ala
56 <3 (CP < 67 Ser

24 <8 (*CPy<36and 8 (*C* <64 Lys, Arg, Gln, Glu, His,
Trp, Cys™, Val and Met
24 <8 (*Ch<36and 5 (PCH 264 Val

36 <8 ("CP) <52and § (°C* < 64  Asp, Asn, Phe, Tyr, Cys™,

Ile and Leu
36 <8 (PChH <52and 8 (PCH 264 e
— Pro
5 (*Ch > 67 Thr

10 0.0 (0.0) 0.0 (0.0)
20 2.29 (0.8) 0.09 (0.09)
30 3.06 (0.5) 0.38 (0.04)
40 3.16 (3.1) 2.59 (2.4)
41 5.02(1.3) 2.57 (0.6)
50 3.16 (3.0) 420 (2.4)
51 8.04 (6.8) 1.85 (0.3)
60 - -

70 5.25(0.5) 0.37 (0.04)

*Numbers in parentheses indicate the percentage of violations obtained with the older version of TATAPRO.
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Table 3.

Details of test proteins and percentage of assignments obtained in each case using the old and

the new versions of TATAPRO

Molecular Percentage of assignments obtained on random deletion of peaks*
weight
Protein (kDa) 0 15 30
Drosophila numb phosphotyrosine- 17.8 100 81.9 (80.1) 67.1 (54.5)
binding domain
Fibroblast collagenase 18.7 100 71.3 (70.6) 61.4 (55.5)
Borrelia burgdorferi OspA 28 100 80.6 (80.2) 60.6 (58.5)
Escherichia coli maltose-binding 42 100 71.6 (70.7) 61.4 (57.2)

protein

*Numbers in parentheses indicate the percentage of assignments obtained in test proteins using the older version of

TATAPRO.

polypeptide stretch. These residues, if retained in the
master_list and pps_array, could be used as markers.
Hence, they help to assign those polypeptide stretches
which lie in the immediate neighbourhood (in their N- or
C-terminal sides) of the already assigned polypeptide
stretches. Moreover, end-residues also serve as markers
in resolving the ambiguity arising when the assig array
maps to more than one stretch in the pps_array. In light
of this, in TATAPRO II, the N- and C-terminal residues
of an assigned polypeptide stretch are retained in both the
master_list and the pps array. However, these amino
acid residues are given a different two-digit code to dis-
tinguish them from those that are yet to be assigned. For
example, an Ala that has been assigned and simul-
taneously lies either at the N- or the C-terminus of an
assigned polypeptide stretch, is given a new code 2 1 in
the master_list and pps_array. This distinguishes it from
other unassigned Ala residues in the master list and
pps_array that have a code 2 0 (see Table 2). Such
inclusion of the end-residues resulted in improved
efficiency of the program. The program in the present
form requires less number of iterations to find the correct
assig_array, resulting in an increased speed of execution.

Table 3 summarizes the results obtained for ssr_assign-
ments in the test proteins using TATAPRO II. With no
random deletion of rows from the master list, 100%
assignments are obtained using both old and new ver-
sions of the program. This is because the initial data set
is obtained using the published assignment of all the
amino acid residues, and hence is perfect. However, the
robustness of the program is tested on random deletion of
rows from the master list, which mimics a real situation
wherein one encounters missing peaks. Even after random
deletion of rows up to 30% from the master list,
TATAPRO 1II gives increased percentage of assignments
in all the test proteins compared to the older version of
the program.

Another modification concerns residues in an assigned
polypeptide stretch that have unusual chemical shifts and
therefore do not belong to their respective category. In
such a situation (which we refer to as a ‘mismatch’), the
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mapping of assig_array onto the pps_array will result in
either an incorrect mapping or no mapping. In the older
version of the program, all residues were equally consid-
ered as candidates for a mismatch. However, refined sta-
tistics carried out using the latest database of chemical
shifts reveals that Gly, Ala, Ser and Thr have the least
BC* and CP chemical shift violations (Table 2). Hence,
these residues rarely have mismatches. In light of this, in
TATAPRO 11, these residues are not considered to be
mismatches during any stage of assignments. This sub-
stantially reduces the errors which occur if these residues
are considered as mismatches. Further, during all stages
of the assignments in TATAPRO 11, a maximum of only
one mismatch is allowed for mapping assig _array onto
the pps_array. This is unlike the older version, wherein a
maximum of three mismatches were allowed. This
further decreased the chances of incorrect mapping.
However, such criterion did not influence the final per-
centage of assignments obtained.

In conclusion, the modifications incorporated in
TATAPRO 11 include refinement of the *C* and “CP
chemical shift statistics and retaining the N- and C-
terminal residues in an assigned polypeptide stretch in
both the master list and pps_array. This results in less
number of iterations during the entire assignment proce-
dure and hence, faster execution time of the program and
concomitant increased efficiency in ssr_assignments.
TATAPRO II has been tested using published data on
four proteins in molecular weight range of 18—42 kDa,
and shows increased percentage of assignments com-
pared to the earlier version of TATAPRO.
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The standard method of transformation of E. coli with
plasmid DNA involves two important steps — binding
of DNA to the cell surface, suspended in 100 mM
CaCl, at 0°C, and the subsequent entry of DNA to the
cell cytosol by a heat-pulse from 0 to 42°C. When
competent E. coli cells were transformed with plasmid
DNA in the presence of different concentrations (up to
10% v/v) of ethanol, the transformation efficiency
(TR)g decreased gradually with increase in ethanol
concentration. This decrease in (TR)g was directly
proportional to ethanol-mediated leaching of lipopoly-
saccharide (LPS) molecules from the competent cell
surface, indicating LPS was the major target site for
DNA adsorption to the competent cells. In vitro spec-
trophotometric study showed evidence that there was
binding interaction between plasmid DNA and E. coli
LPS in the presence of a divalent cation, Ca®". More-
over, plasmid DNA, previously incubated with LPS in
CaCl,, had less ability to transform E. coli cells. The
results suggest that during artificial transformation of
E. coli, the naked DNA was first bound to the LPS
molecules on the competent cell surface and uptake of
this LPS-absorbed DNA into the cell cytosol was asso-
ciated with CaCl,-mediated cell-membrane disinte-
gration.

THE technique of DNA transformation has become impor-
tant in virtually all aspects of molecular genetics. Trans-
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formation is defined as the uptake and expression of
foreign DNA by cells. Bacterial transformation occurs
naturally in many species such as Micrococcus, Haemo-
philus and Bacillus'?; all these organisms have proteins
on their exterior surface whose function is to bind to
DNA in their environment and transport it into the cell.
However, it is still a rare event for most bacteria to natu-
rally take up DNA from the environment. But by subject-
ing bacteria to certain artificial conditions, many of them
are able to take up free DNA®, and the cells in such state
are referred to as competent.

In E. coli the competence can be developed by sus-
pending the cells in ice-cold CaCl, and then subjecting to
a brief heat-shock at 42°C (refs 4, 5). Although E. coli
has developed into a universal host organism both for
molecular cloning and for a diverse set of assays involv-
ing cloned genes, the technique of E. coli transformation
is highly inefficient even using competent cells. The vast
majority of DNA molecules added will not enter any cell,
and the vast majority of bacterial cells will receive no
DNA. Besides Ca’ ions, other frequently used cations
include Mg2+, Mn2+, Rb", for competence generati0n3.
However, the exact mechanism by which DNA adsorbs
to the E. coli cell surface and enters the cell cytosol, and
why the transformation is stimulated by these treatments,
is still largely obscure.

One proposed hypothesis® is that DNA crosses through
the least-barrier path at zones of adhesion, where the
outer and inner cell membranes fuse to pores in the cell
wall. The zones of adhesion are rich in negatively-charged
lipo polysaccharide (LPS) molecules”® and DNA also
being negatively charged, cannot enter the cell easily as
the two negative polarities repel each other. A divalent
cation such as calcium, is believed to form stable coordi-
nation complexes with phosphates, and thus may facili-
tate the association of the two phosphate-rich structures
like DNA and LPS.

The transformation process, being a membrane-bound
phenomenon, is most likely to be influenced by the well-
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