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We have calculated chemical shifls for a range of diuslereotopic protons in proteins (i.e. methylene protons, and the methy! groups of valine and
leucine residues). using a recently opiimised method for chemical shift caleulation. The caleulutions are based on erystal struciure coordinates, and
have been compared with experimental stereospecific assignments, The results indicate that chemical shifts can be used 1o suggest stereospecific
assigniments with about 80% probability of being correet, in cases where both the experimental and the caleulated chemical shift differences between
a pair of diaslereotopic protons are greater than 0.3 ppm. Inaccurate caleulations ure shown to be caused in most cases by differences between
crystal and solution structures, Furthermore, chemical shift calculutions bused on NMR structures are shown to be capable of acting as a further
constraint on siructure, by limiting the range of side-chain conformations adopied in structures calculaled from NMR data,
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1. INTRODUCTION

As methods for the calculation of protein structures
from NMR data have developed, it has become clear
that the inclusion of constraints from stereospecifically
assigned groups (namely, methylene protons and the
methyl groups of valine and leucine) is crucial for the
improvement of the precision of structures. Although
some stereospecific assignments have been made using
isotopic labelling [1,2], this is not a generally applicable
method, and most such assignments are made by con-
sideration of coupling constants and nuclear Over-
hauser effects (NOEs) [3]. These methods are usually
secure and unambiguous, but it is desirable to have an
independent way of checking the stereospecific assign-
ments, particularly since incorrect stereospecific assign-
ments can be hard to spot, and can have the effect of
improving the apparent precision of structures, while
lowering the accuracy [4]. The aim of this Letter is to
study whether chemical shifts can be used for this pur-
pose, and further to show how chemical shifts of dia-
stereotopic groups can be used in the refinement of
structures generated from NMR data.

2. MATERIALS AND METHODS

Chemical shifts were calculaled from structures in the Brookhaven
data base, namely 1R69, 1CSE, 1LZT, |HOE, 2TRX, uand 2AIT. for
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the structures of 434 repressor, eglin ¢ (in a complex with subtilisin
Curlsberg), hen egg-white lysozyme, tendamistat (z-amylase inhibitor
HOE-467A). E. coli thioredoxin, and tendamistat (9 NMR structures).
The structure of the squash seed trypsin inhibitor CMTI-1 was kindly
provided by Dr, W. Bode (Muax-Planck-Institut, Martinsried), and the
structure of barnuse by Prof. G.G. Dodson (York). Prolons were
added 10 the structures using standard geometries, For methyl groups,
protons were udded in staggered geometry, and chemical shifis were
caleuluted by averaging over the three positions, Chemical shifts were
caleuluted using the program SHIFTCALC, described more fully ¢lse-
where [5], Chemical shifts ure caleulated as

o= aring+ gy gini

where @™ is the ring-current chemical shift, calculuted using the
Johnson--Bovey algorithm, a" is the electric field shift, caused by
polarisation of the C-H bond by point atomic charges on atoms C',
O, N and HN, und 6" is the mugnetic anisotropy shift, caused by the
unisotropy of C'=0 and C’-N bonds in the peptide groups in biack-
bone and side chuin, When culculating shifts of the C°H protons of’
aromatic residues, the o™ calculation included the shifts caused by
intraresidue ring-current shifts,

Totsion angles were measured using a routine of the program
FRODO. Standard devialions were calculated as [S(x,—<x>)Y
(n-1)]'. Stercospecific assignments were taken from the literature
[1.6-9]. except for those of thioredoxir and barnise. which were kindly
provided by Duvid LeMuster und Murk Bycroft, respectively, Stereo-
specific assignments for methylene protons in eglin ¢ were modified
{rom those published [6] in the light of recent results (M.S. Goldberg,
S.G. Hyberts und G, Wagner. to be published).

3. RESULTS

Chemical shifts were calculated for all the diaslere-
olopic groups in proteins where stereospecific assign-
ments have been published. and where the crystal struc-
ture is available. From these results we calculated the
difference between the chemical shifts for the two dia-
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Fig. 1, Difference in chemical shift beiween pairs ol diastereotopic
protons, expressed us (HA2—-HA1), (HB3~-HA2), eic. The plot com-
pares caleulnted and experimental values for 434 repressor and thiore-
doxin (@, these assignmenis were made using isotopic labels), hen
lysozyme (x), squash seed trypsin inhibitor and barnase (2), eglin ¢ (),
and tendamistat (+), The dashed lines mark the 0.3 ppm culoffs used
in this work. Only prolons with both experimental and calculated
shifis greater than 0.3 ppm are considered here,

stereotopic protons or groups, expressed as the differ-
ence HA2-HA1 for glycine, HB3—-HB2 for C’H, etc.
This provides a single signed measure of the difference
in chemical shift between the two groups. The difference
was then compared to the experimental value. The re-
sults are shown in Fig. 1. Perfect calculations would
show a perfect correlation running from bottom left to
top right. The correlation is indeed present, but is weak.

In our previous calculations of chemical shifts of C*H
protons [5,10,11], we found that chemical shifts can be
calculated with a standard deviation of around 0.3 ppm
or better. As part of a preliminary study of diastere-
otonic protons [10), we suggested that useful considera-
tion of chemical shifts of the diastereotopic glycyl C*H
protons should be limited to pairs of protons where the
difference in chemical shift is greater than 0.3 ppm in
both the calculated and the experimental data. For the
sign of the calculated chemical shift to differ from that
of the experimental shift in such cases, the calculated
shift would have to be in error by at least 0.6 ppm or
two standard deviations. In a normal distribution, the
chance of thi: happening is less than 2.5%. In Table I,
we have listed all those pairs of protons with calculated
and experimental shift differences greater than 0.3 ppm,
and we have indicated whether the sign of the shift is the
same or different. The relevant protons are to be found
in the outer quadrants of Fig, 1. There arc 28 proton
pairs with both experimental and calculated shift differ-
ences greater than 0.3 ppm, Of these, 23 have the same
sign for both calculated and experimental shift, and may
therefore be considered ‘correct’, while 5 have the oppo-
site sign, and are designated ‘incorrect’, The most out-
standingly ‘incorrect’ result is that for Val* of eglin ¢
(experimental +0.36 ppm, calculated —1.24 ppm). This
result should be treated as doubtful, since in the crystal
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structure the valine methyls are very close to an aro-
matic ring, and the covalent geomerry of Val* is dis-
torted, so that the CG methyl carbons are almost copla-
nar with the CA-CB bond.

The second objective of this work was to investigate
the application of chemical shift calculations to the re-
finement of protein structures generated from NMR
data. To this end we calculated the chemical shifts for
the diastereotopic protons of tendamistat listed in Table
I, using the nine NMR structures for tendamistat [8)
deposited in the Brookhaven data bank. These values
are listed in Table I1. We also tabulate the local confor-
mations close to these protons for each of the structures,
described by the first sidechain torsion angle ¥,.

4. DISCUSSION

The results listed in Table I and shown in Fig, 1
demonstrate that most stereospecific assignments fall-
ing within the criteria listed above would be made cor-
rectly using chemical shift calculations. Nevertheless,
the results are less impressive than might be expected,
based on results obtained for C*H protons [5]. Only
82% of proton pairs with both experimental and calcu-

Table I

Diaslereotopic protons with calculuted and experimental shift difver-
ences greater than 0,3 ppm

Protein Protons  Experimentai Calculated Assignment®
434 repressor  Vul™HG 0.58 v 0.61 hY
CMTI-I" Cys'*HB 0.31 —-0.45 N
CMTI-I® Cys*HB 0.43 0.36 Y
Barnase Asn*HB 0.77 -0.34 N
Barnase Asn''HB -1.07 -0.32 Y
Burnase Lys“HB -0.46 -0.31 Y-
Barnase Leu®*HB -0.50 -0.61 Y
Burnase Trp”HB ~041 -0,3} Y
Burnase Arg™HB 0.98 113 Y
Barnase Asp”"HB ~0.76 -0.45 Y
Barnase HIs'"HB -0.9) 0.43 N
Eglin ¢ Val“HG 0.36 -1.25 N
Hen lysozyme Phe’HB 0.48 -0.37 N
Hen lysozyme Tyr**HB -0.79 ~1,25 Y
Hen lysozyme Asn”HB -0.52 ~0.88 Y
Hen lysozyme  Asp“HB -0.64 -0.38 Y
Hen lysozyme Asp®HB -1.03 -0.30 Y
Tendamistat  Leu"HB 0.59 0.32 Y
Tendamistat  Glu'*HB 0.74 041 Y
Tendamistat  Asp™HB 0.72 0.41 Y
Tendamistat  Asn®*HB 1.50 0.50 Y
Tendamistut  Val¥HG 0.44 0.85 Y
Tendamistat  Vul®HG -0.38 -0,92 Y
Tendamistut  Leu™HB -0.30 -0.42 Y
Tendamistut ~ Pro™HB 0.48 0.30 Y
Tendamistul  Leu™HB -0.68 -0.34 Y
Thioredoxin  Gly*'HA -0.67 ~0.33 Y
Thioredoxin ~ Gly™HA 0.46 0.46 Y

‘Indicutes whether the stercospecific assignmient would have been
made correctly using chemical shifis: ¥Y=vyes, N=no. "Squash seed
trypsin inhibitor.
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Table 1]
%, ungles and calculated shift differences HB3-HB2 for the 9 tendamistat NMR structures
Structure
Res. Xtal | 2 3 4 ) 6 7 B 9 Mean x 3.D/*
14 X 164 163 160 162 154 169 168 161 171 174 165+ 6
45 034 0,15 0.20 0.22 0,19 0.32 0.31 0.26 0.31 0.16 0.24 +0.07
16 X -162 172 160 164 163 161 170 161 176 174 167+ 6
46 041 0,49 0.33 0.52 042 0.52 042 0.31 0.39 0.36 042 + 0,08
24 ¥4 -172 173 156 -37 156 157 154 173 150 153 137 + 66
40 0.40 0.32 0.35 -0.16 0.40 0.22 0.40 0.29 0.19 0.19 025 x0.17
25 X 176 179 173 -176 -175 -170 174 -159 -176 ~-157 -176 £ 11
46 0.47 1.02 1,02 1.00 1.03 0.88 0.99 0.67 0.89 0.68 091 £0.14
35 X 178 106 17 107 108 122 106 106 107 107 11026
40 0.84 -0.05 0.47 0.18 0.07 0,75 -0.14 0.34 -0.08 043 0.22 £ 0,30
36 xr ~-176 -171 172 -173 178 173 -169 177 175 172 179 + 8
40 -0.93 0.24 0.61 0.38 0.34 0,35 -0.34 0.24 0.14 0.27 0.25 £0.26
44 X -66 -102 -55 ~53 —-55 -55 -56 ~53 -99 ~55 ~-65 + 20
40 -0.4] -0.38 0.88 0.25 0.62 0.14 0.14 0.37 -0.57 ~0.49 0.11 £0.50
70 X -67 -54 ~-57 -7 =60 -61 -00 ~-75 -85 —-80 -67 + 11
40 -0.34 -0.28 -0,22 -0.20 ~0.23 -0.22 -0.23 ~-0.22 -0.19 -0.20 -0.22 +0.03

“The meun and standard deviation reler to the 9 NMR siruciures only, und do not include the crystal structure,

lated shifts greater than 0.3 ppm are calculated cor-
rectly, compared with the 98% expected {rom a statisti-
cal analysis of C*H shilts. There are several possible
explanations for this larger than expected error. It could
be a simple statistical fluctuation, it could be because
some of the stereospecific assignments are incorrect, or
it could be because the solution and crystal structures
are different. While either of the first two is possible
(and the second would merit further study), the third is
a much more likely explanation. This can be illustraled
by consideration of the crystal structure of barnase.
There are three molecules in the asymmetric unit in
barnase, which have been refined independently. Com-
parison of local regions of the structure in the three
molecules therefore indicates the extent of structural
variability in the crysial, and provides an indication of

places where calculations based on the crystal structure
may be in error. Since our calculations are of C#H pro-
lons, we consider variations in the ¥, angle in the three
structures. These are listed in Table III. All of the },
angles are well maintained in the three molecules, except
for the ¥, angle of His'*. The ¥, angles for which the
side chain adopts the low energy staggered rotamers are
-60, +60 and 180°, and the angles in the crystal struc-
ture suggest that at least two of these minima are likely
to be populated in solution. This may account for the
fact that the HB shift difference for His'® is incorrectly
calculated,

The other diastereotopic pair incorrectly calculated in
barnase is that of Asn** HB. The orientation of the side
chain of Asn** is well maintained in the crystal, and
variabilily of the side-chain position is thus not a good

Table 11}
X, angles in the barnuase crystal structures.

Molecule 23 44 49
A 54 70 -48
B 54 71 ~-59
C 55 68 -56
Meun 54 70 -53
+ S.D, I 2 6

63

-75
—53

o

=65
10

Residue
71 72 75 102
-70 -85 -81 -86
~66 =75 -73 -99
~73 -84 -78 -135
-70 -81 ~77 ~107
4 6 4 25
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explanation of the poor result. However, a possible ex-
planation lies in the observation that the side chain of
Asn® is adjacent to the N terminus of the protein, which
is disordered in the crystal; we were therefore unable to
calculate the chemical shift effect on Asn*® arising from
the first two residues (three in structure C), since there
are no coordinates for these residues. We conclude that
chemical shift calculations of diastereotopic protons
can only be used as a guide to stereospecific assignments
when the solution and crysial structures are closely
identical.

Turning now to the use of chemical shift calculations
for the refinement of NMR structures, the position is
clearer. As might be expected, there is a large degree of
variation in the chemical shifts calculated for the 9 ten-
damistat NMR structures (Table II), although the vari-
ability in », angles is lower. In some cases, the ¥, angles
appear to follow a bimodal distribution. Thus, for
Asp®, #, is around +160° for eight structures and is
—37¢ for structure 3. Either range is compatible with the
input constraints, which included a restriction on %, to
the ranges 120 to 180° or ~180 to 0° [8)]. Similarly, for
Leu*, p, is either around =55° or around -100°; both
are within the ¥, constraint of =120 to 0°, On inspection
of the chemical shifts calculated for the C°H of Asp*
in the NMR structures, it is seen that most structures
give calculated dilferences HB3-HB2 of +0.30 = 0.09
ppm, compared to a difference calculated from the crys-
tal structure of +0.40 ppm, and an experimental differ-
ence of 0.72 ppm. The exception is structure 3, with a
calculated shift difference of —0.16 ppmi. This figure is
sufficiently different from the experimental result to
imply that the 7, angle of —37° found for this structure
is not compatible with the observed chemical shifts,
although it presumably is compatible with NOE and
coupling constant constrzints. Residue 44 presents a
more complicated case, as the chemical shift difference
is strongly influenced by other factors than just y,. Nev-
ertheless, the structures that best fit the observed differ-
ence (—0.30 ppm) tend to be those with a more negative
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X\, suggesting that the dominant ¥, found in most NMR
structures, of about ~55°, is less negative than the true
average value in solution. In agreement with this, the
angle found in the crystal is more negative than —55°,
at -66°.

We therefore conclude that chemical shift differences
between diastereotopic proton pairs can be used as a
further parameter to limit the range of conformations
calculated using NMR data. Chemical shift calculations
are strongly dependent on the exact geometry of the
surrounding groups [10], and therefore are only applica-
bie as a structure refinement tool at a late stage in the
structure calculation, after NOE and coupling constant
testraints have been applied. More general applications
of chemical shift-based structure refinement are under
investigation.
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