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Automated protein fold determination
using a minimal NMR constraint strategy

DEYOU ZHENG,' YUANPENG J. HUANG,' HUNTER N.B. MOSELEY,' RONG XIAO,'
JAMES ARAMINL' G.V.T. SWAPNA,' AxD GAETANO T. MONTELIONE -2

'Center for Advanced Biotechnology and Medicine (CABM), Northeast Structural Genomics Consortium, and
Department of Molecular Biology and Biochemistry, Rutgers University, Piscataway, New Jersey 08854, USA
*Department of Biochemistry and Molecular Biology, Robert Wood Johnson Medical School, University of
Medicine and Dentistry of New Jersey, Piscataway, New Jersey 08854, USA

(RECEIVED January 2, 2003; FiNaL REvISION March 11, 2003; AccepteDp March 12, 2003)

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, methy!
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-

Reprint requests to: Gaetano T. Montelione, CABM-Rutgers University,
679 Hoes Lane, Piscataway. NJ 08854, USA: e-mail: guy@cabm.
rutgers.edu; fax: (732) 235-5633.

Abbreviations: AP, antiphase; IP, in-phase: [PAP, in-phase/antiphase;
RMSD, root-mean-square deviation; RDC, residual dipolar coupling;
STAC. Spin System Type Assignment Constraints: STAC]. intraresidue
STAC constraint; STACs, sequential STAC constraint.

Article and publication are at http://www.proteinscience.org/cgi/doi/
10.1110/ps.0300203.

1232
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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-

Cold Spring Harbor Laboratory Press. Copyright © 2003 The Protein Society
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Zheng et al.

(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
'SN-HN correlation peaks. The '*C-'H HSQC spectrum
(Fig. 1) demonstrates that all isopropyl methyl groups of
Val, Leu, and & methyl groups of Ile residues of this Z
domain sample are highly protonated. Compared with the
'3C-"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 CP 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, '3C and side-chain '*C® 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 methy! groups of Val, Leu, and
Ile(d) are protonated in this deuterated, selective methy]
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
HeeceoNH-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-HY 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, 2, t1) 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
'3C-'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
HececoNH-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
""N-'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.
Yy y q p y

1234  Protein Science, vol. 12
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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 ito i+ 1,i+2,and i +3
HN-HN 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-HN 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 H™ 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

1236 Protein Science, vol. 12

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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Table 2. Summary of spectral and structural statistics for the Z domain

Without RDC

NOESY spectral data®

NI15
Number of peaks 291
Number of “assignable” peaks 286
Number of peaks assigned 257

Data collection time (h)

Distance constraints

Total

Intraresidue (i = j)

Sequential (Ii = jl = 1)

Medium range (I < li — jl < 5)

Long range (Ii - jl > 5)

H-bond constraints (2 per H-bond)
Dihedral angle constraints
Residual dipolar couplings
Total number of constraints
Number of constraints per residue”

ProCheck analysis of &, {r angles Residues 14-71°

Most favored regions (%) 84.4
Additional allowed (%) 11.2
Generously allowed (%) 1.7
Disallowed (%) 2.7

Distance violations

With RDC

Cl3 NI15 Cl3
68 291 68
65 286 65
56 262 61
216 250
245 257
34 37
73 77
85 97
54 46
60 62
78 78
0 82
386 479
6 8

Core residues® Residues 14-71° Core residues®

96.7 76.0 92.2

3.3 17.1 7.8
0 4.5 0
0 2.4 0

0.1-02 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+06

Core residues® 0.7+03 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

“Ni5 and C13 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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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 IGHH
Length (#aa) 40 58 69 101 56 81
Structure class o o1 B B a+ B o+ 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, DCacy 77 113 67° 148 111 158
RMSD* (A) 0.9+0.3 20+04 23+04 3104 2.2+0.8 2704
Archived, edited, experimental
constraint data
NOE constraints 89 62 107 238 113 114
Hydrogen bond 21 320 34 37 30 46°
Dihedral angle 52° 78° 52° 131 102 122
RDC (DNH, DC=Cy 77° 113° 67 124 46 138
RMSD*® (A) 1.1 +0.3 23403 2.6 +0.3 2.0+0.29 1.9+0.3¢ 34+1.6

* 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.

“ The number of experimental NOE (2EZM) or hydrogen bond (3GB 1) 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.).

1240  Protein Science, vol. 12

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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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 '3C-edited NOESY
data is possible by focusing specifically on the methyl re-

1242 Protein Science, vol. 12

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 usin g
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 successtully 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)1s 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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