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Abstract

A new computer program, HYPER, has been developed for automated analysis of protein dihedral angle values and
CPH, stereospecific assignments from NMR data. HYPER uses a hierarchical grid-search algorithm to determine
allowed values 0§, ¥, andy ; dihedral angles and’El, stereospecific assignments based on a set of NMR-derived
distance and/or scalar-coupling constraints. Dihedral-angle constraints are valuable for restricting conformational
space and improving convergence in three-dimensional structure calculations. HYPER computes theset of
andy1dihedral angles andfEl, stereospecific assignments that are consistent with up to nine intraresidue and
sequential distance bounds, two pairs of relative distance bounds, thirteen homo- and heteronuclear scalar coupling
bounds, and two pairs of relative scalar coupling constant bounds. The program is designed to be very flexible,
and provides for simple user modification of Karplus equations and standard polypeptide geometries, allowing it to
accommodate recent and future improved calibrations of Karplus curves. The C code has been optimized to execute
rapidly (0.3-1.5 CPU-sec residtkusing a 5 grid) on Silicon Graphics R8000, R10000 and Intel Pentium CPUs,
making it useful for interactive evaluation of inconsistent experimental constraints. The HYPER program has been
tested for internal consistency and reliability using both simulated and real protein NMR data sets.

Abbreviations:.CPU, central processing unit; CspA, the major cold shock protein fowooli; RNase A, bovine
pancreatic ribonuclease A; Z Domain, an engineered immunoglobulin binding domain derived from staphylococcal
protein A.

Introduction et al., 1990). Dihedral-angle constraints limit the con-
formational space that needs to be searched in struc-
Protein structure calculations based on NMR data are ture generation algorithms and can greatly improve the
significantly improved in quality and speed by the convergence rates (i.e. the number of starting confor-
availability of stereospecific assignments at prochiral mations that result in final structures satisfying all of
centers and by the use of dihedral-angle constraintsthe experimental data). The utility of such dihedral
derived from experimental measurements of NOE and angle constraints is evident from the strong efforts
scalar coupling data (Guntertet al., 1989, 1991; Nilges in recent years to develop improved methods for de-
termining homo- and heteronuclear scalar coupling
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Biamonti et al., 1994; Vuister et al., 1997). However, mines GH stereospecific assignments when they are
such methodology development should be paralleled uniquely determined from these data. Rather than us-
by improved methods for interpreting scalar coupling ing analytical equations (Billeter et al., 1982; Gintert
constant and NOE data in terms of conformational et al., 1989; Polshakov et al., 1995) to define the

constraints.

distances between protons in different conformations,

Several strategies and computer programs haveHYPER uses methods from linear algebra developed

already been described for determiningH3 stere-

by Flory and co-workers (Flory, 1969) for statistical

ospecific assignments and/or associated backbone anevaluation of the configurations of polymer chains to

side-chain dihedral angle ranges from experimental
NMR data (Leach et al., 1977; Zuiderweg et al., 1985;
Hyberts et al., 1987; Sobol and Arseniev, 1988; Gun-
tert et al., 1989; Nilges et al., 1990; Clore et al.,

1991; Guntert et al., 1991; Polshakov et al., 1995;
Gippert et al., 1998) and/or statistical data from the

compute the required distances ‘on the fly’. HYPER
also utilizes a ‘hierarchical progressive grid search’
algorithm to rapidly define the ‘allowed conforma-
tional space’ from the intersection of conformational
spaces determined for the individual constraints. The
resulting calculations are very rapid, requiring only a

database of protein structures (Gibrat et al., 1991; few minutes for analysis of small protein structures on
Kuszewski et al., 1996a,b; Cornilescu et al., 1999). standard laboratory workstations. The output of HY-
Most of these rely primarily on combined analysis of PER includes: (i) allowed ranges of dihedral angles
local distance and scalar coupling constraints. Leach ¢, W, andy1, (ii) families of starting conformations
et al. (1977) first described the use of grid searches generated randomly within these ‘allowed volumes’
of dihedral angle space with respect to internuclear for use as input to subsequent structure calculations,
constraints for the analysis of proton NOE data. This and (iii) stereospecific assignments uniquely deter-
idea was also inherent in the initial studies of rela- mined from these local data. These constraints and
tionships between dihedral angles and experimentally starting conformations enhance the speed and conver-
derived intraresidue and sequential distances that formgence of the subsequent structure generation calcula-
the basis for conventional methods of determining res- tions, resulting in better quality solution structures of
onance assignments (Billeter et al., 1982; Wiithrich proteins.
et al., 1984). Sobol and Arseniev (1988) have also
explored the use of grid searches in dihedral-angle
space to match local polypeptide conformations with Computational methods
proton NOE intensities and cross-relaxation rates as-
suming limited spin diffusion. Programs in common Calculation of interproton distances
use today include HABAS (Glintertet al., 1989, 1991) Considering the segment of a polypeptide chain NH-
and ANGLESEARCH (Polshakov et al., 1995), which  C*H-CPH,-C'-NHi;1 (shown in Figure 1), one ob-
use grid search methods, STEREOSEARCH (Nilges serves that the positions of the five hydrogen atoms
et al., 1990), which searches a database of pep-(HN, H*, HF2, HF3, and HY,) are related by5 x
tide conformations for structures that satisfy distance 4)/2 = 10 interproton distances. One of these (d10
and scalar coupling data, and TALOS (Cornilescu between the B? and H?3 protons) is fixed by the
et al., 1999), which searches a database of proteincovalent geometry, and is not relevant for this anal-
sequences, structures, and chemical shifts to identify ysis. The other nine interproton distances (d1, d2,
polypeptide fragments of proteins of known three- ..., d9) are determined by the values of four inter-
dimensional structure and conformations similar to vening dihedral anglesp, ¥, x1, andw. Assuming
that of the query sequence. that the dihedral angle is fixed at O (cis) or 180

In this paper we describe a new computer program, (trans), the remaining three degrees of freedom are de-
HYPER, written in the C programming language. As- termined by nine experimentally accessible distances
suming that the NMR data arise from an amino acid (d1 through d9). These distances, the corresponding
residue with a single backbone,{) and x1 side- variable names used by the HYPER program, nick-
chain conformation, HYPER determines range$pf  names used for these variables, and the dihedral angles
V¥, and 1 dihedral angles consistent with absolute upon which they depend are tabulated in Table 1. An-
and/or relative estimates of up to nine local interpro- alytical trigonometric relations between some of these
ton distances and thirteen homo- and heteronucleardistances and the corresponding dihedral angles have
scalar coupling constraints. The program also deter- been described elsewhere for specific covalent geome-
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A lengths and bond angles are those of the AMBER
A Hn<d1=Ho «—d7— H potential function (Weiner et al., 1986). A related ap-
I‘d3 | d8/ I proach is used in the molecular mechanics program
. ECEPP (Momany et al., 1975; Némethy et al., 1992)
d2 Ni Coai Ci 3 Nit1 and its derivatives DISMAN (Braun and Go, 1985),
\ cﬁ/r \% DIANA (Giintert et al., 1991), DYANA (Gintert et al.,
¥ N 1997) and FANTOM (Schaumann et al., 1990) to
HpB2 — Cp— HB3 construct polypeptide atomic coordinates from sets

of dihedral angles. This approach is designed to be
readily generalizable in future versions of HYPER to
J1 provide analysis of interproton constraints spanning

B Hn )I’-Ica\c more than three or four dihedral angles.
I J2 | J3
Ni Cui C'i —Ni+1 Analysis of vicinal scalar coupling data
Ja A summary of some vicinal coupling-constant data
J5 types that can be used as input to the HYPER pro-
Hp2 — CB — HB3 gram is shown on the segments of polypeptide chain

in Figures 1B and 1C. In addition to the 10 vicinal
coupling constants indicated in Figure 1, the program

is also designed to handle J#13J(3C’-13¢f ), J12

= 3J®3c-13¢), and J13= 3’ - 3¢/ ;) cou-

|
pling constants. Vicinal scalar coupling constants are

C Hn Ho
7\J6

I‘}JS J70 7 T computed by the HYPER program using Karplus re-
Ni——Coai—=C'i—Ni+1 lationships of the generic forJ = A co?6 + B
did/( cosH + C (Karplus, 1959, 1963), wheebds the torsion
J9 J10 angle between the coupled nuclei, corresponding to a
Hp2 — CB — HpB3 standard dihedral angle plus a phase shift that depends

. L Sehematic di howing (&) © dist e on the specific pair of nuclei involved. A, B, and C
lgure 1. schemaliC diagrams showing Istances, an y . e H

C) 10 scalar coupling constants that can be defined as constraint are Con,Stams pamCUIar to thg SpeCIfIC scalar COUpImg
input for the HYPER program. Three additional J constraints, J11, Interaction, which can be provided by the user for each
J12 and J13, described in Table 1 are also handled in the current of the 13 coupling constants listed in Tables 1 and 2.
implementation. Default values of these coupling constants and phase

shifts are presented in Table 2.

tries (Billeter et al., 1982; Withrich et al., 1984;
Polshakov et al., 1995). The HYPER program com-
putes the subset of required distance versus dihedral
angle relationships numerically in the course of the
conformational analysis. The conformational spaces
of ¢, W, andy (for fixed values ofw) are then grid
searched in a hierarchical fashion to determine the set
of dihedral angles that result in internuclear distances
dj’ within the upper and lower bound values of dj
defined in the input.

The method for dynamic calculation of interproton
distances follows from standard linear algebra (Flory,
1969). Using this basic approach, algorithms within

HYPER rapidly c_ompute the dependence of distances 33(H*-HP3) are interpreted by the HYPER program
di,..., d9 on dihedral angleg, W andx; (andw like any other Karplus-type relationship, as indicated
if necessary) for defined values of bond lengths and y y plus-typ ' b, as indi

. . in Figure 2A. The interpretation of relative constraints
I . Default val f )
bond angles provided as input. Default values of bond 1345 = 3J(5N-HF2) / 3JASN-HP3), however, is com-

Evaluation of relative constraints

Another class of useful conformational constraints that
can be extracted from experimental NMR data in-
cludes relative values of distances or vicinal scalar
coupling constants involving the twismethylene pro-
tons. In the current implementation, the faetative
constraintsthat are handled are: rd23, the ratio of the
d(HN-HP2) / d(HN-HP3) distances; rd56, the ratio of
the d(H-HP?) / d(H*-HP3) distances; rJ23, the ratio
of the 3J(H*-HP2) / 3J(H*-HP3) coupling constants;
and rJ45, the ratio of th&J(*°N-HPF2) / 3J(15N-HP3)
coupling constants.

The relative J constraints rJ23 3J(H*-HF2) /
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Table 1. Definitions of constraints used by HYPER

Constraint Variable Nickname Dihedral Order of Classification in
name in iNnHYPER angle(s) evaluatof HYPER
HYPER}
d(HN-H) di dhn-ha ¢ 16 strong
d(HN-HP2) d2 dhn-hb2 X1 20 weak
d(HN-HP3) d3 dhn-hb3 ¢ X1 21 weak
d(HN-HN ) d4 dhn-hn ¢, X1 22 weak
d(H“-Hfﬁ) d5 dha-hb2 X1 17 strong
d(H®-HP3) deé dha-hb3 X1 18 strong
d(HOﬂ-Hﬁl) d7 dha-hn 7 19 strong
d(HiNJrl-HBZ) d8 dhb2-hn Uy 23 weak
d(HN | -HP3) do dhb3-hn Wy 24 weak
3J(HN-H) Ji jhn-ha ¢ 1 strong
3J(H-HP2) J2 jha-hb2 X1 2 strong
3J(H-HP3) J3 jha-hb3 X1 3 strong
3J(N-HP2) J4 jn-hb2 X1 4 strong
3J(N-HP3) J5 jn-hb3 X1 5 strong
3J(H*-Ni41) J6 jha-n v 6 strong
33(HN-C)) J7 jhn-c ¢ 7 strong
33(HN-cB) J8 jhn-cb ¢ 8 strong
3J(C-HP2) J9 jc-hb2 X1 9 strong
3J(C-HP3) J10 jc-hb3 X1 10 strong
EA (4 —C? 1) Ji1 jc-cb ¢ 11 strong
33(c-crty J12 jc-cgl X1 12 strong
3c-¢y) Ji3 jc-c ¢ 13 strong
Relative distance d2/d3  rd23 rdhn-hb  x1 25 strong
Relative distance d5/d6  rd56 rdha-hb  ¢,x1 26 weak
Relative intensity J2/J3  rJ23 rJha-hb X1 14 strong
Relative intensity J4/J5  rJ45 rJhn-hb X1 15 strong

8Constraints are defined in input files using either the variable name or the alternate variable nickname.

bDihedral angle(s) restrained by the corresponding constraint.

CConstraints are evaluated hierarchically in the HYPER program, with strong constraints that provide
the most restriction of conformational space evaluated first and the weaker constraints that do not
significantly restrain conformational space evaluated last.

plicated by two features that are illustrated in Fig- If upper-bound valu¢rJ45 > 2.5 units,

ure 2B. While3J°N-HP) values can range from about any grid value conformation with computed
—5 to +1 (DeMarco et al., 1978), the relative values IrJ45’ less than the specified lower-bound
of these coupling constants often come from relative value of [rJ45 is excluded from the allowed
intensity measurements in coherence transfer experi- space.

If upper-bound valué¢rJ45 < 2.5 units,
any grid value conformation with computed

[rJ45’ less than the specified lower-bound
value of |[rJ45 or greater than the specified

ments (Archer et al., 1991) that do not provide infor-
mation about the relative signs of coupling constants.
For this reason, HYPER assumes that onlydhso-

lute valueof the_ relative constraintyJ43, is derlvgq upper-bound value dfJ45 is excluded from
from the experimental measurements. An additional
the allowed space.

complication results from the singularities observed These rules simply exclude use of the upper-bound

3 15 3 P i - - - .
for values of*J("N-H*) = 0 Hz (Figure 2B). AC-  |1345 relative constraints for conformations wighy
cordingly, HYPER interprets rJ45 relative constraints g),es near the singularities indicated in Figure 2B. In
according to the following rules: addition, the code includes a third rule to handle the

pathological case:
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in Karplus equations of the HYPER program

Coupling Variable in  Dihedral Phase A B C Reference
constant HYPER angle shift
3JHN-HY)  J1 ¢ —60 7.09 -—1.42 1.55 Huand Bax, 1997
3J(H-HP2) 32 X1 —120 9.40 —1.40 1.60 Kopple, 1973
3J(H*-HP3) 33 X1 0 9.40 -1.40 1.60  Kopple, 1973
3J(N-H2) J4 X1 +120 —4.40 1.20 0.10 DeMarco et al., 1978
3J(N-HP3) J5 X1 —120 —4.40 1.20 0.10 DeMarco etal., 1978
3J(H°‘-Ni+1) J6 v +60 —-0.88 —-0.61 —0.27 Wangand Bax, 1995
33(HN-C) J7 ¢ +180 429 -1.01  0.00 Huand Bax, 1997
33(HN-cP) J8 ¢ +60 306 -074  0.13 Huand Bax, 1997
33(C-HB2) J9 X1 0 720 -2.04 0.60 Fischman et al., 1980
3J(C-HP3)  J10 X1 +120 720 -204 060 Fischman etal., 1980
33(c-ch) Ji1 ¢ —120 1.28 1.02  0.30 Huand Bax, 1998
33c-cvhy J12 X1 +60 2.02 0.67 0.59  Henning et al., 1996
3¢, 3 ) 0 136 —0.93  0.60 HuandBax, 1997
If lower-bound valugrJ45 > 8.5 units,
I AR N 15 ignore|rJ45 constraint.
23 | ] in"?’
- ,/ [ (H) Hierarchical grid search
or HYPER uses a progressive hierarchical conforma-
tional grid search to identify thé, ¥, x1 space and
stereospecific &H, assignments that are consistent
51 with upper- and lower-bound distance and vicinal cou-
pling constant constraints. The search is hierarchical
in that constraints that can greatly limit this confor-
0" mational space are searched first, and the resulting
-150 -100 -50 0 50 100 150 allowed space is used to guide subsequent searches
[0} of this solution space to identify subspaces consis-
tent with weaker constraints. The constraints listed
in Table 1 are defined as ‘strong’ or ‘weak’ based
5 10 on how much typical experimental data obtained for
J4, J5 these constraints restrict the conformational space of
5 (Hz) the corresponding dihedral angles. These qualitative
classifications are based on our experience in HY-
o PER calculations with simulated data, and heuristic
knowledge of the precision of the experimental mea-
surements. In the HYPER algorithm, the ‘strong’
s constraints (J1,.. , J13 coupling-constant constraints
and distances d1, d5, d6 and d7) that are available
-10 are evaluated first to restrict the allowed ¥, and
7180 100 =500 50 100150 x1 values to narrow regions. In searching the allowed
_ _7_6‘ _ space of any given constraint, the program only eval-
E|gure 2._Plots of selected vicinal cguplmg é:zorlstants and rela- uates thoseb, W, 1 values which are consistent
tive coupling constants. (A) ----, JZ °J(H*-HP¢); —..— J3= ) . .
3Jg|-|0(_Hﬁ3); —— 1J23= 32/33. (B) -, J4= 3I(N-H2): —, J5 with the previous _cgnstralnts that have peen evglu—
=3J(HN-HP3); —, 345 = |34/35. A dashed line is indicated for ~ ated. In this way, initial constraint evaluations guide

[rJ45 = 2.5 Hz, for reasons explained in the text.

the search of subsequent constraint solution spaces.
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This limits the number of vector matrix computations however, one of the sets of stereospecific assignments
that are required in the search, particularly since the results in an inconsistent solution, while the other re-
more computationally intensive analyses of distance sults in an allowed solution space, the allowed space
constraints which depend on two dihedral angles (i.e. and corresponding set of stereospecific assignments
d2, d3, d4, d8, and d9 in Table 1) are all classified as are identified to be correct. Finally, if both sets of
‘weak’ and are evaluated only after the conformational stereospecific assignments produce no consistent so-
space is narrowed by the analysis of all of the available lution space, the program determines that there is
scalar-coupling constraints and the ‘strong’ distance no single conformation that is consistent with the set
constraints. of constraints. Such inconsistencies can result from
In our experience, for some data sets the solution inaccurate estimates of distance or vicinal coupling
space consistent with a large number of distance andconstraints, or from the effects of ensemble averaging
scalar coupling constraints is quite large, and can be due to multiple backbone and/or side-chain confor-
identified quickly using a coarse sampling ®f W, mations that are in rapid equilibrium on these NMR
¥ 1 Space, while for other data sets the solution space timescales. The user is then in a position to evalu-
is very narrow, requiring fine grid gradations in or- ate which subsets of the constraints for that particular
der to identify the allowed values. For this reason, residue are self-consistent, which may be helpful in
the hierarchical search, in which the first constraints identifying ensemble-averaging effects and/or incor-
analyzed restrict the space to be searched in the evalutect constraints. For glycine residues, the kinds of
ation of subsequent (generally weaker) constraints, is NMR data handled in the current implementation do
also progressive in so far as the spacing of the grid not generally provide stereospecific assignments of
search can be interactively reduced until either a so- the prochiral 2 and H? resonances. The current
lution space consistent with all of the constraints is implementation of the program also does not pro-
identified, or the search reaches a limit of resolution vide stereospecific assignments of prochiral isopropyl
defined by the user. The resulting solution space needmethyl groups of valine and leucine residues.
not be continuous.

Input
Determination of stereospecifi¢ 8, resonance An example of a HYPER input file is shown in
assignments Appendix A. The input to HYPER includes: (i) a

Several of the distance and scalar-coupling constraintsknowledge base of Karplus equation coefficients used
listed in Tables 1 and 2 involve stereochemically dis- to define the Karplus relationships for the various

tinct H*2 and H'3 atoms. HYPER assumes that these coupling constants, (ii) a second knowledge base con-
stereospecific assignments are not initially available. taining values of standard peptide bond lengths and

By convention, the input constraint file is creates bond angles, and (iii) a listing of experimental con-
sumingthat the upfield I and downfield K9 methy- straints for each of one or more residues that includes
lene resonances correspond to thé &hd H2 atoms, the mean, upper-bound, and lower-bound values of

respectively. The progressive hierarchical grid search distance constraints (d1,. , d9), scalar coupling con-

is executed with this assumption, and either a solu- stants (J1,.. , J13), relative distance constraints (rd23
tion space $1) is identified or the set of constraints and rd56), and relative scalar coupling constant con-
are determined to be mutually inconsistent. Next, the straints (rJ23 and rJ45). The average value of each
program automatically flips these assignments for all constraintis not used by the program. HYPER calcula-
of the corresponding d and J constraints (i.e. in the sec- tions assume accurate (though not necessarily precise)
ond cycle HY is assigned to £ and H is assigned measurements of distance and J constraints (or of rel-
to HP?) and the progressive grid search is repeated. ative distance or J constraints). Distance constraints
Again, the result of the grid search is either an al- are derived from NOESY and/or ROESY spectra us-
lowed solution spaceSQ) or a determination that the  ing complete relaxation matrix analysis (Borgias and
set of constraints are inconsistent. If consistent so- James, 1990) wherever possible, and scalar coupling
lution spaces$1andS2) are obtained for both sets constants are obtained from the emerging family of
of stereospecific assignments, the program determinesNMR experiments that provide accurate estimates of
that the data are insufficient to determine stereospe-homo- and heteronuclear coupling constants (for re-
cific CPH, assignments, and identifies the solution views see Bax et al., 1994; Biamonti et al., 1994;
space as the union of solution spa&sand S2 If, Vuister et al., 1997).
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Relative constraints rd23 and rd56 can be obtained PER program does keep track of the true (generally
from NOESY- or ROESY-type 2D or heteronuclear non-rectangular) solution space, and it is this space
3D spectra recorded with short mixing times (Clore that is used to generate the randomly selected sets
et al., 1991), relative constraints rJ23 can be obtained of ¢, W, x1 values for use as starting structures in
from TOCSY-type 2D or 3D spectra recorded with structure-generation calculations.
short mixing times (Clore et al., 1991; van Duyn-
hoven et al., 1992; Fogolari et al., 1993; Constantine Software distribution
et al., 1994) and relative values rJ45 can be obtained Copies of the program suitable for execution on Sil-
from HNHB-type experiments (Archer et al., 1991). icon Graphics IRIX and Pentium LINUX platforms,
Relative constraints for a gived, W, x1 grid point together with representative input and output files, are
are computed in different ways, depending on the available upon request from the authors (http://www-
relationship between the corresponding distance or Jnmr.cabm.rutgers.edu/).
values indicated in the input file. HYPER provides for
two types of relative constraint relationships: (i) ratios
of distances or scalar coupling constants, defined in Results
the input as rd23r, rd56r, rJ23r, and rJ45r, and (ii)
magnitudes of differences between pairs of distances Simulated constraints: Ideal secondary structures
or constraints, defined in the input as rd23l, rd56l, |n order to verify the self-consistency of HYPER cal-
rJ23l, and rJ45I for differences in distance or J cou- culations, a series of 10 regu|ar p0|ypeptide chains,
pling values less (I) than a given value or as rd23g, each containing three serine residues {Sewere
rd56g, rJ23g, and rJ45g for differences in distance constructed using the molecular modeling program
or J coupling values greater (g) than a given value. INSIGHT-II (Molecular Simulations, Inc.). In each
Examples of relative constraints defined as ranges of chain, thep and ¥ values of each residue were set to
ratios and as relative magnitudes are given in Ap- identical values corresponding to one of the common
pendix A, together with comments explaining how secondary structures outlined in Table 3. Side-chain
the corresponding input is interpreted by the HYPER y, values were set te-60, 180, or+60 degrees in

program. each of these regular structures. Distances d1,,d9
were then measured for the central residue in each of
Output these polypeptide chains using interactive computer

The output of HYPER for each residue analyzed in- graphics. Upper and lower bound constraints were
cludes (i) ranges of the values ¢f ¥, andy that then generated from these values by adding and sub-
are consistent with the complete set of input upper- tracting, respectively, 0.2 A to each of these values.
and lower-bound constraints, (ii) stereospecific assign- Scalar coupling constants J1, J13 were also com-
ments of GHy resonances if these were unambigu- puted for each structure, and upper and lower bound
ously defined from the input data, and (iii) sets¢of scalar-coupling constraints were generated by adding
V¥, x1 valuesrandomly selected within the allowed and subtracting 0.2 Hz, respectively, from each value.
solution spacgto be used as defining starting con- Relative constraint ratios rd23r, rd56r, rJ23r, and rJ45r
formations for structure generation calculations. By were also computed for these conformers; the corre-
default, this third kind of output is suppressed and is sponding uncertainties wer 0.2 units for relative
only generated when required. distances and- 0.4 units for relative J values. A se-
The solution spaces derived by HYPER will notin  ries of HYPER calculations were then carried out for
general correspond to a single continuous, rectangularthese 10 residues, each subject to a set of 26 pairs
region of$, W, x1 space. However, as ranges of di- of upper- and lower-bound constraints derived from
hedral angles are reported, the output corresponds toone of the 10 secondary structural elements listed in
the smallest rectangular area that includes all of the Table 3. While such precise and complete constraint
allowed space (together with some regions of unal- sets cannot be obtained with real data, this data set
lowed space). Although it would be possible to output provides a rigorous test of the internal consistency of
a more precise description of the solution space, we the HYPER code. The grid search was carried out at a
do not currently have methods to utilize such data in fixed resolution of 2. The resulting HYPER analyses
structure generation programs except in the form of provided allowed ranges (shown in Table 3) for each
upper and lower bounds on dihedral angles. The HY- of these 10 constraint sets for the correct stereospecific
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assignment of EH, constraints, and no consistent ried out at a resolution ofs The resulting HYPER
solutions when using the incorrect stereospecific as- analyses provided allowed rangesiof¥, andy 1 di-
signments of €H, constraints. In each case, the target hedral angles together with stereospecific assignments
dihedral angle values from which the constraints were for all 86 pairs of H, constraints. However, even
derived are included in the HYPER solution space. with the complete set of simulated data the HYPER
These benchmark calculations demonstrate that theprogram could not distinguish stereospecific assign-
set of distances and scalar coupling values computedments for Gly CH, resonances. When the correct
within the HYPER program are fully self-consistentto stereospecific constraints were used, no inconsistent
high resolution for the 10 specific pointsdn ¥, x1 solutions were obtained for this complete and precise
space indicated for the secondary structural elementsideal data set derived from a single conformation of
in Table 3. In addition, the successful characterization RNase A. HYPER solution spaces for a representative
of these narrow solution spaces demonstrates that thesegment of the protein are shown in Figure 3. For ev-
internal distance and scalar coupling calculations of ery residue, the dihedral angle values of the crystal
the HYPER program are also consistent with geome- structure from which the constraints were derived are
tries and distances of molecules generated with the included in the HYPER solution space. These bench-
Insight-Il molecular graphics program. mark calculations demonstrate, again, that the set of
distances and scalar coupling values computed within
Simulated constraints: Derived from a high resolution the HYPER program are fully self-consistent to high
crystal structure resolution for the 124 specific pointsdn ¥, x 1 space
A second test of the self-consistency of the internal corresponding to this single conformer of RNase A.
representations of constraints in the HYPER program
involved back-calculating dihedral angle ranges from Real experimental NMR constraints: The Z domain of
distance and scalar coupling data derived from the protein A
coordinates of a protein X-ray crystal structure. For Having demonstrated the internal consistency of dis-
this work we selected the 1.26-A resolution joint X- tance and scalar-coupling constraints within the HY-
ray and neutron diffraction crystallographic structure PER program, we next tested the program with real
of bovine pancreatic ribonuclease A (RNase A), a experimental data obtained for the 58-residue Z do-

124-residue protein containing a mixturecehelical, main of staphylococcal protein A (Tashiro et al.,
B-strand, and non-regular secondary structure (Wlo- 1997). A total of 246 di,.., d9, Ji, J4, J5 and
dawer et al., 1988). Interproton distances d1,, d9 rJ23 upper-/lower-bound constraints are available for

were computed for 124 residues, and 0.5 A was added56 residues (4.4 constraint pairs per residue) of Z
and subtracted to create upper and lower bound dis- domain. Distance constraints were derived from full
tance constraints for HYPER input. Scalar coupling relaxation matrix calculations, and were assumed to
constants corresponding to constraints J1,, J13 have a precision of- 0.5 A. 3J(HN-H®) scalar cou-
were then computed from the corresponding dihedral pling constants were determined from 2D HSQC-J
angles derived from the crystal structure, and 1.0 Hz (Neri et al., 1990; Billeter et al., 1992) and HMQC-J
was added and subtracted from each of these to cre-(Kuboniwa et al., 1994) spectra, and were estimated
ate the corresponding upper and lower bound scalarto have precisions oft 1 Hz. Vicinal 3J#°N-HP)
coupling constraints. Relative constraint ratios rd23r, coupling constants were derived with an estimated un-
rd56r, rJ23r, and rJ45r were also computed, assumingcertainty of +£1 Hz from 2D homonuclear NOESY
uncertainties oft 0.5 units andk 2 units, respectively.  and 3D PFG°N] HSQC-NOESY spectra usingN-
Residues 93 and 114 are cis prolines (Wlodawer et al., enriched Z domain withodN decoupling during the
1988) and the input file was modified accordingly two proton evolution periods (Montelione etal., 1989).
by designating library ‘cis pro’ {omega 0.0} for the Relative values of vicinaPJ(H*-HP) coupling con-
corresponding residue. stants were estimated with an uncertaintytd? units

A series of HYPER calculations were then carried from ratios of H-HP cross-peak intensities in a 2D
out for 124 residues of RNase A, each subject to the TOCSY spectrum (Constantine et al., 1994) recorded
distance and scalar-coupling constant constraints de-with a mixing time of 15 ms.
rived from the crystal structure. A total of 2733 pairs A series of HYPER calculations were then carried
of upper and lower bound constraints (22 constraints out for the 56 residues of Z domain for which ap-
per residue) were evaluated. The grid search was car-propriate constraints were available, using°agsid
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Table 3. Consistency checks for HYPER calculations on 10 ideal standard secondary structure polypeptide
conformations of (-Sery

Conformation ¢ /] X1 Range8 ¢ Range8 ¥ Range$ y 1
min max min max min max
Right-handed alpha-helix —57 —47 —-60 —58 —56 —-52 —-44 -60 -60
Antiparallel beta-sheet -139 135 180 —140 -138 128 140 180 180
Parallel beta-sheet -119 113 60 -—-122 -116 106 120 60 60
Type | beta-bend position 2  —60 -30 -60 —60 —60 -32 -28 —-60 -60
Type | beta-bend position 3  —90 0O 180 -90 -90 0 0 180 180
Type |l beta-bend position 2 —60 120 60 —60 —60 110 128 60 60
Type |l beta-bend position 3 80 0 —60 78 80 0 0 -60 -60
Collagen triple helix —-78 —149 60 78 —78 —154 146 60 60
Right-handed g helix —49 —-26 —60 -50 —48 —26 —-26 —-60 -60
Left-handed alpha-helix 57 47 180 56 58 36 54 180 180

Al calculations were carried out using a grid search resolutiorf of 2

search. Z domain contains no glycine residues. The groups in the corresponding input file. The resulting
resulting solution spaces are indicated in Figure 4. constraints and stereospecific assignments have been
HYPER provided constraints on 55, 46, and 23 dihe- used to refine the three-dimensional structure of CspA
dral anglesp, W, and x1, respectively. In addition,  (Newkirk et al., 1994; Feng et al., 1998).
stereospecific assignments were obtained for 5 out
of a total of 46 non-degenerafemethylene proton  Execution speeds
pairs in the corresponding input file. For one residue, The C code for HYPER has been compiled for SG
His18, inconsistent solutions were obtained for both R4000, R8000, and R10000 processors operating un-
choices of stereospecific assignments, suggesting dy-der the IRIX operating system, and on Intel Pen-
namic averaging as discussed below. Constraints andtium processors operating under the LINUX operat-
stereospecific assignments derived from a similar ear- ing system. Some CPU processing times (s/residue)
lier version of HYPER have been used to generate high for these simulated and real constraint data sets are
resolution three-dimensional structures of Z domain summarized in Table 4. HYPER has also been com-
(Tashiro et al., 1997). piled under SunOS 5.X on SUN workstations and for
the DOS/Windows9X operating systems (performance
Real experimental NMR constraints: The major cold  data not shown). In general, the program runs very fast
shock protein (CspA) from E. coli on all of the platforms tested. These execution times
We have also applied HYPER for analysis of real (~1 min for complete analysis of a 100-residue pro-
experimental data available for the 70-residue major tein; ~0.5 s/residue) are sufficiently fast to provide
cold shock protein ofE. coli (CspA) (Feng et al.,  real-time interactive analysis of a constraint data set.
1998). A total of 342 d1,.., d9, J1, J4, J5 and This is important, as it allows the user the flexibility
rJ23 upper/lower-bound constraints are available for to evaluate inconsistent sets of constraints in order to
53 residues (6.4 constraints per residue) of CspA. As identify subsets which are mutually consistent in an
for Z domain, these distance constraints were assumedinteractive fashion.
to have a precision of 0.5 A, and®J(HN-H®) scalar
coupling constants were assumed to have precisions of
+ 1 Hz. Relative values of vicin&l(H*-HP) coupling
constants were estimated with an uncertaintytt
units from ratios of M-HP cross peaks as described
above for Z domain (Feng et al., 1998). HYPER pro-
vided constraints on 43, 39, and 40 dihedral angles
&, W, andy 1, respectively and stereospecific assign-
ments for 9 out of a total of 40 fEl, methylene

Discussion

Reliability

These tests of the HYPER program on both simu-
lated and real data sets demonstrate that the equations
describing various absolute and relative distance and
J constraints within the HYPER program are self-
consistent and reliable to high precision. In particular,
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Table 4. Execution times for HYPER analy$i®f simulated and real NMR constraint
data sets on different platforms

CPU Clock speed RNase A Z domain CspA
(MHz) (s-residuel)  (s-residuel)  (s-residuel)

SG R4008 100 1.58 4.54 6.22
(IP22)

SG R8006 75 0.89 2.39 2.86
(IP21)

SG R10008 194 0.28 0.78 0.86
(IP25)

Intel Pentium If 266 0.41 0.95 1.36

aA|l calculations carried out with a grid search resolution ®f 5
bcalculations carried out on a single processor of an SG Indigo workstation operating

under UNIX. ) . )
CCalculations carried out on a single processor of an SG Challenge server operating

under UNIX.
Calculations carried out on a single processor of an SG Onyx workstation operating

under UNIX. . )
€Calculations carried out on a single processor of an IBM personal computer operating

under LINUX.

the program has been tested with simulated con- described in this paper, only 14 out of 86K pairs
straints derived from ideal secondary structure con- (~15%) were stereospecifically assigned. This per-
formations assuming that all 26 constraint types were formance rate is somewhat lower than that obtained
available. HYPER also provided small, but finite, so- using more heuristic methods, which generally assume
lution spaces for all of the 124 residues of RNase A standard rotamer states for side-chainconforma-
from complete and highly precise constraint data sets tions. While such information could be included in
derived from the crystal structure. For the ideal sec- the HYPER analysis, our current view, based on the
ondary structure conformers and RNase residues, HY-results with simulated data, is that higher rates of
PER also provided correct stereospecific assignmentsstereospecific ¢H, assignment frequencies can best
for all CPH, methylene proton pairs. Self-consistent be achieved by obtaining more complete and precise
solution spaces and soméld; stereospecific assign-  sets of distance and scalar-coupling constant estimates
ments were also obtained using real data for Z domain than those described here for Z domain and CspA.
and CspA. The resulting dihedral angle constraints
output by the HYPER program and stereospecific as- Flexibility
signments have been used together with the completeThe HYPER program has been designed to provide
set of NOE and other NMR data to derive high-quality significant flexibility in handling constraints derived
three-dimensional structures of Z domain (Tashiro from NOE and scalar coupling constant measure-
et al.,, 1997) and CspA (Feng et al., 1998). Thus, ments. In particular, as Karplus relationships for the
the current implementation of the HYPER program various dihedral angles handled by the program con-
provides reliable estimates of the solution spaces, tinue to be refined, the program provides for modifi-
dihedral angle constraints, and stereospecific assign-cations of the Karplus coefficients by simple editing
ments of extensive sets of data derived from real NMR  of the input files. Moreover, Karplus coefficients and
experiments. polypeptide covalent geometry can be defined indi-
In addition to providing local conformational con-  vidually for each residue in the sequence, allowing
straints, the HYPER program also provides an auto- specification of residue-specific Karplus curves or co-
matic and unbiased approach for determining stere- valent geometry. HYPER also provides methods for
ospecific ¢H, resonance assignments. Using very handling relative distance and J constraints involving
complete and relatively precise simulated data, the atoms X & HN, N, C or H*) and pairs of methy-
program consistently determines correct stereospecificlene H, protons, including estimates of the ratios of
HP resonance assignments fveryresidue contain-  these constraints or constraints on sizes of differences
ing a @H, group. However, with the real data sets between X-H2 and X-H3 distances or J values. In ad-
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Figure 3. Histogram representation of the output of HYPER for  rigyre 4. Histogram representation of the output of HYPER for
simulated data generated from the X-ray crystal structure of bovine ye4) experimental data generated for the Z domain of staphylococcal

pancreatic ribonuclease A (Wlodawer etal., 1988; pdb entry 7RSA). hrtein A (Tashiro et al., 1997). Black bars represent the excluded
Black bars represent the excluded dihedral space indicated in the ginegral space indicated in the output from HYPER.

output from HYPER. Diamonds represent the value$ o, x 1

calculated from the X-ray crystal structure coordinates.

et al., 1999), data on one-bond heteronuclear cou-
pling constants (Mierke et al., 1992; Vuister et al.,
1992, 1993) and three-bond isotope-shift effects, in-
formation about relative bond vector orientations from
comparisons of zero- and multiple-quantum relaxation
rates (Reif et al., 1997), information about local en-
ergetics defined by steric overlap or conformational
ues of dihedral angles as input to the grid search anal- database information (Gibrat et al., 1991; Kuszewski

ysis. Information that can be used to restrict the local €t @l-» 1996D), or other kinds of prior knowledge de-
conformational space searched by HYPER includes rived frqm more sophisticated conformational energy
chemical shift data (Celda et al., 1995; Kuszewski c@lculations.

et al., 1995, 1996b; Pearson et al., 1995; Cornilescu

dition, the program also handles constraints involving
diastereotopic Gly €H, atoms, Pro residues which do
not have intraresidue constraints involving amide HN
atoms, and cis peptide bond conformations.

An additional feature of the program is the ability
to define prior knowledge about ranges of allowed val-
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Dynamic averaging Future directions

One of the principal assumptions of the current version One interesting extension of the HYPER process in-

of HYPER is that the constraints to be analyzed are volves hierarchical conformational searching of higher

derived from a single static molecular conformation. dimensional spaces involving multiple residues; e.g.

This is a standard assumption of most structure gener-constraints imposed by identified+ i + 3 hydrogen

ation programs available today. However, even folded bonds ofa-helices, in which the search of higher di-

globular protein structures are in fact an ensemble of mensional spaces is guided and limited by the allowed

conformations, often interconverting on a timescale spaces characterized by searches of lower-dimensional

that is fast compared to the chemical shift and coupling spaces. Efforts are currently in progress to explore

constant timescales. The static target assumption isthe applicability of hierarchical grid searches in the

often an acceptable approximation for backbone con- analysis of higher dimensional spaces restrained by

formations and for buried side-chain conformations, medium- and long-range distance constraints.

while surface side-chain atoms and backbone atoms of

surface loops generally adopt multiple conformations

that are ensemble-averaged in NMR measurements.Acknowledgements
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Example of a sample input file for HYPER. The parser routines inside HYPER recodjlizle library ,

karplus, andResidueas keywords in addition to the names of the distances (d1 — d9 and their nicknames), scalar
coupling constants (J1 — J13 and their nicknames), and relative values of some d and J constraints as discussed
in the text. Text following two dashes, --, is considered a comment and consequently ignored by the parser. All
data related t&kesidue karplus, library anddjlist keywords must be included between brackets as shown in the
sample of input.
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-- Example of HYPER input.
-- Comments are designated by TWO dashes (--)

-- KARPLUS equation Knowledge Base.
-- A comment is required between single quotes.

karplus ‘ J coupling eqs data

Explanation of eqn.

(HN -HA Phi-60)

(HA -HB* Chi-120,Chi)
(HN -HB* Chi+-120)
(HA -HNi+1l Psi+60)
(HN -C* Phi+180)

(HN -CB Phi+60)

(HN -HB* Chi,Chi+120)
(C’-CB Phi-120)
(C’-C*i+1 Phi)

{

-- Phase Phase

-- Eq.# [ B A shift shift
1 1.55 -1.42 7.09 -60.0 0.0
2 1.60 -1.40 9.40 -120.0 0.0
3 0.10 1.20 -4.40 120.0 -120.0
4 -0.27 -0.61 -0.88 60.0 6.0
5 0.00 -1.01 4.29 180.0 0.0
6 0.13 -0.74 3.06 60.0 0.0
7 0.60 -2.04 7.20 0.0 120.0
8 0.30 1.02 1.28 -120.0 0.0
9 0.60 -0.93 1.36 0.0 0.0
10 0.59 0.67 2.02 60.0 0.0

}

-~ LIBRARY with data for polypeptide geometry.
-- A comment is required between single quotes.

library ' Standard peptide geometry -
{

(C*-CG1 Chi+60)

-- BOND/ANGLE VALUES EXPLANATION AND DEAFULT VALUE
In*ca 1.449 --Bond N-CA (def: 1.459)
In*c 1.335 --Bond N-C :(def: 1.335)
In*hn 1.010 --Bond N-H (def: 1.010)
lca*ch 1.526 --Bond CT-CT (def: 1.536)
lca*c 1.522 --Bond CT-C (def: 1.522)
lc*h 1.090 --Bond CT-HC :{def: 1.110)
h*n*ct 118.4 --Angle H-N-CT :(def: 118.4)
n*ct*hc 109.5 --Angle N-CT-HC :(def: 109.5)
n*ct*ct 109.7 ~-Angle N-CT-CT :(def: 109.7)
n*ct*c 110.1 --Angle N-CT-C {def: 110.1)
ct*ct*hc 109.5 --Angle CT-CT-HC: (def: 109.5)
ct*c*n 116.6 --Angle CT-C-N (def: 116.6)
c*n*h 119.8 --Angle C-N-H {def: 119.8)

}

djlist ' A comment is required between these single quotes. '

{

Residue_ALA_02 -- -rt-alpha-helix -57_-47_-60

{
-- library ‘ cis peptide * { omega 0.0

-= CODE VALUE UPPER
dhn-ha 2.86 3.06 2.
dhn-hb2 2.51 2.71 2.
dhn-hb3 3.61 3.81 3.
dhn-hn 2.80 3.00 2.
dha-hb2 3.09 3.29 2.
dha-hb3 2.50 2.70 2.
dha-hn 3.59 3.79 3.
dhb2-~hn 2.59 2.79 2.
dhb3-hn 3.67 3.87 3.
jhn-ha 2.84 3.04 2.
jha-hb2 12.40 12.60 12.
jha-hb3 3.25 3.45 3
jn-hb2 -0.40 -0.20 -
jn-hb3 -5.50 -5.30 -
jha-n -6.09 -5.89 -
jhn-c 3.26 3.46
jhn-cb 2.99 3.19
jc-hb2 1.38 1.58
jc-hb3 1.38 1.58
jec-cb 2.52 2.72
jc-cg 3.28 3.68
jec-c 0.57 0.97
réhn-hbr 0.70 0.90
rdha-hbr 1.24 1.44
rjha-hbr 3.82 4.22
rihn-hbr 0.07 0.47 -

}

CWROONNRE RN

-- to handle CIS peptide

LOWER

NICKNAMES



