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Secondary structural effects on protein NMR chemical shifts
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Abstract

For an amino acid in protein, its chemical shift, 8(, ), is expressed as a function of its backbone torsion
angles (¢ and ) and secondary state (s): d(d, )s = d(d, V)eoit T AS(D, V)s, Where S(P, )eoi represents its
chemical shift at coil state (s = coil); Ad(d, ) (s = sheet or helix) is herein defined as secondary structural
effect correction factor, which are quantitatively determined from Residue-specific Secondary Structure
Shielding Surface (RSS) for >CO, *Cu, *CB, "Ha, '°N, and '"HN nuclei. The secondary structural effect
correction factors defined in this study differ from those in earlier investigations by separating out the
backbone conformational effects. As a consequence, their magnitudes are significantly smaller than those
earlier reported. The present Ad(d, )sneer and AS(D, V)neiix Were found varying little with backbone con-
formation and the 20 amino acids, specifically for '*CO, *Co, and "Hu nuclei. This study also carries out
some useful investigations on other chemical shift prediction approaches — the traditional shielding surfac-
es, SHIFTS, SHIFTX, PROSHIFT, and identifies some unexpected shortcomings with these methods. It
provides some useful insights into understanding protein chemical shifts and suggests a new route to im-
proving chemical shifts prediction. The RSS surfaces were incorporated into the program PRSI [Wang
and Jardetzky, J. Biomol. NMR, 28: 327-340 (2004)], which is available for academic users at http://
www.pronmr.com or by sending email to the author (yunjunwang@yahoo.com).

Dios et al.,, 1993; Oldfield, 1995). Over past
20 years, the secondary structural effects have

Introduction

NMR chemical shifts of amino acids in proteins
may be the most sensitive and easily obtainable
parameters that reflect the primary, secondary,
and tertiary structure of the protein. The struc-
tural effects permit the identification of chemi-
cally identical, but positionally nonequivalent,
amino acid residues and thus form the basis of
all structure determination by nuclear magnetic
resonance (NMR) (Roberts and Jardetzky, 1970).
To date, the best-known and mostly studied
structural effect is probably the secondary struc-
tural effects (Markley et al.,, 1967, Nakamura
and Jardetzky, 1968; Spera and Bax, 1991; de
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been investigated in a similar manner — through
comparing the observed B-sheet or o-helix chemi-
cal shifts to that of coil (Szilagyi and Jardetzky,
1989; Spera and Bax, 1991; Wishart et al., 1991;
Le and Oldfield, 1994; Osapay and Case, 1994,
Oldfield, 1995; Wang and Jardetzky, 2002a, b).
In this study, Residue-specific Secondary Struc-
ture (RSS) ¢&/¥ chemical shift shielding surfaces
were constructed and used to investigate the
B-sheet or a-helix induced effects on 13CO, B3Cq,
13C5, '"Ho, N, and 'HN chemical shifts of
proteins. The difference of using RSS shielding
surfaces to study the secondary structural effects
in chemical shifts is in that the backbone confor-
mational effects are removed. The results from
this study show that the traditionally defined
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secondary structural effect can be decomposed in-
to two components — backbone conformational
effects and ‘secondary structural effects’ as de-
fined in this study.

Understanding the origins of chemical shifts
could lead to new ways of determining or
refining protein structure (Wishart et al., 1992;
Wishart and Sykes, 1994; Celda et al.,, 1995;
Williamson et al., 1995; Beger and Bolton,
1997; Cornilescu et al., 1999). However, since
there are so many parameters that might have
influence on the observed chemical shifts,
attempts to define individual contributions to
the overall chemical shift and introduce appro-
priate correction factors have thus far been
met with limited success. Over the past
10 years, the rapid accumulation of chemical
shift and three dimensional structure databases
has made it possible to begin investigating
each individual contribution to the overall
chemical shift. For example, in the past several
years, the empirical chemical shift database has
successfully allow the identification of the sec-
ondary structure effects (Wishart et al., 1991;
de Dios etal., 1993, Wang and Jardetzky,
2002a), correlation of the chemical shift with
backbone torsion angles (Spera and Bax, 1991;
Le and Oldfield, 1994), the hydrogenbond and
side-chain geometry effects (Iwadate et al.,
1999), contributions of specific structural fea-
tures, such as the helix capping box (Gronen-
born and Clore, 1994) and B-hairpin (Santiveri
etal, 2001), and the nearest neighboring
effects (Wang and Jardetzky, 2002b). Conse-
quently, these results were successfully used for
chemical shift prediction and secondary struc-
tural identification (Wishart et al.,, 1992;
Wishart and Sykes 1994; Kuszewski et al.,
1995; Wang and Jardetzky, 2004). Therefore,
the author believes that the new concept of
secondary structural effects as proposed and
determined in this study could provide useful
insight into the understanding of protein chem-
ical shifts and eventually find applicable use in
secondary structure identification, tertiary struc-
ture determination, and structural refinement
using chemical shifts. This study also demon-
strated improved chemical shift prediction from
3D coordinates, specifically for «-helix random
coil chemical shifts, by using RSS (XRSS)
shielding surfaces.

Methods
Nomenclature and definition

For an amino acid in protein with restricted
backbone torsion angles (¢ and ) and a defined
secondary structural type (s), its chemical shift,
(o, ), is expressed as

5(¢7 lﬁ)g = 5(¢7 lp)coil + A5(¢7 ‘//)57 (1)

where 8(d, )eoii represents its chemical shift at
random-coil state; Ad(¢, V), is herein defined as
the secondary structural effect correction factor; s
stands for the three secondary structural types,
B-sheet, random-coil, and o-helix. By definition,
Ad(P, ), equals zero when s = coil. Torsion an-
gle of the preceding residue, ™', is used for N
and "HN nuclei through this study. It is also
hereinafter referred to as \y for simplicity.

Preparation of the chemical shift database

Assigned 3CO, 13Coc, 13CB, chx, 5N, and 'HN
chemical shifts were downloaded from BioMa-
gResBank (BMRB; http://www.bmrb.wisc.edu)
and those meeting the following criteria were se-
lected. (1) The length of protein sequence is above
50, (2) The most commonly used materials, DSS,
TMS, TSP, and liquid NH;3 were used as either di-
rect or indirect ISN, BC, and "H chemical shift ref-
erences (Wishart et al,, 1995). Paramagnetic
proteins, which were identified through checking
the ‘paramagnetic’ property as reported in each
BMRB entry, were not included in the database.
When several BMRB entries were available for the
same protein, the priority was given to the one
with the most complete assignments. Abnormal
chemical shift assignments (many of them were
found to be obvious typing errors, e.g., 8.7 ppm
for a >N shift) were excluded. The assignments
of the very first two N-terminal and last two
C-terminal residues of each protein were also
excluded to avoid any terminal effects on chemical
shifts. The 3D coordinates of the selected protein
were downloaded from the Protein Data Bank
(http://www.rcsb.org/pdb), from which torsion
angles (¢, \ and y') as well as the secondary struc-
tural type were determined by using the program
VADAR (Willard et al., 2003). This structural
information was then combined with assigned
chemical shifts to form a chemical shift-structure



database, which contains '*CO, *Ca, °Cp, 'Ha,
SN, and "HN chemical shift assignments derived
from 467 distinct non-paramagnetic proteins. The
BMRB and PDB accession numbers of the select-
ed proteins are listed in the supplementary materi-
als. Each entry in the database contains the
assigned chemical shift, torsion angles (¢, ¥ and
%", and secondary structural type. In addition, a
unique ID was assigned to each entry to trace its
origin. For an example, ID bmr4834_50 represents
that this entry is originally derived from protein
with BMRB access number of 4834 and the
residue number is 50.

Non-RSS, RSS, and XRSS shielding surface

For each nucleus, the prepared chemical shift da-
tabase was split into 20 subsets based on the ami-
no acid type of the target residue to form the
traditional  residue specific database. In
comparison with present RSS and XRSS, these
traditional residue specific databases are
purported as non-RSS through this study. For
each of the 20 amino acids, above prepared
residue specific database was further split into
three subsets — RSS database based on the three
secondary structural types — sheet, coil, and helix.
For amino acids Val, Ile, Thr, Phe, His, Tyr, and
Trp, each RSS database was further split into
three 7' specific subsets (XRSS), where
y' =180 — 30° or —180 + 30° (hereinafter re-
ferred to as 180 £+ 30°), 60 + 30°, or —60 £ 30°.
Two subset databases were also built for Cys
based on its 13CB shift adjusted re-oxidation
states. Except for those amino acids with low oc-
currence such as Cys and Trp, there were excess
chemical shift entries in most of RSS database.
When applicable, the number of chemical shift en-
tries was randomly trimmed to 500.

The chemical shift is calculated by convolut-
ing each of the chemical shift values in selected
database with a Gaussian function as suggested
by Le and Oldfield (1994):

o) =
>0 ¥;) = exp{— {Sin2 (‘7’7"7’) + sin? <w>] /A}
> exp{ - {Sin2 (u) sin’ (‘”%‘”)] /A} '

where A is a constant and is set to 0.03 unless
otherwise indicated, and the summations extend
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over all residues 7 in the corresponding database.
During the calculation, when a given chemical
shift was computed, that shift itself was identified
via its specifically assigned ID and was excluded
during the convoluting calculation.

Adjustment for N and >C chemical shift
references

Improper "N and '*C chemical shift referencing
is one of the problems associated with the pro-
tein chemical shift assignments deposited in
BMRB (Iwadate et al., 1999; Wishart and Case,
2001). It has been shown by Zhang et al that a
significant amount (~25%) BMRB entries with
protein "N and '*C chemical shift assignments
required significant (> 1.0 ppm) reference read-
justments (Zhang et al., 2003). In this study, '*C
and "N chemical shift reference was carefully
checked for each protein. Reference readjust-
ments were made accordingly using the protocols
which is similar to that used by Zhang et al.
(2003). More specifically, the '*CO, '*Ca, 3CB,
"Ho, '°N and '"HN chemical shifts were predicted
from the torsion angles (¢, \ and ') using RSS
and XRSS (for amino acids Val, Ile, Thr, Phe,
His, Tyr, and Trp) shielding surfaces for each
protein. The "*C, >N and "H chemical shift ref-
erence offsets were determined by averaging the
difference between the observed and the predicted
chemical shifts for each protein. As an external
check, the reference offsets calculated in this
study were thoroughly compared with those re-
ported by Zhang et al. (2003). The two sets of
reference offset were found in a good agreement
for more than 200 proteins that are exclusively
included in both databases. The averaged differ-
ences between the two sets of reference offsets
are less than 0.5 ppm and 0.15 ppm for >N and
13C shifts — that is statistically insignificant for
these two nuclei in proteins. The correlation coef-
ficients between the two sets of data are 0.93 and
0.97; rmsd 0.31 and 0.16 ppm for "N and '*C
shifts. The "N and '’C reference adjustments
were made for each entry in non-RSS and RSS
database. No significant reference offsets (e.g.,
>0.05 ppm) were identified for 'Ha and 'HN
shifts for most of the proteins. Accordingly, no
reference adjustments were made for these two
nuclei.
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Determination of (AS(¢p,)n,s)

The secondary structural effect correction factor,
AS(d, ), can be determined from Equation 1.
For example, the B-sheet induced effect is calcu-
lated by:

A5(¢7 l//)sheet = 5(4)7 lp)sheet - 5(4’? lp)coil’

where d(¢, )sneer and 6(d, Y)eo are calculated
from sheet and coil specific RSS (or XRSS for
Val, Ile, Thr, Phe, His, Tyr, and Trp) shielding
surfaces, respectively. The o-helix induced effect
is calculated in a similar way. As it will be de-
scribed later, O(d, W)sneer and (o, Y)eon were
found to vary little with the backbone dihedral
angles (¢ and V). Therefore, the average of Ad(¢,
)s over the sheet and helix backbone conforma-
tional space (¢, V), defined as (Ad(P,V)geer)
and (AS(¢, ¥)peny)» Were calculated and used to
generally represent the secondary structural
effects on '*CO, *Ca, 13CB, "He, °N, and 'HN
chemical shifts in proteins. More specifically, for
example, AS(P, V)sneer Was calculated and aver-
aged at a 5-degree interval of ¢ and \ over the
B-sheet conformational space as defined in this
study (—50——180° and 80-180° for ¢ and V,
respectively).

Determination of ASP™°%

In this study, the mathematic difference between
the predicted and the observed chemical shift is
denoted as AP,

A6pre—obs — Spred _ 60bs

To evaluate the influence of the secondary struc-
tural effects on chemical shift prediction, the ran-
dom coil status was further split into two
subclasses, B-sheet like and o-helix like coils, rep-
resenting those with ¢ and  in PB-sheet and
a-helix region, respectively. In this study, pB-sheet
like coil is marked as c_sheet; a-helix like coil
c_helix. Thus, when applicable, the status of an
amino acid in protein was categorized into four
groups: sheet, ¢_sheet, ¢_helix, and helix, repre-
senting the B-sheet, B-sheet like coil, a-helix like
coil, and o-helix. Respectively, the AJP™°P
calculated for these four groups are marked as
AP (sheet), AJP™O™ (¢ sheet), ASPTOPS
(c_helix), and A8P™° (helix).

The B-sheet ¢ and \ conformational region is
defined as —50 to —180° and 80-180°; and that
for helix —40 to —70° and —10 to—70°.

The chemical shift predicted from non-RSS
shielding surfaces is solely dependent on its ¢
and . For example, for an amino acid with its
¢ and { in the B-sheet region, regardless of its
secondary structural status (either random coil or
B-sheet), its chemical shifts predicted from non-
RSS is simply a weighted average of the chemical
shifts of all the amino acids in that region.

5non7RSS o (Nc_sheel*éc_sheel + Nsheel*ésheet)
- )
(Nc_sheet + Nsheel)

(2)
where ¢ sheet and N sneer are the averaged chem-
ical shifts and number of B-sheet like coil in the
database; Ogpeer and Ngee are the averaged shifts
and number of B-sheet shifts. Ignoring the ¢ and
\, equation 1 can be expressed as:

8sheet = 6c,sheet + A6sheetv (3)

where O¢ sheet represents the B-sheet like random-
coil chemical shifts, and Adgee is the B-sheet in-
duced effect correction factor. Combination of
Equations 2 and 3 results in the following:

Aépre—obS(sheet) — 5non—RSS — Sheet

_Aésheet*Nc_sheet

= y 4
(Nc_sheet + Nsheet) ( )

Aépre_ObS(C,ShCGQ _ 5n0n—RSS _ 5sheet

o Adsheet Ne_sheet
></(]Vc_sheet + Nsheet) '
(5)
In a similar way:
_ . —Adhelix N _nelix

AP (helix) = e 6
(helix) (Ne_netix + Nhelix) (6)

< —Ad ix* iX
Aépre_Obs(C,heliX> _ hel N,hel (7)

(Ne_helix + Nhelix)

where N peiix 18 the number of «-helix like ran-
dom coil chemical shifts, and Ny, 1S the number
of a-helix shifts in the database.

The number of chemical shifts for each of the
four groups, Nslrands Nc_slranda Nc_helixa and Nhelix



179 179
helix
178 178
177 177
176 176
-100 -100

-40

237

179
coil ././H—H-—o
178
177 g &8
W=40
1764 ——
-70 -100 -70 -40
@
121
coil 120
119 KH‘/'::_/:/./-_H
118
-10 p=-40
1 n——
00 70 -40
¢
5.2
cail ig 2006 Y
46 .
g B
180 :
4.0
gV 180 120  -60
¢

Figure 1. Representative RSS shielding surfaces show the variations of '*CO (a), '°N (b), and 'Ho(c) chemical shifts of Lys with the
secondary structural types and torsion angles, ¢ and is  On the left are helical and sheet specific RSS surfaces; on the middle are coil
specific RSS surfaces. For comparison, slices from the left and middle figures are shown on the right.

were statistically determined from each corre-
sponding database in this study.

All the calculations and data manipulations
were accomplished using a series of JAVA pro-
grams coded by the author.

Results and discussion
RSS shielding surfaces

As an example, selected regions of *CO, '°N, and
"Ho RSS surfaces for one of the 20 amino acids,
Lys, are shown in Figure 1. These RSS surfaces
clearly demonstrate how 13co, N, and 'Ho
chemical shifts vary with the secondary structural
type as well as the backbone torsion angles,d
and . On the left of this figure are the selected
regions of helical and sheet RSS shielding surfac-
es, on the middle are the coil RSS surfaces. For
a clear comparison, a slice from each of the heli-
cal (or sheet) and coil RSS surfaces are extracted
and shown on the right. The helical RSS shield-
ing surfaces differ significantly from the coil RSS

surfaces by ~1.6 ppm, and 1.0 ppm for '*CO
and "N nuclei, respectively as shown in Fig-
ure la and 1b. While the difference between sheet
and coil RSS surfaces are up to 0.4 ppm 'Hu nu-
clei (Figure Ic). It is of interest to note that de-
spite of the difference in magnitude, helical and
coil RSS surfaces vary similarly with ¢ and  for
13Coc, 13CO, and 'Ha nuclei, and therefore the
difference between the two surfaces remains al-
most constant with ¢ and . The same is true
for sheet and coil RSS surfaces.

(AS(,¥);) and (AS(,V);)

To generally evaluate [B-sheet and o-helix in-
duced effects on chemical shifts and to further
quantitatively describe the variation of such ef-
fects with the backbone conformation, the sec-
ondary structural effect correction factors, Ad(¢,
Usheet and AS(d, peix» are determined and
statistically studied. Their averaged values,
<A5(¢7W>helix> and <A5(¢7‘/j)sheet>’ together with
RMS deviations over each corresponding back-
bone conformation space are calculated and
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listed in Table 1. Of the importance in deci-
phering B-sheet and o-helix-induced changes in
Bco, Ca, *Cy, "Ha, "N, and 'HN chemical
shifts, this table reveals the following:

First, B-sheet and «-helix induced changes in
B3Ca, 13CO, and 'Ho chemical shifts vary little
with the backbone conformation (¢ and V) for
all the 20 amino acids. This is characterized by
the small RMS deviations of Ad(¢, ), over helix
(b = —40 to —100°; yr = —10 to —70°) and B-sheet
(b =-50 to —180° Yy =80 to 180°) conforma-
tional spaces. Averaging over all the 20 amino
acids, the RMS deviations of Ad(d, )sheet are
0.49, 0.44, and 0.39 ppm for '*Co, '*CO and 'Ho
nuclei, respectively; those of Ad(d, )peix are
0.25, 0.39, and 0.07 ppm. On the other hand, the
variations of AS(d, V)sheer and AS(dD, perix With
¢ and \ are significantly larger for '°’N and '"HN
nuclei. On average, RMS deviations of Ad(¢d,
Vsheet are up to 1.27 ppm and 0.75 ppm for '°N
and 'HN, respectively; and those of AS(d, )nelix
are 0.75 ppm and 0.11 ppm.

Second, the averaged secondary structural
effect correction factors, Ad(¢, V), and
(AS(P, ¥)gpeer) Vary little with the 20 amino acids.
The averaged values and RMS deviations of
(AS(P, ¥)gpeer) OVer the 20 amino acids are:
—-0.67(0.25), —0.29(0.25), 1.02(0.66), 0.36(0.09),
0.64 (0.43), and 0.28(0.11) for *Ca, '*CO, *Co,
"He, N, and 'HN nuclei, respectively; those of
(AP, ¥)peix) are 1.27(0.38), 1.37(0.35), —0.39
(0.27), —0.17(0.10), 0.29(0.77), and 0.16(0.22).
Notable exceptions are (Ad(¢p, ),y )» as indicat-
ed by their large RMS deviations, 0.77 and 0.22,
for °N, and '"HN nuclei, respectively. Close in-
spection on the data in Table 1 reveals that: heli-
cal effect on 'HN shifts can be related to the
side-chain property of the 20 amino acids. For
example, the values of (AS(¢, )x) for 'HN are
negative for amino acids with short and charge-
able side chains that include Asn, Asp, Cys, Gln,
Glu, and His; while that for all other amino
acids are positive. Meanwhile, the values of
(AS(d, ) i) for amino acid Gly’s 'HN and "N
shifts are distinguishable from that of other 19
amino acids. These unusual (Ad(¢, V), ) values
could possibly be attributed to the special confor-
mation formed by these amino acids. For exam-
ple, Asp, Asn, and Cys have preference to form
helical capping box (Aurora and Rose, 1998),
and Gly is often located at the end of a-helix.
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Third, due to the different definitions, the
present secondary structural effect correction fac-
tors, <A5(¢7 l//)helix> and <A5(¢)7 l//)helix>’ are Signiﬁ'
cantly smaller in magnitude than those reported
in earlier studies. Over the past 20 years, the sec-
ondary structural effects on chemical shifts in
proteins have been investigated through compar-
ing the observed B-sheet or a-helix chemical shifts
with an set of ‘random-coil’ chemical shifts,
which is usually obtained either by measuring the
chemical shifts of model peptide in denaturing
conditions or by statistically averaging the as-
signed chemical shift for amino acids at coil sta-
tus. In this study, the RSS shielding surfaces
were used to investigate the secondary structural
effects on chemical shifts in proteins. More spe-
cifically, the B-sheet induced effects are quantita-
tively determined by comparing the [-sheet
specific RSS surfaces with the random-coil specif-
ic RSS surfaces. Similarly, o-helix induced effects
were studied by comparing a-helix specific RSS
surfaces with random-coil RSS surfaces. As a
consequence, the proposed secondary structural
effect differs from the traditional definition by
separating out the backbone conformational
effects.

To quantitatively evaluate this difference, the
secondary structural effect correction factors re-
cently reported by Wang and Jardetzky (2002b)
were chosen to compare with the present re-
sults. The two sets of data (both were averaged
over the 20 amino acids for simplicity) were
graphically displayed in Figure 2. More specifi-
cally, the present B-sheet correction factors are
48%, 83%, 47%, 21%, 67%, and 41% less in
magnitude than those by Wang and Jardetzky
for '*CO, "Ca, "Cg, 'Ha, N, and 'HN
shifts, respectively. For o-helix induced effects,
the present results are 35%, 56%, and 49%
less than the earlier values for '*CO, '*Ca, and
"Ho shifts, respectively. Since the a-helix in-
duced effects are very small for *Cp, "N and
'"HN, no comparisons were made for these
three nuclei.

A877°% and chemical shift prediction using RSS

Predicting chemical shifts from known structure
is an important step toward understanding the re-
lation between chemical shifts and protein struc-
ture. To date, several fundamentally different
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Figure 2. Comparison of the present (solid bar) secondary structural effect correction factors, (Ad(¢,),) and (Ad(¢,V),), with that

recently reported (open bar) by Wang and Jardetzky (2002b).

techniques have been developed for this purpose.
Among these techniques, the empirical ¢/
shielding surface is probably the most practical
approach, and allows 'H, '*C, and '°N shifts to
be predicted with reasonable accuracy (Le and
Oldfield, 1994; Wishart and Nip, 1998; Wang
and Jardetzky, 2004). Since the traditional ¢/
shielding surfaces use chemical shifts without dis-
tinction of their secondary structural types, the
secondary structural effects could be ignored or
inappropriately implemented during the chemical
shift prediction. To quantitatively evaluate how
the secondary structural effects proposed in this
study will affect the chemical shift prediction, the
status of an amino acid in protein was classified
into four categories, sheet, ¢_sheet, ¢_helix, and
helix (see method section). For each category of
data, A8P™°P of the chemical shifts predicted
from non-RSS surfaces were theoretically esti-
mated using the secondary structural effect cor-
rection factors, <5(¢7W)helix> and <A5(¢7l//)sheel>'
Table 2 lists the estimated ASP™°™ values of
3Cq, 13CO, and 'Ho shifts from non-RSS surfac-
es. As shown in this table, the ASP™°" values for
non-RSS surfaces show different trend between
the four categories of data, sheet, c_sheet, c_he-
lix, and helix. Three significantly large A&P™°"
values were identified and highlighted in Table 2.
Specifically, A8P™°"(c_helix) are 1.05 ppm and
1.13 ppm for >CO and "*Cu shifts, respectively;
ASP™°" (¢_sheet) 0.23 ppm for 'Ho shifts. Also
given in Table 2 are the occurrence probabilities
for an amino acid in proteins to be classified into
each of the four categories. Therefore, the data
shown in Table 2 gives a clear view of how
chemical shifts predicted from non-RSS surfaces
deviate from the observed values. For example,
the occurrence probability of helix-like coil is

7%, which indicates the same percentage of '*CO
and '*Cu shifts predicted using non-RSS would
unavoidably differ by more than 1.0 ppm from
the observed values. Similarly, those B-sheet-like
random-coil shifts, which have the occurrence
probability of 13%, will deviate by around
0.20 ppm from the observed values.

To determine the accuracy of the theoretical
values of A8P™° listed in Table 2, 1000 chemi-
cal shift entries were randomly selected from the
database for each '*Ca, 'CO, and 'Hu nuclei,
and their chemical shifts were predicted using
non-RSS and RSS surfaces. The predicted chemi-
cal shifts were grouped into categories of sheet,
c-sheet, c¢_helix, and helix; and A3P™°® were cal-
culated and graphically displayed in Figure 3.
For comparison, the theoretically calculated
ASP™° values in Table 2 are also shown in this
figure. For non-RSS surfaces, the two sets of
A8P™ 0% theoretical values listed in Table 2 and
those calculated from the testing data, were in a
very good agreement. In the other hand, AP
for chemical shifts predicted using RSS were

Table 2. Theoretically calculated ASP™° (in ppm) of the
13CO, 3Cu, and "Hua chemical shifts predicted from non-RSS
surfaces

3CO "Co 1Ha  Occurrence (%)"

A8PTOS (sheet) 023 0.1 -0.13 24
AP (¢ sheet) —0.44 -0.19 0.23 13
AP (c_helix) 1.05 1.13 —-0.14 7
AP (helix)  —0.22 -0.24  0.03 31

“The probability for an amino acid to be in the corresponding
category. 29% of the data, which does not belong to any of the
four groups, is composed by B-sheet (2.5%), coil (24.4%), and
a-helix (3.1%).



(a) 15 -
1

i 3CO

0.5 4

0.0 -

05 4

1.0

sheet c_sheet c_helix helix
(b) 1.5
—_ 1
= Ca
G 1.0 4
(=
=
= 0.5 4
2
3 004
o)
< .95
sheet c_sheet c_helix helix

(€) 0.4 .

'He
e

-04

sheet c_sheet ¢ _helix helix

Figure 3. A8P™°% of 13CO (a), '*Cu« (b), and 'Heu (c) chemical
shifts predicted using non-RSS (solid bar) and RSS (open bar)
surface. For comparison, the theoretically calculated ASP™°b
values are shown by the shallow bar.

found to be insignificant for all the four catego-
ries of data, sheet, c_sheet, c_helix, and helix.
The present RSS shielding surfaces simulta-
neously take into account the backbone confor-
mational effects and secondary structural effects
in predicting chemical shifts in protein. To fur-
ther assess the efficiency of RSS shielding surfac-
es, 300 *Co, *CO, PN, 'Ha, and "HN chemical
shift entries were randomly selected for each of
the 20 amino acids and used for testing. Chemi-
cal shift predictions for each selected entry were
made using RSS and non-RSS shielding surfaces.
Two parameters, RMS deviation and the correla-
tion coefficient of linear regression fits between
the observed and the predicted chemical shifts,
are used for the evaluation. Based on the above
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analysis, RSS will improve the prediction of the
B-sheet like coil shifts for '*CO and '*Co, and
a-helix like coil shifts for 'Ho nuclei.

From non-RSS to RSS shielding surfaces,
modestly improved predictions on *Ca, '*CO,
and '"Hu shifts are demonstrated by the increased
correlation coefficients and decreased RMS devi-
ations for all the 20 amino acids. On average, the
correlation coefficients are 0.66 0.80, and 0.68 for
BCy, ¥CO, and 'Ha shifts predicted from non-
RSS; and those from RSS surfaces are 0.68, 0.81,
and 0. 71. The rmsd values are 1.37, 1.30, 0.36
for ¥Co, '*Co, and 'Ho shifts predicted from
non-RSS; and those from RSS surfaces are 1.33,
1.28, and 0.34. The overall improvements in the
prediction of '*CO, "“Cx and 'Ho shifts from
non-RSS to RSS are not remarkable. This is due
to that fact that the occurrence probability of
B-sheet and a-helix like coils are not high (7%
and 13%, respectively). As shown Table 1, the
secondary structural effects on 13CB, >N, and
"HN chemical shifts are relatively smaller than
that on the other three nuclei. As a consequence,
from non-RSS to RSS shielding surfaces, the im-
provements on the prediction of "N and 'HN
shifts are not obvious.

Comparison with other approaches

Three programs that can automatically predict
protein chemical shifts from its 3D coordinates
have been recently published. They are SHIFTS,
which uses density functional theory (Xu and
Case, 2001, 2002), SHIFTX, which is based on a
hybrid predictive approach (Neal et al., 2003),
and PROSHIFTS, which is based on a neural
network (Meiler, 2003). Thirteen proteins (eight
were selected from present database, and five are
newly released BMRB entries) were chosen and
their '*CO, 3Ca, and '"Ho chemical shifts were
predicted using the present RSS (and XRSS),
SHIFTX (version 1.0; http://redpoll.pharma-
cy.ualberta.ca), SHIFTS (version 4.1; http://
www.scripps.edu/case), and PROSHIFT (current
version, http://www.jens-meiler.de).

Performance evaluations for the four pro-
grams were made by comparison of the observed
shifts with those predicted by each program. The
correlation coefficients, averaged deviations, and
RMS deviations between the observed '*Cu
chemical shifts and those predicted for the testing
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Table 3. Correlation coefficients, averaged and RMS deviations for linear regression fits of the observed '*Co chemical shifts versus

those predicted using RSS, SHIFTX?, SHIFTS®, and PROSHIFT® for the thirteen testing proteins

Proteins
(BMRB & PDB #)

Correlation
coefficients

Averaged

deviation

RMS deviation

RSS SHIFTX SHIFTS PROSHIFT RSS SHIFTX SHIFTS PROSHIFT RSS SHIFTX SHIFTS PROSHIFT
FimC (4070, IQUN) 0.96 0.96 0.93 0.94 -0.05 -0.24 -0.20 1.70 .13 1.19 1.60 1.38
NNOS PDZ 0.97 0.96 0.94 0.97 -0.02 -0.40 -0.14 1.76 1.29 147 1.77 1.18
(4304, 1B8Q)
Bet v I-L 097 097 0.95 0.97 0.04 -0.26 0.03 1.67 1.26  1.28 1.58 1.20
(4417, 1B6F)
Apaf_1 CARD 0.97 0.98 0.96 0.96 0.02  0.04 -0.05 1.94 1.03  0.89 1.18 1.16
(4661, 2YGS)
UblDS8 097 097 0.95 0.97 -0.03 -0.24 -0.28 1.69 1.10 1.10 1.37 1.07
(4663, 1C3T)
HEDA (5027, 1J8K)  0.96 0.95 0.93 0.97 -0.14 -0.15 0.05 1.69 1.24  1.57 1.85 1.12
MTP 1598 0.97 0.95 0.93 0.97 0.00 -0.08 0.05 1.74 1.08 1.37 1.67 1.19
(5165, 1JW3)
RRF (5190, 1EKS) 098 098 0.96 0.98 -0.06 -0.16 -0.05 1.96 0.93 097 1.31 0.97
a_ADT (5936, 1IEOR) 0.97 0.95 0.92 0.94 0.03 -0.17 —-0.09 1.81 .15 1.35 1.74 1.50
HIV-1 Rnase 097 097 0.97 0.88 0.05 -0.13 -0.02 1.71 1.30  1.31 1.28 2.55%
(5931, 1THRH)
PSP (5799, 1F5S) 097 098 0.97 0.97 0.09 -0.01 0.04 1.90 1.13 098 1.28 1.18
CD44 (6093, 1POZ) 0.95 0.93 0.91 0.93 0.06 -0.27 0.04 1.74 145 1.74 1.93 1.71
BstL18 (5970, 1IOVY) 0.96 0.94 0.92 0.95 0.09 -0.24 -0.35 1.77 1.38  1.67 1.84 1.42
Average 0.97 0.96 0.94 0.96 0.01 -0.18 -0.07 1.78 1.19 1.30 1.57 1.26
(standard deviation)
(0.01) (0.02) (0.02) (0.03) 0.07) (0.12) (0.13)  (0.10) (0.15) (0.27) (0.26) (0.21)

“This extremely large value is not included in the calculation of average and standard deviation.

SHIFTX — version 1.0 (Neal et al., 2003).

°SHIFTS — version 4.1 (Xu and Case, 2001, 2002); side-chain refinements were applied during the prediction.

‘PROSHIFT - current version (Meiler, 2003).

proteins are listed in Table 3. PROSHIFTS gives
extremely large deviations for '>C shifts —
1.87 ppm for '>CO and 1.77 ppm for '*Cux nuclei.
This is due to the fact that this program uses
TMS rather than DSS or TSP as the '*C chemi-
cal shift reference. The difference between TMS
and DSS or TSP is around 1.7 ppm (Wishart
et al., 1995). Effectively, there is no statistically
significant difference for the results shown in
Table 3 between the four programs SHIFTS,
SHIFTX, PROSHIFT, and RSS. The RSS and
XRSS shielding surface takes three parameters:
backbone conformation, secondary structural
effects, and y; effects (for amino acids Val,
Ile, Thr, Phe, His, Tyr, and Trp) in predicting
130, BCo, and 'Ho shifts in proteins. Better
prediction using present RSS shielding surfaces
could be reached by taking into account
additional parameters used by the three other

programs, which includes aromatic ring effects,
hydrogen-bond, and solvent effect, etc.

In addition, it is of interest to know if the sec-
ondary structural effects are taken into account
in chemical shift prediction by the other three
programs, SHIFTX, SHIFTS, and PROSHIFT.
To investigate this, A8P™°PS(sheet), A&PTO"s
(c_sheet), ASP™° (c_helix), and ASP™° (helix)
were calculated for the thirteen testing proteins
with each program. The results are listed in
Table 4. The omission of secondary structural
effects by SHIFTX and SHIFTS are directly
evidenced by their large A8P®°" (c_helix) —
1.20 ppm and 1.08 ppm (versus the theoretical
value of 1.13 in Table 2) for '*Cu shifts; 0.96
ppm and 1.64 ppm (versus 1.05 ppm in Table 2)
for *CO shifts. Since PROSHIFT uses TMS
as the '3C chemical shift reference, reference
correction adjustment was made by adding



Table 4. A8P™°® (in ppm) for '>CO, *Cx, and 'Ho, chemical
shifts predicted using SHIFTX, SHIFTS, and PROSHIFT

Nuclei  A8P™°*  SHIFTX SHIFTS PROSHIFT*
BCO  Adypeet -0.16 0.11 0.42
A8 sheet  —0.15 -0.49 -0.15
AS¢_hetix 0.96 1.64 0.52
Adpeiix 0.01 -0.08 —0.48
BCu Adgheot 0.22 0.17 0.18
A6c75h001 -0.01 -0.1 0.15
AS¢_helix 1.2 1.08 0.44
Adhelix -0.01 -0.09 -0.21
"Ho Adpeet -0.10 - -0.11
ASC_sheet -0.03 - 0.04
A petix  —0.12 - -0.01
Adpelix 0.06 - 0.09

*Reference correction adjustment was made by adding 1.7 ppm
to '*CO and '*Cu shifts predicted by PROSHIFT.

1.7 ppm to the *C shifts predicted by this pro-
gram. After the '*C chemical shift correction,
AP P (¢ helix) of PROSHIFT are 0.44 ppm
and 0.52 ppm for *Co and 'CO shifts. These
values follow the same trend but are smaller than
those in Table 2. Meanwhile, A5P™°" (sheet) and
AP % (helix) of 'Ho shift from PROSHIFT
are —0.11 and 0.09 ppm, respectively, resulting a
net difference of up to 0.2 ppm. These data indi-
cate that the secondary structural effects might
not be adequately considered by this program.

Conclusion

This study presents a new definition of the sec-
ondary structural effect on protein chemical
shifts. By separating out the backbone conforma-
tional effects, the values differ from and are sig-
nificantly smaller than those reported in ecarlier
studies. The proposed new concept provided by
the definition gives insight into the understanding
and the origins of observed chemical shifts. This
paper also identifies unexpected shortcomings of
the traditional ¢/ shielding surfaces as well as
other chemical shift prediction programs:
depending on the ¢/ dihedral angles and
secondary status, the predicted chemical shifts
systematically deviate from the observed values.
Such systematic deviations are significant, e.g.,
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above 1.0 ppm for a-helix like random coil '*C
shifts, and can be avoided by using the chemical
shifts database with distinction of their secondary
structural types.
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