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Abstract

The exchange-transferred NOE method to determine the three-dimensional structure of peptides bound to proteins,
or other macromolecular systems, is becoming increasingly important in drug design efforts and for large or
multicomponent assemblies, such as membrane receptors, where structural analysis of the full systemis intractable.
The exchange-transferred nuclear Overhauser effect spectroscopy (etNOESY) method allows the determination of
the bound-state conformation of the peptide from the intra-molecular NOE interactions between ligand protons.
Because only ligand-ligand NOEs are generally observable, the etNOESY method is restricted to fewer NOEs
per residue than direct protein structure determination. In addition, the averaging of relaxation rates between free
and bound states affects the measured cross-peak intensities, and possibly the accuracy of distance estimates. Ac-
cordingly, the study reported here was conducted to examine the conditions required to define a reliable structure.
The program CORONA was used to simulate etNOE data using a rate-matrix including magnetic relaxation and
exchange rates for two peptide—protein complexes derived from the reference complex of cCAMP-dependent protein
kinase ligated with a 24-residue inhibitor peptide. The results indicate that reasonably accurate peptide structures
can be determined with relatively few NOE interactions when the interactions occur between non-neighboring
residues. The reliability of the structural result is suggested from the pattern of NOE interactions. A structure
with an accuracy of approximately 1.3 A rms difference for the main-chain atoms can be obtained when etNOE
interactions between non-neighboring residues occur over the length of the peptide. The global precision is higher
(approximately 0.9 A rms difference) but is not correlated to global accuracy. A local definition of precision along
the backbone appears to be a good indicator of the local accuracy.

Abbreviations:etNOE, exchange transferred nuclear Overhauser effect; PKA, cAMP-dependent protein kinase;
PKI, inhibitor peptide of PKA; CORONA, program for calculated or observed NOESY analysis; rMD, restrained
molecular dynamics.

Introduction tein assemblies where structural analysis of the full
system is found intractable (Ni and Scheraga, 1994;
The methodology using exchange-transferred nuclear Fraenkel et al., 1996). The method may be applied
Overhauser spectroscopy (etNOESY) to determine the under variable solution conditions where appropriate
three-dimensional structure of a small molecule lig- binding exists (Clore and Gronenborn, 1983; Camp-
and when bound to a protein is becoming increasingly bell and Sykes, 1993; Ni, 1994). This ability to
important in drug design efforts and for large pro- obtain three-dimensional structural information about
e a ligand is a valuable complementary approach, both
*Both of these authors contributed equally to this work. _to crystallography in the absence of crystals and to

**To whom correspondence should be addressed. E-mail: .
Cbp@cc_purdue_edup the direct NMR method for very large molecular-



18

weight systems. Exchange-transferred NOESY was and force fields were used with rMD coupled to
first used for three-dimensional structural determina- high-temperature annealing (Clore et al., 1986, 1987;
tion with nicotinamide-adenine dinucleotide (Albrand Metzler et al., 1989), or with increased dimension-
et al., 1979; Clore and Gronenborn, 1983; Feeney ality to four spatial dimensions (van Schaik et al.,
et al., 1983; Levy et al., 1983; Andersen et al., 1985; 1993). The results indicate that reasonably accurate
Machida et al., 1985), and has since been applied peptide structures can be determined with relatively
to flexible peptides (Scherf et al., 1992; Matsunaga few NOE interactions when the interactions occur be-
et al., 1993; Andrieux et al., 1995; Schneider and tween non-neighboring residues. The reliability of the
Post, 1995; Mayo et al., 1996; Burritt et al., 1998; structural result is suggested from the pattern of NOE
Eisenmesser and Post, 1998; Fraternali et al., 1998;interactions. In addition, local precision of the set of
Gizachew et al., 1998; Kobayashi et al., 1999). When NMR structures appears to be a good indicator for
the ligand has few degrees of freedom, a small num- deciphering accurate local structure.
ber of distance estimates can readily resolve possible
conformations, while the determination of the bound
structure of larger, more flexible ligands using the Methods
etNOESY method is more challenging. Only ligand—
ligand NOE interactions are readily measured by the Reference structures
etNOESY experimentBecause the density of tertiary  Two reference complexes were constructed from the
interactions is lower for a peptide than for a glob- energy-minimizedternary complex PKRATPePKI(5—
ular protein, there are fewer NOE interactions, and 24) (PDB accession code 1ATP) differing only in the
hence distance restraints, per residue for a peptide.residues selected from PKI(5-24). The peptide lig-
In addition, a small-molecule peptide ligand lacks the and, 13 residues in both complexes, begins either at
extensive packing interactions of folded proteins, and residue 5, PKI(5-17), TTYADFIASGRTG-N} or
thus the advantage close packing confers by limiting at residue 9, PKI(9-21), acet-DFIASGRTGRRNA-
the number of energetically favorable conformations. NH,. The numbering of the peptide residues comes
Structural characterization of a peptide ligand by et- from the inhibitor protein from which it is derived
NOE differs even from that of a protein surface loop (Walsh et al., 1971; Ashby and Walsh, 1972). Pro-
which is covalently constrained at one or both ends tons were built onto the heavy-atom positions using
and usually shows NOE interactions by packing with the HBUILD command in CHARMM (Brooks et al.,
other parts of the protein. These factors present the 1983). Crystallographic coordinates within 20 A of
need for assessing the accuracy of etNOE structures.PKI(5-24) were subjected to 700 steps of conjugate
Accordingly, we undertook this study to examine gradient energy minimization (Fletcher and Reeves,
the etNOESY requirements which define a reliable 1964). The rms difference of the main-chain atoms of
structure. the peptide before and after energy minimization was
We report a simulation study to examine the ac- 0.53 A.
curacy of bound peptide structures determined from
etNOESY data using distance-restrained molecular etNOESY simulations

dynamics (rMD). The crystallographic structure of Coordinates of the two peptide—protein complexes
CAMP-dependent protein kinase (PKA) bound with were used to calculate etNOESY cross-peak inten-
the peptide inhibitor PKI(5-24) (Knighton et al., sities with the rate-matrix program CORONA (Cal-
1991) was used to simulate etNOESY data from a culated OR Observed NOESY Analysis). CORONA
full rate matrix analysis with the program CORONA  provides the full matrix solution to the simultaneous
(Zheng and Post, 1993, 1996). Two 13-residue re- Bloch equations for cross relaxation in proteins or nu-
gions from PKI were modeled in order to examine cleic acids, given either a structure or a set of NOE
different structure types. Effects of exchange on the intensities from one- or two-dimensional data (Post
interpretation of ligand interproton distances from the et al., 1990). In addition to the spin-diffusion effects
etNOE intensity were considered. Various protocols accounted for by the rate matrix analysis, the effects
Tthough some ligand—protein interactions have been mea- of eXCha.nge We.re m.CIUded in the simulation of et-
sured (Ramesh et al., 1996; Casset et al., 1997; Poppe et al., NOESY intensities with CORONA (Zheng and Post,
1997; Sokolowski et al., 1998), these are too few to be considered 1993, 1996). Methyl group rotations were explicitly
generally useful for structure determination. taken into account, but no other internal motions in
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the bound peptide were considered. The exclusion of the observed, exchange-averaged chemical shift is
internal motion in this initial simulation study of the dominated by the free peptide chemical shift. Thus,
exchange-transferred NOE method for structure deter- methylene and aromatic side-chain protons are often
mination is reasonable given that the error introduced closely overlapped or magnetically equivalent due to
by assuming a rigid molecule instead of one with in- motional averaging. Moreover, even in cases where
ternal, thermal motion has been shown to be small methylene proton resonances are resolved, stereospe-
when applying approximate distance restraints (Post, cific assignments are rarely obtained. Accordingly, the
1992). Protons on the peptide and any protein proton etNOE intensities for all methyl and methylene pro-
within 8.0 A of any peptide atom, excluding exchang- tons, as well as the Tyr and Phe side-chainatd
ing hydrogens from Ser, Thr, and Tyr side chains, were He protons were treated as degenerate or overlapped
included in the matrix analysis. The correlation times peaks by summing the appropriate calculated inten-
for the free ligand<;; ;) and the complext.,.) were sities. The average intensity was categorized and the
estimated from molecular weight to be 0.64 ns and restraint applied to the entire set of degenerate protons
18.3 ns, respectively. A PKA concentration of 0.5 mM (e.g. HB*-HG*). Each CHARMM rMD test method
and peptide concentration of 5.0 mM were assumed. A (see below) used a simple distance averaging for de-
dissociation constant of 1Q0M places the system in  generate protons (REXP= 1) while the XPLOR
the fast-exchange limit, and gives 98% of the enzyme approach averaged® values for degenerate protons
in the bound state. A mixing time of 100 ms and a (AVER x R-6).
spectrometer frequency of 500 MHz were used.
Structure determination approaches

Distance restraints The smw and EXACT distance restraints generated
Two distance-restraint lists were generated in this from each of the two peptide complexes were used
study. To simulate a practical approach for estimat- in rMD calculations of the isolated peptides with
ing distance restraints, the first list was obtained by four approaches using CHARMM and one using
categorizing the etNOE volumes into strong, medium X-PLOR 3.1 (Briinger, 1992), as outlined in Ta-
and weak interactions. Thismw list correspondsto  ble 1. All CHARMM calculations employed the
lower and upper bounds in the square well potential CHARMM22 parameters, files top_allh22_prot.inp
of 1.8-2.7 A, 1.8-3.3 A and 1.8-5.0 A, respectively. and par_alln22_prot.inp (MacKerell et al., 1998),
The volume intensity between thé ldnd H ring pro- modified as previously described (Eisenmesser and
tons of Phe 10 was used as an internal reference forPost, 1998) to ensure tyrosine and phenylalanine ring
categorizing the restraints in bogivw lists since this planarity, and to maintain a trans peptide bond during
aromatic residue is common to both peptide models. high temperature simulations. A square well potential
This reference is the average intensity for two NOE was used for the distance restraints with, equal to
pairs (H1-H¢1 and H>-H¢2), each with a fixed inter- 50 kcal mot? A=2. The X-PLOR parameters were
proton distance of 2.45 A. The intensities of theHie defined by topallhdg.pro and parallhdg.pro with a soft
peaks were not significantly altered by relaxation from square-well potential for the distance restraiits,
Hn. The remaining NOE intensities were categorized equal to 50 kcal molt A=2, and a linear slope equal
as strong, medium, or weak, assuming-afl depen- to 1.0 (Kraulis et al., 1989; Bringer, 1992).
dence of the cross-peak intensity. Intensities less than  The four different CHARMM approaches varied
5% of the reference intensity were considered to fall the force field and the molecular dynamics algo-
below a baseline noise level and excluded. This proce- rithm. The first two employed the CHARMM22 force
dure generated a total of 141 restraints for PKI(5-17) field, either with or without electrostatics, and are
and 145 for PKI(9-21). A second restraint list, with referred to as C1 and C2, respectively. The second
the same proton pairs as teew list, was generated two CHARMM approaches implemented molecular
in order to assess the influence of error in the distance dynamics in four spatial dimensions (4D) for the
estimates on the structural accuracy. TRIACT list Lennard-Jones potential and excluded electrostatics.
of distance restraints used an upper bound equal to theA harmonic potential imparted on the fourth dimen-
actual distance in the reference structure and set thesional coordinate controlled the extent to which the
lower bound to 1.8 A. system moved in 4D space (van Schaik et al., 1993).

By their nature, etNOE experiments must handle The first of these two 4D approaches, C3, used an
a large number of degenerate chemical shifts since initial rMD temperature of 300 K, and a fourth dimen-



20

Table 1. rMD approaches used in this study

Approach  Parameters  Electrostatics  Steric restraint  Dimensionality  Initial SA temp
C1 CHARMM Y vdwW 3D 1000
c2 CHARMM N vdw 3D 1000
C3 CHARMM N vdwW 4D 300
c4 CHARMM N vdwW 4D 1000
X1 X-PLOR N repel 3D 1000
UNRSTR CHARMM Y vdW 3D 1000

sional force constankyp, of 0.239 kcal mat! A—2.
During cooling, the system was brought to 0 K for
the fourth dimension whilésp was increased step-
wise to 23.9 kcal moil A=2. The second 4D ap-
proach, C4, brought the initial rMD temperature to
1000 K and setsp to 2.39 kcal mot! A—2. Again,
the 15 ps of cooling brought the fourth dimension
to 0 K with a stepwise linear increase kp to
239.0 kcal mott A2,

The fifth approach, X1, employed the X-PLOR
program and its force field developed to efficiently

search conformational space at high temperatures. No

From each set of 100 structures produced with each
approach, 10 structures were selected based on low
NOE energy and acceptahile values (Gunasekaran
et al., 1996; Kleywegt and Jones, 1996). The average
structure for each subset was calculated after a least
squares superposition of all heavy atoms, and then
optimized by 3500 steps of energy minimization with
knoe €qual to 50 kcal mott A—2.

Results and discussion

electrostatics are included, and a simple repulsive term In the PKA—-PKI complex (Knighton et al., 1991),

replaces the van der Waals expression.

Lastly, a set of 10 structures for PKI(5-17) and
PKI(9-21), five beginning from the minimized-
helix and five beginning from the minimized extended

PKI binds in a conformation which has both a helical
(residues 5 to 13) and an extended region (residues
14 to 24). Two 13-residue reference complexes were
derived from the crystallographic complex in order

strand of each peptide sequence, were generated usingo evaluate structure determination for a case where
no restraints and the C1 test case. These structures ar¢he peptide ligand is a recognizable helix — PKI(5—

referred to as the UNRSTR approach.
Each approach used the following rMD protocol

except as noted above for C3 and C4. Fifty structures

starting from a right-handed-helix and fifty struc-

17) — and a case where the peptide ligand lacks any
significant secondary structure — PKI(9-21).

Exchange-transferred NOE intensities

tures starting from an extended chain were generated,Exchange-transferred NOESY intensities were calcu-

beginning with different random seeds for initial ve-

lated with the program CORONA (Zheng and Post,

locities. Both starting structures had been subjected to 1993) using a rate matrix comprising magnetic relax-

energy minimization prior to molecular dynamics. The
Verlet algorithm (Verlet, 1967), and a 1 fs timestep
were used for 30 ps of rMD at 1000 K followed
by cooling to 100 K over a 15 ps period. Struc-

ation and exchange rates for all peptide protons and
protein protons which lie within 8.0 A of the pep-
tide. Then peptide protons anich protein protons give
rise to a(n + m) x (n + m) symmetric matrix that

tures calculated from the different rMD approaches includes rates corresponding to both free and bound
were then subjected to 3500 steps of restrained con-states of peptide and protein. The calculated intensi-
jugate gradient minimization in CHARMM using a ties therefore include contributions from spin diffusion
full Lennard-Jones potential and electrostatics with through both intramolecular and intermolecular dipo-
a distance dependent dielectric akg,. equal to lar interactions, as well as the relaxation effects due
50 kcal mott A=2. This final optimization of all  to the exchange process. For PKlequals 92 or 111
structures against the same force field was essentialprotons, whilem equals 192 and 332 protein protons
for a meaningful comparison of the final structures.  for the complexes with PKI(5—-17) and PKI(9-21), re-
spectively. The extended structure of PKI(9-21) leads
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Figure 1. (A) Number of NOEs per residue for PKI(5-17) broken down by type of NOE pair to intraresidue (black), sequential (dark gray),
short range (2< |i — j| < 5, light gray) and long-rangei(— j| > 5, white). Each member of the NOE pair is counted separately,
consequently the numeric total displayed is twice the number of NOEs used in the simulations. (B) Same as (A) but for peptide PKI(9-21). (C)
CORONA determined peak intensity versus known crystallographic distance for strong (solid black circles), medium (solid red squares), and
weak (solid green triangles) restraints for PKI(5-17) assuming fully protonated PKA. The same calculations were performed assuming a fully
deuterated PKA, again breaking down the restraints to strong (open circles), medium (pluses), and weak (open triangles) restraints. Horizontal
lines correspond to the intensity cutoff between restraint classification and vertical lines correspond to the expected distance cutoff for each
classification. Distances for degenerate protons (see text) were calculated as the linear average. (D) Same as (C) but for peptide PKI(9-21).

to the larger number of protein protons in the matrix 5 and 14 in PKI(5-17) have at least medium-range
calculations. interactions.
The distribution by residue of etNOE intensities is

shown in Figure 1A and 1B for PKI(5-17) and PKI(9— Accuracy ofsmw distance restraints

21), respectively. The number of distance restraints Calculation of the etNOE intensities and estimation

estimated from these intensities is 141 for PKI(5—-17) of interproton distances based on these intensities al-

and 145 for PKI(9-21). While the total number per lows an evaluation of the reliability of categorizing

peptide is similar, the number of intraresidue and in- distances based on strong, medium and weak etNOE

terresidue restraints differs. Specifically, residues 18 intensity. The accuracy of distance estimates was dis-

to 21 in PKI(9-21) are in an extended conformation cussed in simulation studies of direct NOE measure-

and have no medium (2 |i — j| < 5) orlong-range ~ ments (Post et al., 1990; Hoogstraten and Markley,

(li — j| = 5) NOE interactions, while all but residues 1996). This work builds upon these earlier studies by
considering aspects specific to exchange systems. The
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Figure 2. (A) Stereoview of a main-chain superposition of the best 10 structures of PKI(5-17) from teen@2estraints. The reference
structure for this segment of PKI is shown in bold. (B) Same as (A) but with PKI(9—-21). (C) Same as (B) but with a superpositiag,of MC

main-chain atoms for residues 9-17.

averaging of relaxation rates in an exchange system,

and the high molecular weight of the protein complex
(typically >75 kDa) affect the manner in which mag-
netization diffuses through the system, and potentially
propagates into errors in distance estimates.

The reliability of evaluating distance restraints
based onsmw intensity categories is illustrated in
Figure 1C and 1D for PKI(5-17) and PKI(9-21), re-
spectively, by plotting the intensity as a function of
the actual distance in the known complex. The inten-
sity threshold separating strong (solid black circles),
medium (solid red squares) or weak (solid green trian-
gles) intensities is indicated by horizontal lines, with
the upper limit of the restraint function marked by
a vertical line for each category. The lower limit is
approximated by a van der Waals contact of 1.8 A
for all categories and not shown. Examination of Fig-
ure 1C and 1D finds that the large majority of distance
restraints are properly categorized basedsonw in-
tensities. A small number of intensities10%) lie
to the right of the vertical line of each category,

assigned resonancésThe sources of error in cate-
gorizing restraints were found to be intra-molecular
spin diffusion and averaging of degenerate resonances.
Neither intermolecular spin diffusion nor free pep-
tide relaxation contributed significantly. Effects from
intramolecular spin diffusion have been well docu-
mented and are only mentioned here as one source of
error in distance estimates. The remaining three issues
are discussed below.

Intermolecular spin diffusion. The potential for indi-
rect contributions from spin diffusion between the lig-
and and macromolecule to ligand-ligand cross peaks
has been identified by several investigators (London
et al., 1992; Zheng and Post, 1993; Ni and Zhu, 1994;
Arepalli et al., 1995; Jackson et al., 1995; Moseley
et al., 1995; Barsukov et al., 1996). The possible exis-
tence of intermolecular spin diffusion was tested here
by simulating the etNOE intensities for fully deuter-
ated PKA. These intensities, plotted in Figure 1C and
1D using open circles, crosses, or open triangles, dif-

and result in incorrectly categorized distance restraints fer insignificantly from the intensities calculated with
when using linear averaging. The error associated with protonated PKA. A comparison of ligand cross-peak

most of these interactions is smak@.5 A), except
for four long-distance interactions in PKI(5-17) (Fig-
ure 1C). Transferred NOESY intensities may deviate
from the ideal-—® dependence for several reasons. In
addition to the intramolecular spin diffusion common
to all cross-relaxation in macromolecules, deviations

specific to exchange systems can arise from inter-

molecular spin diffusion, free peptide relaxation, or

intensities observed experimentally with protonated
and perdeuterated protein also found negligible differ-
ences (Barsukov et al., 1996). The lack of an effect
from intermolecular spin diffusion for PKPKA is

due to the manner in which the peptide binds; PKI

2Degenerate or non-stereospecifically assigned resonances are
a relatively more important consideration for etNOE since the
observed frequency values correspond to free peptide; aromatic

the presence of degenerate or non-stereospecificallyand most methylene resonances are not resolved. Stereospecific

assignments are not made due to lack of J coupling data.
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Figure 2. (continued).

binds primarily to the protein surface, with little op-  with a short correlation time and random averaging of
portunity for effective cross-relaxation via protein pro- interproton distances. A second relaxation effect less
tons for any specific pair of ligand protons. Indeed, commonly recognized is the loss of NOE intensity due
an examination of all peptide—peptide pairs with less to Tlf’“ (Campbell and Sykes, 1991; Zheng and Post,
than 4.0 A separation found no protein proton within 1993). This effect increases at longer mixing times
a short enough distance to have an Overhauser effectand higher free to bound peptide ratios, but under the
beyond that due to peptide relaxation pathways. The conditions simulated in this study, it is not signific&nt.
calculated intermolecular spin-diffusion effect from

this spatial arrangement of spins becomes apparentDegenerate and non-stereospecifically assigned reso-
only at long mixing times (at least 300 ms) and/or nances. A third source of error in estimating distance
low ligand:protein ratios (results not shown). Earlier restraints for etNOE is the problem of many degener-
experimental studies, which showed that protein relax- ate cross peaks and lack of stereospecific assignments
ation pathways contribute to particular ligand-ligand for the free peptide resonances. Numerous approaches
etNOE intensities (Zheng and Post, 1993; Arepalli exist to take into account multiple interproton dis-
et al., 1995; Vincent et al., 1997; Sokolowski et al., tances in applying a single distance restraint. This
1998), involved ligands that bind with some portion work has utilized linear-distance averaging and
deeply buried within the protein, and are thus more averaging. These errors are approximately 0.5 A, and
likely to have nearby protein protons providing an are smaller forr—8 rather than linear averaging of
efficient relaxation pathway. degenerate pairs.

Free peptide relaxation. When performing etNOE-  NMR structure determination

based structure determinations, two types of relaxation NMR structures were generated in vacuo by restrained
from the free peptide can affect the observed etNOE molecular dynamics using different force fields and

intensity. Cross-relaxation in the free statg, would  protocols for the five approaches outlined in Table 1.
contribute to the observed NOE intensity according to Ejther smw or EXACT restraint lists were applied to

the fractional molarity of unbound peptide when fast
exchange conditions apply (Clore and Gronenborn, 3The insignificance ofs s or 7" can be easily validated
1983). Nonetheles&;f is small in this simulation experimentally by measuring the NOE intensity of free peptide

. . . under the conditions of the etNOE experiment, or by varying the
study, as is generally the case for flexible peptides protein/peptide rafio and measuring the change.jn.
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Figure 2. (continued).

distinguish effects on structural accuracy due to errors mined for the coiled peptide. For both PKI(5-17) and
in the interproton distance estimates from the successPKI(9-21), theEXACT restraints produce structures
of the rMD approach to generate the correct confor- with fewer violations and lowek,,. values than those
mation. All of the NMR structures were subjected to obtained using themw restraints. Thus, accurate dis-
a final optimization by energy minimization against tance restraints appear to be more easily satisfied. That
the same empirical-energy potential functidty,, Enoe and E.,,, in Table 2 are larger for the X-ray
to obtain a meaningful comparison of geometry and structure than for the NMR structures is in part due
nonbonded contact€,,,, is the CHARMM22 force to the errors in the NMR restraints.
field including electrostatics and physically reasonable Particular to structures determined from etNOE is
molecular mechanics parameters (MacKerell et al., that the initial rMD simulations are done on the iso-
1998). Table 2 lists the information available follow- lated peptide and the interactions with the protein are
ing NMR structure determination and commonly used absent. Indeed, if the reference peptide is extracted
to assess the results: the empirical energy, NOE en-from the complex and subjected to energy minimiza-
ergy, and number of violations exceeding 0.1 A and tion, the NMR structures are found to match the
0.2 A. The values are averaged over 10 structures se-resulting reference structure more closely; in the case
lected from the 100 generated by rMD, and the overall of PKI(5-17), this process improves the accuracy of
averages for the five approaches are also listed. the NMR structures (defined below) by approximately
The NMR structures generated by rMD agree 0.5 A. This result suggests that the etNOE peptide
well with the NOE distances. For the helical peptide structure could be improved by docking the peptide
PKI(5-17), (E}3Y) from 141 restraints is less than on the protein surface to include the intermolecular
5 kcal/mol, or 0.4 kcal/residue/mol, and the average interactions in the rMD calculations.
number of violations above 0.2 A is less than one per
structure (Table 2). In the case of the coiled peptide, Accuracy of the NMR structures
PKI(9-21), the distance restraints are less well satis- The accuracy of an NMR structure is defined here by
fied by rMD; the(E}Gg") values are somewhat larger its rms coordinate deviation from the starting refer-
(~0.6 kcal/residue/mol), and the average number of ence structure. Deviations are averaged over all heavy
violations is 2.5 per structure. Similarly, when using atoms (AH), the main-chain backbone atoms N, C
the EXACT restraints, the helical peptide structures and C (MC), or selected main-chain atoms (M
satisfy the restraints better than the structures deter-For PKI(5-17) the selected main-chain atoms are the



Table 2. Average energies and NOE violations for the rMD techniques used with each
peptide

PKI(5-17) usingsMw restraints

Approach  (Eemp®  (EnoMV)P Egmys Eaedd  (violations)
>01A >02A
X-ray® —28.10 138.74 12 8
X-rayf 0.23
C1 —63.33 4.53 —-52.39 4.87 6.7 0.7
c2 —50.96 3.96 —48.82 3.68 5.2 0.6
C3 —-50.48 4.12 —-58.23 4.66 5.3 0.5
C4 —56.29 4.23 —85.99 4.29 5.4 0.5
X1 —-51.18 0.19 —-57.83 0.10 0.0 0.0
Averagé —54.45 341 —60.65 3.52 4.52 0.46

USIiNg EXACT restraints

Approach  (Eemp (ERXCT)  Edmb E3d  (Violations)
>0.1A >02A

X-ray —28.10 0.00 0 0
C1 —-51.91 1.35 -50.21 1.30 0.0 0.0
c2 —46.87 1.98 —51.69 1.39 0.7 0.3
C3 —-50.80 1.33 —50.42 131 0.3 0.1
C4 —-50.89 1.33 -50.41 131 0.0 0.0
X1 —48.31 1.72 —50.32 1.44 0.9 0.0
Averagd  —49.76 154 —50.61 1.35 0.38 0.08

PKI(9-21) UsingsMw restraints

Approach  (Eemp) (ESMW) Eamp E3d  (Violations
>0.1A >02A

X-ray® —-123.96  54.77 12 10
X-rayf 0.00

c1 —233.81 8.71 -211.68 828 95 2.4
c2 -190.11 8.11 —202.91 843 87 2.4
c3 —-195.96 5.86 17936 7.07 7.1 1.1
c4 —187.01 8.41 -176.33 889 8.6 25
X1 —177.91 0.73 —~184.09 168 0.4 0.0
Averagd  —196.96 6.36 -190.87 6.87  6.86 1.68

Using EXACT restraints

Approach  (Eemp) (ERXCT)  ESmp Eaed  (Violations
>01A >02A

X-ray —123.96 0.00 0 0
C1 —205.90 8.30 —199.42 9.50 9.3 12
Cc2 —151.94 4.94 —142.31 557 4.0 0.7
C3 —172.69 4.89 —171.53 562 4.6 0.8
C4 —169.12 4.12 —165.50 480 4.4 0.0
X1 —151.99 9.38 —135.07 12.70 5.9 1.8
Averagd  —170.33 6.33 —-162.77 7.64 5.64 0.90

aaverage empirical energy from each ensemble.

Average NOE energy from each ensemble.
CEmpirical energy from the minimized average structure.

NOE energy from the minimized average structure.
eNOE energy calculated using simple averaging of degenerate protons.
fNOE energy calculated using © averaging of degenerate protons.
9Average value from the five rMD approaches.
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helical residues Thr 5 to Ser 13, and for PKI(9-21) (A) THRG
the selected main-chain atoms are those residues with 1204t >
medium-range or long-range NOE interactions, Asp 9

to Gly 17. Rms deviations are listed under the heading Y01
Accuracy in Table 3 as the average for the 10 NMR
structures, and the single value for the average NMR
structure after energy minimization.

The five approaches were found to give similar (B)
results, with no one approach consistently resulting )
in a set of more accurate structures. X1 generated 1201°
a more accurate set of structures for PKI(5-17), but ]

-120 1

not for PKI(9-21). The results are therefore discussed Vo

hereafter in terms of the averages over all approaches. 1201

All figures are shown with structures from the C2 ap- e —
proach merely for consistency. lllustrations from the 12000120 1200
other four approaches are similar. o

The global structure of the helical peptide PKI(5— Figure 3. Selected individual Ramachandran plots for (A)

17), with medium-range NOE interactions for nea”y PKI(5-17) residue Thr 6 and (B) PKI(9—21) residues Gly 14 and Gly
I id . Il det ined (Fi 2A): d 17, produced with approach C2 using #hew restraint list. Angles

a. .reS| ues, Is we etermined (Figure ); de- from the reference structure are shown as open squares, results from
viations from the target equal 0.8, 1.3 and 2.6 A the simulations are shown as filled squares.
rms for MG, MC, and AH, respectively (Ta-
ble 3). Ramachandran plots of all individual residues ] ) ] .
(Laskowski et al., 1996) showed narrow distributions ange NOE interactions, is well determined. Yet the
near the target value. Interestingly, although Thr 6 in uncertainty of residues 17 to 20, which only have in-
the reference structure occupies a region of the Ra- traresidue and sequential NOE interactions, limits the
machandran plot that is energetically unfavorable, the 9lobal accuracy. _
NMR structure determination is able to reproduce this ~ AS @ control, rMD was run without NMR re-
high-energy state of PKI(5-17). Thig ¥ distribution straints. The isolated, flexible peptide displays con-
for Thr 6 from one of the NMR approaches (filled siderable conformational mobility, and the differences

squares) is plotted in Figure 3A with the value for the Petween the PKI structures and the reference struc-
reference structure (open square). ture are substantially larger (Table 4) than that after

The overall main-chain conformation of the coiled réstrained molecular dynamics (Table 3). Thus, the et-
peptide PKI(9-21), which lacks medium-range NOE NOE distance restraints effectively guide the molecu-
interactions for residues 18 to 21, is determined (Fig- !ar dynamics sampling toward the reference structure,
ure 2B) but the accuracy is lower than that for PKI(5— and restrict the allowed conformational space to the
17). The average rms deviation from the reference aPPropriate region. _ _
structure for PKI(9-21) is 1.0, 2.9 and 4.2 A for The accuracy of structures obtained with the upper
MCse, MC, and AH, respectively (Table 3). The prob- bound of theE,,, restraint potential set to the exact
lem arises from the lack of medium and long-range distance in the reference structuexAcCT restraints)
NOE interactions for the C-terminal residues 18 to Was determined to distinguish the effect of errors in
ity occurs at Gly 17, as seen in the distribution of the 1N the rMD conformational search procedure itself. In
NMR structures viewed in Figure 2C after overlaying the case of the helical peptide PKI(5-17), errorsin the

residues 9 to 17. Examination of the Ramachandran estraints did limit the structural accuracy. The MC
plot for Gly 17 (Figure 3B) finds a broad distribu- @nd AH rms deviations between the reference struc-

tion, including values in high-energy regions. Such a ture and the NMR structures are reduced from 1.3A
broad distribution is not found for all glycine residues; t© 0.8 A, and from 2.6 A to 1.2 A, respectively (Ta-
Gly 14 in this peptide has a tight,  distribution, b!e 3). On the _other hand, removing th(_e error in the
similar to the distribution for other residues in the pep- distance restraints for the extended peptide PKI(9-21)
tide both preceding and following Gly 17. Thus, the does not improve the global structural accuracy (MC
structure of the selected residues 9 to 17, with mid- rms difference is 2.8 A for botsmw andEXACT re-



Table 3. Accuracy and precision of each rMD technique

PKI(5-17) Accuracy Precision
Using SMw restraints Ensemble average Minim. avg. structure
Approach AH  MmCT  MCE AH MC  MCggq AH MC MCgq
C1l 2.6 1.3 0.74 2.5 0.86 0.36 1.1 0.75 0.60
Cc2 3.0 1.5 0.89 3.0 1.5 0.84 0.67 0.35 0.35
C3 2.8 1.3 0.73 2.8 1.3 0.69 0.70 039 0.34
C4 3.1 1.6 1.1 2.9 1.5 1.0 0.92 0.64 0.64
X1 1.6 0.83 0.35 1.5 0.68 0.29 1.6 0.69 0.20
Average 2.6 1.3 0.76 2.5 1.2 0.64 1.0 0.56 0.43
USiNngEXACT restraints ~ Ensemble average Minim. avg. structure
Approach AH MC MGl AH MC  MCgq AH MC  MCgq
C1l 1.2 0.57 0.22 1.0 058 0.22 048 0.15 0.01
Cc2 1.2 0.58 0.21 1.0 0.59 0.22 0.69 0.18 0.07
C3 1.1 0.59 0.23 0.92 058 0.23 0.48 0.12 0.02
C4 11 057 0.23 0.93 057 0.23 0.41 0.08 0.01
X1 1.3 0.56 0.20 1.1 050 0.21 1.1 0.40 0.10
Average 1.2 0.57 0.22 0.99 0.56 0.22 0.64 0.19 0.04
PKI(9-21)
Using SMw restraints Ensemble average Minim. avg. structure
Approach AH MC  MGgf AH MC  MCggq AH MC MCgq
C1l 4.1 2.3 1.0 3.6 1.9 0.83 2.9 2.0 0.42
Cc2 4.3 2.8 1.0 3.6 2.5 0.93 2.5 1.7 0.45
C3 4.9 3.7 11 3.8 3.2 1.2 3.0 2.0 0.36
C4 3.7 2.5 1.0 3.3 2.5 0.89 1.5 1.0 0.30
X1 4.2 2.9 0.88 3.3 2.6 0.95 4.7 3.3 0.84
Average 4.2 2.9 1.0 35 2.5 0.97 2.9 2.0 0.47
UsSiNngEXACT restraints ~ Ensemble average Minim. avg. structure
Approach AH MC  MGg AH MC  MCgq AH MC  MCgq
C1l 4.6 3.0 0.78 4.3 2.1 0.92 3.4 2.5 0.52
Cc2 3.4 2.4 0.55 3.1 2.4 0.47 2.0 1.2 0.25
C3 3.2 2.0 0.50 3.3 1.8 0.45 2.0 1.2 0.18
c4 3.1 2.3 0.60 2.9 2.1 0.59 2.1 1.3 0.35
X1 3.9 2.5 0.58 4.2 2.1 0.57 4.0 2.7 0.48
Average 3.6 2.4 0.60 3.6 2.1 0.60 2.7 1.8 0.36

aMeasured as an rms difference between the ensemble of best 10 structures and the X-ray structure.
PMeasured as the average rms difference within the ensemble.
CAll heavy (non-hydrogen) atoms.

dMain-chain N, G, C atoms.

€Main-chain atoms for residues 5-13.

fMain-chain atoms for residues 9-17.
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Table 4. Accuracy and precision of the ensembles with no restraints for both
model peptides

Approach and Accuracy Precision

peptide model AH MC  MGg AH MC  MCggq
UNRSTR PKI(5-17) 5.43 355 3.19 359 268 231
UNRSTR PKI(9-21) 6.42 4.00 291 4.04 296 245

straints), but does improve the results for residues 9 to andE,,,, are also available to the experimentalist and
17, which participate in medium-range NOE interac- could be used to judge the structure quality. While
tions (MGsel rms difference is 0.6 A foExacT and a number of structural models satisfied the restraints
1.0 A for smw restraints). The average NMR struc- equally well and had favorable energy values, no cor-
ture displays similar behavior (Table 3). The change relation was found between accuracy and low energy.
in the NMR solutions when usingXACT restraints Thus, E,,. in the cases examined here is most useful
is visually illustrated by comparing the structures in for screening bad structural models, but is not a sen-
Figure 4 with those in Figure 2. The improvements are sitive indicator of accuracy among models with low
clearly evident in panels A and C, while little change energy values.
is apparent in panel B. These results show that more  Although there is no physical relationship that
accurate restraints improve the structure except whenrequires precision to be related to accuracy, circum-
the structure problem is poorly determined by the lack stances may exist where precision is found to be a
of enough structurally significant NOE interactions.  useful indicator. Clearly, the results in Table 3 show
that both the accuracy and precision are higher for
Precision of the NMR structures PKI1(5-17) compared to PKI(9-21). Furthermore, both
The precision is defined as the average of the pairwise the accuracy and the precision improve when the dis-
rms deviation between each of the 10 selected struc-tance restraints are changed fremw to EXACT. In
tures and the average NMR structure. Values are givenan attempt to obtain an estimate for the reliability of
in the last three columns of Table 3 for averages over a structural model, we looked for some measure that
the groups AH, MC and Mg Coordinate differences  might reflect the basis for this correspondence. The
are obtained following a least-squares superposition presence of mid-range NOE interactions was shown
of atoms in the different groups. The precision of the above to correlate with accuracy, which suggests that
structure determination is high in all comparisons of a local measure may be appropriate.
PKI(5-17) and for MGg| from PKI(9-21). Most rms A local precision and accuracy were calculated
deviations are less than 1.0 A and this convergenceusing a three-residue average; atoms from a central
is visualized in Figures 2 and 4. That is, the NMR residue and each neighboring residue are included in
structures are more precisely determined than they arethe least-square superposition of structures and in the
accurate, as found by previous simulation studies of rms summation. A representative plot shown in Fig-
NMR structure-determination methods (Clore et al., ure 5 of the results generated with thew restraints

1993; Zhao and Jardetzky, 1994). demonstrates a correlation between the local precision
and accuracy. The peaks in Figure 5C are Gly 17 of
Local precision and accuracy PKI1(9-21), matching the imprecision of this residue

An issue in the development of NMR methods for With its inaccuracy. A similar degree of correlation is
structure determination has been the question of seen in the other four approaches.

whether precision of the NMR models is a useful

indicator for the accuracy of the structural result. Con-

sistent with earlier studies (Zhao and Jardetzky, 1994; Conclusions

Hoogstraten and Markley, 1996), precision of the

whole molecule was not found to be a sensitive in- Macromolecular systems of recognized and defined
dicator for which of the rMD approaches generated biological importance are increasingly more complex
the more accurate NMR structures. Valuesmf,, in character. Exchange-transferred NOE spectroscopy
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Figure 4. (A) Stereoview of a main-chain superposition of the best 10 structures of PKI(5-17) from thrRACZ restraints. The reference
structure for this segment of PKI is shown in bold. (B) Same as (A) but with PKI(9-21). (C) Same as (B) but with a superpositiag,of MC
main-chain atoms for residues 9-17.

can play an important role for obtaining informa- structure of bound peptides determined from interpro-
tion about three-dimensional structural specificity and ton distances estimated from etNOESY intensities in
recognition for large protein complexes which are not combination with restrained molecular dynamics.
amenable to study by X-ray crystallography. An im- The accuracy of the structures obtained from the
portant application of the etNOE method of structural etNOESY method was approximately 0.7 to 1.3 A
analysis is to peptide—protein complexes which either MC rms difference between the NMR structures and
involve inhibitory peptides or model protein—protein the reference structure when etNOE interactions were
interactions. Distinctions between etNOE and direct present between non-sequential residues. For regions
NOE structure determination are the lower density of where the interactions were limited to intraresidue and
NOE contacts, the relaxation effects associated with sequential contacts, the overall accuracy was reduced
the exchange process, and reduced packing interacto approximately 2.5 to 3 A rms difference from the
tions, including loose ends, typical of bound peptides. reference structure. This level of accuracy results in a
The results reported here examine the reliability of the good model of the bound peptide, as evident visually
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Figure 4. (continued).
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Figure 5. Local accuracy (filled squares) and precision (pluses) for
main-chain (A) and all heavy (B) atom selections of PKI(5-17) and
main-chain (C) and all heavy (D) atom selections of PKI(9-21) for
approach C2. Local accuracy and precision were measured by over-
laying three-residue increments from the ensembles wittstiner
restraint list using the appropriate atom selection and measuring the
rms difference along that same increment.

in Figure 2, but is somewhat lower than that reported
forwhole proteins (Clore et al., 1993; Zhao and Jardet-
zky, 1994; Hoogstraten and Markley, 1996). A variety
of rMD approaches, differing by the presence or ab-
sence of electrostatic interactions or the inclusion of

a fourth spatial dimension, were equally effective at
generating reliable structures that satisfy the NMR
restraints.

A critical factor for defining a reliable three-
dimensional structure of the peptide is the occur-
rence of etNOE interactions between non-sequential
residues. The results presented here demonstrate that
a structure obtained for a peptide with a stretch of
residues having only intraresidue and sequential et-
NOE interactions is less reliable. The total number
of distance restraints per residue was approximately
equal for the two peptides examined 1), yet the
quality of the structural models varied. Thus, the pat-
tern of NOE interaction, rather than the total number
of distance restraints per residue, is important. This
point can be appreciated by considering, for exam-
ple, that one or two mid-range NOE interactions could
reasonably define the main-chain conformation of a
four-residue tight turn. The presence of non-sequential
NOE interactions over most of the peptide is partic-
ularly important for etNOE structure determination
since packing effects are absent and the ends are not
tied down as would be the case for surface loops in
a protein. When a stretch of residues lacks mid- or
long-range NOE interactions, a number of conforma-
tions were found that satisfied the intraresidue and
sequential restraints but differed in their overall global
structure. Docking the peptide onto the protein surface
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may be a reasonable approach in this case for selectingout a relationship was found between the precision
the correct peptide structure from the set of structures and accuracy defined on a local scale of three-residue
obtained for the isolated peptide. segments. This relationship is not caused by structural
It is of interest to note that most of the distance bias in the reference structure of this simulation study,
violations greater than 0.2 A in the peptide structures since the reference structure is from crystallographic
correspond to incorrectly categorized distances. The coordinates that do not optimally fit the rMD target
errors in these restraints were due to degenerate NOEpotential function. The correlation is reasonable given
pairs, such as Y10 $152-Y10 H, and Y7 Hq s>— the strong dependence of accuracy on the existence of
F10 Hy1 52, and vicinal protons of methylene groups, etNOE interactions between non-sequential residues.
that required distance averaging for the restraint tar- In the case of peptides, these interactions are pre-
get. Increased upper bounds for distances estimateddominantly restraint pairs separated by two or three
from a degenerate cross peak (Eisenmesser and Postntervening residues. The local precision is reflect-
1998; Maurer et al., 1999) could improve the structural ing the impact of these structurally valuable restraints.
accuracy. The dependence of accuracy on the number of mid-
Intermolecular spin diffusion through the protein and long-range NOE interactions, rather than the total
does not give rise to errors in distance restraints. The number of restraints, is probably not limited to peptide
lack of any significant influence from protein protons ligand structure. The improved accuracy of whole pro-
on the ligand etNOE intensities shown in Figure 1 tein structures reported in the literature has coincided
for an actual protein—peptide complex is consistent with an increase in the number of distance restraints,
with results from a three-spin simulation study (Zheng yet alonger list of restraints likely includes an increase
and Post, 1993) in light of the absence of protein in those restraints with long-range structure defining
protons proximal to peptide protons. Indirect spin- value.
diffusion effects from protein protons were shown to
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