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S U M M A R Y  

A protein NMR database has been designed and is being implemented, The database is inlended to con- 
tain solution NMR results from proteins and peptides (larger than 12 residues). A relational database format 
has been chosen that indexes data by: primary journal citation, molecular species, sequence-related and 
atom-specific assignments, and experimental conditions. At present, all data are entered from the primary re- 
fereed literature. Examples are given of sample queries to the database. Possible distribution formats are dis- 
cussed. 

I N T R O D U C T I O N  

The methods for assigning N M R  signals from biological macromolecules, especially proteins, 
have developed to the point where they have become relatively rapid and reliable (for reviews, see: 
Wfithrich, 1986; Markley, 1989; Stockman and Markley, 1990). The technology continues to 
evolve rapidly; recent developments are the steady publication of novel 3D and 4D NMR 
methods for spectral analysis (for example: Fesik et al., 1989; Zuiderweg and Fesik, 1989; Ikura 
et al., 1990: Kay et al., 1990). Advances in the methodology for assigning spectra, determining 
coupling constants, and measuring cross-relaxation have led to a proliferation of  assigned pri- 
mary N M R  data (e,g., chemical shifts, coupling constants, relaxation and cross-relaxation rates) 
as well as derived data (e.g., 3D structures, chemical exchange rates, and pKa values). The rate of  
publication of  such data promises to accelerate as the new methodology is applied to the ever 
growing number of  small natural proteins, mutant proteins, and protein fragments that are of  in- 
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terest to protein chemists and biologists. It is critical that NMR data from protein studies (such 
as assigned chemical shifts, input data for structural determinations~ and derived structural 
coordinates) be readily accessible to the scientific community. 

It is important that primary NMR data be published in conjunction with journal articles: such 
data are needed to evaluate the scientific conclusions, to support future comparative studies, and 
to avoid the necessity of repeating experiments. Journal editors are under increasing pressure to 
shorten papers by deleting such data. One solution is to provide the detailed data as supplemen- 
tary material. Journal editors (and authors) have been criticized for publishing protein NMR 
papers in which key data, such as chemical shifts or NMR-derived structural constraints, were 
omitted or supplied only as supplementary material (Jardetzky, 1989). The Division of Biology 
and Medicine of the International Society of Magnetic Resonance (ISMAR) set up a task force to 
consider recommendations for the publication of biomolecular NM R data. Its recommendations 
(Division of Biology and Medicine, ISMAR, 1990) provide guidelines for data to be included in 
published articles and encourage the development of NMR databases. 

A comprehensive repository tbr NMR-derived results on proteins will enhance the usefulness 
of such data to the community (Markley and Ulrich, 1984). Ideally, the data should be available 
in machine-readable form. This is preferable to looking up the data as scattered in various 
journals and their supplementary information. Substantial delays are involved in obtaining sup- 
plementary data by mail, and once obtained, this bulky material, which may consist of as many 
as 51 pages (Gao et al., 1990), may not be organized in a way that a given researcher finds useful. 

We recently presented the rationale for a protein NMR database and provided a description of 
how it might be designed as a sequence-related database in fiat-file format (Ulrich et al., 1989). 
With financial support from the National Library of Medicine, we have implemented a protein 
NMR database project (BioMagResBank). As the design of the database progressed, the advan- 
tages of using a relational database management system became apparent (Markley et a l ,  1990). 
We present here a description of the database design, a progress report on its development, and 
prospects for its distribution. The staff of the Protein Data Bank (PDB) independently have 
begun adding structural NMR data to its holdings. The aims of PDB and BioMagResBank are 
different and complementary; and, as described below, efforts are being made to provide links 
between the two databases. 

METHODS 

Relational database format 
The organization of the database should allow for flexible grouping ofdata, so that a researcher 

may, for example, retrieve all experiments that have used a certain technique to study any protein 
. or alternatively retrieve all experimeqts performed on a particular protein. Protein NMR data (as 
a reflection of protein conformation and reactivity) are dependent on the solution conditions: pH, 
temperature, salt concentration, concentrations of co-factors or inhibitors, etc. Because of this, 
the data must be structured carefully in order to allow, as much as is practical, each experimental- 
ly-derived datum to be related back to the conditions under which it was obtained. Of the com- 
mercial database management systems (DBMS) currently available to a wide range of platforms, 
we find that a relational design is the kind best suited to such careful structuring of data. A relatio- 
nal design provides additional benefits in the form of error checking and flexibility of input and 
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retrieval. Owing to the nature of relational databases, the database can be redesigned incremental- 
ly to adapt to advances in the field without perturbing the existing data and organization. 

A relational database is based on the simple idea of representing all data in tables, also called 
relations. The data are broken down into elemental parts, and a table is created to store several 
related aspects (called attributes) of entities that the database describes. In a typical business ap- 
plication, the tables might describe customers, equipment parts, and employees; in the protein 
NMR database, tables describe proteins, experiments, sample conditions, authors of papers, 
chemical shift assignments, etc. (Fig. 1). 

The concept of the assignment group (Fig. 2) as the central database entity arose from the 
common practice of grouping NMR data (chemical shifts, coupling constants, etc.) derived from 
a set of NMR experiments on a particular molecular species carried out under similar solution 
conditions. Authors generally are careful in reporting the conditions (pH, temperature, concen- 
trations, etc.) under which data were obtained, but they normally do not specify the particular 
NMR experiment (2QF COSY, NOESY, etc.) from which a particular datum (chemical shift, 
coupling constant, etc.) was taken. Where authors have made distinctions in the solution condi- 
tions, separate assignment groups are established for each set of conditions. This allows users of 
the database to combine data obtained under different conditions, if desired, or to preserve the 
original distinctions. In cases where authors lump together data obtained under a (narrow) range 
of conditions, the data are put into a single assignment group with ranges specified for variable 
conditions. Conditions are also given as ranges when authors have provided error estimates on ex- 
perimental solution variables. For example, if a paper states that '... the chemical shift data were 
determined at pH 5.0 and 5.5 at protein concentrations between 1.2 and 3 mM', the assignment 
group would use a pH range of 5.0-5.5 and a protein concentration range of 1.2-3.0 mM. The re- 
porting of ranges rather than points creates computational complexity but provides a fairer esti- 
mate of the precision of the data. Another example would be the lumping together of data deter- 
mined in ~H20 and 2H20. In cases where the isotope effect on the chemical shift or other 
parameters can be ignored (or is neglected by authors in their reporting of the data), the results 
would be placed into a single assignment group. In cases where the isotope effect cannot be ig- 
nored (for example in reporting 15N chemical shifts), separate assignment groups must be used. 
The preservation in the database of important distinctions such as these hinges on the diligence of 
authors in reporting them in their publications. 

Special tables are created for experiments in which one of the sample conditions is a variable. 
Such studies include pH titration, variable temperature, and JH/ZH exchange experiments. For 
such studies the assignment group table would be inappropriate since it specifies constant solution 
conditions. 

In anticipation of an increased need to use information from more than one biological database 
at a time, we have included links to the Protein Identification Resource, Protein Data Base, 
Chemical Abstracts Service, and CarbBank databases, via the table Link_to_other_Database 
(Fig. 3). 

In the examples of tables shown in Fig. 2, the text names were written out completely for clarity. 
Actually, database entities, such as atom names, protein names, and organism names, are stored 
only once, in a lookup table that associates a unique integer with each name (Fig. 4). The unique 
integer is used in place of the text name in all other places where it is needed. The main purpose 
of this is to save space, but it also prevents redundancy and the occurrence of multiple spellings 
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A t a b l e  R e f e r e n c e  

r e f l D  

250 

303 

392 

21 

pub_ID 

8 
(JBC) 

20 
(Cell) 

8 
(JBC) 

3 
(EJB) 

volume 

264 

59 

258 

169 

issue 

32 

start end 
page page 

18907 18911 

year 

1989 

573 580 1989 

13 8235 8239 1983 

201 207 1987 

title 

Determination of the 
Secondary Structure of 
Interleukin-8 by Nuclear 
Magnetic Resonance... 
The Structure of the 
Antennapedia 
Homeodomain determined 
by NMR Spectroscopy.., 
Comparative Nuclear 
Magnetic Resonance 
Studies of High Potential 
Iron-Sulfur Proteins 
Structural and Dynamical 
Comparison of alpha, 
beta, and gamma forms of 
murine epidermal growth,., 

B 
t a b l e  S h i f t  

C 

group_ID 

40 

r e s i d u e n u m b  aa_name 

ALA 

atom_name 

HC~ 
H N 

shift_value 

H [~2 

5.00 
40 25 LYS 8.16 ......... 
40 4 SER H N 8.00 

252 7 PHE C a 59.00 
275 27 SER H a 4.61 
324 32 HIS 3.05 

t a b l e  R e p o r t i n g _ S t a n d a r d  

group_ID nucleus 

40 1 H 

, 5 ,  13 C 

peak ID accuracy 

I (methyl, 
0.01 

hydrogcns of TSP) 

3 Idi~xanc carbons) (/.05 

Fig. 1. Examples of tables in the protein NMR relational database. (A) The reference table that describes journal articles, 
monographs, and book chapters, Note that the actual name of each journal is displayed in this figure only for clarity, In- 

. ternally, only the integer p u b _ I D  is stored in this table. This saves storage space, speeds retrieval time, and helps prevent 
the occurrence of multiple spellings, including misspellings. Any time a user views this information, it is processed so that 
he sees the publication name, not the integer that corresponds to it. (B) The shifts table that stores assignments of NMR 
chemical shifts to specific atoms. (C) The reporting standards table. Each chemical shift assignment is associated with a 
particular protein under particular experimental conditions (group_lD,  see Fig. 2) and with a particular atom of a partic- 
ular amino acid residue of that protein (aa_name and a t o L n a m e ) ,  Each row in the shifts table (Fig. 1B) identifies one 
chemical shift assignment. The reporting standard for each chemical shift can be found by matching the group_lD in the 
shifts entry (Fig. 1 B) to the group_lD in the reporting_standard table (Fig, IC). This matching is performed for the user 
by the relational algebra. The shifts table is not stored as a permanent table in the database in this form, but is created dy- 
namically when needed as a view (see text), 
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table  

E x p e r i m e n t s  

en t i t y  

A s s i g n m e n t  

G r o u p  

tab le  

Sh i f t s  

exp ID type f ie ld  a c q u i s i t i o n  .-. ~roup ID 
- s t r eng th  t ime  ~ - 

I N O E S Y  I 1.75 0 .5  ... 200  

2 C O S Y  I 1.75 0 .5  ... 200  

3 C O S Y  I 1.75 0 .5  ... 200  

I 
uced E. co l i  t h i o redox in  ) 

/ .  

=25"C pH=5.7 ~ 

I 
group ID ... atom name shift_value 

200 ... H ~ 4.19 
200 ... H !32 3.90 
200 ... H N 8.35 
200 ... H v 1.41 

Fig. 2. The concept of assignment group was invented to realistically model the level of  reporting of  data and experiments. 

It links an experiment table, which contains data  from a set of  experiments carried out  with a particular protein under simi- 

lar solution conditions,  to a shifts table, which holds the chemical shifts and their assignments.  

table Link to o ther_Database  

protein variant 

164 
(S, aureus 

nuclease H124L) 
164 

(S.aureus 
nuclease H124L) 

164 
(S.aureus 

nuclease H124L) 
164 

(S. aureus 
nuclease H124L) 

other database 

4 
(Chem. Abstracts) 

2 
(NBRF) 

3 
(Brookhaven) 

1 
(BioMagResBank) 

accession 
number 

9013-53-0 

Ncsef 

2SNS 

165 
(S.aureus 

Nuclease pCQV2) 

expression 

83-205,L,207-231 

1-123,L,125-149 

8-130,L,132-156 

Fig. 3. The Link_to_other_Database table allows a researcher to relate data in BioMagResBank to data in other databa- 

ses. When  another  database is found to contain an entry to the same or closely related protein, numbers  are inserted into 

the Link_to_other_Database table that  identify the other database,  the aec~ssion number  o f  the (related) protein, and 

the relationship between that  protein and the one in BioMagResBank (the notat ion system we use was shown to us by Drs. 

David George and Winona  Barker). For example, in the second row, we see that the sequence for nuclease H124L in Bio- 
MagResBank can be derived from the entry stored in the N B R F  database as protein "Ncsar (which contains a leader se- 

quence) by concatenat ing amino acids 83 through 205, inserting a leucine, followed by amino acids 207-231 to obtain a 

sequence 149 amino acids long. The sequence o f  nuclease H124L can be obtained from that of  another  nuclease stored in 

BioMagResBank (S. aureus nuclease pCQV2, a recombinant  protein with a short  amino-terminal  extension) by taking the 

substr ing amino acids 8 through 130, by then inserting a leucine, and by continuing with amino acids 131 through 156. 
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p r o t e m  p r o t e m  

n a m e  ID 

v a r i a n t - 3  
178  

n e u r o t o x i n  

A T X  I 171 

A T X  II 214  

a p a m m  201 

presented 

joined view 

o r g a n i s m _ n a m e  - 

Centruroides sculpuratus Ewing  -.- 

Anemoma sulcata " "  

Anemonia sulcata " 

Apis mellifera "'" 

separate join sore, ) 
table Protein_variant table Organism_variant 

pro te in  p ro te in  o r g a m s m  ... o r g a n i s m  o r g a n i s m  n a m e  ... 
n a m e  ID ID ID - 

v a r i a n t - 3  178 118 ""  118 Centruroides sculpuratus Ewing  ... 
n e u r o t o x i n  

ATX  I 171 110 "'" 110 Anemonia sulcata ... 

ATX  II 214  110 

a p a m i n  201 134 

134 Apis mellifera 

Fig. 4. Example of a join. The joined view shown at the top is constructed from two stored tables: Protein variant and 
Organism variant. Rather than write the name "Anernonia sulcata' for each description of a protein from that organism, 
what is done internally is to store the integer I10 in the column organism_lD of the table Protein_variant. This prevents 
the occurrence of multiple spellings, which would cause incomplete retrieval of data in some situations. Upon retrieval, the 
relational algebra joins rows from the two tables. The tables shown are fragments of the real tables: other descriptive 
attributes of proteins and organisms have been omitted here for the sake of clarity. 

that  occur  in o the r  types o f  da tabases .  The join o p e r a t i o n  o f  the re la t iona l  a lgebra  facili ty o f  the 

sof tware  (Fig.  4) is used to comb ine  any  occur rence  o f  an ident i fy ing  integer  a u t o m a t i c a l l y  with 

the text name  from the l o o k u p  table  to c rea te  r eadab le  text. The  user is never required to m a n i p u -  

late the ' b a r e  n u m b e r s '  direct ly.  

The  re la t iona l  a lgebra  ope ra t i ons  (project, union, select, join, etc.) can be used to c ombine  d a t a  

f rom rela ted tables  in a defined fashion (Fig.  5). To  ir ivoke the re la t iona l  a lgebra ,  the user wri tes  

a query. The  language  in which queries  are  wri t ten resembles  symbol ic  logic. The  que O, language 

used by BioMagResBank is Standard Que O, Language (SQL) .  C o m m o n l y  used quer ies  can be 

' p a c k a g e d ' ,  so that  users can ob ta in  the same results  by invoking  a s imple c o m m a n d  ra ther  than  

by c o m p o s i n g  an SQL query.  

It is the respons ib i l i ty  o f  the d a t a b a s e  des igner  to ensure tha t  the d a t a b a s e  is in ' n o r m a l  form' .  

A no rma l  form is a c o m p a c t  r ep resen ta t ion  o f  the d a t a  (Fig.  6). W h e n  the d a t a b a s e  is in no rma l  

form,  da t a  are  nei ther  c rea ted  nor  lost du r ing  the execut ion  o f  queries.  
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Fig. 5. Demonstration of the use of relational operators. Upon receiving the SQL query listed at the top. of the figure, the 
SQL parser invokes two relational operators to retrieve the requested information. The operator pr~/ect causes only infor- 
mation from the desired columns to be retrieved (shown in yellow), and the operator select causes only information from 
the desired rows to be retrieved (shown in blue). The result of applying the relational operators to a table (or tables) is itself 
a table (shown at the bottom of the figure), and can be used as input to further operations. 

We are developing the database  using the Oracle TM relational da tabase  management  system 

(RDBMS) .  This software can run on a wide range o f  hardware  platforms from mainframes to 

worksta t ions  and personal computers .  The structure o f  the data,  however,  is independent  o f  the 

R D B M S  used. Thus  the protein N M R  database  can be transferred to any R D B M S  (public 

domain  or  commercial) .  The advantages  o f  setting up the database  on an R D B M S  are that we can 

benefit f rom the superior search capabilities, index-building capabilities, and query opt imizat ion 

such systems provide. These generalized facilities are applicable to any text or  numeric field in the 

database.  Most  R D B M S s  supply a forms-based interface that simplifies data entry and database 

development .  In addit ion,  many  R D B M S s  provide excellent security features. Selected data  can 

be made  accessible only to author ized users. For  example, data  could be deposited in accordance  

with a part icular  scientific journa l ' s  policy at the time a paper is accepted for publication, but 

released to the public after a given time period (e.g., six months) .  

Database  consistency is protected through several levels o f  software; if the suppor t ing operat-  

ing system 'crashes '  dur ing the course o f  a complex change to the database,  the transaction will be 

' ro l led-back '  to the state the database  was in before the change was initiated. Upon  restarting the 

R D B M S ,  the t ransact ion will be "rolled-forward'  to complet ion.  Th rough  journal ing and regular 

backups,  no data  ever need be lost or irrevocably corrupted.  An R D B M S  is able to support  access 
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Journal arlicle 
or 

Direct submission 

Assign paper ID 
Enter aulhor. 

t=tle 

Group Data 
According to 

pH, lemperature 

Classify 
Organisms 

and Proteins 

Enter data 
Student 1 

(Matt) 

Compare, 
correct 

Differences 

+ 
Incorporate 

data into 
database 

L 
Enter data 
Student 2 

(L=nda) 

Letter to 
authors. 

requesting 
clarification 

~ . ,~ ,~  Nomencladure 
Anomalies 

table T rack_A 

paper shifts shifts shifts to authors 
ID 1 2 main 

0 1 3 Linda Cate 
(not done) (done) 

0 1 
12 Linda 0 (not done) (done) 

1 1 
27 Linda Matt 

(done) (done) 

unosual folder amino_acids 
0 compare 

(none) shifts 
1 for 

(has) Matt 

0 NOES 
(none) 

Fig. 7. (Top) Flow chart showing how protein NMR information is handled by the database staff. (Bottom) One of the 
tables used by BioMagResBank staffto track journal articles in the process of being incorporated into the database. 

by many users simultaneously, and will present a consistent view to each user. In addition, a rela- 
tional database can grow incrementally. As soon as any new datum passes certification, it can be 
incorporated incrementally into the database. Indices will be updated automatically and reba- 

lanced periodically for optimal performance.  

Scope of the database 
Our present effort is focused on solution N M R  studies of  proteins or protein fragments. We 

have limited database entries to studies that meet the following criteria: the molecule investigated 
must be a protein or peptide of  12 residues or more; the N M R  data must have been acquired in 
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solution; the NMR data must be assigned to one or more specific atoms in a designated residue 
in a known sequence: and the data must have appeared in the primary refereed literature. The new 
literature is scanned routinely to identify potential new entries: the older literature has been 
entered in a less systematic way by relying on review articles and reprint collections for relevant 
entries.' The database format we have developed is general and can accommodate amino acids and 
smaller peptides or other classes of  biomolecules. 

Data entry 
Several tables in the database itself are used to track the progress of  journal articles being consi- 

dered for inclusion in the database (Fig. 7). Given the complexity of N MR data and the variabil- 
ity of reporting practices, each journal article requires detailed scrutiny by an annotator  prior to 
data entry. Each protein entry in the BioMagResBank database, whenever possible, is matched 
against PIR, PDB, and Chemical Abstract Services (CAS) entries. The organism from which the 
protein was derived is classified by genus, species, and variant, and genus and species are checked 
for occurrence in the PIR and CAS databases. If the species is not found, then a taxonomist is 
consulted to verify that the genus and species names are currently accepted. Proteins are classified 
according to IUB convention (IUB, 1984) if they .have an enzymatic activity. The amino acid se- 
quence presented in the paper is checked against the sequences of  proteins with the same name (or 
similar names) that occur in other databases: PIR, PDB, or CAS. Questions about experimental 
protocols and reporting standards are referred to spectroscopists. Data entry itself is not a trivial 
operation because of variations in nomenclature such as residue number specification or atom 
specification. Most time consuming is the careful reading of  the entire paper, particularly the ma- 
terials and methods section, needed in order to establish experimental conditions including tempe- 
rature, pH, and subtle aspects of  the protein species under consideration such as chemical modifi- 
cation, presence of  a bound ligand, or co-factor. 

We have taken advantage of  properties of  the relational database format in order to implement 
automatic error checking during the data-entry process. As an example, by using our automated 
data entry program an undergraduate data-entry worker uncovered over twenty instances in the 
published literature of chemical shift .assignments to non-existent atoms in protein structures. The 
entry program acts as a filter and rejects impossible entries (e.g., an assignment to an alanine 1HV). 
By contrast, the creation of a similar level of error checking in a free-text database would require 
elaborate programming. As a check against errors introduced during data entry, we have each 
datum entered by two different persons with the preliminary results stored in two temporary rela- 
tions. We then use the algebraic query language, SQ~, to ask for and flag any discrepancies so 
that they can be checked and reconciled before the data set is made a permanent part of  the data- 
base (Fig. 8). 

" Database distribution 
We propose to distribute the database in three different formats to match the computer equip- 

ment and expertise of users. The simplest format is aflatfile, in which data would be available as 
text in a fixed format. Keywords would be used to identify each type of data. This format, which 
can be used by any laboratory, loses much of  the power obtained by storing the data in a relatio- 
nal format. In carrier file format, the data would be separated from the Oracle RDBMS that has 
been used in developing BioMagResBank. The data can then be transferred to any relational data- 
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Fig. 8. Example of the routine used to screen out errors introduced during data input. Each data set is entered temporarily 
into separate relations by two different workers (Linda and Mike in the example shown). Two SQL difference queries are 
performed in order to uncover any discrepancies. Here the query: 

select group_ID0 residue_numb, aa_name,  a tom_name,  s h i f t v a l u e  
from linda_shifts 
where group_ID = 17 

minus 
select group_ID, residue_numb, aa_name,  a tom_name,  shift_value 
from mike_shifts 
where group_ID = 17 

finds rows that are in the table linda_sh(fts, but not in mike_sh(fis. Three types of errors were detected here: ( l ) In the first 
row, Mike correctly abbreviated arginine as R, but Mike incorrectly used N. (2) In the second row, one of the workers used 
the wrong atom name. (3) In the third retrieved row, Mike entered 1.395 as the shift value and Linda entered 1.935. A sec- 
ond query that subtracts linda__~hifts from mike~'hifts will detect any remaining differences. After differences are de- 
tected, checked, and corrected, the shifts are made part of the permanent database. (All tables in this figure are views creat- 
ed by joining the atom lookup table with the actual internal representation of shifts.) 

b a s e  m a n a g e m e n t  s y s t e m  in o r d e r  to  a c c o m m o d a t e  g r o u p s  t h a t  use  a n  R D B M S  o t h e r  t h a n  

Oracle. T h i s  w o u l d  p r e s e r v e  t h e  p o w e r  o f  i n d e x i n g  a n d  t h e  r e l a t i o n a l  a l g e b r a .  S Q L  q u e r i e s  w o u l d  

n o t  b e  a f fec ted .  P r o g r a m s  t h a t  i n t e r a c t  w i t h  BioMagResBank by  m e a n s  o f  a t h i r d  g e n e r a t i o n  c o m -  

p u t e r  l a n g u a g e  (e.g. F O R T R A N  o r  C) w i t h  s y s t e m  ca l l s  to  the  d a t a b a s e  m i g h t  n e e d  s l igh t  m o d i f i -  

c a t i o n  to  a c c o m m o d a t e  s y s t e m  d e p e n d e n c i e s .  W e  a l so  p l a n  to  p r o v i d e  a network server to  Bio- 
MagResBank. T h i s  w o u l d  p r o v i d e  a u t o m a t i c  r e s p o n s e s  to  S Q L  q u e r i e s  o r  ' c a n n e d "  c o m m a n d s .  
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Database  personnel  could supply responses to ad hoc na tura l  language queries. We expect that  a 

major  use of  the da tabase  will be to retrieve data  to be used as inpu t  to preexist ing N M R  and  

structural  analysis  programs.  L o o k u p  tables can be used in order  to conver t  the data  into the par-  

t icular format  (a tom nomencla tu re ,  coord ina te  system, etc.) expected by the analysis  p rogram 

(Fig. 9)'. 

Data catalogued 
In addi t ion  to entities such as proteins, NMR experiments, organisms, and  shift assignments, the 

da tabase  can now describe coupling constants, N O E  measurements  (distance ranges, NOE buildup 
rates), and  pKa values (Fig. 10). We have decided to wait  unti l  more  of  a consensus  has developed 

concern ing  protocols  before enter ing data  on  prote in  s tructures derived from N M R  data.  

R E S U L T S  A N D  D I S C U S S I O N  

In the past  few m o n t h s  the da tabase  has been t ransformed,  f rom a small p ro to type  created to 

test the design, into a comprehensive ,  organized collection. The current  da tabase  con ta ins  infor-  

ma t ion  from over 1100 papers.  More  than  2300 different authors ,  1500 ass ignment  groups,  and  

TABLE SHIFT 

residue shift 
group_ID number atom_ID value 

46 4 147 131.50 
46 4 149 131.00 
46 4 151 131.00 
46 22 147 132.00 

/ \ 
TABLE ATOM_LOOKUP I TABLE ATOM_LOOKUP_2 

aa a tom I aa  a tom 
a tom ID a tom ID 

- name  l lnahle  - ~ name name 

147 F f C "t 147 F C I 

149 F C t l  149 F C3 

151 F ] C t2 1'51 ~ F C5 

VIEW SHIFT 1 VIEW SHIFT 2 

' r e s idue  aa a tom shi f t  g roup  ID re s idue  aa a tom shif t  
g roup  ]D n u m b e r  name  name  va lue  - n u m b e r  name  name  va lue  

4 6  4 F C "t 131.5(I "46 4 F CI 131 .50  

46  4 F C E~ 131 .00  46  4 F C3 131 .00  

4 6  4 F C t2 131 .00  4 6  4 F Cs 131.(10 

46  22 F C "t 132 .00  I 4 6  22 F Ct  132 .00  

Fig. 9. Example of the generation of tables of data that employ different nomenclature systems from stored tables and 
lookup (conversion) tables. The two tables at the bottom are actually views, i.e. the tables are not stored in the computer 
but are created dynamically from the underlying tables whenever needed. This translation can be evoked from a report, 
which would also format the data text spatially as input as required by the target program. Translation from one-letter 
amino acid abbreviations to three-letter abbreviations or full names can be accomplished in the same fashion. 
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Fig. 10. Entities and relationships modeled in BioMagResBank. Each oval corresponds to a table (entity) in the database 
(not all the attributes of  each table can be displayed in this figure). A line connecting two entities indicates that there is 
some natural relationship between the two entities. For example, every reference (journal article or book chapter) has at 
least one author and appears in a publication (journal, monograph,  or proceedings). Every shift assignment or coupling 
constant can be related back (by means of  the entity assignment group) to a particular protein. 

20000 shifts have been included*. Information can be retrieved as indexed by authors, protein, or- 
ganism, sequence, amino acid, pH of data collection, particular NMR experiment, or any other 
characteristic described in the database. 

Our guiding principles have been to create a design directly accessible to scientists at various 
levels of computer proficiency and to support automatic manipulation of and reasoning about the 
data by programs written in higher level languages. The desire for a clean, simple design has been 
tempered by a realistic acceptance of the lack of a standard reporting format and of the limits of 
experimental accuracy. 

*Compilation of  data has been hindered by incomplete reporting in journal articles. The most common problems have 
been: the failure to define experimental or reporting chemical shift standards, incorrect naming of  atoms, undefined experi- 
mental conditions such as temperature or pH, and lack of  clarity in reporting spectral parameters. Over 200 letters have 
been sent to authors requesting clarification or additional details. Responses to these letters (at a level of  about 50%) have 
allowed us to release assignment groups that were placed on hold. 
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A P P E N D I X  

Check list for protein N M R  data to be submitted 
for publication or for database inclusion 

J o h n  L. M a r k l e y ,  E l i zabe th  A. F a r r  and  Bever ly  R. Seavey  

Biochemistry Department, College ~?['Agricultural and L!/'e Sciences, University o/" Wisconsin-Madison. 420 Henry Mall. 
Madison, W153706-1569, U.S.A. 

The following check list has been devised to assist authors in preparing protein N M R  data for 
publication. The list is more general and more comprehensive than the set of  recommendations re- 

cently adopted by the Division of  Biology and Medicine, ISMAR (1990). The protein N M R  field 
is evolving rapidly, and it is to be expected that a list of  this kind will change over time. Some of 

the sections (e.g., Section 1 on protein description) are pertinent to all sets of  experimental protein 
N M R  data; other sections concern only certain classes of  experiments. BioMagResBank (Ulrich 

et al., 1989; Seavey et al., 1991) collects data from published protein N M R  articles and from sup- 
plementary material deposited with publications. In the case of  journals that do no't accept sup- 
plementary materials, these can be submitted directly to BioMagResBank,  and a note to this 

effect can be placed in the article. BioMagResBank does not accept data that are not associated 
with a refereed publication. Authors of  papers reportin.g protein N M R  data are encouraged to 
contact BioMagResBank in advance of  the submission of  their manuscript  to receive a reference 

identification number.  This number  will be issued upon receipt of  the manuscript 's  title, list of  
authors,  and name of  the journal  to which the paper  will be submitted. The title page of the paper  
should contain a footnote: 'protein N M R  data will be deposited in BioMagResBank under 

r e f_ ID ~ ' ,  where ~ is the reference identification number  supplied. 

. Protein description (to be reported in the abstract as well as in the introduction or methods 

section of  the publication). 
I. 1. Protein name (should be reported in the abstract as well as in the introduction or methods 

section of  the publication) a. 

1.1.1. Trivial name. 
1.1.2. ECE (IUB, 1984), PIR (Protein Identification Resource), or CAS (Chemical 

Abstracts Service) designation if known. 

Include any common name of the protein and an accepted classification if it exists. Electron-transfer proteins, such as cy- 
tochromes, are not assigned ECE numbers, but an appendix in the IUB (1984) book on enzyme nomenclature describes 
the classification of these proteins. The IUPAC-IUB Commission (1975a) has discussed the nomenclature of iron-sulfur 
proteins. 
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1.2. 

1.3. 

1.4. 

Protein source (to be reported in the abstract as well as in the introduction or methods 
section of the publication). 
1.2.1. If biological: the origin of the protein (genus, species; tissue, cell type, organelle, 

etc., if pertinent). 
1.2.2. If recombinant: origin of the gene; species in which it was expressed b. 
1.2.3. If synthetic: synthetic procedure. 
!.2.4. Ifsemisynthetic: origin ofcomponents  and method of synthesis. 
Protein sequence and covalent structure c. 
!.3. I. Provide complete sequence of the protein molecule studied, or a reference to that 

sequence. (If the molecule is a fragment of a larger protein or a recombinant 
protein with an extension or deletion, this should be noted explicitly.) 

1.3.2. Indicate known disulfide bridges, unusual or modified amino acids, and co-factors 
(covalent or non-covalent) d. 

Protein isotopic composition. 
1.4.1. Natural abundance. 
1.4.2. Isotopically enriched e. 

1.4.2.1. Isotopic species. 
1.4.2.2. Location, enrichment levels, and pattern of enrichment. 

b Identify the host strain of organism that produced the protein, the plasmid if applicable, and for recombinant proteins 
the identity of the original source (including the strain, if known) of the gene (e.g., organism from which it was cloned, syn- 
thetic gene). For example: "staphylococcal nuclease H 124L was produced by a modified version of the plasmid pTSN 1, 
grown in the host E. colistrain BL21-(DE3); the original clone was from the Foggi strain of  Staphylococcus aureus but was 
mutated to yield leucine at position 124; the protein produced by the expression system has a sequence identical to the 
nuclease isolated from the V8 strain orS. aureus. 

In order to simplify storage and computation, BioMagResBank stores all peptide sequences as starting with residue 
number 1 and assigns sequential integers to adjacent residues. When known, the entire amino acid sequence should be 
given, even if spectral assignments are not reported for certain residues (e.g., an amino terminal stretch). Numbering by 
homologous residues, although convenient for some comparison purposes, would introduce an extra level of complexity 
into the database. Protein fragments are considered as separate molecules, and are numbered starting with their actual 
amino terminus as residue 1. Fragments of larger proteins should be carefully described as such at the first point in a publi- 
cation at which they are named and described. An IUPAC-IUB (1972) publication discusses nomenclature for synthetic 
polypeptides. The IUPAC-IU B Commission (1975b) has presented nomenclature for peptide hormones. 

J The IUPAC-IUB (1984) standards for naming amino acids provid/e the names for all standard and many modified or un- 
usual amino acids. Additional examples are given by Cohn (1984). In cases not covered by this list, BioMagResBank will 
adhere to the nomenclature adopted by the Chemical Abstracts Service. When authors are not certain of the nomenclature 
or when a modification is not covered by published nomenclature, it would be best for authors to include a stereospecific 
representation of the modification in the publication with the pertinent atoms clearly identified. The nomenclature of por- 
phyrins and related compounds has been described by Bonnett (1978). 

In cases of isotopic labeling, the means of labeling should be described. The isotope, position(s) labeled, and level of in- 
corporated isotope should be specified. For example, ".. tyrosine with 95% ~C at the fil position was prepared by chemical 
synthesis; the label was introduced into the protein by feeding the amino acid to the organism that produced the protein; 
the overall level of enrichment at this site in the protein was estimated to be 80%'. 
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. Protein solut ion and experimental  condi t ions  f. 

2.1. Concen t ra t ion  o f  each protein present (units: molar).  (Is the protein present as a 
m o n o m e r ,  dimer, or  higher aggregate  at this concentra t ion?)  

2.2. Identi ty and concent ra t ion  (isotopic composi t ion)  o f  ligand (inhibitor, co-factor ,  sub- 

strate, protein target, etc.) (units: molar).  

2.2, Salt(s) (provide counter  ions, not  just  "0.5 m M  Ca 2+'); buffer(s) (units: molar),  

2.3. Solvent  compos i t ion  (including isotopic composi t ion  or  range o f  composi t ions)  (units: 

vol/vol %)g. 

2.4. pH (value o r  range, accuracy  o f  the measurement ,  how measured,  any correct ion for 

isotope effects), 

2.5. Tempera tu re  (value or  range, accuracy  o f  the measurement ,  how measured).  

2.6. Oxidat ion  state o f  the protein and the means by which the oxidat ion potential  o f  the solu- 

tion was adjusted. (For  example, "the protein was reduced by bubbl ing N2 gas th rough  

the solut ion in the N M R  tube; 1 mg ofd i th ion i te  was then added,  and the N M R  tube was 

sealed'.) 

2.7, Was  the protein in its native state under  the condi t ions  o f  the experiment? If  non-nat ive,  

what  was the dena turan t?  

2.8. Was  the protein studied as a complex  under  these experimental  condit ions? I f  so, what  is 

the s to ichiometry  o f  the complex studied? 

. N M  R experiment  (to be described in the experimental  section o f  the publication).  

3.1. N M R  hardware:  type o f  spectrometer  with any special modifications;  probe;  special 

filters; lock signal (if used); spinning rate; temperature  controller.  

3.2. D iagram of  the pulse sequence used with phase cycling, or  a literature reference to the 

pulse sequence used, 

3.1.1. Descript ion o f  the experiment:  dimensionali ty,  connectivities, coherences. 

3.1.2. Frequencies o f  nuclei excited and detected, 

3.1.2. List o f  delays, mixing times, etc., used. 

3.3. Chemical  shift reference for each nucleus reported h. 

3,2.1. Experimental  s tandard  reference for chemical shift determinat ion 

f It is useful to know as much as possible about the composition of the sample and the experimental conditions used in ob- 
taining the NMR data. If any of the data (e.g., chemical shifts) were determined under distinct and different conditions, 
including solvent isotopic composition (e.g., 10% -'H.,O and 90% *H:O), this should be noted explicitly. Certain values may 
be reported as ranges if this more accurately reflects experimental error or procedures. Such information should appear in 
the headings or footnotes of any table of data (not just in figure captions). For example: qH shifts of Lactobacillis easel 

dihydrofolate reductase (1 mM-3mM) at 30"C, pH 6.5+0.5 (400 mM KCI, 50 mM potassium phosphate buffer. I mM-3 
mM methotrexate reported in 90% H,O/10% 2H_,O from internal (0.3 raM) DSS'. 

In view of the evidence for solvent *H,O/-'H,O isotope effects on *~N and ~,~C chemical shiftsl it is important that the sol- 
vent composition for each experiment be specified clearly when such data are presented. 

h A typical statement would be: "proton chemical shifts are reported relative to the methyl resonance of DSS assigned the 
value of 0.000 ppm; they were actually measured relative to internal dioxane (0.3 mM) which was assumed to have a chem- 
ical shift value of 3.76 ppm relative to DSS; shifts are reported to +0.002 ppm'. Such statements should appear in the ex- 
perimental section of the publication. 
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. 

. 

3.2.2. 

(compound, isotopic composition, nucleus referenced, which signal from that 
nucleus; concentration; internal or external). 
Reporting standard - if different from the experimental standard 
(compound, nucleus referenced, isotopic composition; concentration; conversion 
factor from the experimental standard and the reporting standard; internal or ex- 
ternal). 

Conventions used for naming parts of  proteins and associated molecules. 
4.1. Residue numbering: in the database, amino residues will be numbered sequentially from 

the actual amino terminus (numbering systems that refer to homology, consensus se- 
quences, full-length proteins, etc., will be ignored). 

4.2. Atom designations within residues: the IUPAC-IUB (1970) numbering system will be 
used i. 

4.2.1. Prochiral assignments: the IUPAC-IUB nomenclature has provision for unambi- 
guous designation of  prochiral atoms or groups (e.g., H 132 and H 133, Val (H'tl)3 and 
(H'f2)3). 

4.2.2. In cases of  prochiral ambiguity, the IUPAC-IU B nomenclature should not be used, 

and prochiral spectra assignments should be distinguished by primes or double 
primes: for example, 13,/3'. 

4.3. Naming of  amino acids (including unusual and modified residues): IUPAC-IUB nomen- 
clature should be adhered to as far as possible d. 

4.4. Co-factor labeling d. 

Report ing of  N M R  data. 
5.1. Primary data 

5.1.1. Raw spectral data. (These are the initial results of  an N M R  experiment. These 
data should be saved in the laboratory in which they were collected. Eventually, 
means may be found for incorporating such valuable data into a database.) 

5.1.2. Processed data. (Examples of  the processed data should be included in publica- 
tions to illustrate methods and the validity of  the conclusions of  the study.) 

5.1.3. Parameters derived from N M R  spectra. 
5.1.3.1. Chemical shifts (indexed to individual assigned nuclei) (units: ppm (parts 

per million) from a specified reference (see section 3.2). 
5.1.3.2. Coupling constants (indexed to assigned pairs of  nuclei) (units: Hz). 

' BioMagResBank has adopted the Greek letter (or Roman equivalent) designation of atoms in residues described by the 
IUPAC-IU B (1970) commission. This notation is that used by the Protein Data Bank and is generally accepted by the X- 
ray crystallographic community. This labeling convention gets around ambiguities that exist in other numbering systems, 
particularly for the rings of aromatic amino acids. The use of ortho and meta for atoms in tyrosine and phenylalanine is 
particularly confusing, since different authors use the two possible meanings of these terms. Whenever authors use nota- 
tion that deviates from the IUPAC-IUB standard, they must provide sufficient description to avoid confusion. 



5.2. 

5.3. 
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5.1.3.3. NOE or ROE values (or build-up rates) indexed to assigned pairs of 
nuclei (indicate whether these are from measured peak heights, contour 
levels, or integrals, and how the measurements were made)( 

5.1.3.4. Tt, T2, or Tip values (indexed to individual assigned nuclei) (units: 
seconds) k. 

Derived data (assigned to a particular atom or group, under specified experimental condi- 
tions). 
5.2.1. Hydrogen exchange rates (these may be phenomonological rates measured at a 

particular pH value or the rates fitted to the equation that takes acid and base ca- 
talysis of exchange into account). 

5.2.2. Protection factors for hydrogen exchange. 
5.2.2. Correlation times. 
5.2.3. Order parameters. 
5.2.4. pK values. 
5.2.5. Equilibrium constants. 

5.2.5.1. Protein conformational equilibria. 
5.2.5.2. Ligand binding equilibria. 

5.2.6. Dihedral angles and rotamer populations. 
Structural models. 
5.3.1. Input parameters: complete list of constraints used in generating the structure and 

the conditions under which they were obtained (pH, temperature, protein concen- 
tration, salt concentration, etc. (see section 2 above)). 
5.3.1.1. NOE and/or ROE distance constraints: list of upper and lbwer distance 

limits (values for lower limits should be supplied even if they are simply 
assumed to be van der Waals contacts) I. 

5.3.1.2. Constraints from coupling data m. 
5.3.1.3. Constraints from inferred hydrogen bonding. 
5.3.1.4. Constraints from known or assumed covalent structure (disulfides, metal 

ligation, or other cross links). 
5.3.1.5. Explicit functional forms of potentials used as constraints in the structure 

determination. 
5.3.1.6. Other information or assumptions (e.g., information from crystal 

structures, structural, or NMR databases). 
5.3.2. Deduced secondary structure. 

J For NOEs or ROEs,  a range of  values from 1 (weakest) to 10 (strongest), for example, may be more informative than 

the designations "strong', "medium',  and 'weak'.  

k Alternatively, relaxation rates (units: s -  ~) may be given. 

i Include details on how distances were calibrated. 

" The IUPAC-IU B (1970) commission has published conventions for specifying dihedral angles and peptide conforma- 

tion. 
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5.3.3. Sets of 3D coordinates consistent with NMR results (discuss or provide a refer- 
ence to the algorithm used for structure calculation and the methods used for 
determining the agreement between the calculated structure and the NMR data). 
5.3.3.1. Protein coordinates with estimates of their accuracy. 
5.3.3.2. Bound ligand positions. 
5.3.3.3. Bound water positions. 
5.3.3.4. Estimates of the quality of the structures: deviations from ideal covalent 

geometry, numbers of bad contacts both for bond lengths and bond 
angles (with a reference to the standard covalent geometry used), 
Ramachandran (tp,~g) plots. 
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