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Abstract

Determination of precise and accurate protein structures by NMR generally requires weeks or even months
to acquire and interpret all the necessary NMR data. However, even medium-accuracy fold information can
often provide key clues about protein evolution and biochemical function(s). In this article we describe a
largely automatic strategy for rapid determination of medium-accuracy protein backbone structures. Our
strategy derives from ideas originally introduced by other groups for determining medium-accuracy NMR
structures of large proteins using deuterated, '*C-, '*N-enriched protein samples with selective protonation
of side-chain methyl groups (‘*CH,). Data collection includes acquiring NMR spectra for automatically
determining assignments of backbone and side-chain '°N, HY resonances, and side-chain '*CH; methyl
resonances. These assignments are determined automatically by the program AutoAssign using backbone
triple resonance NMR data, together with Spin System Type Assignment Constraints (STACs) derived from
side-chain triple-resonance experiments. The program AutoStructure then derives conformational con-
straints using these chemical shifts, amide 'H/°’H exchange, nuclear Overhauser effect spectroscopy
(NOESY), and residual dipolar coupling data. The total time required for collecting such NMR data can
potentially be as short as a few days. Here we demonstrate an integrated set of NMR software which can
process these NMR spectra, carry out resonance assignments, interpret NOESY data, and generate medium-
accuracy structures within a few days. The feasibility of this combined data collection and analysis strategy
starting from raw NMR time domain data was illustrated by automatic analysis of a medium accuracy
structure of the Z domain of Staphylococcal protein A.

Keywords: Automated NMR data analysis; deuteration; minimal NMR constraints; selective labeling;
structural genomics

Following the success of the genomic sequencing projects,
an International Structural Genomics Initiative (Www.isgo.
org) has been established to investigate the feasibility and
value of high-throughput approaches for determining three-
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dimensional (3D) structures of thousands of gene products
(Montelione and Anderson 1999; Burley 2000; Kim 2000;
Montelione et al. 2000; Terwilliger 2000; Chance et al.
2002). Although X-ray crystallography plays the leading
role in determining protein structures in these initiatives,
NMR methods continue to make unique and important con-
tributions in this challenging area (Montelione et al. 2000;
Prestegard et al. 2001; Kennedy et al. 2002). The high-
throughput potential of NMR structure determination has
been discussed in view of recent advances in sample prepa-
ration, NMR hardware, data analysis software, as well as
developments in measuring new types of constraint data
(Wider and Wiithrich 1999; Goto and Kay 2000; Monteli-
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one et al. 2000; Prestegard et al. 2001; Kennedy et al. 2002).
In particular, new cryogenic probe and high magnetic field
spectrometer technologies dramatically reduce data collec-
tion times needed to acquire NMR data sufficient for struc-
ture analysis (Kennedy et al. 2002; Monleon et al. 2002).
Experiments that conventionally require days of data col-
lection can now be completed in hours, creating a poten-
tially valuable role for NMR in high-throughput protein
structure production.

The use of triple resonance experiments on uniformly
>N, '3C-labeled samples provides a general approach for
protein structure analysis by NMR (Montelione and Wagner
1989, 1990; Ikura et al. 1990; Kay et al. 1990). However,
for fully protonated proteins, relaxation processes decrease
the efficiency of magnetization transfers. One of the impor-
tant approaches to limit these relaxation pathways is to use
perdeuterated samples (Metzler et al. 1996; Gardner and
Kay 1998; Goto and Kay 2000; Medek et al. 2000). NMR
experiments recorded on such samples have significantly
improved sensitivity and resolution (Grzesiek et al. 1993;
Yamazaki et al. 1994; Gardner et al. 1997). However, the
absence of aliphatic and aromatic protons in fully deuterated
samples presents serious challenges for structure determi-
nation using conventional NMR methods that depend on
nuclear Overhauser effect (NOE) interactions to provide
long-range distance constraints needed to determine global
protein folds. A subsequent improved strategy is to proto-
nate selective methyl groups in otherwise perdeuterated pro-
tein samples (Metzler et al. 1996; Rosen et al. 1996; Goto et
al. 1999; Goto and Kay 2000). This approach retains the
advantages of improved sensitivity and resolution through
partial deuteration, while often providing sufficient num-
bers and distributions of NOE distance constraints to deter-
mine a protein’s chain fold. Using selective methyl proto-
nated ('3CH3), 2H-, '>N-, 3C-labeled samples and manual
analysis approaches, several protein structures ranging in
size from 14 to 42 kD have been determined with low to
medium accuracy (Gardner et al. 1997; Aghazadeh et al.
1998; Berardi et al. 1999; Medek et al. 2000; Mueller et al.
2000).

In addition to the conventional NOESY experiments,
NMR experiments detecting residual dipolar couplings
(RDCs) and scalar coupling interactions across hydrogen
bonds also provide important constraints for structure de-
termination (Tolman et al. 1995; Tjandra and Bax 1997,
Prestegard 1998; Cordier et al. 1999; Cornilescu et al.
1999). These data can be acquired quite efficiently in a
rather short period of time, and therefore are suitable for fast
structure generation. In fact, RDC data have been used as
primary NMR constraints for rapid determination of protein
global folds (Delaglio et al. 2000; Fowler et al. 2000; Hus et
al. 2000; Andrec et al. 2001, 2002; Rohl and Baker 2002).
Although such progress in “medium-accuracy” NMR struc-
ture analysis without using NOE data is very promising and

encouraging, NOE interactions contain rich structural con-
straints, and should be applied in structure generation if they
can be easily measured and interpreted.

NMR software development is another critical area of
scientific and technological development necessary for
achieving high-throughput NMR structure production. On-
going development has produced software for rapid auto-
mated and semiautomated analysis of protein NMR assign-
ments and structures (Mumenthaler et al. 1997; Nilges et al.
1997; Zimmerman et al. 1997; Moseley et al. 2001; Gron-
wald et al. 2002; Hermann et al. 2002; Huang et al. 2003;
for a recent review, see Moseley and Montelione, 1999). In
our own lab, we have organized a suite of software for NMR
data analysis that includes software developed by other
groups (e.g., NMRPipe for NMR spectral processing [Dela-
glio et al. 1995], Sparky [Goddard and Kneller, 2000] for
interactive spectral analysis) and software developed by our
own lab (e.g., AutoAssign [Zimmerman et al. 1997; Mose-
ley et al. 2001] for analysis of protein resonance assign-
ments, AutoStructure [Huang, 2001; Huang et al. 2003] for
analysis and assignments of NOESY spectra.) However,
one of the key challenges in automated analysis of NMR
spectra is the quality and completeness of the NMR data.
Moreover, it remains to be demonstrated that these tech-
nologies can be successfully integrated in a high-throughput
structure analysis process.

The success of automated analysis methods depends on a
match between data collection strategy and data analysis
algorithms. Based on the above technical advances in the
field of protein NMR, and motivated by recent successes of
obtaining correct folds by manual analysis of sparse NMR
data (Gardner et al. 1997; Medek et al. 2000), we are de-
veloping largely automated approaches for determining me-
dium-accuracy protein structures from minimal NMR con-
straint sets. This strategy utilizes partially deuterated, '*C-,
'N-enriched proteins with selective protonation of side-
chain methyl groups (**CHs;) of aliphatic residues (Goto et
al. 1999) to generate spectra suitable for rapid and auto-
mated analysis.

In this report, we present results applying this strategy for
rapid determination of the accurate fold of the Z domain
from Staphylococcal protein A, for which a high-accuracy
structure has been previously reported (Tashiro et al. 1997).
We conclude that the partial deuteration strategy is useful
and robust for automated analysis using software tailored to
exploit the particular information available in these high-
quality spectra. In the case of the Z domain, the time re-
quired for NMR data collection was under 12 d, and would
be much shorter if cryogenic probe technology were avail-
able for this study. Because of the high quality and com-
pleteness of the resulting data, the time required for pro-
cessing, peak picking, and analysis of these data was only a
few days. In addition to obtaining a “medium-accuracy”
structure for the Z domain from raw free-induction decay
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(FID) data, we also demonstrate that this “minimal con-
straint strategy” can provide sufficient information for de-
fining the correct folds of several proteins, using simulated
constraints derived from published 3D structures and NMR
constraint lists.

Results

NMR data collection

Table 1 summarizes the key data collection and processing
parameters used in obtaining NMR spectra in this study, and
the measurement times used to acquire each spectrum. The
total data collection time for this set of 12 NMR spectra was
250 h (10.5 d). The triple-resonance backbone spectra were
processed with the same digital resolutions in matching di-
mensions. Peak lists with intensities were generated by au-
tomated peak picking followed by interactive manual edit-
ing with Sparky. The time required for processing, peak
picking, and analyzing these spectra was about 2 d. These
twelve raw data files (free induction decays) and resulting
peak lists have been archived in the BioMagResDB (acces-
sion number 5656).

Using a 600-MHz NMR spectrometer system, the '’N-'"H
HSQC spectrum of the Z domain is generally well resolved
with only a few (six) spin systems exhibiting overlapping
N-HN correlation peaks. The '*C-"H HSQC spectrum
(Fig. 1) demonstrates that all isopropyl methyl groups of
Val, Leu, and 8 methyl groups of Ile residues of this Z
domain sample are highly protonated. Compared with the
13C-"H HSQC of a fully protonated sample, all other proton
sites in the protein are highly deuterated, though a small
degree (<5%) of protonation was detectable for C® sites of
some Asp, Asn, and Ala residues. Most of the methyl '*C-"H
correlation peaks of the Z domain are well resolved, al-

Table 1. NMR experiments for rapid fold determination

though two pairs of methyl '*C-'H correlation peaks are
overlapped.

Automated resonance assignments using spin system
type assignment constraints (STACS)

Backbone 'H, N, '*C and side-chain '>CP resonance as-
signments were obtained by automated analysis of these
data using the program AutoAssign (Moseley et al. 2001).
In this strategy, the primary role of HcccoNH-TOCSY and
hCCcoNH-TOCSY data (Montelione et al. 1992) is to pro-
vide assignments for side-chain "H and '*C methyl reso-
nances. On the other hand, these spectra also contain valu-
able information for spin system identification and typing,
because only side-chain methyl groups of Val, Leu, and
Tle(d) are protonated in this deuterated, selective methyl
protonated sample (Fig. 1). Therefore, the AutoAssign pro-
gram was modified to exploit constraints describing this
spin-system typing information to guide the resonance
assignment analysis. Briefly, all peaks observed in the
2D HY-N projection of 3D hCCcoNH-TOCSY and/or
HcccoNH-TOCSY, which could be mapped to peaks iden-
tified in ">N-"H HSQC spectrum, were constrained by Spin
System Type Assignment Constraints (STACs) to N-HY
resonances of residues following Leu, Val, or Ile residues in
the primary sequence. When such information is utilized
together with interresidue connections established by
HNcoCACB and HNCACB data, the N-H" spin system
roots belonging to the Leu, Val, and Ile residues themselves
could also be identified.

By identifying N-H" spin system roots belonging to Val,
Leu, Ile (intraresidue STACi constraints), and/or residues
following Val, Leu, Ile (sequential STACs constraints), de-
generacy in typing and mapping is significantly reduced.
The use of the STAC algorithm significantly improves the

No. of points No. of points after Recycle Collection Mixing
collected linear prediction No. of Spectral width (Hz) delay® time time
NMR spectra (13, t2, tl) and zero filling scans (03, w2, wl) (s) (h:min) (msec)
>N-'H HSQC 2048, 128 2048, 256 8 5500, 1500 1.19 0:22
HNCO 1024, 42, 50 1024, 512, 512 4 6500, 1500, 2000 1.08 11:04
HNcaCO 1024, 34, 50 1024, 512, 512 16 6500, 1500, 2000 0.98 33:44
HNCACB 1024, 36, 55 1024, 512, 512 8 6500, 1500, 12066 1.08 21:02
HNcoCACB 1024, 37, 55 1024, 512, 512 8 6500, 1500, 12066 1.08 22:04
13C-"H HSQC 1984, 400 1984, 800 4 5500, 10000 1.18 1:00
hCCcoNH-TOCSY 1024, 40, 48 1024, 256, 256 8 6500, 1500, 10257 1.08 20:42 12
HcccoNH-TOCSY 1024, 40, 48 1024, 256, 256 16 6493, 2200, 6500 0.88 34:47 12
3D 'N-NOESY 1024, 40, 64 1024, 512, 512 8 6493, 2200, 6492 1.08 33:49 350
3D '*C-NOESY 1024, 44, 64 1024, 512, 512 8 6500, 12066, 6500 1.08 37:48 350
SN-"H HSQC-IPAP 2048, 128 2048, 2048 16 5500, 1500 1.10 5:55
3D HNCO J(C'-C%) 1024, 40, 128 1024, 256, 2048 4 5500, 1500, 2000 1.09 28:00

#Recycle delay = acquisition time plus interincrement delay.
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Figure 1. '*C-'H HSQC spectrum of Z domain (at 600 MHz). The '*C-'H
HSQC spectrum (red) of '*C, '°N, *H-enriched, '*C-"H methyl protonated
7 domain used in this study is overlaid onto the '*C-"H HSQC spectrum
(black) of a fully protonated '*C,'’N-enriched sample. The isopropyl
methyl groups of all Val, Leu, and 8 methyl groups of all Ile (fop right) are
highly protonated, while the rest of the aliphatic and aromatic carbons are
primarily deuterated.

typing and mapping steps in the AutoAssign program, re-
sulting in more accurate and robust determination of the
sequence specific resonance assignments. The new STAC
functionality in AutoAssign, implemented here for the pur-
pose of exploiting hCCcoNH-TOCSY and/or HcccoNH-
TOCSY information for constraining possible spin system
assignments, is quite general and will allow many kinds of
prior knowledge or spin-system-specific spectral features to
be used as constraints in the automated analysis of reso-
nance assignments; for example, the data structures and
algorithms of STAC constraints can also be used to incor-
porate information from selective-isotope labeling and
amino acid type-selective experiments (Feng et al. 1996;
Schubert et al. 1999).

Figure 2 summarizes the results of AutoAssign analysis
of these Z domain data. The assignments are nearly com-
plete (except for the spin systems of residues A8, Q9, and
H10). As shown in Figure 2, the C*, C® and C’ connectivity
map is nearly complete, and the three a-helices of the Z
domain are easily identified using chemical shift index
(CSI) analysis (Wishart and Sykes 1994). N-H" spin system
roots belonging to and posterior to Val, Leu, and Ile resi-
dues are all correctly identified. The assignments were also

checked and extended by manual examination of the triple-
resonance spectra using Sparky. After data processing and
peak picking, the process of determining these backbone
and side-chain methyl resonance assignments was com-
pleted within a few hours. The side-chain amide resonances
of Asn and Gln residues were then manually identified and
connected to backbone C*/CP of Asn or CP of Gln residues
using primarily HNcoCACB data. The final assignments of
backbone, Asn/Gln side-chain NH, and Val/Leu/Ile methyl
resonances were then validated by Assignment Validation
Suite (AVS) software (H.N.B. Moseley and G. T. Monteli-
one, in prep.) using statistical parameters derived from
BMRB database (Seavey et al. 1991). These automatically
determined resonance assignments are essentially identical
to the published resonance assignments for the Z domain
(BMRB accession number 4023), which have themselves
been validated by self-consistent analysis of NOESY data
and 3D structure calculations (Tashiro et al. 1997).

Value of the STAC algorithm

In this study, we found that when HNcaCO data were not
used some 20% of the assignments derived without STAC
functionality were incorrect. Inclusion of STAC constraints
resulted in essentially 100% correct backbone resonance
assignments, together with many side-chain methyl reso-
nance assignments. When the HNcaCO data were used
without STACs, the automated analysis provided 97% cor-
rect assignments, which again was improved by inclusion of
the STAC constraints. However, even a small improvement
in resonance assignments could potentially have a large ef-
fect in the accuracy of structures generated in this “minimal-
constraint” strategy, because every correct constraint (espe-
cially long-range constraints) is valuable. Moreover, be-
cause the density of long-range constraints is low, even a
few incorrect assignments can severely distort the resulting
structure. From these results we conclude that the new
STAC algorithms of AutoAssign incorporate into the auto-
mated analysis process information that is critical for this
minimal constraint strategy.

NOESY and RDC measurements

As mentioned above, the use of samples with partial deu-
teration improves both the sensitivity and resolution of
NOESY data. NOESY spectra of this partially deuterated
sample exhibited narrower line widths and fewer overlap-
ping peaks than spectra recorded on a fully protonated '*C,
SN-enriched sample (data not shown). The spectral quality
is also significantly improved by using longer than usual
NOESY mixing times. The application of longer NOESY
mixing times for such deuterated protein samples has been
documented previously in the literature; other groups have
reported best results using mixing times of 200-350 msec
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Figure 2. Sequential connectivity map summarizing the results of automated backbone resonance assignments determined by
AutoAssign. Intra (i, red) and sequential (s, yellow) connectivity data used by AutoAssign to establish resonance assignments at each
sequence position are shown. Secondary structure information derived automatically from combined analysis of C*, CP, and C’
chemical shift (CSI) and NOE data is also plotted along the protein sequence. Shown in the figure are also i to i+ 1,7+ 2, and i + 3
HN-H™ NOE connections determined by an initial AutoStructure analysis (run with RDC data) that was used to further validate these
assignments; the strength (intensity) of the corresponding NOE interactions are indicated by line thickness. Residues with intra (down
triangles) STACi and sequential (up triangles) STACs constraints (derived from hCCcoNH-TOCSY and HcccoNH-TOCSY spectra)
specifying N-H™ roots belonging to or following Val, Leu, Ile residues, respectively, are also indicated.

(Grzesiek et al. 1995; Venters et al. 1995; Medek et al.
2000). The absence of aliphatic protons minimizes the num-
ber of spin-diffusion pathways available to proton HY mag-
netization, thereby allowing the use of longer mixing times
(Venters et al. 1995). In addition, in AutoStructure calibra-
tions all long-range NOE-based distance constraints are uni-
formly set to <5 A, minimizing problems due to differential
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relaxation of amide and methyl protons in such long mixing
time spectra.

We explored the effect of NOESY mixing times on the
spectral quality by collecting a series of high-resolution 2D
H-H planes of 3D '*C-edited and '°N-edited NOESY spec-
tra. A set of 20 peaks arising from medium- and long-range
interactions in the known 3D structure of the Z domain was
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selected in the 350-msec mixing-time spectrum, and the
corresponding intensities in individual spectra recorded
with different mixing times were studied. For '°N-edited
NOESY spectra, 6 of the 20 selected peaks were not ob-
served in spectra recorded with mixing times of 75 and 150
msec. Likewise, four and two selected peaks were not ob-
served in '*C-edited spectra acquired using 70- and 200-
msec mixing times, respectively. The intensities of several
of these peaks in 2D NOESY spectra collected with mixing
time of 500 msec were significantly attenuated. Based on
this analysis, a mixing time of 350 msec was chosen for
collecting 3D '*C-edited and '°N-edited NOESY data used
in this 3D structure determination. Significantly, HN-HY
NOEs between the helices of the Z domain were observed in
these NOESY spectra. We believe that the mixing time used
here provides an optimum number of structurally valuable
NOE information without deleterious effects of spin diffu-
sion in this perdeuterated Z domain sample, which has an
isotropic rotational correlation time of ~7 nsec (G.T. Mon-
telione, in prep.).

For a partially deuterated protein like this Z domain
sample, the one bond HN-N and C*-C’ RDCs are rapid and
straightforward to measure. A total of 82 residual dipolar
couplings (33 'Dyyy, 49 'De) were determined from the
differences in resonance splittings between isotropic and
partially aligned samples of the Z domain, as described in
the Materials and Methods.

Automated 3D structure calculations

AutoStructure calculations were carried out both with (us-
ing DYANA and CNS with RDC constraints in each cycle
of AutoStructure refinement) and without (using DYANA
alone) the RDC data. Table 2 summarizes the distributions
of distance constraints obtained in each of these processes
of calculations. In the former case, AutoStructure identified
257 conformationally restricting distance constraints, while
when the RDC data was excluded the process identified
only 245 conformationally restricting distance constraints.
In both cases, the analysis identified ~50 long-range dis-
tance constraints.

AutoStructure identifies hydrogen bonds based on analy-
sis of characteristic NOE-based contact patterns and slow
amide hydrogen/deuterium (H/D) exchange data using rules
described in the Materials and Methods section. Using this
algorithm, AutoStructure identified about 60 intrahelical
hydrogen bond constraints (two per H-bond). These hydro-
gen bond constraints are not essential for the Z domain fold
determinations described in this work, due to its all «-heli-
cal structure. However, the algorithms for identifying hy-
drogen bonds in AutoStructure are extremely important for
registering and folding B-sheet structures (Huang 2001).

In a final set of calculations, the NOE-based distance
constraints, hydrogen bonds, and dihedral angle constraints,

identified by AutoStructure and summarized in Table 2,
were used by CNS for structure calculations with or without
the 82 RDC constraints. For the calculations without RDC
constraints, structures were calculated based on 386 total
conformational constraints (six constraints per residue),
while in the calculations with the 82 RDC constraints, 479
total conformational constraints (eight per residue) were
used. No long-range NOEs were observed between the first
15 residues, which are known to be dynamically disordered
(Tashiro et al. 1997), and the rest of the protein. In each of
these calculations, 100 structures were generated from ex-
tended conformations, and the 20 with lowest values of the
CNS target function (distance penalty plus conformational
energy) were selected to represent the structure of the Z
domain.

Analysis of the Z domain structures

The resulting ensembles of these minimal-constraint Z do-
main structures are shown in Figure 3, and compared to the
backbone conformation of the published high-accuracy so-
lution NMR structure (Tashiro et al. 1997). These structures
generated with the minimal-constraint strategy exhibit few
residual constraint violations and good structural conver-
gence (Table 2). Ramachandran plot analysis of backbone
dihedral angle distributions (Laskowski et al. 1993) shows
that >90% of residues are in most-favored backbone con-
formation regions, with most of the remainder in “addition-
ally allowed regions” for ordered residues. Some unfavor-
able ¢, s backbone dihedral angle values are observed
among the structures in polypeptide segments correspond-
ing to surface loops.

A high-accuracy solution NMR structure of Z domain
(Fig. 3A) has been determined previously by manual analy-
sis of resonance assignments, NOESY data, and other NMR
data (Tashiro et al. 1997). This published structure is based
on 671 conformational constraints, including essentially
complete side-chain resonance assignments, obtained for a
fully protonated uniformly '*C,'’N-enriched sample. The
backbone RMSD between the mean coordinates of current
“minimal constraint” structures and the published high-ac-
curacy solution NMR structure are ~3 A. Considering only
the core three-helical bundle residues, the RMSD between
these minimal-constraint (Fig. 3B,C) and the published
high-accuracy (Fig. 3A, and gold backbone traces in Fig.
3B,C) structures are only 1.4-1.8 A (Table 2). While the
minimal-constraint structures determined with and without
RDC data are quite similar to one another (with 1.5 A
RMSD between mean coordinates of residues 20 to 68), the
minimal constraint structure determined and refined with
the RDC data is somewhat better converged and more ac-
curate relative to the published high-accuracy structure
(Table 2; Fig. 3). However, considering that even for well-
defined core residues the RMSDs within the computed
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Table 2. Summary of spectral and structural statistics for the Z domain

Without RDC With RDC
NOESY spectral data®
N15 C13 N15 C13

Number of peaks 291 68 291 68
Number of “assignable” peaks 286 65 286 65
Number of peaks assigned 257 56 262 61
Data collection time (h) 216 250
Distance constraints

Total 245 257

Intraresidue (i = j) 34 37

Sequential (Ii —j1 = 1) 73 77

Medium range (1 <li — jl =5) 85 97

Long range (li — jl > 5) 54 46

H-bond constraints (2 per H-bond) 60 62
Dihedral angle constraints 78 78
Residual dipolar couplings 0 82
Total number of constraints 386 479
Number of constraints per residue® 6 8
ProCheck analysis of ¢, ¢ angles Residues 14-71° Core residues® Residues 14-71° Core residues®

Most favored regions (%) 84.4 96.7 76.0 92.2

Additional allowed (%) 11.2 33 17.1 7.8

Generously allowed (%) 1.7 0 4.5 0

Disallowed (%) 2.7 0 2.4 0
Distance violations

0.1-0.2 A 0.15 55

>0.2 A 0 1.2
Dihedral angle violations

>1° 0 0
Backbone RMSD values

Residues 14-71° 1.9+03 2.1+0.6

Core residues® 0.7+0.3 0.7+0.3
Backbone RMSD to PDB 2SPZ

Residues 14-71° 29+04 3.0+£0.7

Core Residues® 1.8+04 1.4+04

2N15 and CI13 refer to peak lists generated from 3D '’N-edited and '*C-edited NOESY spectra, respectively.

® Only the structure of residues 14 to 71 were analyzed in these calculations, as polypeptide segment of residues 1-13
of the Z domain is dynamically disordered (Tashiro et al. 1997).
¢ The backbone conformations of residues 20-31, 38—49, and 54—-68 are well defined, and thus referred to as the “core

residues” for these statistical analyses.

structure ensemble (0.7 + 0.3 A) are smaller than the RMSD
of these averaged coordinates to the published Z domain
structure (1.4 +0.4 A) suggests that some inaccuracies in
NOE assignments that bias the resulting structure persist.
On the other hand, the relatively good agreement in back-
bone structure between the published high-accuracy struc-
ture of the Z domain and these “minimal constraint” struc-
tures (Fig. 3) demonstrates that such “medium-accuracy”
backbone structures generated with these automated analy-
sis methods can be quite accurate. These results show that
the data collected using “minimal constraint” strategy
coupled with automated analysis with AutoAssign and
AutoStructure can rapidly generate accurate resonance as-
signments, secondary structures, and protein folds from raw
time—domain NMR data.

1238 Protein Science, vol. 12

Generalization to other fold topologies

Using real-time domain NMR data, the results of the pre-
vious section demonstrate that automated analysis of mini-
mal constraint data can provide a medium accuracy back-
bone structure. It has been pointed out that the success of
structure determination using selective methyl protonation
depends on the secondary structure and topology of subject
proteins, and can be especially difficult for highly helical
proteins that lack of backbone—backbone interactions be-
tween secondary structure elements (Gardner et al. 1997). In
this sense, the three-helical bundle Z domain structure is a
particularly challenging demonstration.

To further explore whether this general “minimal con-
straint” strategy can be applied to proteins with different
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Figure 3. Ribbon representation and backbone trace of Z domain struc-
tures. (A) High- resolution solution NMR structure of Z domain (Tashiro et
al. 1997; PDB ID 2SPZ). Structures generated automatically with the
“minimal-constraint” strategy outlined in the text (8) without RDC and (C)
with RDC data, superimposed on backbone structure of 2SPZ (gold).

topologies, we also carried out calculations with minimal
constraint lists simulated from known 3D protein structures,
and with lists generated by editing archived experimental
NMR constraint lists down to only the NOE interactions
between backbone HY, side-chain HY, and side-chain
methyl H atoms. These simulated NMR constraint sets were
generated for six small proteins or domains ranging in size
from 40 to 101 amino acid residues (listed in Table 3),
which have been determined by NMR methods and for
which NMR constraint lists have been deposited in the Pro-
tein Data Bank. These six test structures included two all-o,
two all-B, and two « + [3 protein structures.

For the six small proteins summarized in Table 3, dis-
tance constraints were simulated between backbone N, side-
chain amide N, and side-chain methyl (Val, Leu, and Ile[3])
C atoms with interatomic distances <4.5 A using MOLMOL
(Koradi et al. 1996). These lists were then edited to remove
any intraresidue constraints. A 10% uncertainty was added

to each of the generated distances, and these distances were
then binned to 3.0, 4.0, and 5.0 A classes, yielding the final
upper bound distance constraints. We chose these criteria to
simulate closely the NOE constraints that can be efficiently
measured by NMR. Other simulated data include loose di-
hedral angle constraints (for regular secondary structures
only) that could be derived from chemical shift information,
backbone hydrogen bonds, and N-H" and C*-C’ RDC data
with uncertainties similar to those observed in the experi-
mental study described above. The top half of Table 3 sum-
marizes the constraint lists simulated from the atomic coor-
dinates of the six small proteins. In each case, 50 conform-
ers were calculated from the “minimal constraints” using
CNS, and the “minimal constraint NMR structure” was rep-
resented by the five structures with lowest values of the
CNS target function. As shown in Figure 4 and Table 3,
these six tests provided “medium-accuracy” structures with
backbone RMSDs of 0.9-3.1 A compared with the coordi-
nates from which they were derived. Similar results of fold
determination using minimal constraint data have been de-
scribed by other authors (Gardner et al. 1997; Clore et al.
1999).

To provide a more realistic simulation of minimal con-
straint sets that could be generated for these six protein
folds, a second set of “minimal constraints” were generated
by replacing simulated data with actual constraints available
as archived experimental NMR constraint files for these six
proteins. These experimental constraint lists were obtained
from the Protein Data Bank (PDB). The bottom half of
Table 3 summarizes the distributions of these experimental
constraints. These NOE constraints correspond only to NOE
interaction arising from HY (backbone and side-chain NH,)
and methyl protons (Val, Leu and Ile[8]). In some cases,
experimental RDC, hydrogen bond, and/or dihedral con-
straint data are also available in these archived constraint
lists, while in other cases (indicated in the footnotes of
Table 3), these additional constraint data were simulated
from the known 3D structure. Again, 50 conformers were
calculated from each of these archived, edited “experimen-
tal constraint” lists for each of the six proteins. Figure 4 and
Table 3 summarize structural information for each of these
six “minimal-constraint NMR structures,” in each case rep-
resented by the five structures with lowest values of the
CNS target function. Again, using these edited archived
experimental NMR constraint data as input to CNS, correct
folds (RMSD of 1.1-3.4 A) were obtained for all six pro-
teins. In some cases, for various reasons related to the con-
servative approach we used in generating simulated con-
straints from atomic coordinates, the number of distance
constraints in these edited, archived constraint lists was
larger than those in the corresponding simulated constraint
lists described above (Table 3), resulting in somewhat more
accurate structures than those observed with the purely
simulated data. Overall, these results support the view that
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Table 3. Analyses of constraints and structures for six proteins using simulated or archived,

edited experimental “minimal NMR” data

PDB ID 1ERC 2SPZ 3MEF 2EZM 3GBI 1GHH
Length (#aa) 40 58 69 101 56 81
Structure class a a B B a+ B a+ B
Simulated constraint data
Distance constraint 92 126 146 185 112 172
Hydrogen bond 21 32 23 41 27 46
Dihedral angle 52 78 52 108 74 111
RDC (DNH, D) 77 113 67° 148 111 158
RMSD? (A) 09+03 20x04 23x04 3.1+04 22+0.8 27+04
Archived, edited, experimental
constraint data
NOE constraints 89 62 107 238 113 114
Hydrogen bond 21° 32° 34 37 30 46°
Dihedral angle 52° 78° 52° 131 102 122
RDC (DNH, D) 77° 113° 67°¢ 124 46 138
RMSD? (A) 1.1+03 23+03 26+0.3 2.0x0.2¢ 1.9+03% 34x1.6

# Root-mean-square deviation (RMSD) between the average structure deposited at PDB and the best 5 (lowest
CNS target function) out of 50 structures calculated using these minimal constraints.
® Simulated data were used because no corresponding experimental data were deposited at PDB.

¢ DN RDC only.

4 The number of experimental NOE (2EZM) or hydrogen bond (3GB1) constraints is larger than those generated
by our conservative constraint simulations. Such differences often result in more accurate structures using the

archived, edited experimental data.

medium accuracy backbone folds can often be determined
for small proteins or domains when fairly complete sets of
the minimal NMR data described here can be obtained.

Discussion

Rapid determination of protein folds has become attractive
in recent years because it can quickly yield structural infor-
mation for proteins, providing evolutionary insights and
clues to biochemical functions. NMR data can be extremely
valuable in this area because some experimental NMR con-
straints sufficient for defining protein folds can be acquired
efficiently in a very short time. In this article, we have
described an approach combining chemical shift, NOE, and
RDC data obtained from a minimal set of NMR experiments
with automation software to provide “medium-accuracy”
protein backbone structures. For suitably isotopically la-
beled small proteins and using conventional NMR probes,
this data collection and analysis can be carried out in less
than 2 weeks. Including all of the processing, peak picking,
and editing, the complete analysis of assignments and 3D
structure required some 2 d. The remarkable success of this
strategy for data collection and automated analysis is attrib-
utable in part to the high-quality NMR spectra that can
be obtained for a deuterated, selective methyl protonated
sample. Recently, we have also applied this “minimal-con-
straint” strategy to obtain the correct fold of a 147-residue
methionine sulfoxide reductases from Bacillus subtilis (D.
Zheng and G.T. Montelione, in prep.).
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At this stage of our technology development it is not
possible to carry out automated analysis of complete side-
chain resonance assignments in a robust way. The success
of automation in the strategy outlined here is achieved in
part from the fact that side-chain methyl assignments are
straightforward using the samples, data collection methods,
and STAC algorithms outlined here. Using these deuterated
methyl-protonated samples allows a strategy of data collec-
tion and automated analysis that works well for the Z do-
main and should work well for many other small proteins.
Although several groups have emphasized the use of re-
sidual dipolar couplings in determining such minimal con-
straint structures, to our surprise we observed that while
contributing to the accuracy of the structure determination,
such RDC data are generally not essential for obtaining a
global fold.

Value of “medium-accuracy” protein folds

The general approach of determining global protein folds
using sparse NOE data involving amide, side-chain methyl,
and (in some cases) aromatic protons has previously been
described in the literature (Metzler et al. 1996; Rosen et al.
1996; Aghazadeh et al. 1998; Berardi et al. 1999; Medek et
al. 2000; Mueller et al. 2000). Our work extends these re-
sults by demonstrating the use of such sparse NOE data as
part of a fully automated assignment and structure analysis
process. The accuracy of structures calculated with such
minimal NMR data sets is obviously not as high as that of
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PDB Simulated
Structure Constraint Data Constraint Data

Archived, Edited PDB Simulated Archived, Edited
Structure Constraint Data Constraint Data

3GB1

PAWA

1GHH

Figure 4. Structures determined by simulated or archived, edited experimental minimal NMR constraints. Coordinate sets for six
proteins were taken from Protein Data Bank (PDB). Distance constraints were generated for all interatomic distances <4.5 A involving
amide (backbone N and side-chain N of Asn/Gln) and methyl C of Leu, Val, and Ile(8). Dihedral angle restraints (for regular secondary
structures only), backbone hydrogen bonds, and both N-HY and C*-C’ RDC data were also back calculated from the atomic
coordinates, as described in the text. These data sets are referred to as Simulated Constraint Data. A second set of constraint lists
referred as Archived, Edited Constraint Data were generated by editing archived NMR constraint files deposited in PDB, to replace
simulated distance constraints with NOE-derived distances between amide and methyl protons. Other simulated data were also replaced
with experimental data where available, as described in the text. For each protein used in this analysis, the published high-resolution
NMR structure (PDB structure) is shown along with representative structures from the ensembles generated with CNS using the

Simulated Constraint Data or the Archived, Edited Constraint Data.

structures derived from conventional NMR approaches in-
cluding complete analysis of side-chain resonance assign-
ments, particularly for side-chain conformations. However,
rapidly generated “medium-accuracy” structures like those
shown in Figure 4 are useful in many ways. First, these
structures provide good starting points for further refine-
ment to precise and accurate coordinates using additional
NMR data recorded with fully protonated samples. This was
elegantly illustrated in the structure determination of Dbl
homology domain of Dbl protein (Aghazadeh et al. 1998).
Indeed, considering that minimal constraint structures can
be obtained relatively quickly and used to guide full reso-
nance assignment and NOESY analysis with automation
software, a hybrid approach involving an initial “minimal-
constraint” structure, which is then refined against addi-
tional NMR data to high accuracy, could be an interesting
general approach to protein structure determination by
NMR. On the other hand, the backbone structures generated
with sparse constraints can themselves provide useful in-
sights and clues for investigation of biologic functions by

comparing with protein structures of known biologic activi-
ties, as for example, in the recent study of Runt domain
(Berardi et al. 1999). It is already well established that even
low-resolution structures generated by ab initio prediction
methods sometimes give critical insights into protein func-
tion (Fetrow and Skolnick 1998; Simons et al. 2001). Struc-
tures generated with minimal NMR constraints presumably
have higher accuracy and reliability than ab initio or de
novo predictions, and should therefore be useful for estab-
lishing evolutionary relationships between proteins and in
providing specific insights into biochemical function. Al-
ternatively, this strategy can facilitate rapid determination of
global folds for proteins with established biochemical func-
tions to assist studies of structure—function relationships.

Impact of RDC data on the trajectory of the
AutoStructure process

Although the final backbone structures of the Z domain are
quite similar, the precise trajectories taken by the Auto-
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Structure process were different when carried out with and
without RDC constraints on the intermediate structure gen-
erations. In particular, the structures generated with RDC
constraints, while closer to the high-resolution structure re-
ported for the fully protonated Z domain (Tashiro et al.
1997), are outside of the conformational space spanned by
the structures generated without RDC constraints. This is
because the set of NOEs assigned without the RDC data is
different (and less accurate) than the set obtained by Auto-
Structure when the assignment trajectory is guided by RDC
data.

For example, in the calculations carried out without RDC
constraints, 3, 9, and 16 interhelical NOE constraints were
identified between helices 1 and 2, 1 and 3, and 2 and 3,
respectively. When RDCs were applied in the course of
AutoStructure calculations, 5, 6, and 13 interhelical con-
straints were identified between the corresponding helix
pairs. These differences resulted from different interpreta-
tions of ambiguous assignments for some NOE cross-peaks
in the two AutoStructure trajectories. In AutoStructure, after
the first cycle of structure generation ambiguities in making
NOESY cross-peak assignments are resolved iteratively by
statistical analyses of atomic coordinates from the previous
cycle of structure calculations (Huang 2001; Huang et al.
2003). The use of RDC constraints within AutoStructure
generated the same Z domain folds but slightly different
coordinates for certain residues in each cycle. This differ-
ence subsequently led to alternative assignments of some
NOE cross-peaks. Although these minor differences in
NOESY cross-peak assignments of interhelical NOE con-
straints were all consistent with the overall correct fold of
the Z domain, these results demonstrate how RDC data can
direct the NOESY cross-peak assignment process, leading
to more accurate interpretation of the data and more accu-
rate structures. Despite the fact that we obtained good re-
sults using the minimal constraint strategy described here
without any RDC data, it is our general view that RDC data
are essential for applying this minimal constraint strategy to
unknown protein structures, as sparse NOESY cross-peak
assignments can easily lead to less accurate or incorrect
structures in the absence of validating RDC data, especially
at the initial stage of fold analysis. We also believe that
RDCs derived from multiple alignment media or different
types of RDCs should be used whenever possible.

Value of extensive deuteration

By using extensively deuterated, methyl-protonated sam-
ples, the sensitivity, resolution, and completeness of the
NMR data are tremendously improved, leading to less am-
biguity and fewer errors in determining resonance and
NOESY cross-peak assignments. Moreover, acquisition of
especially high-resolution 3D or 4D '*C-edited NOESY
data is possible by focusing specifically on the methyl re-
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gion of the '*C-edited NOESY spectrum (Zwahlen et al.
1998; Mueller et al. 2000). In some cases, backbone hydro-
gen bonds can also be directly observed in such deuterated
samples using trans-hydrogen-bond scalar coupling mea-
surements (Cordier et al. 1999; Cornilescu et al. 1999).
Where available, such constraints can greatly improve the
robustness of rapid automated structure determination using
the minimal constraint approach described here.

Protonated aromatic side chains

The use of protonated aromatic side chains (particularly Phe
and Tyr), in addition to protonated methyl and amide
groups, in an otherwise perdeuterated protein, has been pro-
posed to be especially valuable for high-throughput struc-
ture determination (Aghazadeh et al. 1998; Clore et al.
1999; Medek et al. 2000). Aromatic side-chain labeling
could be essential for NMR studies of relatively large-size
proteins, or proteins with fewer methyl groups. This study
suggests that such residue-specific aromatic labeling is not
essential for success with small (<100 amino acids) proteins
or domains. However, for larger protein structures, such
aromatic protonation would provide many more tertiary
constraints, and could be essential for success of the mini-
mal constraint strategy.

Requirement for long NOESY mixing times

In this study, we successfully applied the “minimal-con-
straint strategy” for determining an accurate backbone
structure of a three-helical bundle protein using automated
analysis methods. In this work, it was essential to use un-
characteristically long NOE mixing times of 350 msec.
About 42% more NOE cross-peaks, which do not appear to
be due to spin diffusion, were observed in 3D SN-edited
NOESY recorded with a 350-msec NOESY mixing time
compared to a NOESY spectrum recorded with a more con-
ventional 75-msec mixing time, providing about twice as
many long-range NOE constraints consistent with the
known 3D structure of the Z domain.

Using NOESY spectra recorded with a short NOESY
mixing time (75 msec), the AutoStructure analysis identi-
fied the locations of the three helices correctly, but assigned
only 12 long-range (li—jl > 5) NOE constraints. These dis-
tance constraints were able to define the antiparallel orien-
tation of helix 2 and 3, but did not provide a unique packing
of helix 1. Two of the ten structures (with lowest CNS
energy) selected from 64 trial structures were actually mir-
ror topologies of the correct Z domain fold. For the remain-
ing eight structures, the backbone RMSD of the core resi-
dues (20-31, 38-49, 54-68) compared with the high-reso-
lution Z domain structure (Tashiro et al. 1997) is 3.8 + 1.3
A. In fact, it was simply not possible to generate accurate
converged structures of the Z domain using these automated
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methods with 75-msec NOESY data. However, using longer
mixing time data (350 msec), many more long-range NOEs
consistent with the known 3D structure of the Z domain
were obtained, improving the performance of AutoStructure
in generating structures similar to the high-resolution pub-
lished structure, as shown in Figure 3 and Table 2. These
results reveal that longer NOESY mixing times are critical
parameters in applying this strategy, particularly for highly
helical proteins that exhibit few weak interhelical NOEs.
Similar results and conclusions were reported in attempts to
use a similar minimal constraint approach with manual
spectral analysis for the all a-helical antiapoptotic protein
Bcl-xL (Medek et al. 2000).

Significantly, NOE interactions corresponding to dis-
tances >5 A could be observed using these long NOESY
mixing times. This observation suggests that our results
of simulated “minimal-constraint” structures, assuming a
maximum NOE-detectable distance of 4.5 A are quite con-
servative. Using real experimental data including such long
mixing time NOESY experiments could indeed provide bet-
ter accurate folder for these test proteins than those reported
in Table 3 and Figure 4.

NOESY peak assignment statistics

In addition to constraint lists and 3D structures, AutoStruc-
ture analysis also provides information about peak list quali-
ties and statistics for the NOESY cross-peak assignment
process. These statistics are not generally available for
manually analyzed NMR structures. Summaries of (1) the
number of peaks included in the peak lists that are the input
to the AutoStructure program, (2) the number of “assign-
able” peaks with frequencies matching to possible pairs of
resonances in the chemical shift list, and (3) the actual num-
ber of peaks reliably assigned to NOE interactions and used
in generating constraints, are also presented in Table 2.
Peaks in the NOESY spectra that are not “assignable” cor-
respond to noise/artifacts in the spectra, NOESY peaks
close to the diagonal that are filtered out by the current
version of AutoStructure, or real NOESY cross-peaks in-
volving unassigned resonances. The fraction of “assign-
able” cross-peaks (98% for the '°N-edited NOESY and 96%
for the '*C-edited NOESY) provides a quality assessment of
the input peak lists and resonance assignment table. These
statistics reflect the completeness and accuracy of the reso-
nance assignment list (for the amide and methyl protonated
sites in this sample) and the high quality of the NOESY
peak lists obtained for this deuterated/selectively protonated
protein.

Each of these “assignable” peaks corresponds to one or
more possible NOE-interaction pairs. A large fraction of
these “assignable” peaks could indeed be assigned to unique
or only a few self-consistent NOE interactions. However, in
cases where the list of possible NOE-interaction assign-

ments to a particular NOESY cross-peak remains high at the
end of the iterative analysis process or inconsistent with the
resulting structures, the current version of the AutoStructure
does not use the corresponding data in the structure genera-
tion process. In the case of these automated Z domain struc-
ture determinations, ~90% of “assignable” cross-peaks
identified in the '’N-edited and '*C-edited NOESY peak
lists could be assigned to only one or a few NOE-interaction
pairs and used with reasonably good confidence in gener-
ating the final list of NOE distance constraints. In this re-
gard it is relevant to note that a larger fraction of the '*C-
edited NOESY cross-peaks were assigned by the Auto-
Structure process using RDC data in the course of iterative
NOESY peak list assignment (93% of “assignable” peaks
assigned) than the process that did not use the RDC data
(86% assigned), supporting our conclusion that the guid-
ance of experimental RDC data can be valuable for more
accurate and complete analysis of NOESY cross-peak as-
signments with AutoStructure.

Prospect for rapid fold determination using
cryoprobes, minimal-constraint approach, and
automated data analysis

Considering that the time and effort required for automated
data analysis using this strategy can be quite minimal (1 to
2 d), NMR data acquisition is the primary bottleneck in
applying this approach for rapid fold determination of small
proteins. This problem can be partially addressed using
cryoprobe technology and high-field NMR spectrometers.
For example, Medek et al. (2000) demonstrated that data
collection for a similar strategy of rapid fold determination
could be as short as 4 d using a cryoprobe and 800-MHz
spectrometer. With such cryoprobe detection, the strategy
outlined here using minimal constraints with automated data
analysis can potentially be applied to routinely determine
“medium-accuracy” structures of small proteins and do-
mains within a few weeks.

Materials and methods

Sample preparation

The 71-residue Z domain from Staphylococcus aureus protein A
was overexpressed in Escherichia coli RV308 (pDHZ) and puri-
fied as described previously (Jansson et al. 1996). We used the
method described by Goto et al. (1999) with minor modification
for the production of *H-, '*N-, '*C-labeled and Val, Leu, and Ile
(3) methyl-protonated proteins of the Z domain. E. coli RV308
was first grown in MJ/H,O minimal medium (Jansson et al. 1996)
at 37°C to OD =1.0. Cells were collected and transferred into 100
mL MJ/D,0 medium containing [U-'*C, ?H] glucose (3 g/L),
'>NH,CI (1 g/L) for overnight growth. These cells, which were
thus acclimated to grow in D,0, were then used to inoculate 500
mL of the same '°N,'*C-labeled MJ medium in 100% D,O for
production of the Z domain samples. [U-'>CJa-ketobutyrate (50
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mg/L) and [U-'*CJa-ketoisovalerate (100 mg/L) were added to the
culture 1 h before induction. Isotope-enriched substrates were ob-
tained from Cambridge Isotope Laboratories Inc.

Isotope-labeled Z domain samples were prepared for NMR mea-
surements at 1.1 mM protein concentration in 20 mM NH,OAc
buffer containing 5% D,0 at pH 6.5 + 0.05 in 5-mm susceptibility-
matched Shigemi NMR tubes. The sample for residual dipolar
coupling measurements was made by concentrating the protein
using a 0.5 mL Ultrafree concentrator (Millipore), and then dilut-
ing with the appropriate amounts of pfl phage (Hansen et al.
1998), to give a final concentration of 18 mg/mL pfl, 0.9 mM Z
domain in 20 mM NH,OAc, 100 mM NaCl, 7% D,O at pH
6.6 +0.05.

NMR spectroscopy and processing

All NMR spectra were collected at 20°C on either 500- or 600-
MHz Varian INOVA spectrometer systems, and referenced to ex-
ternal 2,2-dimethyl-2-silapentane-5-sulfonate sodium salt (DSS).
Data sets were obtained at 600 MHz unless otherwise indicated.
Spectra were processed with program NMRPipe 2.1 (Delaglio et
al. 1995), and analyzed using the interactive NMR graphics pro-
gram Sparky 3.91 (Goddard and Kneller, 2000) for peak identifi-
cation and peak list editing.

Residual dipolar coupling measurements

Partial alignment of the Z domain in solution was achieved using
pfl filamentous phage (Hansen et al. 1998). After a brief (~30
min) equilibration in the magnetic field, alignment was confirmed
by *H quadrupole splitting (Q = 18.2 = 0.1 Hz), which remained
constant throughout the data collection. One bond '"N-H™ and
13Ce.13C" splittings were measured on the free and aligned
samples using 2D IPAP '°N-"H HSQC (Ottiger et al. 1998) and 3D
C*-coupled HNCO (Tjandra and Bax 1997). For each IPAP ex-
periment, subspectra containing the downfield and upfield sub-
peaks of the ""N-"H coupling in the », dimension were obtained
by addition and subtraction of the IP and AP data.

Amide hydrogen/deuterium (H/D)
exchange measurements

The amide hydrogen/deuterium exchange data used to identify
hydrogen bond donors of the Z domain have been described else-
where (Tashiro et al. 1997). Briefly, a '"N-enriched Z domain
sample in H,O at pH 6.5 was lyophilized and subsequently redis-
solved at 2°C in equal amounts of D,O containing 10 mM
K,HPO, at pH 6.5. The sample was quickly transferred to a pre-
cooled NMR tube and put into a 500-MHz spectrometer with
probe temperature preequilibrated to 10°C. A series of 30-min
'>N-'H HSQC spectra were acquired over several hours, and peaks
due to slowly exchanging backbone HY sites were identified from
'SN-HN cross-peak intensity decay curves.

Resonance assignments with AutoAssign

The program AutoAssign (Zimmerman et al. 1997; Moseley et al.
2001) was used for automatic analysis of backbone resonance
assignments using peak lists (frequencies and intensities) from
1SN-"H HSQC, 3D HNCO, 3D HNcaCO, 3D HNcoCACB, and 3D
HNCACB spectra, together with Spin System Type Assignment
Constraints (STACs) derived from manual inspection of
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hCCcoNH- and HcccoNH-TOCSY spectra. Side-chain '*C and 'H
methyl resonances of Leu, Val, and Ile (8) were identified by
interactive spectral analyses using '*C-'H HSQC, hCCcoNH-
TOCSY, and HcccoNH-TOCSY data. Following sequence-spe-
cific assignment of backbone '*C* and '*CP resonances, side-
chain amide '°N and "H" resonances of Asn and Gln were filled
out by manual analysis of these triple resonance spectra. This
process of determining backbone and side-chain methyl and amide
resonance assignments was carried out with these Z domain data
sets in about 2 h.

Automated analysis of NOESY spectra with
AutoStructure and 3D structure calculations

The program AutoStructure (Huang 2001; Huang et al. 2003) was
used, together with structure generation programs DYANA 1.5
(Giintert et al. 1997) or CNS 1.0 (Brunger et al. 1998), for structure
calculation using NOESY peak lists (frequencies and intensities)
generated with Sparky. AutoStructure automatically and iteratively
interprets NOESY cross-peaks, derives proton distance con-
straints, and generates 3D structures of proteins using DYANA or
CNS. This process involves spectral and structural pattern identi-
fication, and iterative NOESY data interpretation based on inter-
mediate structures generated through multiple cycles of 3D struc-
ture calculations.

AutoStructure is a rule-based expert system using an automated
two-step approach for NOESY data analysis (Huang 2001; Huang
et al. 2003). In the first step, the program generates a reliable initial
protein fold using intelligent analysis methods based on spectrum
specific properties and the identification of self-consistent NOE
contact patterns, without using any 3D structure model. In particu-
lar, the software identifies secondary structures, including align-
ments between 3-strands if present, based upon a combined pattern
analysis of secondary structure specific NOE contacts, chemical
shift, scalar coupling constant, and slow amide proton exchange
data. In the second step, the software iteratively derives and gen-
erates conformational constraints (i.e., distance, dihedral angle and
hydrogen-bond constraints) automatically, and submits parallel
structure calculations to an array of Pentium III processors. Al-
though previous presentations of AutoStructure (Greenfield et al.
2001; Huang 2001; Huang et al. 2003) have described its use
together with the structure generation program DYANA, for the
work described here a supplementary module of AutoStructure
was developed to interact with CNS 1.0, by providing input files to
CNS 1.0 for structure generation, and then converting CNS output
into a format suitable for AutoStructure analysis. The resulting
protein structure is then automatically refined by iterative cycles of
AutoStructure/CNS, assigning self-consistent NOESY cross-peaks
and regenerating protein structures.

The input for AutoStructure analysis included (1) a list of reso-
nance assignments determined automatically, as described above;
(2) NOESY peak lists (frequencies and intensities) generated from
3D '*C-edited and '°N-edited NOESY spectra by automated peak
picking and manual editing of these peak lists using Sparky; (3)
amide hydrogen exchange data for Z domain (Tashiro et al. 1997);
(4) &, ¥ dihedral angle constraints derived from chemical shift data
using chemical shift index analysis (Wishart and Sykes, 1994); and
(5) alist of RDC values and uncertainties. The ¢, s dihedral angles
of unambiguously characterized helical residues were loosely con-
strained to —60 = 30° and —40 + 40°, respectively.

Because the protein sample was largely deuterated, our auto-
matic NOESY analyses focused only on NOEs from backbone H™
to HY, backbone HY to side-chain methyl/NH,, and side-chain
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methyl/NH, to side-chain methyl/NH, interactions. The match tol-
erances of AutoStructure between NOESY peaks and resonance
assignments were set to +0.03 ppm for H and +0.3 ppm for N and
C atoms. During the iterative process of NOESY cross-peak as-
signment and 3D structure generation by AutoStructure, hydrogen
bonds are identified if all of the following criteria are satisfied: (1)
HY donors are present in the slow H/D exchange list, (2) O-H
distance and donor-H-acceptor angle are consistent with standard
hydrogen bond parameters, (3) the subject atom pairs are separated
at least by two residues, (4) the potential hydrogen-bonded inter-
action is consistent with the local NOE contact pattern, and (5)
both the hydrogen donor and acceptor are not involved in forming
other potential hydrogen bonds (Huang 2001; Huang et al. 2003).

Multiple cycles of structure calculations were carried out with
either DYANA (no RDC data) or both (one after the other in each
cycle) DYANA and CNS (with RDC data). In either case, the final
constraint lists were used as input for CNS (with or without RDC
constraints) to generate the final set of structures. During the
course of the simulated annealing calculations, the initial force
constant Ky, for RDCs was set to 0.001 kcal/Hz?, and the final
value was 0.5 kcal/Hz>. The final value was chosen to reflect the
experimental error of ~1.5 Hz in these experimental RDC data.
The values D, and R of the alignment tensor were estimated as
—17.3 Hz and 0.45 units from the histograms of normalized RDC
data, as described by Clore et al. (1998). Molecular graphics rep-
resentations of protein structures were generated with the program
Molscript (Kraulis, 1991).
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