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Summary

The parameters for HN chemical shift calculations of proteins have been determined using data from
high-resolution crystal structures of 15 proteins. Employing these chemical shift calculations for HN
protons, the observed secondary structure chemical shift trends of HN protons, i.e., upfield shifts on
helix formation and downfield shifts on B-sheet formation, are discussed. Our calculations suggest that
the main reason for the difference in NH chemical shifts in helices and sheets is not an effect from the
directly hydrogen-bonded carbonyl, which gives rise to downfield shifts in both cases, but arises from
an additional upfield shift predicted in helices and originating in residues i~ 2 and i- 3. The calculations
also explain the well-known relationship between amide proton shifts and hydrogen-bond lengths. In
addition, the HN chemical shifts of the distorted amphipathic helices of the GCN4 leucine zipper are
calculated and used to characterise the solution structure of the helices. By comparing the calculated
and experimental shifts, it is shown that in general the agreement is good between residues 15 and 28.
The most interesting observation is that in the N-terminal half of the zipper, although both calculated
and experimental shifts show clear periodicity, they are no longer in phase. This suggests that for the
N-terminal half, in the true average solution structure the period of the helix coil is longer by roughly
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one residue compared to the NMR structures.

Introduction

The chemical shift is the oldest and most fundamental
NMR parameter, but unlike other parameters, such as
NOE:s or J-couplings, it has played little part in resonance
assignments and/or NMR structure determination. How-
ever, chemical shifts are extremely sensitive to steric and
electronic effects in general, and in particular to second-
ary and tertiary structure effects in proteins. The ranges
of chemical shift changes resulting from structural effects
and the accuracy of measurement significantly exceed
those of other parameters, both in absolute and in rela-
tive terms. The reason why the chemical shift has played
only a small role in NMR structural studies of proteins,
in spite of these favourable features, appears to be the
lack of an adequate theoretical treatment to account for
the various contributions to the chemical shift (Szilagyi,
1995).
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In our previous papers (Asakura et al., 1977a,b), we
attempted to calculate the H* chemical shift changes in
poly-L-alanine from disordered to helical states by sum-
mations of chemical shift contributions from various
sources, namely the effect of magnetic anisotropies of the
C=0 and C-N bonds, and the electric field effect (i.e., the
polarisation of electrons along X-H bonds and the conse-
quent change in shielding of the proton due to partially
charged atoms), as well as the diamagnetic shielding
contribution. The magnetic anisotropy effect is the major
contributor to the conformation-dependent chemical shift,
but is hard to evaluate accurately either theoretically or
experimentally, using model compounds to provide a
calibration (ApSimon et al., 1967; Ziircher, 1967). Since
the number of proteins for which both chemical shift data
and structural coordinates by X-ray and/or NMR meth-
ods are known is rapidly increasing, it is now possible to
determine the parameters used in chemical shift calcula-
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tions from protein data directly. This results in an empiri-
cally determined set of parameters. A number of different
types of parameter have been proposed recently, for ex-
ample based on bond magnetic anisotropies (Williamson
and Asakura, 1991,1993; Williamson et al., 1992), atomic
anisotropies (Asakura et al., 1992a), or peptide group
anisotropy (Osapay and Case, 1991,1994). It is important
that the appropriate set be chosen, both to allow a com-
parison with theoretical and model values, and in order
to be able to interpret chemical shift changes in terms of
meaningful local structural changes. Recently, we opti-
mized the parameters for a number of models that have
been proposed for calculating chemical shifts in proteins
and peptides using experimental data on H" shifts for a
range of proteins with well-defined crystal structures
(Williamson and Asakura, 1991,1993; Asakura et al.,
1992a; Williamson et al., 1992). Several applications of
the calculation have been proposed, particularly as an
independent means of measuring the quality of a struc-
ture (either in the crystal or in solution}, and in identify-
ing possible assignment errors (Williamson and Asakura,
1992; Kikuchi et al., 1994; Williamson et al., 1995).

Other groups have conducted similar studies. Osapay
and Case (1991,1994) carried out an empirical analysis of
proton chemical shifts from 17 proteins whose X-ray
crystal structures had been determined and showed that
a significant improvement over ring current theories can
be made by including the effects of the magnetic aniso-
tropy of the peptide group and estimates of backbone
electrostatic contributions. In addition, they reported
calculations on oligopeptide models for helices, sheets and
turns to show how secondary structure affects backbone
chemical shifts (Case et al., 1994; Osapay and Case,
1994). Herranz et al. (1992) attempted to account for
both H* and HN conformational shifts simultaneously by
proposing a two-term empirical expression for the effect
of the peptide group. The choice of functional form for
these two terms was based not so much on theoretical
grounds, but rather had an empirical basis, with the ob-
jective of explaining experimental results or relationships,
namely that the NH proton close to and on top of a
peptide group plane experiences the largest observed
upfield conformation shift, the H* and HN protons of
residues in P-sheet regions experience downfield shifts,
whereas those in o-helix regions experience upfield shifts
(Markley et al., 1967; Clayden and Williams, 1982; Dal-
garno et al., 1983; Szilagyi and Jardetzky, 1989; William-
son, 1990; Wishart et al., 1991), and the existence of a
quantitative relationship between HN proton chemical
shifts and hydrogen-bond lengths for hydrogen-bonded
groups in proteins (Wagner et al., 1983; Wishart et al.,
1991).

In a previous paper (Asakura, 1981), the HN chemical
shifts of 16-residue alanine oligopeptides with extended,
o-helical and P-sheet structures were calculated theoreti-

cally through summation of the shielding contributions,
in order to obtain insight into the contribution of peptide
groups other than the nearest neighbors. For example, the
upfield shift of NH protons located in the peptide plane
has been predicted by such a chemical shift calculation
and this was found to be very important in interpreting
chemical shifts in o-helices. However, in this previous
study the parameters for the proton chemical shift calcu-
lation were determined from the chemical shift values of
simple amide compounds because of limited experimental
data (Asakura et al., 1977a). When we used the value of
the C=0 bond anisotropy reported by Ziircher (1967), the
HN chemical shifts of BPTI were reproduced well and
could be used for the refinement of the side-chain confor-
mation (Asakura et al., 1991,1992b).

In this paper, we report the determination of the para-
meters for HN chemical shift calculations of proteins
using data from high-resolution crystal structures of 15
proteins. It is important to use high-quality structural
information, because the HN chemical shift is strongly
determined by the shielding contribution of its directly
hydrogen-bonded carbonyl group, and is therefore very
dependent on the accuracy of its coordinates. Using these
chemical shift calculations for HN protons, the observed
secondary structure chemical shift trends of HN protons,
i.e., upfield shifts on helix formation and downfield shifts
on B-sheet formation, can be discussed, especially with
respect to the origin of the chemical shifts. Recently, the
influence of distortions of amphipathic helices on HN
chemical shifts has been discussed by various groups with
regard to the quantitative relationship between chemical
shifts and hydrogen-bond lengths for hydrogen-bonded
groups (Bruix et al., 1990; Kuntz et al., 1991; Blanco et
al., 1992; Jiménez et al., 1992; Zhou et al., 1992). There-
fore, we discuss the relationship between our model and
the previously used hydrogen-bond length dependence,
and calculate the HN chemical shifts of the distorted am-
phipathic helices of the GCN4 leucine zipper (Oas et al.,
1990; O’Shea et al., 1991; Saudek et al., 1991), using the
calculations to characterise the structure of the helices.

Methods

The HN chemical shift is considered as a sum of sev-
eral shielding effects, and can be expressed as follows
(Williamson and Asakura, 1993):

Gobs _ 0.random coil _ O.ring + o.ani + O.E

where 6° is the observed HN chemical shift, grodom eoil
the random coil HN chemical shift reported by Wiithrich
(1986), 6" the ring current shift, 6*™ the magnetic aniso-
tropy effect from the carbonyl and C-N bonds of amide
groups, and & the electric field effect. Each shielding
effect can be calculated according to the methods report-



ed previously (Williamson and Asakura, 1993) on the
basis of the coordinates of the specified NH proton and
other relevant atoms. 6™ can be assumed to be inde-
pendent of the other effects and is calculated using the
Haigh-Mallion model (Haigh and Maliion, 1980), which
was previously used for ring current effect calculations of
H” protons.

The equation for the HN chemical shift calculation can
be recast as follows:

Gobs _ 0random coil __ Gg = ¢gon C=0 + g C-N + GE

= (131&o) [AYco(1 = 36058c0) + Axaco(1 = 3050 co)]
+ (1/3133) [Ax1en(1 = 3¢05%0cy) + Axaen(] = 3c0s°d )]

+¢, 2(Q;/ 1) cos,

Here, the magnetic anisotropies of the C=0 bond, Ay,
and AY,co, and those of the C-N bond, Ay,cn and Ay,en,
as well as the coefficient €, in the 6F term are optimized
by assessing the quality of the fit of observed to calcu-
lated HN chemical shift data of proteins. The definition
of the other terms has been given by Williamson and
Asakura (1993).

The criteria used for goodness of fit were the regres-
sion coefficient R and the standard deviation SD of the
secondary shift, 6% =g — g™dom <l a0ainst the calcu-
lated value. In principle, the SD should be the better
measure, since it measures the difference between calcu-
lated and experimental shifts directly, but both criteria
were used to avoid falling into local minima during the
refinement. The criteria used to select the proteins that
were used in the database were that the protein should be
almost completely assigned, should have been shown to
have very similar structures in solution and in the crystal,
and its crystal structure should have been determined at
high resolution. The 15 proteins used which satisfy these
conditions are; human lysozyme (Redfield and Dobson,
1990), hen egg white lysozyme (Redfield and Dobson,
1988), bacteriophage T4 lysozyme (MclIntosh et al., 1990),
bovine pancreatic ribonuclease A (Robertson et al., 1989),
ribonuclease H (Yamazaki et al., 1993), human ubiquitin
(DiStefano and Wand, 1987), streptococcal protein G B2-
domain (Orban et al., 1992), bovine pancreatic trypsin in-
hibitor (BPTI) (Wagner et al., 1987), FK506-binding pro-
tein (Xu et al., 1993), glucose permease IIA (Fairbrother
et al., 1992), I11°* (Pelton et al., 1991), tendamistat (Kline
and Withrich, 1986), Alzheimer’s -amyloid precursor
protein (Heald et al., 1991), apo-neocarzinostatin (Adjadj
et al., 1990), and ColEl rop protein (Eberle et al., 1990).
The Brookhaven Databank names are given in Table |
(Bernstein et al., 1977; Abola et al., 1987). The resolution
of the crystal structures of these proteins ranges from 1.0
A for BPTI to 2.1 A for 11I°",

As noted above, the chemical shift of an amide proton
depends strongly on the position of any hydrogen-bonded
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partners. Many amide protons, particularly those on the
protein surface, are hydrogen bonded to water molecules,
for which in many cases the coordinates are uncertain.
For many amide groups on the protein surface there is no
apparent hydrogen-bond partner in the crystal structure,
although detailed studies suggest that almost all amide
groups are in fact hydrogen bonded (Baker and Hubbard,
1984). When an amide proton is hydrogen bonded both
to a protein functional group and to water, the hydrogen
bond to water is usually the weaker bond and is therefore
expected to have a lesser effect on the amide chemical
shift. Therefore, in this study we have considered only
those amide protons that are hydrogen bonded to protein
functional groups, and we have not attempted detailed
calculations for those that are hydrogen bonded to water
or have no apparent hydrogen-bonding partners. The
method of Kabsch and Sander (1983) was used to detect
the presence of hydrogen bonds. We did not include
amide chemical shift data for bifurcated hydrogen bonds
in the chemical shift parameter determination. The num-
ber of hydrogen-bonded HN protons detected in our data
set 1s 981 (out of a total of 1509 HN chemical shifts re-
ported for these 15 proteins), which is sufficient for a
statistically valid determination of the parameters.

The solvent-accessible area of amide protons was cal-
culated using a CCP4 subroutine (Bailey, 1994) based on
the algorithm of Lee and Richards (1971}, using a radius
of 1.4 A for the water molecule. Calculation of HN chem-
ical shifts requires the addition of HN protons to the
heavy atoms in the crystal structure. In this work, the
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Fig. 1. Comparison of calculated (6°F) and observed (6°* =c°*~
grandom «oily amide proton shifts, expressed as differences from the
random coil values. The values for 981 hydrogen-bonded amide
protons in 15 proteins are plotted. Positive and negative values indi-
cate downfield and upfield shifts, respectively. The SD and R values
are 0.492 and 0.715, respectively.
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protons were added with standard geometries, using an
N-H bond length of 0.98 A. The chemical shift calcula-
tion programs were written in Fortran and run on a
Silicon Graphics personal Iris workstation, and are avail-
able through anonymous ftp from directory pub/unifaca-
demic/I-M/mbb in ftp.shef.ac.uk. The simultaneous opti-
mization of the chemical shift parameters, i.c., the mag-
netic anisotropies of the C=0 bond, Ay, and Ay,co, and
those of the C-N bond, Ay,cny and Ay,cn, as well as the
coefficient &, in the oF term, was performed using Micro-
soft EXCEL.

Results and Discussion

Parameter determination for HN chemical shift calculation

The optimized values of the parameters (in cm® x 107°)
were —11 and -5 for the magnetic anisotropies of the
C=0 bond, Ay, and AYX,co, respectively, and -7 and +1
for those of the C-N bond, Ay,cn and Ax,cn, rEspectively.
The coefficient of the electric field effect was only 0.06
(compared to the optimized value for C-H shifts of 0.6).
Therefore, the electric field effect was neglected in subse-
quent calculations. The SD and R were 0.492 and 0.715,
respectively, for the 981 H-bonded NH protons shown in
Fig. 1. The parameters obtained here were close to those
determined from the o-proton chemical shift data set (13
and —4 for the magnetic anisotropies of the C=0 bond,
and —11 and +1.4 for those of the C-N bond). The agree-
ment of the parameters obtained independently using the
NH and H" data sets strongly confirms the validity of the
parameters. When we used these parameters for all 1509
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Fig. 2. Comparison of calculated (c***) and observed (6°* =c°> -
cmndem <y amide proton shifts, expressed as differences from the
random coil values. The values for all 1509 amide protons in 15
proteins are plotted. The SD and R values are 0.535 and 0.667,
respectively.

TABLE 1

SUMMARY OF FITS OF AMIDE PROTON SHIFTS

Protein name PDB abbreviation  SD R
Lysozyme (hen) 1321 0.522 0.588
B-amyloid protein 1AAP 0.593 0.825
11°* 1F3G 0.577 0.609
FKS506-binding protein 1FKF 0.658 0.601
Glucose permease I1A 1GPR 0.564 0.652
Tendamistat 1HOE 0.472 0.683
Lysozyme (human) 1LZ1 0.541 0.566
Apo-neocarzinostatin INOA 0.465 0.636
Protein G 1PGX 0.487 0.737
ColE1 rop protein 1ROP 0.399 0.656
Ubiquitin 1UBQ 0.483 0.684
Ribonuclease H 2RN2 0.462 0.744
Lysozyme (T4) 3LZM 0.506 0.608
Ribonuclease A 3RN3 0.495 0.718
BPTI SPTI 0.606 0.869

obs __

The results are calculated for the comparison of secondary shift (6
orndemeoly with the value calculated by 6™ — 6 over all amide pro-
tons.

NH protons, as shown in Fig. 2, the fit was somewhat
worse: SD=0.535 and R =0.667. The SD and R values
for each protein are listed in Table 1. When the parame-
ters obtained previously from a-protons (Williamson and
Asakura, 1993) are used, the values obtained are SD=
0.530, R =0.699 for H-bonded NH and SD=0.556, R=
0.657 for all NH protons. Thus, these new parameters
perform better in the HN chemical shift calculations,
although the improvement in SD and R is small, Similar
comparisons have been made by two other groups {Table
2). The results from all three groups are broadly compar-
able; they all have more difficulty in calculating amide
protons than other protons, for reasons discussed below.
These difficulties obscure any possible real differences
between the different methods.

There could be various reasons for the discrepancies
between the calculated and observed chemical shifts. One
is the issue of chemical shift referencing, which is equally
important for o-proton and HN chemical shifts (Wishart
and Sykes, 1994; Szilagyi, 1995; Wishart et al., 1995). A
more serious problem is the different experimental condi-
tions used for each protein, such as temperature, concen-
tration and pH, since the HN chemical shift is very sensi-
tive to these factors. Another serious problem is the ques-
tion which values should be used for the random coil HN
shifts. Wishart et al. (1995) recently pointed out that the
values of Bundi and Wiithrich (1979) are consistently
higher (average 8.35 ppm versus 8.26 ppm) and substan-
tially more dispersive (8.09-8.75 ppm versus 8.00-8.43
ppm) than their own data, which were obtained using a
protected linear hexapeptide Gly-Gly-X-Ala-Gly-Gly
(where X is any of the 20 common amino acids). Some
amide chemical shifts are significantly different, particu-
larly those for asparagine (8.75 ppm versus §.40 ppm),



valine (8.44 ppm versus 8.03 ppm) and leucine (8.42 ppm
versus 8.16 ppm). Wishart et al. (1995) considered the
difference to be primarily the result of ‘end group’ and
‘residual structure’ effects, arising from Bundi and
Wiithrich’s use of unprotected tetrapeptides in high (50
mM) concentration without the presence of a denaturant.

A major reason for the discrepancies between calcu-
lated and observed HN shifts is the solvent effect, which
is likely to be much more significant for HN than for o-
protons. A qualitative picture of the importance of sol-
vent effects is obtained by looking for a correlation be-
tween the difference 6°*°—c°®", ie., calculated minus
experimental shift, and solvent exposure, as shown in Fig.
3. When HN protons are buried (solvent-accessible HN
area < 2.5 A?), the distribution is approximately normal
and the center is at 6~ ¢°™ =0 ppm. However, when
HN protons are relatively external (HN area > 2.5 A?),
the center of the distribution deviates from ¢~ ¢°*" =0
ppm to ca. —0.4 ppm. One reason for this change is un-
doubtedly the fact that the external amides are hydrogen
bonded to ‘invisible’ water molecules, which are not in-
cluded in the calculations.

Linear regression analysis of HN chemical shifts and hy-
drogen-bond length

Wagner et al. (1983) reported a correlation between
secondary structure shifts and the inverse third power of
distances dy between HN protons of BPTI and nearby
oxygen atoms:

6™ ~6™ = 19.2 d-2.3 ppm

Later studies by Wishart et al. (1991) proposed a simple
inverse rather than an inverse cube distance dependence:

6™ =19 d-9.7 ppm

Therefore, the HN chemical shifts for the 981 hydrogen-
bonded NH protons, corrected for ring current shifts,
were plotted against the hydrogen-bond distance, as
shown in Fig. 4.

The results reported in the previous section show that
amide proton chemical shifts can be calculated well using

TABLE 2
COMPARISON OF DIFFERENT METHODS FOR CALCULA-
TION OF AMIDE SHIFTS

Method R SD
Herranz et al. (1992)* 0.713 0.503
Osapay and Case (1991)° 0.575 (0.721) 0.621 (0.506)

This work® 0.740 0.515

* Mean value for all amide protons of ubiquitin, ribonuclease A and
BPTIL

® Mean value for all amide protons from 20 proteins.

Values between parentheses are for hydrogen-bonded amide protons.
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Fig. 3. Histograms representing the distribution of surface exposure
of nitrogen atoms (with radius extended to allow for NH) against the
difference 6% =g —g™™¥m il j e calculated minus observed shift,
using the same set of 1509 amide protons as described in the legend
to Fig. 2.
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the magnetic anisotropy of the carbonyl group as the
dominant term. This expression already contains a dg
term, similar to that calculated by Wagner et al. (1983).
The differences between the magnetic anisotropy term
and a straight d3 term are that the former contains an
angular dependence (which has a relatively small effect
here, because the geometry of hydrogen bonds is fairly
constant), and also that the distance dy used by Wagner
et al. is the H-O distance, whereas the distance used in
the magnetic anisotropy calculation is to the center of
anisotropy of the C=0 bond and is thus about 0.12 A
longer. The net effect of these differences is to weaken the
total d* dependence. It is therefore expected that both a
dy term and a dy term should give a reasonably good fit
to the observed chemical shifts. For dy, the correlation
was as follows:

o —g"™e = 10.05 dy' - 1.25 (SD=0.590, R=0.572)
and for dy:

6™ — g™ = 8.29 df —4.11 (SD=0.575, R=0.604)



232

3.0

2.0 '
g e
g 101 s
,g?
g 00-
©

-1.0 -

-2.0

T | T I T T T
1214 16 18 20 22 24 26 28
dy (H---O distance, A)

Fig. 4. Plot of the observed (6°"—c"™¥) amide proton shifts,
expressed as differences from the sum of random coil values and ring
current shifts for hydrogen-bonded amide protons in 15 proteins
versus the distance of these protons from the hydrogen-bonded oxy-
gen atom, d.

As expected, the correlations obtained in the previous
section are better than those obtained by this simple
distance dependence, because of the additional terms
included, such as peptide C-N bond anisotropy.

Dependence of HN chemical shifts on secondary structure
Upfield HN shifts on helix formation and downfield

shifts on B-sheet formation have been reported by several
authors (Markley et al., 1967; Clayden and Williams,
1982; Dalgarno et al., 1983; Szilagyi and Jardetzky, 1989;
Williamson, 1990; Wishart et al., 1991). We have previ-
ously studied the structural origins of similar effects on
H® shifts (Williamson et al., 1992). In order to examine
the typical contribution of the C=0 and C-N bond aniso-
tropies of amide groups to the chemical shift of HN pro-
tons in the center of an o-helix, HN chemical shifts were
calculated for the protons in a model helix, namely an o-
helical alanine oligopeptide, -(Ala),s-, where the ¢ and ¢
values of each residue were assumed to be —65° and —39°,
respectively (Laskowski et al., 1993). The largest contribu-
tion (0.24 ppm downfield) to the chemical shift of the HN
of residue i (HN,;) comes from the C=0 bond anisotropy
of its hydrogen-bonded partner, residue i—4. However,
less expected contributions to the chemical shift of HN,;
come from C=0._, (0.31 ppm upfield) and from C-N,_,
(0.30 ppm upfield). (Note that C-N_, refers to the mag-
netic anisotropy caused by the peptide C-N bond between
the C' of residue i—2 and the N of residue i—1.) Thus,
the HN proton in alanine residue i is located in the
shielding (upfield shift) region of the C=0 bond aniso-
tropy of the (i—3)th alanine and of the peptide C-N bond
anisotropy of the (i—2)th alanine residue, and it is these
upfield effects that counteract the downfield effect caused
by the directly bonded carbonyl and produce the net
observed upfield shift. Herranz et al. (1992) used calcu-
lated data from ubiquitin to emphasize the observation
that protein NH protons on top of the plane of the pre-
ceding peptide group experience large upfield shifts, which
are similar to the well-known upfield aromatic ring cur-
rent shift, in agreement with our previous predictions
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Fig. 5. Plot of sequence dependence of the calculated (@) and observed (O) amide proton shifts, expressed as differences from the random coil
values, for all amide protons in ribonuclease H. The SD and R values are 0.462 and 0.774, respectively. The helix and sheet regions are also shown.
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Fig. 6. (a) Histograms representing the calculated magnetic anisotropy contributions to the ith amide proton chemical shift within helical regions
in nibonuclease H. The averaged values and their standard deviations were calculated using the hydrogen-bonded HN protons in helical regions
(see text). The contributions are divided into bond magnetic anisotropy effects from the C=O and C-N bonds. (b) Histogram representing the
calculated magnetic anisotropy contributions to the ith amide proton chemical shift within B-sheet regions of ribonuclease H. The residue to which
residue i is hydrogen bonded is denoted j. The contribution from C=0 and C-N anisotropy of residue i—1 is independent of the conformation

and is not included in the plot.

(Asakura, 1981). The calculations reported here show that
this ‘out of plane’ effect is largely due to bond magnetic
anisotropy.

In order to check this tendency in real cases, chemical
shift contributions were examined in detail for ribonu-
clease H (Katayanagi et al., 1992; Yamazaki et al., 1993).
The plot of the calculated and observed HN chemical
shifts against the residue number is shown in Fig. 5,
which also shows the regions of a-helix and B-sheet. The
SD and R were 0.462 and 0.744, respectively. The ob-
served data tend to have a larger magnitude than the
calculated data, but generally the agreement between
calculated and observed shifts is reasonable. The averaged
values and their standard deviations are shown in Fig. 6a,
calculated using 41 HN protons in helical regions, made
up of all 62 protons in helices except for the HN protons
that do not take part in regular a-helical hydrogen bond-
ing according to the Kabsch and Sander (1983) algorithm.
Only contributions of more than 0.05 ppm are taken into
account and the values shown in Fig. 5 are the average

values where these are greater than 0.05 ppm. The figure
demonstrates that the chemical shift contributions within
helical regions seen in the alanine oligopeptide are repro-
duced in ribonuclease H.

The situation for B-sheets is more straightforward, in
that the downfield shift observed experimentally is caused
predominantly by the hydrogen-bonded carbonyl, as
shown in Fig. 6b. The value of the downfield shift from
the directly attached carbonyl group in a B-sheet structure
tends to be slightly larger than that in an o-helix, reflect-
ing a slightly shorter hydrogen-bonding distance com-
pared to an o-helix (in ribonuclease H, average values are
dy=2.02 A for B-sheet and 2.10 A for o-helix).

Thus, our calculations suggest that the main reason for
the difference in NH chemical shifts in helices and sheets
is not an effect from the directly hydrogen-bonded car-
bonyl, which is downfield in both cases, but the difference
arises from an additional upfield shift predicted in helices
and originating in residues i—2 and i—3. It is worth
noting that the ring current shielding contributions to HN
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chemical shifts in ribonuclease H are of similar magnitude
to the bond magnetic anisotropy effects, making it diffi-
cult to characterise the magnetic anisotropy effects direct-
ly in the experimental data.

Distortions of peptide and protein helices

A strong periodicity of amide chemical shifts, and
sometimes also of a-proton chemical shifts, is present in
soluble amphipathic helices. Bruix et al. (1990) have ob-
served a clear periodic variation of both amide and a-
proton chemical shifts in a small synthetic peptide, Ac-
(Leu-Lys-Lys-Leu),-NHEt, while studying a salt-induced
coil-to-helix transition. Notable features of these profiles
are the frequency of the variation, which matches the
helix periodicity (3.6 residues per helix turn), and an
apparent ‘180° phase shift’ between amide and H* pro-
files, i.e., minima in amide shifts matching maxima in H*
shifts. These findings were indicative of a relationship
between secondary structure shifts and an intrinsic peri-
odic property, alternating with the typical helix period.
Periodic variations of secondary structure shifts have also
been observed in several amphipathic peptides upon TFE-
induced helix formation (Jiménez et al., 1992). In addition
to amide and o-protons, P-protons sometimes display
similar behavior in helical structures (Bruix et al., 1990,
Kuntz et al., 1991; Blanco et al., 1992; Jiménez et al.,
1992; Zhou et al., 1992).

Zhou et al. (1992) interpreted the periodicity of amide
chemical shifts in terms of their dependency on hydrogen-
bond length, short (i.e., strong) bonds leading to down-
field shifts and long (i.e., weak) bonds leading to upfield
shifts. Therefore, the phenomenon is considered to result
from a shortening of hydrogen bonds on the hydrophobic

side of helices and a lengthening of hydrogen bonds on
the hydrophilic side. Because the hydrophobicity in he-
lices is often periodic, the hydrogen-bond lengths, and
hence the amide chemical shifts, would also be periodic.

Our calculations give similar results, although in our
case the periodicity is not due to hydrogen bonding per
se but to periodic variations in the N-H....O distance,
which also provides an explanation for the observed
periodicity in H® shifts. The calculations therefore explain
the periodicity, and can be used to investigate periodic
effects in helices.

As an example of such periodic effects, we present
calculations on the amide proton chemical shifts of the
two-stranded a-helical coiled-coil GCN4 leucine zipper
(Oas et al., 1990; O’Shea et al., 1991; Saudek et al., 1991),
which clearly shows a regular experimental periodicity.
The coordinates obtained from both X-ray diffraction at
1.8 A resolution and NMR methods have been reported
(PDB entries 2ZTA and 1ZTA, respectively). In the crys-
tal structure, the individual a-helices are smoothly bent
and the curvature is associated with shorter main-chain
hydrogen bonds in the interface compared to the outside
of the helices. There are two nonequivalent helices in the
crystal structure, designated A and B, which give rise to
substantially different calculated chemical shifts, as shown
in Fig. 7. Neither molecule displays calculated shifts that
agree well with the experimental values. This poor agree-
ment most likely originates from differences between
crystal and solution conformations, particularly since in
solution only a single averaged signal is seen for each
proton. Figure 8§ shows a comparison of the experimental
shifts with those calculated for the family of 20 NMR sol-
ution structures (Saudek et al., 1991) in which a marked
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Fig. 7. Plot of sequence dependence of the calculated and observed amide proton shiffs in GCN4 leucine zipper. The crystal structure is used, and
the calculated values for the two independent molecules A and B are shown. O: observed shifts; A: molecule A; {C1: molecule B.
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Fig. 8. Plot of sequence dependence of the calculated and observed amide proton shifts in GCN4 leucine zipper. The calculated values for the 20
NMR solution structures (Saudek et al., 1991) are shown. The coordinates were taken from PDB structure [ZTA, and were calculated using
distance geometry, followed by restrained energy minimization (DISMAN and GROMOS, respectively).

helix periodicity is predicted. The observed chemical shift
value changes periodically along the peptide chain with a
3-4 residue repeat pattern, with seven maxima (i.e., large
downfield shifts) at residues 7, 9, 13, 16, 20, 23, and 27,
and eight minima at residues 4, 8, 10, 14, 18, 21, 24 and
28. The calculated shifts also have a 3-4 residue repeat
pattern, with maxima at residues 5-6, 9-10, 13-14, 16, 20,
23, and 26-27 and minima at residues 3-4, 7, 11-12, 15,
18-19, 22, 24, 29 and 31-32. On comparing the calculated
and experimental shifts, it can be seen that in general the
agreement is extremely good between residues 15 and 28,
but that after residue 28 there is virtually no agreement.
However, both the calculated and experimental shifts
agree in indicating a loss of periodicity at this point. The
most interesting observation is that in the N-terminal
half of the zipper, although both calculated and experi-
mental shifts show clear periodicity, they are no longer
in phase. This suggests that for the N-terminal half, in
the true average solution structure the period of the helix
coil is longer by roughly one residue compared to the
NMR structures. Thus, calculations based on amide
proton chemical shifts readily show a much closer resem-
blance of the NMR ensemble to the average solution
structure compared to the crystal structure. However, the
N-terminal half of the NMR ensemble is too tightly
coiled.
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