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Summary

The chemical shifts of the backbone atoms of proteins can be used to obtain restraints that can be
incorporated into structure determination methods. Each chemical shift can be used to define a restraint
and these restraints can be simultaneously used to define the local, secondary structure features. The
global fold can be determined by a combined use of the chemical shift based restraints along with the
long-range information present in the NOEs of partially deuterated proteins or the amide—amide NOEs
but not from such limited NOE data sets alone. This approach has been demonstrated to be capable
of determining the overall folding pattern of four proteins. This suggests that solution-state NMR
methods can be extended to the structure determination of larger proteins by using the information
present in the chemical shifts of the backbone atoms along with the data that can be obtained on a

small number of labeled forms.

Introduction

The chemical shifts of proteins and other molecules
have been used for quite some time to obtain qualitative
structural information. The chemical shifts of the amide
protons and amide nitrogens of a protein typically offer
considerable hints about the amount of B-structure pres-
ent. For example, the examination of the chemical shifts
of the amide nitrogens and protons of a protein can usu-
ally allow an experienced spectroscopist to make a fairly
reliable estimation of the amount of fB-structure present
in the protein. The conversion of chemical shift informa-
tion into quantifiable structural information has not yet
been completely made.

It was clear to us, as to others before us, that the chem-
ical shift of any one site does not contain enough infor-
mation to tightly define a dihedral angle as there are
several contributing factors to the chemical shifts. How-
ever, the simultaneous use of the chemical shifts of many
atom sites might allow an accurate prediction of the ac-
tual dihedral angles. Empirical correlations between the
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chemical shift of a backbone atom and a dihedral angle
can be based on existing experimental data sets. As shown
below, the simultaneous use of the independent correla-
tions of five backbone atoms can be used to generate a
probability map for the dihedral angles of that amino
acid and these probability maps can be incorporated into
structure determination methods of proteins both large
and small.

Chemical shifts have been used as qualitative probes of
the a- and B-structural features of proteins (Sternlicht and
Wilson, 1967; Tigelaar and Flygare, 1972; Clayden and
Williams, 1982; Spera and Bax, 1991). For example, the
resonances of amide proteins and a-protons in B-strands
typically appear downfield of those of other structural
elements. The *C® and *CP chemical shifts have been
used as prime information in protein secondary structure
determination (Kuszewski et al., 1995; Laws et al., 1995;
Le et al., 1995). Protein structures have been refined using
the information in the chemical shifts of the a- and [-
carbons (Kuszewski et al., 1995; Pearson et al., 1995).
Theoretical calculations have indicated that the 'H, *C,
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TABLE 1
PROTEINS AND BACKBONE ATOMS USED IN THE DETERMINATION OF NMR CHEMICAL SHIFT AVERAGES VERSUS
THEIR @ AND ¢ DIHEDRAL ANGLES

Protein PDB  X-ray Labelng "N HY H° C* C* CO
coord. amide
)

Antibody V; domain (Constantine et al., 1992,1993) Imayj C, N 99 99 105 63 59 -

Apokedarcidin (Constantine et al., 1994) lakp C, N 108 108 111 111 95 -

Calbindin D9k (Skelton et al., 1990,1992) 2bca N 68 68 72 - - -

Calmodulin (Ikura et al., 1990,1992) 2bbm C, N 143 143 146 146 - 146
Chemotaxis Y (Moy et al., 1994) lcey C, N 114 114 124 123 113 -

Cro-repressor (Matsuo et al., 1995) lcop C, N 62 62 64 64 59 -

Cyclophilin (Clubb et al., 1993,1994) Iclh C,N 149 149 158 158 - 161
ETS domain (Donaldson et al., 1994) letc C, N 95 95 100 101 94 99
Ferredoxin (Oh and Markley, 1990; Rypniewski et al., 1991) Ifxa + C, N 74 74 78 78 74 42
FK506 (Duyne et al., 1991; Xu et al., 1993) 1fkf  + C, N 97 97 105 105 - 92
GATA-1 (Clore et al., 1994) 1gat C, N 55 55 58 58 54 -

Glucocortoid (Berglund et al., 1992; Baumann et al., 1993) lgde N 64 64 - - - -

Growth factor (Erikson et al., 1991; Powers, 1996) 4fgf + C, N 115 115 120 122 109 115
Heat shock protein (Vuister et al., 1994) 1hks C, N 95 95 103 103 97 95
High pot. iron-sulfur (Banci et al., 1994; Bertini et al., 1994) 1pih N 57 57 58 - - -

Histone (Cerf et al., 1994) 1ghc N 72 72 73 - - -

HU (Vis et al., 1994,1995) lhue C, N 84 84 88 88 79 88
Interferon y (Grzesiek et al., 1992; S.E. Ealick (1996) personal

communication) itf + C, N - - - - - 114
Interleukin-1 (Stockman et al., 1992,1994) lirp N 127 127 - - - -
Interleukin-1B (Clore et al., 1991) 6ilb N 143 143 149 - - -
Interleukin-4 (Powers et al., 1992,1993) litm C, N 121 121 127 127 123 127
Lysozyme (Rose et al., 1988; Mclntosh et al., 1990) Ilyd + N 159 159 155 - - -
Macrophage inhibitory protein (Garrett et al., 1994; Lodi et al.,

1994) lhum C, N 59 59 65 65 65 -
MutT enzyme (Abeygunawardana et al., 1993,1995) mut C, N 114 114 123 123 113 126
Myoglobin (Osapay et al., 1994; Theirault et al., 1994) Imyf N 142 142 143 - - -
Ner (Gronenborn et al., 1989) Ineq N 63 63 63 - - -
NTRC receiver (Volkman et al., 1995) Intr C, N 99 99 116 115 108 -
Oct-1 (Cox et al., 1993; Strzelecka et al., 1995) loct + N 66 66 68 - - -
c-Myb oncoprotein (Jamin et al., 1993) Imse C, N 87 87 91 91 - -
p53 oligomerization (Clore et al., 1995) lolg C, N 37 37 36 36 35 -
p53 transforming (Lee et al., 1994b) Ipes C, N 29 29 29 29 28 29
Papillomavirus E2 (Liang et al., 1996) pe2 C, N 75 75 78 78 74 -
Phosphotransferase (Van Nuland et al., 1992,1995) lhdn C, N 80 80 82 82 - -
Photosystem I subunit (Falzone et al., 1994a,b) Ipse N 66 66 66 - - -
Plasminogen activator (Hansen et al., 1994) lurk C, N 111 111 121 112 98 -
Profilin (Metzler et al., 1993) 1pfl C, N 132 132 137 137 121 -
Profilin (Vinson et al., 1993) 2prf C, N 119 119 122 122 107 -
Protein spore Coat (Bagby et al., 1994a,b) lprr C, N 148 148 163 163 - -
Recoverin (Flaherty et al., 1993; Ames et al., 1994) Irec + C, N 175 175 181 181 163 176
Shc SH2 domain (S.W. Fesik (1996) personal communication) seg C, N 97 97 104 104 97 103
Sex-lethal (Lee et al., 1994a) Isx1 C, N 86 86 85 85 75 -
Staph nuclease (Loll and Lattman, 1989; Hynes and Fox, 1991;

Wang et al., 1992) Lsrt + C, N 116 116 - 105 - -
Stromelysin (Gooley et al., 1993,1994) 2str C, N 128 128 134 134 - 145
Thioredoxin (Forman-Kay et al., 1990,1991) 3trx N 96 96 103 - - -
Topoisomerase I (Yu et al., 1995) lyua C, N 103 103 113 113 106 -
Trans. growth factor (Archer et al., 1993; Schlunegger and Gruetter,

1993) 1tfg + N 58 58 59 - - -
Trp repressor (Lawson et al., 1988; Borden et al., 1992) lwrp + C, N 94 94 94 102 97 -
Uracil glycosylase inhibitor (Balasubramanian et al., 1995; Beger et

al., 1995) ugi C, N 74 74 67 20 - -

Villin 14T (Markus et al., 1994; G. Wagner (1996) personal
communication) 1vil C, N 118 118 121 121 88 122




and "°N chemical shifts of proteins are primarily depend-
ent on the local environment. These calculations have
demonstrated considerable ability to predict 'H, “C, and
N chemical shifts from protein structures (Wiithrich,
1986; Szilagyi and Jardetzky, 1989; Pastore and Saudek,
1990; Wishart et al., 1992; Wishart and Sykes, 1994).

The approach used here is to empirically correlate the
observed chemical shifts of the backbone atoms with the
observed dihedral angles. This was done for all the five
backbone atoms as well as for all the five sites simulta-
neously. The simultaneous use of all five chemical shifts
allows the @ and @ dihedral angles to be well defined.
This allows the local structural features to be determined
by chemical shifts.

Since the chemical shifts primarily report on the local,
secondary structure elements, at least one additional type
of structural information is needed for tertiary structure
determination. The long-range information in the amide—
amide NOEs can be sufficient. Amide—amide NOEs can
be selectively observed with suppression of spin diffusion
even for larger proteins with the use of only '°N labeling
(Vincent et al., 1996). Long-range NOEs involving other
protons can be observed with effective suppression of spin
diffusion by the use of partially deuterated proteins (Gard-
ner et al., 1997). The combination of the information
present in chemical shifts along with limited, long-range

TABLE 2
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NOE information is shown below to be sufficient for
protein structure determination and the needed informa-
tion can be obtained on large proteins. The chemical shift
information primarily defines the local secondary struc-
ture features and the long-range NOEs primarily give the
overall folding pattern.

Methods

A database for correlating chemical shifts and dihedral
angles was constructed using the results on 49 proteins
that have had their structures and chemical shifts deter-
mined. The relevant properties of these proteins are listed
in Table 1. This database was used to obtain the empiri-
cal correlations between the chemical shifts of amide °N,
13C% and "CP, amide proton and 'H® with the @ and
dihedral angles. Correlation plots of the chemical shifts of
each of these five backbone atoms, of each type of amino
acid, versus the @ and ) dihedral angles were constructed.
The @ surface was divided into 216 bins, with 180 bins
of 20° by 20° and 36 bins of 40° by 40°. Larger bins were
used in the regions with the fewest occupants.

The four bins around @=-60°, Y =-40° were used to
obtain an average ‘intrinsic’ 0-helical chemical shift for
each amino acid and the four bins around @=-120°, Y =
120° were averaged to produce an ‘intrinsic’ B-sheet chem-

AVERAGE CHEMICAL SHIFT SCORES FOR ALL 20 AMINO ACIDS AND THE TEMPLATE AROUND THE FOUR BINS AROUND
@=-60° AND ¢ =-40° THAT DETERMINED THE AVERAGE INTRINSIC CHEMICAL SHIFT AVERAGE FOR o-HELICES, AND
THE FOUR BINS AROUND ¢=-120° AND  =120° THAT DETERMINED THE INTRINSIC CHEMICAL SHIFT AVERAGE FOR {-

SHEETS
Amino Amide N Amide H 'He e 3P BCo
acd B a B a B a B a B a B
Ala 122.0 (141) 123.5 (16) 8.1 (141) 8.3 (16)  4.04 (132) 4.86 (13) 54.4(92) 50.3 (10)  18.2 (63) 20.8 (8) 178.7 (47) 175.1 (4)
Arg 119.9 (83) 122.9(23) 8.2(83) 8.6(23) 3.91(78) 4.83(21) 59.0 (61) 54.0 (18) 29.9 (51)33.5(12) 178.1 (29) 174.5 (14)
Asn 117.3 (43) 118.0 (10) 8.3 (43) 8.3 (10) 4.42(42) 507(9) 552 (27) 52.9 (6) 37.9 (20) 40.2 (5) 176.8 (11) 174.6 (2)
Asp 119.2 (65) 124.1(7) 83 (65) 8.6(7)  4.43(65) 5.20(5)  56.5(44) 52.6 (4) 39.6 (34) 42.1 (3) 177.6 (25) 172.6 (1)
Cys 1204 (11) 1225(11) 87 (11) 92(11) 4.19(7) 5.10(10) 59.5(4) 554 (4) 36.9 (3) 43.1 (4) 175.2 (2)
Gln 117.4 (64) 122.0 (28) 8.2 (64) 8.4 (28) 4.00 (60) 5.05(24) 58.3 (40) 53.9 (18)  28.0 (28) 30.9 (9) 178.0 (22) 175.0 (7)
Gly 106.7 37) 110.6 (6) 8.3 (146)8.8 (6)  3.73(34) 4.47(6)  46.8 (20) 44.6 (3)
Glu 119.4 (146) 1229 (22) 8.3 (146) 8.7 (22)  3.99 (141) 4.91 (19) 59.0 (101) 53.8 (16)  28.9 (78) 32.0 (12)  177.9 (64) 174.8 (8)
His 119.2 (26) 1204 (10) 8.1 (26) 8.7 (10) 4.25(24) 522(8)  58.6 (18) 53.3(9) 29.5 (12) 31.8 (7) 177.0 (12) 174.2 (4)
Ile 119.8 (72) 123.6 (36) 8.1 (72) 8.8(36) 3.69 (72) 4.69 (31) 63.8(51) 58.9 (24)  36.8(35)39.7 (20)  177.3 (35) 174.1 (11)
Leu 120.2 (147) 123.8 (45) 8.1 (147) 8.7 (45)  4.03 (142) 4.82(39) 57.3(95) 53.3(30) 41.2(67)43.9(23) 178.0 (47) 175.9 (16)
Lys 119.5(107) 121.7 (26) 8.1 (107) 8.5 (26)  4.00 (100) 4.84 (23) 58.5(62) 54.1 (19) 31.8 (47)35.0 (14)  178.0 (42) 175.5(12)
Met 118.3(29) 1207 (8) 8.1(29) 83(8)  4.25(25) 4.82(6)  57.4(20) 54.5(6) 31.8 (12) 35.6 (6) 178.2 (13) 174.9 (5)
Pro 4.26 (30) 64.6 (27) 31.5 (20) 178.0 (14)
Phe 120.6 (16) 1213 (13) 8.4 (16) 8.7(13) 4.15(47) 5.14(25) 60.8 (31) 56.2(21) 38.5(20)41.6 (14) 176.8 (26) 174.5 (11)
Ser 116.6 (46) 1162 (19) 8.2 (46) 8.6 (19) 4.16 (43) 5.18(19) 61.0 30) 56.5(16)  62.1 (20) 65.1 (14)  175.7 (21) 173.1 (6)
Thr 115.0 (55) 1154 (37) 8.1(55) 82 (37) 3.98(55 4.93(30) 653 (39) 60.4(30) 68.0(32)70.0 (24) 1759 (23) 173.9 (10)
Trp 119.9 (18) 1223 (4) 82(I18) 8.5(4)  4.28(55 5.08(3)  60.1 (13) 55.0(2) 28.5 (11) 31.7 (2) 1775 (7)  174.1 (2)
Tyr 119.5(31) 121.3(16) 82(31) 8.6(16) 4.19(29) 4.95(14) 60.7 25) 56.4 (9) 37.8 (20) 41.5 (7) 176.7 (16) 175.8 (8)
Val 120.0 (76) 121.3 (66) 8.0 (76) 8.6 (66)  3.48 (74) 4.78 (60)  65.6 (53) 59.9 (49) 31.2(35)342(39) 177.4 (30) 174.1 (14)
Temp  119.4 122.1 8.2 8.6 4.02 4.89 59.3 55.9 33.8 37.1 177.6 174.8
957) (331) 957)  (331) 919) (287) (647) (248) 474) (175 (374) 97

Next to the chemical shift scores the numbers in parentheses represent the number of chemical shifts used from the four bins used to determine

the a-helix and B-sheet average intrinsic chemical shift score. In the last row, Temp stands for the 14 amino acid template.
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Fig. 1. Average of the 'H amide and "*N amide chemical shifts of all the amino acids, except for the cysteine, proline, glycine, serine, alanine, and

threonine residues, versus their @ and  dihedral angles.

ical shift as indicated in Table 2. The a-helical chemical
shift profile of each individual amino acid was defined by
adding the deviation between the intrinsic a-helix chemi-
cal shift of the 14 amino acid template and the intrinsic
a-helical chemical shift of the particular amino acid to all
the bins of the a-helical part of the template. The [3-sheet
chemical shift profile of each individual amino acid was
defined in the same manner.

To improve the statistics, the results on all the amino
acids, except for cysteine, proline, glycine, serine, alanine,
and threonine, were combined to produce the correlation
maps for the chemical shifts of the backbone atoms. The
chemical shift templates of each of the five atoms were
then refined by removing all bins that did not contain at
least five °N, 'HY, 'HY, *C® and *CP chemical shifts. The
resulting chemical shift templates corresponded to a re-
gion in the @, surface that contained more than 96% of
all the available chemical shifts. These refined chemical
shift templates were used to determine the chemical shift
dihedral restraints for all the amino acids, except for
glycine and proline, during the structure calculations.

Alanine was excluded from the construction of the
template because of the large deviation between the *CP
chemical shift of the 14 amino acid template and that of
alanine as indicated by the results in Table 2. Serine and
threonine were also excluded from the construction of the
template because of the large deviations between the
averaged intrinsic °N, *C% and CP chemical shifts of
the 14 amino acid template and those of serine and thre-

onine as indicated by the results in Table 2. The "N and
BCP chemical shifts of threonine are dependent on the
dihedral angle X, (de Dios and Oldfield, 1994; Le and
Oldfield, 1994). Cysteine was not included in the con-
struction of the template because there were too few
cysteine residues in the database to assess the quality of
the correlations. Glycine and proline were removed from
their templates because their backbones are different from
those of the other 14 amino acids.

The correlation plots for each amino acid type tem-
plate were separated into three regions: an O-helical re-
gion, —140° <@<-20°, —100° <Y <-20°; a B-sheet region,
—180° < @< —40°, 80° <P <180° and all other bins. The
chemical shift profiles of the individual amino acids were
put on a common scale by adding the difference between
the intrinsic a-helix chemical shift of the 14 amino acid
template and the intrinsic a-helix chemical shift of the
particular amino acid to all the chemical shifts of the
particular amino acid in the a-helical region. The same
procedure was carried out for the B-regions. Correlation
plots of the average chemical shift versus the @ and Y
dihedral angles for the 14 amino acid template are, for
each of the backbone atoms N, 'HY, 'H®, *C°, *CP and
3CO, as shown in Figs. 1-3. Correlation plots were con-
structed for all the amino acids, except for proline and
glycine.

The amide "N and proton chemical shifts have been
used to qualitatively determine secondary structural fea-
tures. Downfield shifts of amide N and amide 'H are
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Fig. 2. Average of the '"H* and *C® chemical shift templates of all the amino acids, except for the cysteine, proline, glycine, serine, alanine, and

threonine residues, versus their @ and P dihedral angles.

indicators of the presence of B-structural features. The
analysis of the 49 proteins puts these notions on a stronger
statistical footing, as shown in Fig. 1.
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The results in Fig. 2 also support the sort of correla-
tions commonly made between structural elements and
chemical shifts. The results in Fig. 2 show that the most
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Fig. 4. (Left) Normalized Z*-hypersurface @ surface of Ala* in apokedarcidin. The chemical shifts of Ala®* are N=122.0, H¥=9.2, C*=49.2,
H“=5.62, and C*=21.9. When dihedral restraints of @=-120°+40° and = 120° + 40° are used, the Z’-hypersurface volume enclosed by these
restraints is 0.69. (Right) Normalized Z’-hypersurface @,y surface of Val® in human macrophage inhibitory protein. The chemical shifts of Val®
are N=119.0, HY=8.2, C*=67.2, H*=3.12, and C*=31.7. When dihedral restraints of @=-60°+40° and Y =-40° £40° are used, the Z>-hyper-

surface volume enclosed by these restraints is 0.86.

downfield C® chemical shifts are associated with a-struc-
tural features and upfield chemical shifts with -structural
features. For H®, the most downfield shifts are associated
with B and the more upfield with a.

The correlations of the C® and carbonyl carbon sites
are shown in Fig. 3. The pattern for the carbonyl carbons
correlates with structure more so than that of the CP sites.
Thus, the chemical shifts of the carbonyl carbons may be
more useful for ¢ and Y determination than those of the
CP sites which also have significant dependence on ¥,. All
six sets of maps correlating chemical shift with ¢ and
dihedral angles have the same shape since all six are
based on the same set of dihedral angles observed for the
49 proteins.

A Z-surface approach was used to empirically correlate
chemical shifts with the most likely backbone dihedral
angles. A similar approach was previously proposed for
correlating predicted and experimental dihedral angles (Le
et al., 1995). The probability, Z, that a particular chemi-
cal shift corresponds to a particular dihedral angle is
exp(—(8 - 8(q,))*)/W), which is unitless. In this equation,
0 is the experimental chemical shift, 3(@,W) is the chemical
shift template as a function of the @ and Y dihedral angles
for a particular amino acid, and W is twice the expected
mean-square deviation between the experimental and the
statistical evaluation of chemical shifts.

The multidimensional hypersurfaces were made by

multiplying together the individual Z-surfaces of the
different atoms in an amino acid. The Z’-hypersurface
utilizes the amide "N, C®%, "CP, amide proton and a-
proton chemical shifts to define the backbone conforma-
tions that have the highest probability of being consistent
with all of the backbone chemical shifts of the particular
amino acid. This approach has the advantage of utilizing
all or any combination of the experimental chemical shift
information simultaneously with individual weighting to
exploit all the correlations between the chemical shifts.

Since the information in the chemical shifts of the
distinct sites is not independent, the gain for the simulta-
neous use of all the chemical shifts is not optimal. For
example, the *C chemical shift of the B-position appears
to offer information that is largely, though not entirely,
redundant to that of the a-position (Luginbiihl et al.,
1995). The level of independence of the chemical shifts of
the distinct sites cannot be fully assessed until more infor-
mation is available.

The mean-square deviations were determined for the
chemical shift templates based on 14 amino acids as well
as for the chemical shifts of leucine at the idealized -
helix and [-sheet regions. Leucine was used for this since
it is the amino acid for which there is the most informa-
tion. The determined values for twice the mean-square
deviations are 13.5 for W¥, 10.0 for W<, 12.5 for WCB,
0.6 for W and 0.5 for W™ for leucine. These mean-



square deviations correspond very well with the values
obtained previously (Spera and Bax, 1991) for “C® and
13CP. The mean-square deviation of the template, which is
based on 14 amino acids, is about an order of magnitude
larger for each site. The average of the mean-square devi-
ations of leucine and that of the template, used in our
calculations as the template deviation, may overstate the
variation due to differences between the amino acids
whereas the variation in the leucine data set may under-
state the expected variation.

Bins where the Z°-hypersurface and the ZNZCGZCB-hyper-
surface probabilities were greater than 0.03 were used to
define a rectangle in dihedral space of the @, surface and
used as the chemical shift dihedral angle restraints. That
is, the dihedral was constrained to the rectangle consistent
with all the chemical shifts. Restraints were applied when
the normalized volume resulting from the dihedral con-
straints was greater than 0.65 for an a-helical restraint
and greater than 0.6 for any other dihedral angle restraints.
Dihedral angle restraints were not allowed to become
tighter than £40° and were allowed to be as large as +80°.
Typical, initial a-helical dihedral restraints were @=-70°
+50° and P=-30°+50° and @=-110°+50° and Y =130°
% 70° for B-regions.

This normalized hypersurface approach allows identifi-
cation of the dihedral angles of highest probability and al-
lows weighting of all amino acids equally. These features
and the use of a probability threshold score to define a
chemical shift dihedral angle hypersurface restraint make
the normalized hypersurface approach very appealing. The
Z>-normalized surfaces for Ala® of apokedarcidin and
Val® of human macrophage protein are shown in Fig. 4.

Human macrophage inhibitory protein (Garrett et al.,
1994; Lodi et al., 1994), apokedarcidin (Constantine et
al.,, 1994), villin 14T (Markus et al., 1994; G. Wagner
(1996) personal communication) and profilin (Metzler et
al., 1993) were chosen as test proteins since these are four
of the largest systems for which the necessary structural
and NMR information was available. The NMR informa-
tion used to solve the structures of human macrophage
inhibitory protein and profilin was obtained from the
Protein Databank. The NMR information used to solve
the structures of apokedarcidin and villin 14T was ob-
tained from the authors. All the structures were calcu-
lated using the same NOE and hydrogen bond informa-
tion that was used for the determination of the reference
PDB structure. The structures were calculated here using
simulated annealing and structure refinement protocols
along with the chemical shift Z’-hypersurfaces as restraints
as test cases of the methodology. This normalized hyper-
surface approach allows identification of the dihedral angle
regions of highest probability and also allows weighting of
any combination of chemical shifts individually.

The Z>-hypersurfaces for profilin were also calculated
using chemical shift templates with and without the pro-
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filin structure and chemical shifts in the template. The
root-mean-square deviations (rmsd values) between all the
bins of the 14 amino acid template with and without the
profilin chemical shifts were 0.079 for "N, 0.002 for 'HY,
0.042 for *C®, 0.0006 for 'H", and 0.157 for “CP. The
rmsd values between all the bins of the 14 amino acid
template with and without the villin 14T chemical shifts
were 0.030 for °N, 0.001 for 'HY, 0.046 for *C%, 0.0005
for 'H®, and 0.089 for “CP. The rmsd values between the
14 amino acid template with and without the profilin or
villin 14T chemical shifts were very small when compared
to the mean-square deviations used to determine the Z-
score probabilities. The summed, normalized Z-scores of
the dihedral restraints in profilin and villin 14T did not
vary by more than 0.01 due to the inclusion of that pro-
tein’s information into the database. As these deviations
are statistically insignificant, it appears that the inclusion
of a specific protein’s information does not bias the data-
base.

The simulated annealing protocol, defined below, with
no NOEs and no dihedral angle restraints was used to
form a totally denatured starting structure using the PDB
structure as the beginning structure. This denatured struc-
ture was visually checked to confirm its denatured and
thermally random configuration before submitting it to
simulated annealing. The resulting structure with the
lowest energy had its @ and  dihedral angles determined
and was then used in structure determination protocol.
The Z°-hypersurface volumes enclosed by the dihedral
constraints were reduced from 0.65 to 0.55 for a-helical
dihedral restraints and from 0.6 to 0.5 for all the other di-
hedral angle restraints. This allowed all dihedral restraints
to be reduced to an uncertainty of +40 or 50°. Typical -
helical dihedral restraints were ¢=-60°£40° and {=-40°
+40° and B-sheet dihedral restraints were @=-120° +40°
and P =130°+50°.

Typically, the number of dihedral constraints increased
by 2-15% at this stage. This increase arises since some
amino acids had bins with normalized Z’-scores greater
than 0.03 that conformed to a region with strong statisti-
cal Z-scores not within the annealed structure. At this
stage, the @ and  dihedral angles of the lowest energy
annealed structure were determined. If the dihedral angles
of an unconstrained amino acid in the annealed structure
were in a region of sufficiently high probability, greater
than 0.55 for a-helices or 0.50 for all B-sheets, then the
dihedral restraints were added during the structure refine-
ment protocol. There were no structure calculations where
positive @ angle restraints were used because the volume
of the normalized, enclosed probability around the left-
handed helix region was never greater than 0.50. There
were cases where the probability in the left-handed region
was greater than 0.03.

All structure calculations were performed with the use
of X-PLOR 3.1 (Le and Oldfield, 1994) on an IBM 3CT.
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The simulated annealing (Nilges et al., 1988) protocols
started with 500 steps of energy minimization, followed
by 4000 steps at 2 fs per time step, 8 ps total, of molecu-
lar dynamics at 1000 K with a scaled energy function
such that angular force constants were multiplied by 0.4,
torsions were multiplied by 0.1, and van der Waals terms
were multiplied by 0.002. This was followed by another
2000 steps at 3 fs per time step, 6 ps total, of molecular
dynamics at 1000 K with an intact energy function, ex-
cept for the van der Waals which was scaled to 0.002 its
normal value. The system was then cooled by dropping
the temperature in 50 K intervals to a final temperature
of 200 K. At each temperature, 625 steps at 3 fs per time
step, 1.875 ps total, of molecular dynamics was carried
out while scaling the van der Waals radii down to 0.75,
with the normal van der Waals radii used at 200 K. This
was followed by 2000 steps Powell conjugate energy mini-
mization with the van der Waals energy function multi-
plied by 4.0. After the simulated annealing to 100 K, 500
steps of energy minimization with a van der Waals energy
function multiplied by 4.0 was then executed followed by
100 steps of energy minimization with a scale factor of
200 for both NOE and dihedral angle constraints. Of the
10 calculated structures, the one structure with the lowest
total energy and fewest violations was saved for use in
refined simulated annealing.

Refined simulated annealing consisted of molecular
dynamics first at 1000 K and then at lower temperatures.
The temperature was lowered in 50 K increments to 100
K. At each temperature, 416 steps at 2 fs per time step,
0.84 ps total, of molecular dynamics was carried out. A
hard square potential was used for the NOE restraints
and a biharmonic potential was used for the dihedral
angle restraints. The 10 lowest energy structures, out of
a total of 20, with no NOE violations over 0.4 A and no
dihedral angle violations over 5° were saved and used to
produce a final, averaged refined structure.

The evaluation of the normalized Z’-hypersurface of
apokedarcidin gave 16 @ and one Y individual dihedral

TABLE 3

angle restraints and both @ and @ for 54 residues for a
total of 125 dihedral angle restraints during the refined
structure determination. All 125 of these restraints along
with the amide—amide NOEs were used to obtain the
structure shown in Fig. 5. The first three amino acids are
not shown since amide—amide NOE information was not
available for these residues. The structure determined using
only amide to amide NOEs and no dihedral restraints had
a lower precision and lower accuracy to the PDB coordi-
nates than the structure determined with no dihedral
restraints. The family of structures determined with di-
hedral restraints is more tightly grouped than the struc-
ture determined with no dihedral restraints. The structure
calculation results for apokedarcidin are summarized in
Table 3.

The evaluation of the normalized Z’-hypersurface for
all 114 amino acids of villin 14T gave 26 @ and two Y
individual dihedral angle restraints and both @ and  for
64 residues for a total of 156 dihedral angle restraints.
The evaluation of the normalized Z>-hypersurface for all
133 amino acids of profilin gave 19 @ and one Y individ-
ual dihedral angle restraints and both @ and @ for 76
residues for a total of 172 dihedral angle restraints. The
evaluation of the normalized Z>-hypersurface of human
macrophage inhibitory protein gave 11 @ and no  indi-
vidual dihedral angle restraints and both ¢ and  for 38
residues of each monomer for a total of 174 dihedral
angle restraints in each dimer. All 174 of these restraints
were used along with the amide—amide NOEs to obtain
a structure.

The only positions where the Z-score hypersurface
calculations produced a dihedral restraint that was signifi-
cantly different from the PDB structure were found in
turns for both the apokedarcidin and profilin structures.
Asp"® in apokedarcidin had an a-helical @ restraint during
its original structure calculation and ended up in the (3-
sheet region with a @ angle of —67.2°, and a { dihedral
angle of 130.6°. The Z’ calculations showed that Asp'® of
apokedarcidin was an a-helical residue. In all the calcula-

NUMBER OF NOE AND DIHEDRAL ANGLE CONSTRAINTS USED DURING STRUCTURE DETERMINATION, THE BACK-
BONE RMSD PRECISION FOR THE FAMILY OF 10 STRUCTURES TO THEIR MEAN STRUCTURE, AND THE BACKBONE
RMSD ACCURACY OF THE MEAN STRUCTURE TO THE PDB STRUCTURE FOR APOKEDARCIDIN

Parameter akp 4-114 akpno 4-114  akp VT akp VTFS akpno VTFS  akp PDB
Number of NOEs 70 70 253 334 334 765
Number of chemical shift restraints 125 0 125 125 0 0
Number of J-coupling restraints 0 0 0 0 0 112
Backbone rmsd precision (A) 3.67 3.87 2.18 2.51 242 0.68
Backbone rmsd accuracy A) 5.37 6.44 4.05 4.19 4.44

akp 4-114: structure calculation of amino acids 4 through 114 using only amide to amide NOEs and chemical shift determined dihedral restraints;
akpno 4-114: structure calculation of amino acids 4 through 114 using only amide to amide NOEs and no dihedral restraints; akp VT: structure
calculation using amide to amide, amide to V and T residue proton and V and T proton to V and T proton NOEs and chemical shift determined
dihedral restraints; akp VTFS: structure calculation using amide to amide, amide to V, T, F, and S proton and V, T, F, and S proton to V, T,
F, and S proton NOEs and chemical shift determined dihedral restraints; akpno VTFS: structure calculation using amide to amide, amide to V,
T, F, and S proton and V, T, F, and S proton to V, T, F, and S proton NOEs and no chemical shift determined dihedral restraints; akp PDB:

structure calculation for the PDB structure.
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TABLE 4

STRUCTURE CALCULATION RESULTS FOR VILLIN 14T

Parameter vil 19-99 vilno 19-99 vil VY vil VYFK vilno VYFK vil PDB
Number of NOEs 75 75 161 227 227 765
Number of chemical shift restraints 156 0 156 156 0 0
Number of J-coupling restraints 0 0 0 0 0 113
Backbone rmsd precision (A) 4.40 4.55 3.55 2.54 2.75 1.15
Backbone rmsd accuracy (A) 9.79 11.66 7.55 5.06 10.62

vil 19-99: structure calculation of amino acids 19 through 99 using only amide to amide NOEs and chemical shift determined dihedral restraints;
vilno 19-99: structure calculation of amino acids 19 through 99 using only amide to amide NOEs and no dihedral restraints; vil VY: structure
calculation using amide to amide, amide to V and Y residue proton and V and Y proton to V and Y proton NOEs and chemical shift determined
dihedral restraints; vil VYFK: structure calculation using amide to amide, amide to V, Y, F, and K proton and V, Y, F, and K proton to V, Y,
F, and K proton NOEs and chemical shift determined dihedral restraints; vilno VYFK: structure calculation using amide to amide, amide to V,
Y, F, and K proton and V, Y, F, and K proton to V, Y, F, and K proton NOEs and no chemical shift determined dihedral restraints; vil PDB:

structure calculation for the pdb structure.

tions, the residue ended up with a-helical ¢ and { dihe-
dral angles with no NOE violations greater than 0.4 A or
dihedral restraint violations greater than 5°. The normal-
ized Z-score for this residue was 0.65.

Asp* in apokedarcidin was in a left-handed helix con-
figuration during the original PDB structure calculation.
In this original PDB structure calculation, Asp™ had no
dihedral restraints and very few NOEs and the Z*-hyper-
surface had a strong da-helical appearance. The a-helical
dihedral angle restraints for Asp* in apokedarcidin slight-
ly changed the overall folding pattern for apokedarcidin
during the calculations and this may be the reason why
the overall backbone rmsd was not lower than 4.0 A.

For profilin, Ser” and Lys'"® had Z-hypersurface re-
straints that were different from the dihedral angles of the
PDB structure. While Ser” had a B-sheet type @ dihedral
constraint, it ended up in a 3,, helix conformation. Lys'*
had one of only five B-sheet Y dihedral angle restraints
during PDB structure calculation. Z>-hypersurface calcu-
lations showed a strong correlation to a 3,,-helix configur-
ation. All four residues that exhibited a disparity between
the Z’-hypersurface dihedral angle restraint and the PDB
dihedral angle were in turn configurations. It appears
that, in these cases, there was insufficient NOE informa-
tion to refine the conformations of all the turn regions.

All the chemical shift template and probability plots
were generated using EXCEL. A smoothing function was
used at the edges of bins with probability density to bins
where there was no probability. The bins with no prob-
ability are not on the template surface. Thus, smoothing
occurred from the bins where —180 <) < -160 to bins
where =160 < <-140, but there was no smoothing from
the bottom, —180 <Y <-160, of the graph to the top of
the graphs, 160 < < 180.

Results and Discussion

An advantage of simultaneous correlation of all the
chemical shifts is illustrated by the correlation map for
Ala® of apokedarcidin in Fig. 4. The region of the @ and
U dihedral angle map with the highest correlation to the
five experimental chemical shifts is in the B-region. The
correlation map for Val®® of human macrophage inhibi-
tory protein has the region of the ¢ and () dihedral angle
map with the highest correlation in the a-region. These
are typical maps, with one chosen for being in the a-
region and one in the B-region. It is seen that the Z°
correlation maps define regions that are consistent with
the five experimental chemical shifts.

A series of structure calculations were carried out and

TABLE 5

STRUCTURE CALCULATION RESULTS FOR PROFILIN

Parameter pfl 18-114 pflno 18-114  pfl LT pfl LTDY pflno LTDY pfl PDB
Number of NOEs and hydrogen bonds 306 306 501 599 599 1813
Number of chemical shift restraints 172 0 172 172 0 0
Number of J-coupling restraints 0 0 0 0 0 199
Backbone rmsd precision (A) 3.84 3.96 1.22 1.14 1.85 0.58
Backbone rmsd accuracy (A) 14.35 14.05 3.44 3.52 6.59

pfl 18-114: structure calculation of amino acids 18 through 114 using only amide to amide NOEs and chemical shift determined dihedral restraints.
pflno 18-114: structure calculation of amino acids 18 through 114 using only amide to amide NOEs and no dihedral restraints; pfl LT: structure
calculation using amide to amide, amide to L and T residue proton and L and T proton to L and T proton NOEs and chemical shift determined
dihedral restraints; pfl LTDY: structure calculation using amide to amide, amide to L, T, D, and Y proton and L, T, D, and Y proton to L, T,
D, and Y proton NOEs and chemical shift determined dihedral restraints; pfilno LTDY: structure calculation using amide to amide, amide to L,
T, D, and Y proton and L, T, D, and Y proton to L, T, D, and Y proton NOEs and no chemical shift determined dihedral restraints; pfl PDB:
structure calculation for the PDB structure.
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TABLE 6

STRUCTURE CALCULATION RESULTS FOR HUMAN MACROPHAGE INHIBITORY PROTEIN

Parameter hum 6-52 humno 6-52 hum SV hum SVFD humno SVFD  hum PDB
Number of NOEs and hydrogen bonds 460 460 748 1040 1040 3366
Number of chemical shift restraints 174 0 174 174 0 0
Number of J-coupling restraints 0 0 0 0 0 220
Backbone rmsd precision (A) 2.87 4.33 3.12 2.49 3.58 0.30
Backbone rmsd accuracy (A) 6.19 9.48 8.50 3.14 7.09

hum 6-52: structure calculation of amino acids 6 through 52 using only amide to amide NOEs and chemical shift determined dihedral restraints;
humno: structure calculation using only amide to amide NOEs and no dihedral restraints; hum SV: structure calculation using amide to amide,
amide to S and V residue proton and S and V proton to S and V proton NOEs and chemical shift determined dihedral restraints; hum SVFD:
structure calculation using amide to amide, amide to S, V, F, and D proton and S, V, F, and D proton to S, V, F, and D proton NOEs and
chemical shift determined dihedral restraints; humno SFVFD: structure calculation using amide to amide, amide to S, V, F, and D proton and
S, V, E, and D proton to S, V, F, and D proton NOEs and no chemical shift determined dihedral restraints; hum PDB: structure calculation for

the PDB structure.

the results are listed in Tables 4, 5, and 6 for villin 14T,
profilin, and human macrophage inhibitory protein, re-
spectively. Structures were calculated with and without
the inclusion of the chemical shift based restraints. The
analysis of the structures showed that the inclusion of the
chemical shift determined dihedral restraint structures
typically increases the accuracy and precision of the back-
bone atoms. The structures determined using only the
information in the amide—amide NOEs have relatively
large rmsd values to the PDB structures and the inclusion
of the chemical shift restraints improves the quality of the
structures in each case. For profilin, there is not enough
amide—amide NOE information available to allow the
determination of the tertiary fold of profilin. The apoke-
darcidin structure determined by this approach is shown
in Fig. 5.

The structures obtained using only the amide—amide
NOE and chemical shift restraints are not highly defined,
so additional structure calculations were carried out using
the data that could be obtained on proteins with just a
few protonated amino acids. There were at least two
structures (Grzesiek et al., 1992; Shan et al., 1996) that
were determined based on the use of selectively proton-
ated methyl groups in an otherwise deuterated protein.
Methyl and amino protons correspond to about 30% of
the protons in a typical protein. The partial deuteration
of four different amino acids may lead to less spectral
overlap than that observed with the selective protonation
of methyl groups. Part of the trade-off is that the range
of chemical shifts of the amino acids will typically be
wide compared to that of the methyls while the methyls
will typically have smaller line widths. The choice of
which residues should be selectively deuterated can also
be based on information about an active site or drug
binding site. For illustration purposes, the amino acids
with the highest frequency were used here, with a bias
towards aromatic and aliphatic amino acids.

The structure of human macrophage inhibitory protein
was determined using the NOE data that could be ob-
tained with selectively deuterated proteins. One data set,

SV, included the amide proton NOEs as well as the NOEs
between serine and valine residues in addition to the
chemical shift and amide-amide NOEs. A second data
set, SVFD, included the amide proton NOEs of serine,
valine, phenylalanine, and aspartic acid as well as the
proton—proton NOEs between these residues in addition
to the chemical shift and amide—amide NOE information.
The results in Table 6 indicate that the addition of the
chemical shift restraints more than halves the rmsd of the
SVFED structure to the PDB structure, and the structures
are shown in Fig. 6. Similar drops are obtained for the
structures of villin and profilin when the NOE data on
the four protonated amino acid protein are combined
with the chemical shift restraints. A comparable drop is
not observed for apokedarcidin since the backbone rmsd
without the inclusion of the chemical shift restraints is
comparably much better than for the other three pro-
teins.

The results indicate that for all four proteins, which
were essentially randomly selected, reasonable resolution
structures can be obtained with a relatively small data set.
Fairly good structures could be obtained in each case
with the use of the NOE data on samples that contain
four protonated amino acids, the amide NOEs and the
chemical shift restraints.

Analogous results have been obtained for apokedar-
cidin, villin 14T, and profilin, with the precision and
accuracy values given in Tables 3, 4, and 5. For apoke-
darcidin, the effects of protonating only residues VT
(valine and threonine) or VTFS (valine, threonine, phen-
ylalanine and serine) were simulated. For villin 14T, the
effects of protonating only residues VY (valine and tyro-
sine) or VYFK (valine, tyrosine, phenylalanine, and ly-
sine) were simulated. For profilin, the effects of protonat-
ing only residues LT (leucine and threonine) or LTDY
(leucine, threonine, aspartic acid and tyrosine) were simu-
lated. In each case, the accuracy of the four amino acid
protonated structure and the PDB structure is small
enough to indicate that the overall tertiary fold of the
protein has been determined.
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Fig. 5. The stereoview of the truncated structures of apokedarcidin determined using conventional NMR methods is shown in red and the averaged
refined structure determined from chemical shifts and from simulating the effects of deuterating all amino acids is shown in blue. At the bottom
the front and back view of the truncated structures of human macrophage protein determined using conventional NMR methods is shown in red
and the averaged refined structure determined from chemical shifts and from simulating the effects of deuterating all amino acids is shown in blue.

Fig. 6. The stereoview of the structures of human macrophage inhibitory protein determined using conventional NMR methods is shown in red
and the averaged refined structure determined from chemical shifts and from simulating the effects of deuterating all the amino acids, except for
the serine, valine, proline, and aspartic acid residues (30% of all the amino acids protonated and 30% of all the NOE and hydrogen bond
constraints used), is shown in blue.
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These results indicate that the structures are reasonably
well defined using a modest-sized NOE set along with
chemical shift based dihedral angle restraints. The results
on these four proteins indicate that the combined use of
the chemical shifts of the backbone atoms, the amide—
amide NOEs and the NOEs of a small number of residue
types can allow the overall structure of a protein to be
determined. The NOEs of a few amino acid types can be
obtained simultaneously using proteins with only a few
protonated residues.

This empirical approach has several advantages and
disadvantages over current approaches. One disadvantage
of this approach is that unusual structural features and
their associated chemical shifts will not be in the data-
base. Attempting to fit a feature not present in the data
base should be identifiable by its large energy terms. An
advantage is that dihedral restraints are easily incorpor-
ated into structure determination procedures on proteins
of all sizes. The incorporation of the chemical shift based
restraints can significantly enhance the quality of the
structures determined as well as limit the amount of infor-
mation needed to obtain a structure. The chemical shifts
are determined as part of the assignment process and
including them into the structure determination does not
require, in general, additional experiments.

One effect that has not been included here are the
effects of ring current shifts on the chemical shifts. Pro-
cedures for calculating ring current effects from protein
structures have been developed. Ring current shifts can be
added into future protocols to aid the refinement process.

The approach outlined here may allow the global fold
of relatively large proteins and protein complexes to be
determined using NMR information that can be obtained
by currently available means. The global folds determined
with the most limited data sets can be of sufficient resol-
ution to obtain the basic structural features. The chemical
shift correlations will become more precise as the data-
base size increases and the methodology will be developed
further. Some of the refinement to this procedure may
include the use of carbonyl chemical shifts in the Z"-
hypersurface calculations, nearest-neighbor effects, tight-
ening of the dihedral restraints, and using more than one
template for each chemical shift. This approach can also
be added to the current methods to refine protein struc-
tures and is being used on complexes of uracil glycosylase
with uracil glycosylase inhibitor. The results suggest that
structure determination based on chemical shifts deter-
mined via solid-state NMR methods along with limited
long-range distance information, determined from dephas-
ing experiments, may be feasible.
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