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Structure of Porcine Heart Cytoplasmic Malate Dehydrogenase: Combining X-ray 
Diffraction and Chemical Sequence Data in Structural Studies? 

Jens J. Birktoft,t Ralph A. Bradshaw,l.sJ and Leonard J. Banaszak**l 
Department of Biological Chemistry, Division of Biology and Biomedical Sciences, Washington University School of Medicine, 
St. Louis, Missouri 631 10, and Department of Biological Chemistry, California College of Medicine, University of California, 

Irvine, California 9271 7 
Received July 24, 1986; Revised Manuscript Received November 19, I986 

ABSTRACT: The amino acid sequence of cytoplasmic malate dehydrogenase (sMDH) has been determined 
by a combination of X-ray crystallographic and chemical sequencing methods. The initial molecular model 
incorporated an “X-ray amino acid sequence” that was derived primarily from an evaluation of a multiple 
isomorphous replacement phased electron density map calculated at  2.5-%L resolution. Following restrained 
least-squares crystallographic refinement, difference electron density maps were calculated from model phases, 
and attempts were made to upgrade the X-ray amino acid sequence. The method used to find the positions 
of peptides in the X-ray structure was similar to those used for studying protein homology and was shown 
to be successful for large fragments. For sMDH, X-ray methods by themselves were insufficient to derive 
a complete amino acid sequence, even with partial chemical sequence data. However, for this relatively 
large molecule a t  medium resolution, the electron density maps were of considerable help in determining 
the linear position of peptide fragments. The N-acetylated polypeptide chain of sMDH has 33 1 amino acids 
and has been crystallographically refined to an R factor of 19% for 2.5-A resolution diffraction data. 

%e extent to which the function of an enzyme, a protein, 
or in general any biomacromolecule can be understood depends 
to a large extent on available structural information. Sin- 
gle-crystal X-ray diffraction has been the most productive 
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method for conformational analysis of proteins, but it requires 
knowledge of the amino acid sequence as additional input. In 
the absence of this information, it is still possible to interpret 
the electron density map of a protein but only in terms of an 
a-carbon model or, perhaps in somewhat more detail, a po- 
lyglycine or polyalanine model. Such models suffice to es- 
tablish the overall folding patterns, as well as the presence of 
domain structures, subunitsubunit interactions, and structural 
relationships to other protein structures, but do not define the 
nature of the amino acids participating in active sites or other 
important locations. 

Several attempts have been made to interpret electron 
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automating the interpretation of electron density maps. 

MATERIALS AND METHODS 
X-ray Diffraction Data. The X-ray diffraction data use6 

in the experiments described here extend to 2.5-A resolution 
and were collected by diffractometrt as previously described 
(Tsernoglou et al., 1972). The data set referred to as “native 
sMDH” data was collected from the so-called “type C” crystals 
that are grown from 65% saturated ammonium sulfate in the 
presence of a 10-fold molar excess of NAD at pH 5.1. The 
crystals belong to space group P21212 and have unit cell di- 
mensions of a = 139.2 A, b = 86.6 A, and c = 58.8 A. There 
is one dimeric molecule in the asymmetric unit. The two 
chemically identical subunits of a unique dimer will be referred 
to as subunit 1 and subunit 2. 

X-ray Methods. Difference Fourier maps were calculated 
employing fast Fourier transform methods according to Ten- 
Eyck (1973) and by using as coefficients (NFobsd - MFCa,J 
exp(ict,ld), where Fobsd and Faid were the observed and 
calculated structure amplitudes, respectively. Fa,, and the 
phase angles add were derived from atomic coordinates, and 
N a n d  M were used in the following combinations: (N, M) 
= (3, 2), (2, l ) ,  and (1, 1). Occasionally, selected parts of 
the model were omitted in the calculation of difference Fourier 
maps. Such electron density maps will be referred to as partial 

Restrained crystallographic refinement was performed ac- 
cording to the method of Hendrickson and Konnert (1981). 
Details of this procedure as applied to sMDH have already 
been described (Birktoft et al., 1982a; Birktoft & Banaszak, 
1983). In a few instances where some uncertainty about the 
exact amino acid sequence remained even after chemical se- 
quence data had been assigned, the side chains of the residues 
in question were removed from the coordinate list, and the 
modified structure was subjected to about five cycles of re- 
finement. The resulting coordinates were then used to generate 
new electron density difference maps. 

Peptides Used in Fitting. The methods employed in the 
preparation and amino acid sequencing of the peptide frag- 
ments used in the peptide fitting discussed below will be de- 
scribed elsewhere.* Here it suffices to mention that sMDH 
after being S-carboxymethylated was digested with trypsin, 
chymotrypsin, thermolysin, or Staphylococcus aureus protease. 
The resulting digests were fractionated with ion-exchange 
chromatography and gel filtration; the purified peptides were 
sequenced by manual Edman degradation. The tryptic digest 
yielded 33 peptides of which 17 were fully and 10 were par- 
tially sequenced whereas only the composition and end-group 
information was available for 6 peptides. Thirty-eight peptides 
were obtained from the chymotryptic digest, and of these 26 
were fully sequenced, 10 were partially sequenced, and 2 had 
only their composition and/or end groups determined. Of the 
72 thermolytic peptides, 27 were fully and 23 were partially 
sequenced, with only composition data for the remaining 13 
peptides. The S. aureus protease digest yielded 15 peptides 
of which 8 were fully and 6 were partially sequenced; for one 
peptide, only the composition was provided. Finally, a tryptic 
digest of sMDH that was S-carboxymethylated and maleyated 
yielded sequence information for two peptides. Independently, 
Allen et al. (1 97 1) have reported sequence data obtained from 
a tryptic digest of sMDH that had been aminoethylated. 
Thirty-nine peptides were described of which 12 were identical 
with peptides obtained from the above-mentioned tryptic di- 
gest. Of the remaining unique 27 peptides, the number of fully, 
partially, and unsequenced peptides was 16, 2, and 9, re- 
spectively. 

Fcalcd maps* 

density maps in terms of a complete molecular model without 
an amino acid sequence, producing a so-called ”X-ray 
sequence”. Myoglobin (Watson, 1969), carboxypeptidase 
(Lipscomb et al., 1969), thermolysin (Matthews et al., 1972), 
rubredoxin (Herriott et al., 1973), and hexokinase (Anderson 
et al., 1978a,b) are all examples where structural results were 
described without a sequence. With the exception of hexo- 
kinase, the primary structure of these proteins was subse- 
quently determined by chemical analysis, and in all instances 
the final results showed that the X-ray sequence was only 
partially correct. In the most successful case, rubredoxin, 40 
of 54 amino acids were correctly identified. That study was 
carried out at 2.0-1( resolution (Herriott et al., 1973), but even 
after extensive crystallographic refinement at 1.5-A resolution, 
only 50 of 54 amino acids were correctly identified (Waten- 
paugh et al., 1973). In the cases of myoglobin and carboxy- 
peptidase A, the agreement between chemical and X-ray se- 
quence was considerably less, even though these structures were 
also analyzed at 2.0-A resolution. 

The determination of the primary structure of proteins larger 
than 100 residues by chemical methods generally proceeds via 
the sequencing of shorter fragments, information that will be 
available well before the complete primary structure is known. 
If these peptides could be positioned in the electron density 
map, this important structural information could in turn be 
used to aid in its interpretation. In the best of circumstances, 
this approach can facilitate the derivation of the complete 
amino acid sequence of the protein. Examples of such a 
strategy include structural studies of wheat germ agglutinin 
(Wright et al., 1984), tomato bushy stunt virus (Hopper et 
al., 1984), and lactate dehydrogenase (Taylor et al., 1973). 

The threedimensional structure of porcine heart cytoplasmic 
or soluble malate dehydrogenase (sMDH; L-malate:NAD+ 
oxidoreductase, EC 1.1.1.37)’ was one of the first oligomeric 
enzymes determined at high resolution. The initial electron 
density map was obtained by the method of multiple iso- 
morphous replacement at 2.5-A resolution (Hill et al., 1972; 
Webb et al., 1973; Tsernoglou et al., 1972). In the absence 
of knowledge of the primary structure, this map was inter- 
preted in terms of an a-carbon model, which subsequently was 
expanded into a polyalanine model. Later, information pro- 
vided by the amino acid sequence of a limited number of 
peptides was combined with analyses of the electron density 
resulting in an “X-ray amino acid Sequence” or “X-ray 
sequence”, which formed the starting point for restrained 
least-squares refinement (Birktoft et al., 1982a). At several 
stages during this process, difference Fourier methods were 
used to generate electron density maps which were inspected, 
and the original X-ray sequence assignment was reevaluated. 
Despite the incomplete nature of the X-ray amino acid se- 
quence, this information was still useful in reaching a number 
of significant conclusions regarding structure-function prop- 
erties as well as evolutionary relationships of sMDH (Birktoft 
et al., 1982a,b; Birktoft & Banaszak, 1983). 

With the completion of the amino acid sequence of sMDH 
by chemical methods,2 the opportunity to evaluate the success 
of using electron density maps in the determination of the 
amino acid sequence for a rather large protein, determined 
at medium (2.5-A) resolution, is presented. Such experiences 
may also have significance in developing methods for partially 

’ Abbreviations: sMDH, cytoplasmic malate dehydrogenase; MIR, 
multiple isomorphous replacement; rms, root mean square. 

* J.-K. Fang, M. J .  Wade, B. E. Glatthaar, M. R.  Sutton, G. R. 
Barbarash, G. A. Grant, and R. A. Bradshaw, manuscript in preparation; 
R. A. Bradshaw, J.-K. Fang, R. T. Fernley, J. J. Birktoft, and L. J. 
Banaszak, manuscript in preparation. 
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The majority of the fully sequenced peptides, 76 of 106, 
together with a number of the partially sequenced peptides, 
30 of 5 1, and unsequenced peptides, 16 of 30, could be com- 
bined into longer segments due to the presence of suggested 
overlaps. In the end, a total of 19 unique peptide combinations 
could be deduced from the chemical data. In some instances 
peptides could be combined in more than one way, but this 
did not increase the total number since such alternate com- 
binations eliminated other possibilities. 

Model Building and Amino Acid Sequence Assignment. 
During the early phases of this work, model building and map 
interpretation were accomplished by fitting Kendrew-Watson 
models to the electron density maps with an optical comparator 
generating the models denoted model 1 and model 2. All 
subsequent model building and map interpretation were done 
on an MMS-X interactive graphics system (Barry et al., 1974). 
The resulting molecular models are referred to as model 3, 
model 4, etc. The work on the graphics system was facilitated 
by the use of the programs NEWNIP (Lederer et al., 1981) and 
BUILD (Miller et al., 1981). 

The initial interpretation of the MIR-phased electron density 
map at 2.5-a resolution was done in terms of a polyalanine 
model, model 1 (Hill et al., 1972). Subsequently, the same 
map was analyzed with the purpose of estimating the amino 
acid sequence of sMDH directly from the electron density map. 
Two experimental protocols were used. One involved the 
incorporation of side-chain atoms into the model for use in 
least-squares refinement. The second was the preparation of 
a list of probabilities for each residue position in order to 
attempt to position peptides whose sequences were known from 
chemical studies. The first protocol, which has been described 
previously (Birktoft & Banaszak, 1983), resulted in model 2, 
which was used in the initial refinement cycles (Birktoft et 
al., 1982a; Birktoft & Banaszak, 1983). 

The second approach involved a visual estimate of the 
probability that any one of the known amino acids could be 
located at a specific position in the electron density map. The 
probability scoring was done on the scale of 0 (very unlikely) 
to 5 (highly probable), and each subunit was evaluated in- 
dependently. Primary consideration was given to the space 
occupied by the density assumed to enclose the side chain, as 
well as the shape of the side-chain density. In many instances 
more than one side-chain type appeared to fit the density 
volume equally well, and in such instances the scoring values 
were modified by taking into consideration such features as 
the relative location of the side chain as well as its proximity 
to other parts of the protein or to the solvent. Thus the score 
for polar residues was decreased by one if the side chain is in 
an internal position, and similarly, the probability scores for 
hydrophobic residues would be reduced if the side chain is in 
an external position. Although it is difficult to assess hydrogen 
bonding without knowledge of the precise amino acid sequence, 
possible hydrogen bonding between the polypeptide backbone 
and side chains was taken into consideration if the side-chain 
density approached densities associated with peptide bond 
amino and carbonyl groups. Residues for which hydrogen 
bonding appeared as a possibility had their probability score 
increased by one. The environment of a residue, in addition 
to providing clues as to the hydrophobic/hydrophilic nature 
of the side chain, also suggests its maximum possible size. This 
was most obvious for internally located residues where sur- 
rounding elements of density suggest volume limitations for 
the side chain. Surface residues on the other hand do not have 
such restrictions, and for these, longer side chains were also 
considered a possibility but were only given a low probability 

score, usually 1. No distinction was made between glutamate 
and glutamine nor between aspartate and asparagine. 

After a residue by residue correspondence between the two 
subunits was established by the least-squares procedure of Rao 
and Rossmann (1973), a joint tabulation for each amino acid 
position was obtained by summation of the scoring for the two 
subunits with the maximum value being limited to 9. At those 
positions where the subunits differed in the number of amino 
acids, the scoring value for the nonobserved residues was en- 
tered as 0. A small segment of the scoring matrix, comprising 
residues 34-60, is given as an example in Table I .  

The most probable placements in the polypeptide chain of 
the chemically sequenced peptides were estimated with a 
systematic search procedure, PEPTIDFIT, similar to that used 
for studying amino acid sequence homologies (McLachlan, 
1972). By use of the probability scores shown in part in Table 
I, each known peptide was placed in all possible positions along 
the polypeptide chain. The scoring value for that peptide in 
each electron density map position was then the sum of the 
probability values for the specific amino acids located in these 
positions. Applications of this protocol resulted in model 3, 
which incorporated an amino acid sequence that was a mixture 
of fitted sequenced peptides and assignments based on electron 
density map appearance. The fitting of the longer and more 
completely sequenced peptides that resulted in model 4 and 
model 5 was also facilitated by the PEPTIDFIT program. 

RESULTS 
First X-ray Amino Acid Sequence (Model 2 ) .  After the 

initial polyalanine model (model 1) of sMDH was completed 
(Hill et al., 1972), the MIR map was examined further for 
the purpose of obtaining the initial X-ray sequence as well as 
coordinates for all fitted atoms including those located in the 
electron density believed to be associated with side chains, even 
where the identity of the amino acid was unknown. A de- 
scription of the history of the sequence assignments for the 
same residues described in Table I, 34-60, and used in the 
refinement is presented in Table 11. Representative segments 
of the electron density maps employed during the various 
revisions tabulated in Table I1 are shown in Figure 1. A 
summary description of all the models, including information 
about chemical sequences, and their refinement is given in 
Table 111. As can be seen from Table 111, model 2 was 
comprised of 4127 non-hydrogen atoms distributed in 321 and 
324 amino acids in subunits 1 and 2, respectively. This rep- 
resents 81% of the total number, excluding hydrogens, of 
protein atoms found in the sMDH dimer and compares with 
the 3195 atoms that were included in model 1. Excluded from 
these numbers are the 98 atoms contributed by bound NAD 
and sulfate ions (Webb et al., 1973). Of the total of 645 amino 
acids in the two subunits, 375 were real amino acids, and 270 
were pseudo amino acids. 

Initial Crystallographic Refinement. The coordinate set 
representing model 2 was used as the starting point for the 
restrained crystallographic refinement procedure, which was 
undertaken with the premise that interpretation of electron 
density associated with the amino acid side chains would be- 
come less ambiguous, leading in the direction of the correct 
amino acid sequence. Initially, six cycles of refinement with 
data in the resolution range 9.0-3.5 8, were carried out with 
the conventional crystallographic R factor decreasing from 
45% to 41%. The resulting coordinates were then used to 
calculate Fobsd - Fcalcd and 2Fobsd - Fcalcd difference electron 
density maps. 

As a test of the quality of the phases resulting from the 
incomplete model, the cofactor NAD and the bound sulfate 
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Table I: Amino Acid Sequence Scoring Matrix Derived from an Electron Density Map' 
chemical 
sequence P G A S C T V B I L Z M K R H F Y W  
34Pro  ( 4 ) O  6 4 0  0 0 0 0 0 0 0 0 0 0 0 0 0  
35 Ile 0 0 0 0 0  8 8 0 ( 3 ) 0 0 0 0 0 0 0 0 0  
36 Ile 0 0 0 0 0  5 4 2 (2)  3 4 0 0 0 2 0 0 0  
37 Leu 0 0 0 0 0  0 0 3 5 ( 6 ) 2  0 0 0 0 0 0 0  
38 Val 0 1 4 4 1  5 ( 4 ) 0 2 0 0 0 0 0 0 0 0 0  
39 Leu 0 0  5 5 0  3 4 0  3 ( 1 ) 0 0 0 0 0 0 0 0  
40 Leu 0 0 0 0 0  2 4 0  3 ( 0 ) 4  3 0 3 0 0 0 0  
41Asp 0 0 0 2 2 0 0 (8)  0 7 3 0 0 0 3 0 0 0  
42 Ile 4 0 4 5 0 2  2 O ( 0 ) O  0 0 0 0 0 0 0 0  
43 Thr 0 0 0 0 0 ( 4 ) 3  5 0 0 2 0 1 1 0 0 0 0  
44Pro  (6)  0 4 4 0 2 1 2 0 0  1 0 0 0 0 0 0 0  
45 Met 0 0 0 2 0  0 0 5 0 4 4 ( 0 ) 3 5 2 0 0 0  
46 Met 0 0  1 2 0 2  2 2 0  1 1 ( 1 ) 1 1 0 0 0 0  
47 Gly 0 ( 8 ) 5 1 0  0 0 0 0 0 0 0 0 0 0 0 0 0  
48 Val 4 0 0 2 0 6 ( 6 ) 5  4 0 0 0 0 0 0 0 0 0  
49 Leu 0 0 0 6 0  4 4 5 O ( 3 ) O  0 0 0 0 0 0 0  
50 Asp 0 0 0 0 0 0 0 ( 4 ) 0 4 7  4 2 2 0 0 0 0  
51 Gly 0 ( 2 ) 9 4 0 0 0 0 0 0 0 0 0 0 0 0 0 0  
52 Val 0 0 0 4 4 6 ( 8 ) 2 0 0 0 0 0 0 0 0 0 0  
53 Leu 0 0 0 0 0  0 0 4 0 ( 3 ) 7  5 5 4 0 0 0 0  
54 Met 0 0 0 0 0  0 0 0 0 0 7 ( 9 ) 2 2 4 3 3 0  
55 Glu 0 9 6 3 0  0 0 4 0 4 ( 2 ) 0 0 0 0 0 0 0  
56 Leu 0 5 2 0 0  0 0 2 3 (3)  2 1 0 0 0 0 0 0  
57 Gln 0 0 0 0 0 0 0 2 0 2 ( 8 ) 3 6 6 0 0 0 0  
58Asp 0 0 0 0 0  0 O ( 3 ) O  4 0 0 0 0 6 5 5 4  
59 c y s  0 0  3 3 (5)  6 6 1 1 1 1 0 0 0 0 0 0 0  
60 Ala 0 4 ( 8 ) 6 0  0 0 2 0 0 0 0 0 0 0 0 0 0  

"The table shows the joint scoring matrix for a segment of the sMDH polypeptide chain that includes residues 34-60. The scoring value for each 
amino acid, ranging from 0 to 9, is entered under the single-letter amino acid code at  the top of the table. The chemically determined sequence is 
listed in the left column, and the scoring value for the correct amino acid is enclosed in brackets. 

Table 11: Summary of Sequence Assignments of Residues 34-60 of sMDH" 
residue 

no. model 1 first revision model 2 second revision model 3 third revision model 4 fourth revision model 5 
34 Ala Ala Ala pept fit Pro pept fit Pro pept fit Pro 
35 Ala Thr, Val Thr pept fit Ile pept fit Ile pept fit Ile 
36 Ala Thr Ava pept fit Leu pept fit Leu pept fit Ile 
37 Ala Leu Abu Leu Leu good fit Leu good fit Leu 
38 Ala Thr Ser good fit Ser good fit Glu Ser better Val 
39 Ala Ala, Ser Ala Leu Leu no side chain, Gly? Gly Leu, Glu(?) Leu 
40 Ala Val, Glx Val Met Met Leu better Leu good fit Leu 

42 Ala Ser Ala Val Val Pro or Ile better Ile pept fit Ile 
43 Ala Asx Ava Val Val Ser or Thr better Thr pept fit Thr 
44 Ala Pro Ala Pro Pro good fit Pro pept fit Pro 
45 Ala Arg, Asx Arg LYS LY s not Lys, Met better Met pept fit Met 
46 Ala Ser, Thr, Asx Ava Glx Gln aromatic, Met Met pept fit Met 

48 Ala Thr Abu Thr, Val Thr Val or Ile Val pept fit Val 
49 Ala Ser Ser good fit Ser Leu better Leu pept fit Leu 

41 Ala Asx ASP good fit Asp good fit Asp pept fit ASP 

47 Ala Gly GlY Glx Gln no side chain Gly pept fit GlY 

50 Ala Glx Ala Glx Glu Asx better Asp pept fit ASP 
51 Ala Ala Ala good fit Ala Gly better Gly pept fit GlY 
52 Ala Val Abu Val, Asx Val good fit Val pept fit Val 
53 Ala Glx Ava Asx Asn Leu better Leu pept fit Leu 
54 Ala Met Met good fit Met good fit Met pept fit Met 
55 Ala Gly GlY pept fit Glu pept fit Glu pept fit Glu 
56 Ala Gly GlY pept fit Leu pept fit Leu pept fit Leu 
57 Ala Glx Aca pept fit Gln pept fit Gln pept fit Gln 
58 Ala His Phe pept fit Asp pept fit Asp pept fit ASP 
59 Ala Thr CYS pept fit Cys pept fit Cys pept fit CYS 
60 Ala Ala Ala pept fit Ala pept fit Ala pept fit Ala 
"The residue numbers in the left-most column of the table are based on the model 5 structure. The initial sequence assignment, which was based 

on the assessment of the MIR electron density map, is listed in the "first revision" column and corresponds to the highest probability values as is 
shown in Table I. The residue names Abu, Ava, and Aca are the names used for the nonstandard amino acids incorporated into model 2 and describe 
linear aliphatic a-amino acids with two, three, and four carbon atoms, respectively, in the side chain. The abbreviation "pept fit" indicates that a 
sequenced peptide has been fitted at  this location, and "good fit" indicates a good agreement between the listed amino acid and the difference electron 
density map calculated from the refined model being analyzed. Electron density maps calculated from the refined model 3 and model 4 are shown 
in panels b and c of Figures 1, respectively. 

ion (Webb et al., 1973) were not included in the refinement 
nor in the structure factor calculations. If the refinement and 
partial model phases were aiding the analysis, electron density 

at the known cofactor binding sites should be more easily 
interpretable, a situation that was indeed observed with model 
2 coordinates (Birktoft et al., 1982a). 
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FIGURE 1: Molecular models and corresponding electron density maps used in the X-ray sequencing of sMDH. Each stereodiagram shows 
residues 34-42 of model 5, drawn in stippled lines, together with the same residues from an earlier model version, drawn in heavy lines, The 
modes are superimposed on electron density maps that correspond to the model drawn in a heavy line. The maps were contoured such that 
the polypeptide backbone appeared similar in all panels. (a) Original MIR-phased electron density map: (-) model 2; (--) model 5. (b) 

Fitting ofSequenced Peptides. At this point, the first at- 35 residues could be fitted at the N-terminal end of sMDH. 
tempt to incorporate the information from sequenced peptides Residues 34-36 in Table I1 are part of this peptide. The last 
was made. With the same small segment of the polypeptide six residues included in this table, 55-60, are contained in 
chain as an example, residues 34-60 in Tables I and 11, a another successfully fitted peptide (e.g., Pep 12 in Table IVa), 
number of correct and incorrect placements were obtained by but this placement was clearly aided by the presence at position 
the probability method described under Materials and 59 of a binding site for the heavy atom reagent p-(chloro- 
Methods. A large peptide (e.g., Pep 3 in Table IVa) containing mercuri)benzoate used for MIR phasing (Hill et al., 1972; 
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Partial FWld map. The figure is a composite of two different 2Fobd - Fcald maps. The first was calculated by omitting residues 28-37 from 
the refined model 3 and the second by omitting residues 38-47. The narrow waist between residues 37 and 38 is the dividing point between 
the two maps: (-) model 3; (--) model 5. (c) 2F0bd - Fa,, map based on the refined model 4: (-) model 4; (--) model 5. (d) 2F0, 
- Fald map based on a refined model where the side chains of residues 37-40 have been omitted: (-) model 4; (--) model 5 .  

Tsernoglou et al., 1972). This amino acid was presumed to pletion of the sequence, a pentapeptide from the chymotryptic 
be cysteine. The correctness of the placement of these two digest of sMDH (e.g., Pep Ch27 in Table IVb) with the se- 
peptides was verified upon completion of the chemical de- quence BITPM should also have been fitted in this segment 
termination of the amino acid sequence. with its first residue, Asx, at  position 41. The score for the 

The example given in Table I1 can also be used to illustrate placement of this peptide can be derived from the amino acid 
the difficulties and ambiguities encountered in the fitting of sequence scoring matrix exemplified in Table I. The total score 
shorter peptides. As eventually became evident upon com- for this peptide in this position is 18 or, in normalized form, 
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Table 111: Summary of the Five Models of sMDH Used during the X-ray Sequencing” 
correctly 

no. of amino assigned amino crystallographic 
acids acids (%) R factor (’7%) 

no. of atoms Sub 1 Sub 2 group 1 group 2 9.0-3.5 6.0-2.5 comments 
model 1 3195 314 325 nd nd no chemical data incorporated; model was a polyalanine structure 
model 2 4127 321 324 20 40 41.4 nd model based on a few peptides of known amino acid sequence, 

model 3 4650 (4748) 324 325 52 23 27.2 31.8 improved X-ray sequence based on fitted peptides and refinement of 

model 4 5048 (5222) 330 330 97 2 nd 19.8 complete amino acid sequence determined by chemical methods; few 

model 5 5076 (5250) 331 331 100 nd 19.1 complete amino acid sequence known; two residues still uncertain 
“The abbreviations Sub 1 and Sub 2 refer to subunits 1 and 2, respectively. Group 1 refers to residues that are identical in the intermediate model 

and the final structure, model 5 .  (Valine and threonine, glutamate and glutamine, and aspartate and asparagine are assumed identical.) Group 2 
refers to residues that are nearly identical (Le., leucine, isoleucine, aspartate, and asparagine) or that differ from each other by no more than one 
atom. The number of atoms does include the atoms in the N-terminal acyl group but not those in the bound NAD and sulfate ions. The numbers 
in the parentheses are the total number of atoms in the asymmetric unit included in the refinement of the Riven model. nd = not determined. 

pseudo amino acids, and estimates of MIR electron density map 

coordinates from a partial model 

residues still in error 

18/(5 X 9) = 0.40. To illustrate how the scoring value varies, 
if this peptide were placed at position 40 or 42, the normalized 
scores would be 0.04 and 0.07, respectively. An inspection of 
all possible placements for this peptide identified seven loca- 
tions that produced higher scores than the correct one. The 
largest score for these incorrect placements was 0.53. Thus 
even pentapeptides had a multiplicity of locations in the 
electron density map. In retrospect, perhaps such ambiguities 
could have been resolved by calculating a correlation function 
between a given location and the electron density, but this 
would require prior fitting of the model at each suggested site 
in the map. Finally, in order to obtain a complete version of 
the X-ray sequence, those residues that could not be matched 
with any sequenced peptide were estimated from the electron 
density map alone. The most likely residue is listed under the 
column second revision in Table 11. 

Tables I and I1 contain only a partial account of the com- 
plete peptide assignments. A more complete accounting of 
the peptide fitting procedure is presented in Table IV. The 
first of these, Table IVa, is a summary for those peptides that 
were fitted into the model (model 3) whereas Table IVb de- 
scribes the results obtained with the peptides that were not 
fitted. Some of the peptides listed in Table IVb were only 
partially sequenced. Of the nine fitted peptides, which ranged 
from 4 to 36 amino acids in length, six could be placed with 
a high degree of confidence and three with somewhat less 
certainty. An additional three peptides (Le. Pep 5a, 6, and 
9a) could also have been assigned (see Table IVb for further 
details). One fitted peptide, Pep 15, does not appear to belong 
to sMDH. It was incorporated into model 3 because it had 
been assumed that this peptide contained the active site his- 
tidine and further that of all the histidine-containing peptides 
this one gave the best overall fit near the putative active site 
histidine. 

Pep 4a (Table IVb) illustrates what can go wrong when 
peptides with sequence errors are combined into a larger 
peptide. The first 15 residues of Pep 4a does not belong to 
sMDH, and the last 13 residues are the result of an incorrect 
combination of two shorter peptide fragments. The AZIALK 
sequence is located at position 164, and although no attempts 
had been made to fit the peptide, it could have been placed 
there. The other fragment had too many sequence errors to 
be usable. 

The acceptance or rejection of a peptide location was gen- 
erally done by reinspection of the probability table (Table I). 
Recall that this table contains a subjective numerical estimate 
of the electron density map itself. Therefore, the placement 
of a peptide leading to the positioning of a small side chain 

into a location observed to be of sufficient volume to accom- 
modate a larger residue was a cause for rejection. Conversely, 
a placement would be rejected if the side chain was much 
larger than the density it was supposed to fit into. It was, 
however, kept in mind that side chain associated electron 
densities may appear truncated and particularly so for surface 
residues. Placement of charged residues in internal locations 
was considered to be unlikely, as was the placement of several 
nonpolar residues from the same peptide in external positions. 

In retrospect, wherever a peptide could not be fitted to the 
map, most often the difficulties were associated with errors 
in the chemical sequence or errors in the preliminary model. 
The latter were particularly troublesome if main-chain atoms 
were badly placed in the model, causing an incorrect number 
of residues to be incorporated. 

The sequence data used here are associated with a consid- 
erable amount of errors, which is a reflection of the relatively 
primitive methodology employed during their collection. In- 
adequate deduction (subtractive Edman dansyl techniques) 
and insensitive purity analysis resulted in the accumulation 
of substantial errors; these were, of course, subsequently 
eliminated by the requisite redundancy in assignment. Vastly 
improved automated methodology also served to “refine” these 
data. However, in the interest of accurately assessing the 
“fitting” technology, the data base of Table IV is presented 
without retrospective refinement. 

Two types of sequence errors were notable. In some cases 
residues were interchanged, which caused a lowering of the 
scoring value and more importantly placed residues in positions 
where they clearly were in conflict with the electron densities. 
Of more severe consequences was the omission or inclusion 
of extra residues, which in general caused a substantial re- 
duction of the scoring as well as poor correlation with the 
electron density (e.g., Pep 8 and Pep 4 in Table IVb). 

Table IV also gives the scoring values obtained when the 
correct chemical sequence was utilized. It should be mentioned 
that this information was not available until the refinement 
of model 3 was completed. Table IV also demonstrates that 
when the correct peptide sequence is employed, the highest 
score corresponds to the correct position for the peptide and 
that the difference between the highest and next highest score 
is larger than when an incorrect sequence is used. 

Had the correct sequence been available most of the longer 
peptides listed in Table IV most probably could have been 
fitted. The placement of many of the shorter peptides on the 
other hand may have remained uncertain due to the high 
number of high-scoring possibilities. However, the placement 
of the longer peptides would have eliminated many such lo- 
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cations. Finally, in retrospect, it can be seen that the criteria 
used for accepting potential peptide placements were probably 
too restrictive. Pep 5a, 6, and 9a were needlessly rejected as 
being unacceptable. 

Overall, of the 331 amino acids in sMDH, 172 or 52% were 
correctly identified in model 3. Of these, 123 residues were 
located by using peptides of known chemical sequence, and 
49 were estimated from electron density maps alone. This 
summary is based on the isologous amino acids being grouped 
together: asparagine and aspartic acid, glutamine and glut- 
amic acid, and valine and threonine. An additional 18 residues 
(5%) were correct with respect to the number of atoms, that 
is, leucine for asparagine or isoleucine, etc., and another 61 
residues (1 8%) were correct within one atom, such as tyrosine 
vs. phenylalanine, valine vs. isoleucine, etc. 

Crystallographic Refinement of the Second X-ray Se- 
quenced Model (Model 3) .  The structure resulting from the 
second sequence revision, model 3, contained 4650 atoms 
distributed into 324 amino acids in subunit 1 and 325 amino 
acids in subunit 2. When the 98 atoms located in the NAD 
and sulfate ions bound to each subunit are included, the total 
is 4748 atoms per asymmetric unit (Table 111). With utili- 
zation of X-ray data between 6.0-A and 2.45-A resolution, the 
restrained least-squares refinement was continued for an ad- 
ditional 30 cycles, at which point the conventional crystallo- 
graphic R factor was 3 1.8%. The refinement was followed 
by a refitting of the molecular model with partial Fcalcd maps, 
which were calculated by omitting 10 residues from the 
structure and using the remaining atoms to generate structure 
factor amplitudes and phases. The fit of the refined structure 
to these partial Fcalcd maps was evaluated by inspecting the 
regions of the omitted residues. The X-ray sequence was 
modified as suggested by the difference maps. Examples of 
this reevaluation are shown in Table I1 under the heading third 
revision. 

Incorporation of Complete Chemical Amino Acid Sequence. 
At this point, the determination of the amino acid sequence 
by chemical means began to yield additional overlaps and 
longer peptides that could be incorporated into the X-ray 
sequence with less difficulty. The original sequence scoring 
matrix based on the MIR map was again used but was revised 
such as to take into consideration deletions and in particular 
additions of residues as suggested by new electron density maps 
and models. The fitting procedure suggested that some of these 
peptides were created by an erroneous combination of two 
shorter peptides. Not only did the fitting procedure indicate 
incorrect peptide combinations but equally importantly al- 
ternate and more plausible combinations were also suggested. 
Subsequently, all turned out to be correct. 

The refined model 3 and the essentially completed amino 
acid sequence were combined yielding model 4. This was 
accomplished by maintaining the polypeptide backbone 
structure of the refined model 3 and making the necessary 
replacements of the amino acid side chains. The generation 
of model 4 was followed by a regularization, both procedures 
utilizing the Hermans-McQueen program REFINE (Hermans 
& McQueen, 1974). In those instances where changes in the 
length of the polypeptide were required, deletions and insertions 
were made without attempting to maintain proper peptide bond 
stereochemistry. Instead, the model adjustments were done 
by using the electron density map in the same manner that 
was used for the adjustment in orientation of any replaced 
amino acid side chain. 

Each subunit of model 4 contains 2524 atoms distributed 
among 331 amino acids. Together with the atoms in the 
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cofactor NAD and the bound sulfate ions, there is a total of 
5146 atoms in the sMDH dimer contained in the asymmetric 
unit (Table 111). By use of the partial Fald maps derived from 
the refined model 3, the model 4 structure was then adjusted 
on the graphics system, followed by refinement with the re- 
strained least-squares procedure. At several stages the model 
was regularized and then readjusted against difference Fourier 
maps based on the model prior to the most recent regulari- 
zation. During the latter refinement cycles, the dyad symmetry 
between the subunits was included as a restraint. Finally, in 
the last two refinement cycles, 76 solvent molecules, assumed 
to be water, were included in the model. Individual temper- 
ature factors were also assigned to each atom and allowed to 
refine isotropically. At this stage the R factor is 19.8% for 
a model in which the rms deviations from canonical values for 
bond length and bond angles are 0.06 h; and 10.lo, respec- 
tively. 

Resolution of Conflicts between the Chemically Determined 
Amino Acid Sequence and the Electron Density Maps. Even 
though the chemically determined amino acid sequence was 
generally in good agreement with the X-ray results, some 
uncertainty was still associated with three segments of the 
polypeptide chain. The first region in question is at residues 
87-88 (Table V), where the chemical data suggested a Gly-Ser 
sequence, whereas a Ser-Gly or less likely an Ala-Gly sequence 
is more compatible with the X-ray data. The Ser-Gly sequence 
was incorporated into model 4, and a comparison between the 
model and electron density map indicated that this was correct. 

The second region involving lack of correlation between 
X-ray and chemical results involved the residues located be- 
tween Ile-35 and Asp-41, which is part of the protein used as 
an example in Tables I and I1 and illustrated in the stereo 
panels in Figure 1. The initial amino acid sequence from 
chemical analysis was not unambiguous in this region but 
suggested the following sequence: Leu-Gly-Gly-Leu. Both 
the original MIR map (Figure la)  and the electron density 
maps based on the refined model 2 indicated that an additional 
residue was needed in this region of the model and further that 
a leucine was the most probable residue to be accommodated 
at position 36. Partial Fcalcd maps based on the refined model 
3 (Figure lb) suggested that the three residue types suggested 
by the chemical sequence data for positions 36-40, leucine, 
glycine, and glutamate, best could be accommodated as a 
Leu-Leu-Glu-Gly-Leu sequence, which was built into model 
4. However, as can be seen in Figure IC, difference electron 
density maps based on the refined model 4 suggested that 
residue 38 was smaller than glutamate and residue 39 larger 
than glycine. The sequence uncertainty for residues 36-40 
was further explored by crystallographic least-squares refie- 
ment of a modified molecular model. The side chains of the 
four residues in questions were were removed from the refined 
model 4, and after 5 cycles of refinement the resulting coor- 
dinates were used to calculate difference electron density maps 
(Figure Id). Analysis of these showed that the sequence 
Leu-Leu-Gly-Leu-Glu was most compatible with both X-ray 
and chemical data. The sequence Leu-Leu-Ser-Leu-Leu did, 
however, appear more compatible with the electron density 
map, as can be seen in Figure Id. The final chemical analysis 
showed that the sequence for residues 36-40 is Ile-Leu-Val- 
Leu-Leu, which is in excellent agreement with the difference 
electron density maps. 

The third region, where a sequence revision was necessary, 
consists of residues 199-214. These residues are located on 
the molecular surface where they are folded into two hairpin 
loop structures. When the chemical sequence was incorporated 
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Table IV :  Summary of the Placements of Peptides in the Electron Density Map of sMDH 

ton scores ton scores 
ID for'original tor' correct 

sequencea sequence b sequence of peptidesc, errors in sequence if any, arid coniiiients a b u t  littitig of peptitles 

(a) pepddes that were fitted. 

KTWKIVEGLPIBDFSREKMNLTAKELAZEKETAFEKBBA (41 residues); the last seven residues 
are incorrect, but the error did not inlluence the litting 

VIWGBPATNNCLTASK ( I  7 residues); two residues were inverted in the peptide seqiieiice; the 
TN sequence should have been NT 

0.53 0.30 0.27 
294 4 254 

0.51 0.3X 0.35 
I25 6 153 

297 

0.36 0.27 0.26 
2 147 1 

279 250 
295 

0.43 0.41 0.40 
296 46 153 

170 

- 

- 

- 

0.49 0.27 0.26 
294 252 151 

0.48 0.41 0.3X 
125 297 6 

- 

- 

Pep I 

Pep 2 

Pep 3 

Pep 5 

Pcp 5h 

0.46 0.26 0.25 
I 146 188 - 

ISZPRVLVTGAAGZIAYSLLFTIGDGSVFGKNZPIL (36 residues); two changes were niade to the 
original chemical sequence in order to get better l i t  to the density; AGZ WHS changed to AZ and 
YS to FT; the last residues are P l l L  rather thati PIL 

0.51 0.43 0.42 
170 268 296 - 

LGVTBBVSKB (IO residues); titting was uncertain clue to the large number ol' possible 
placetiletits; position 170 WHS considered iiiost likely for placenient; however live residues were 
changed to provide better t it to density; four residues were periiiutated: the BBVS sequence slioitlil 
have been SBBV. 

RKDLLKABVKIFKCQGAALBKYWKKSVKW (29 resiilues); t l ie three higliest placetiieiits all 
appeared equally likely, but two l ied conllicts with other fitted peptides; tlie lirst l'our 
residues were changed to get a hetter density tit as were the last two residues; the lirst 01' i l ie 
two Tip's is Ala, hut Trp  l i t s  the density better; the other T i p  i s  Val as had been littetl into 
the niodel 

ELZBCALPLLK ( 1  1 residues); only Pro dit1 not fit well 

0.31 0.2X 0.26 
156 5 205 

0.33 0.31 0.28 
- 97 156 205 

250 
30 1 

0.44 0.3% 0.35 
- 55 304 159 

0.64 0.56 0.51 
157 305 250 

0.7X 0.72 0.64 
1x1  52 266 

- 

same 

LBHBR (5 residues) satiie 

VSMG (4 residues): the peptide was not placed at highest scoring position, tlue to cotillict 
with placeinent of the presuiiiecl active site histidine peptide, Pel) 13; othcr possilde 
placements resulted in poor agreement hetween tncxlel and electron density; peptide WHS 
placed at position 266 but VS was replaced with A 2  to get better tit to density 

IGZHGQ (6 residues); the peptide was incorporated at position 183, since i t  had k e n  
assumed to be the peptide containing the active site histidine: the Ile gave H poor l i t  
antl was replaced with Tyr; however, this peptide cannot be located in tlie titial clieiiiical 
sequence, antl does not seem to belong to the protein 

(b) Peptides hat were aot fined. 

BVIHWCNPSSYZBBVHTAK (19 iesiclues); oiie residue was missing and IO were iiicorrect, 
four clue to tl ie omitted residue; a11 suggested placements gave p o r  density agreenieiit, 
particular at the location for the active site histidine which i s  located in this peptide 

RTPVDPSAIVPLNKKQAMDLTKAZIALK (28 residues); the t h t  half of this peptide does 
not seem to belong to tlie protein; see text for further details 

KDVIATNQKEIAFKBLBVAIL (21 residues); the peptide should have been fitted. I n  the 
original tnodel two residues were missing in this region, and the sequence for a couple of 
residues i s  wrong; these errors do not atfect the scoring values noticeably; the missing 
residues are located in a loop region on the protein surface 

KKASAPSIPKEBFSCLTRL (19 residues): the peptide should have been fitted: resitlites 
at  the begiiining and in  the niidtlle of tlie peptide gave poor l i t s  for the top score. 
antl other possible placeiiients also seetiied unlikely; tlie sequence for tlie lirst three 
residues i s  wrong 

LGVPBBLLYSB (I 1 residues); the peptide was not littetl h e  to a large n u t n l w  ol' 
possible plecenients, all with near equal scores; all gave relatively poor agreement 
with the density for several residues; the tirst antl last residues had the wrong sequence 

KAICVHBRBWK (1 1 residues); tlie peptide was not fitted clue lo poor agreenient I'or 
several residues; the sequence for live residues i s  wrong and oiie residue i s  iiiissing 

same 

Pep IS O.hX 0.46 0.43 
1x3 1x0 253 

n/a  

0.46 0.36 0.29 
179 289 271 - 

Pep 4 0.36 0.32 0.31 
124 179 211 

0.31 0.30 0.29 
283 142 134 

0.36 0.33 0.32 
65 295 286 - 

Pep 4n 

Pep sa 

11/H 

0.38 0.34 0.32 
65 156 2x1 - 

0.42 0.31 0.30 
139 284 242 - 

Pep 6 0.37 0.32 0.30 
139 244 237 - 

0.39 0.38 0.36 0.40 0.37 0.36 
277 2SX I2X 

153 
- 

Pel1 7 

Pep x 

23 277 IS3 
I2X 

0.49 0.31 0.30 0.44 0.36 0.32 
287 247 164 247 206 146 

2x9 
- 

KGZFITTVZZRG (I2 residues); the pep!itle should have heen littecl; tlie Plie did not agree 
too well, but not bad enough to cause rejection; el l  other placeinents gave poor l i t s  to tlie 
density 

CAVIWAK (7 residues); all the high scoring possibilities showed poor agreement with 
the density for one or inore residues; the sequence 01' the peptide i s  quite wrong and 
shoiilcl have k e n  GAAVIK; even with the correct sequence the score i s  only 0.22 for 
placement at the correct position. at  230 

Pep 9n 

Pep 917 

0.46 0.40 0.39 
219 150 17X - 

same 

0.S2 0.46 0.37 
2xx 1x1 16 

26 
50 
112 
274 

0.54 0.52 0.46 
287 246 2XX 
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0.37 0.35 0.33 
41 20 2 

288 

0.36 0.35 0.34 
208 199 39 

LQAKEVGWEAVKBBSWLK ( I 9  resitliies); the original inoclel was uncertain in this region, 
ancl later turned out to be missing two residues; the correct placement for the peptide shown 
would be at 201 with a score of0.31; all suggested placenients gave too niany p o r  f i ts; 
the chemical sequence i s  s t i l l  uncertain in this region; see text for further details 

BGVLLGBZGR (IO residues); the peptide was created incorrectly froin three shorter 
peptides; only one of these was sequencccl; tlie first four residues are located at 
position 50 (see under peptide Ch 29 in this table), but the retiiainder could not he 
placed anywhere 

FGTFPZ(Z,G) (8 residues); the sequence had nunierous errors, ani1 no reasonahle 
1)lacenient was suggested; the correct sequelice i s  FGTPEGEF: two I)ernitttations ol' the Z,G 
composition are possible and the top scores for these are 0.40, rank 32ntI. and 0.44, 
rank 1 I th, respectively 

FPVTIKD (7 residues); the score at the correct location, at 287, is 0.39 which ranks 4th; 
of the too 10 scores, 7 would be acceptable 

LBVAI(G,B) (7 residues); the sequence was in error ancl should be LBVAILVG; for either 
perinittation of the two unsequenced residues the score for the correct placeiiient ranked 
second; Iiowever these as well as all other reasonable placements were rejected clue to density 
conllicts; when the first five residues only were used the top score i s  0.62 at position 80 

VLBG(2.M) (6 residues); the sequence was in error antl should have been VLDGVLME; the 
too scores for the two possihle pertnutations of the sequence are 0.4X. rank 15th. antl 
0 54, rank 9th; all suggested placenients were rejected hectluse of density conflicts 

VWKBSB (6 residues); the sequence was in error ancl shottlil have beeti VKDDSW; al l  01' the 
suggested placenients resulted iii poor density correlation 

Pep IO 

Pcp 19 

TI1 54 

SI) 21 

TI1 41 

TI, S 

TI1 36 

Tr  20 

CIi 27 

SI1 12 

TI1 3X 

TI1 4X 

TI1 53 

Cli 29 

TI1 12 

0.52 0.42 0.40 
179 25 2 

nla 

lit1 0.49 0.44 0.39 
296 321 258 

0.51 0.48 0.41 
151 296 152 

l id 

Sanle 

0.72 0.4X 0.43 
80 2 121 - 

0.51 0.43 0.33 
4X 80 300 - 

ntl 

0.61 0.46 0.44 
155 277 276 

295 

0.57 0.48 0.46 
266 285 52 
316 247 

0.53 0.44 0.42 
179 223 7 

so 
I53 
224 

0.53 0.50 0.48 
212 291 16X 

299 

0.43 0.42 0.41 
296 239 170 

- 

SAMASK (6 rcsitlues); the secliicnce was quite wrong ani1 should have heen LSSAMSAAK; tl ie 
score [or tl ie correct location i s  0.37 antl ranks 14th; all suggested placeinents gave 
some density contlicts 

BITPM (5  residues); the f i t  of this peptide has been tlcscrihcil iii tlctail iii the text; 
the correct location i s  at 41 with a score ol'0.40 wliicli ranks 8th; ol'the tal) I O  
possibilities all but 2 were qiiestionahle clue to contlicts with longer fitted peptides; 
ignoring this 7 of the top 10 could have heen fitted 

sanie 

0.56 0.52 0.4X 
217 32 63 
26X xo 
301 175 
328 257 

FLSS(A) (5 residues); the last two residues do not helong and tlie sequence slioitltl he 
FLS; the correct position i s  at 329, which is locatecl at tlie C-terminus ot'sMDH; tlie MIR 
niap and scoring assigntnents are poor for this part of sMDH; 5 of the top I O  placenients 
could have beeti fitted 

0.49 0.47 0.44 
268 X4 I69 

0.75 0.56 0.53 
157 299 170 

0.70 0.67 0.59 
168 31 166 

IS5 
T 7  

VRBB (4 residues); tl ie sequence was wrong ancl slioultl have been VRB; the score for the 
peptide at the correct position, at 155, i s  0.44 and ranks 9th; of the top 10 positions 
9 were acceptable 

0.67 0.50 0.47 
242 317 236 

AKKS (4 residues): peptide belongs to Pep Sb (part a) but was not included clue to the 
wrong inclusion o f  a Trp  in that sequence; peptide could have been placed iii nunierous 
positions; of the top IO positions 6 were acceptable; the right location i s  at 119, but 
the score i s  only 0.22 which ranks 85th 

AKA2 (4 residues); nunierous accelitahle placements; peptide fitted at location 162, 
but sequence was changed to AKSM to get better lit to the electron density 

same 

0.53 0.50 0.46 
I62 160 246 
I87 197 246 

270 

0.69 0.53 0.50 
X2 25 15 

46 12x 
206 
302 

0.74 0.59 0.56 
134 158 80 
135 79 222 

- 
satlie 

BGVL (4 residues); peptide was included in Pep 19 which coiilcl not k tittetl (see a h v e  
I'or fiirtlier details): the score at the correct location, at SO, i s  0.47 and ranks 9th; the top 
10 positions 7 were acceptable 

same 

LLB (3 residues); the score at the correct location at 39, i s  0.33 and ranks 40th: most of 
the high scoring possibilities were acceptable, but none were fitted clue to their niultitutle 

same 

. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  
* The top three scoring values, i t i  nornialixetl l'orm, are given lor for each peptide, with the sequence location listed iintlerneath. 
More than one location for a given score may he given. The sequence numbers correspond to those used in Table V. The correct location 
for the peptide i s  unclerlinecl. *nd" refer to those peptides, that were only partially sequenced. For these all possihle pernititations 
were tried. Their scoring is discussed iii the last column. ' The "correct sequence" i s  the one incorporated into tnotlel 5 and is listed 
in full in Table V. "satne" nieans that the original sequence was correct. ancl "n/a" nieans that tlie peptide could not be l ~ ~ t t v l  in tl ie 
IinaI chemical sequence (Tahle V). 
"Peplitles Used in Fitting". I n  some instances the peptide sequence WAS changed when incorporated into nioclel 3, and the listed sequence 
clillicr from t l ie X-ray sequence in Table V. Such cases are discussed for each peptide. 

The sequences listed are those derived froin the "raw" peptide data base, as clescriktl under 
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Table V: Amino Acid Sequence of Cytoplasmic Malate Dehydrogenasea 
1 5 10 1 5  20 25 30 35 40 45 50 55 Residue No: 

X-ray Seq: 

Chem Seq: 
Enviroment : 
Dimer: 
Substrates: 

Residue No: 

X-ray Seq: 

Chem Seq: 
Enviroment: 
Dimer: 
substrates: 

Residue No: 

X-ray Seq: 

Chem Seq: 
Enviroment: 
Dimer: 
Substrates: 

Residue No: 

X-ray Seq: 

Chem Seq: 
Enviroment: 
Dimer: 
Substrates: 

a c s p z i r v l v t g a a - q l a f t l l y s i g b g s v f g k b z p i l l s l m d v v p k z z t s z a v n m z  . . . . . . . . . . . . . . .  . . . . . . . . . . . . . . . . . . . . . .  . . .  . . . . . . . . . . . . . . .  . . . . . . . . . . . . . . . . . . . . . .  . . .  
A C S P E I R V L V T G A A G Q I A Y S L L X S I G N G S V F G K D Q P I I L V L L D I T P M M G V L D G V L M E  

1 1 1  I T  I 1  I 1  I I 1  
Q Q  Q Q Q  Q Q  

N N N  N 
I I ------ 

beta 0 alpha C 

60 65 70 75 80 85 90 9 5  100 105 110 

l z b c a l p l l k s z f g k b s g b y a - - s z b v q v l l a q z s a k b - - - a a k b l k a b v k i f k c z  . . . . . . . . . .  . . . . . . . . . . .  . . . . . . . . . .  . . . . . . . . . . .  . .  . .  
L Q D C A L P L L K D V I A T D K E E I A F K D L D V A I L V S G M P R R D G M E R K D L L K A N V K I F K C Q  

1 1  I I 1 1 1  I 1  I 

N N N N N N N  I 
Q Q Q Q Q Q Q  Q 

I _------ I I I I ---- I -I_-_-- I ---___-- 
beta C alpha C' beta D alpha D 

115 120 125 130 135 140 145 150 155 160 165 

g a a l b k y w k k s v i v i v v g b p a t b b c l t a s k b s a z l b k a k e v b s v k l b h b r a k s ~ l s  . . . . . . . . . . . . . . . . . . .  . . . . . . . .  . . . . . . . .  . . . . . . . . . . . . . . . . . . .  . . . . . . . .  . . . . . . . .  
G A A L D K Y A K K S V K V I V V G N P A N T N C L T A S K S A P S I P K E N F S C L T R L D H N R A K A Q I A  
I I 1  I I I 1 1  I 1  I 1  I T  1 1  I 1 1  I I I 

Q Q Q  Q Q  
N N N  N N N  N 

\-_I I ---_-l--_l---- I I --I_ 1 )  _----_I------ I ----__---_--- 
alphe E beta E alpha 1F bote F alpha 2F 

170 175 180 185 190 1 9 5  200 205 210 215 220 

z k l g b s p k l s k b v i l y g z h q E . z f g t l i e l z l - z b k z s a g v r - a s k b z s w k t s i y b  . . .  . . . .  . . . .  . . . . .  . . .  . . . .  . .  . . . .  . . . . .  . .  . .  . .  
L K L G V T S D D V K N V I I W G B B S S T Q X P D V N H A K L K Q A A K E V G V Y E A V K D D S W L K G E F I  

I I I I I I I  I 1  I 1  I I I 
Q Q Q  

I 
I I-- I 1-1 [--- I I--- I i- 

beta G beta H beta J alpha 10 

Residue No: 225 230 235 210 245 250 255 260 265 270 275 

x-ray seq: b v i z z q g v v h v z a r t a b b s m k t g f a l b l y v k h l w k g i - s z k l a z m g l i a h g - k a a a  

Chon Seq: T T V Q Q R G A A V I K A R K L S S A M S A A K A I C D H V R D I W F G T P E G E F V S M G I I S D G N S Y G V  
Enviroment: I T I  I 1  I I I 1 1 1  I 

. . .  . . .  . .  . .  . . .  . . .  . .  . .  

Dimer: Q Q Q  Q Q Q  Q Q Q Q  Q Q  Q 
Substrates: N N  N N N N  N 

__________I____-_______ I I 
alpha 1G alpha 2G alpha 30 

Residue No: 280 285 290 295 300 305 310 315 

x-ray seq: s p k z b f s c v t r l z n k t w k i v e g l p i b d f s r e k m n l t  

1 _ _ _ _ _ _ _ _ _ - _ _ _ 1  
beta K 

320 325 330 

k e l a z z z k t e f a e k b  . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  . .  . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  . .  n a  

Chem Seq: P D D L L Y S F P V T I K D K T W K I V E G L P I N D F S R E K M D L T A K E L A E E K E T A F E F L S - - -  
Enviroment: I I I I I I  I I I I I 
Dimer: 
Substrates: 

I I----( l_l__l____________l__----_____-_________ I )__ -_____________  
beta L beta M alpha H 

"The table lists both the X-ray-refined chemically determined amino acid sequence and the X-ray amino acid sequence used in the refinement of 
model 3. The numbering system is based on assigning the first amino acid residue to position 1. The symbol ":" is used to indicate residues that are 
the same in the two amino acid sequences. The following residues cannot be distinguished and were assumed to be identical for this purpose: valine 
and threonine; aspartate and asparagine; glutamate and glutamine. The symbols below the sequence data are flags that indicate special interactions 
for certain positions as follows: 'I" for residues whose side chains in the isolated subunit are removed from contact with the external solvent; "Q" for 
residues that are involved in subunit-subunit interactions; "N" for residues that are in contact with substrates or coenzyme. Elements of secondary 
structure are also indicated. according to the customarv nomenclature for this orotein (Hill et al.. 1972: Banaszak & Bradshaw. 19751. 

into model 3, it was noted that several of these residues did 
not fit the electron density of the partial Fdd m a p  particularly 
well and that the agreement with the X-ray sequence was 
much worse than in most other regions. Despite these warning 
signs, the suggested chemical sequence was incorporated into 

model 4 because the electron density in this region was par- 
ticularly troublesome and did not suggest any obvious alter- 
natives. This region was analyzed further by removing all side 
chains from residues 200-215 of the refined model 4, carrying 
out five cycles of restrained least-squares refinement and an- 
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alyzing the difference electron density map calculated from 
the resulting coordinates. The best overall agreement between 
the proposed chemical sequence and difference electron density 
maps is obtained if two additional residues are incorporated 
into the model. They have tentatively been identified as lysine 
and alanine and occupy positions 200 and 203 in the sequence 
listed in Table V. Considering the external location of both 
residues and the marginal quality of the electron density map 
in this region, their identification is somewhat uncertain. The 
chemical sequence in this area is now under investigation. 

These three revisions, summarized above, were incorporated 
into the refined model 4, resulting in model 5. Several more 
cycles of refinement have been performed on this model, and 
currently the R factor is 19.1%. This model still possesses 
acceptable stereochemistry with the rms deviation from 
standard values of bond length and bond angles being 0.06 
A and 8.4', respectively. 

The amino acid sequence of cytoplasmic malate de- 
hydrogenase from pig heart is given in Table V. Included in 
this table is the X-ray sequence derived by fitting sequenced 
peptides into the electron density map and used in the model 
3 refinement. A full discussion of the structural features of 
the molecular model of sMDH will be published e l~ewhere .~  
However, we have indicated in Table V in symbolic form the 
location of elements of secondary structure, using the no- 
menclature introduced previously for this enzyme (Hill et al., 
1972; Banaszak & Bradshaw, 1975). Also marked in the table 
are the residues that are involved in subunit-subunit inter- 
actions as well as those that are in contact with the cofactor 
NAD or the anion believed to be located at the substrate 
binding site. The structure-function aspects of sMDH have 
been discussed in detail in previous publications (Birktoft et 
al., 1982a; Birktoft & Banaszak, 1983). However, the amino 
acid numbering system has changed as a result of the chemical 
sequence determination of sMDH. In order to provide a point 
of reference to previous publications, the important active site 
residues are as follows (with the previously used residue 
numbers in parentheses): histidine- 186 (1 80), aspartate- 158 
(152), and arginine-161 (155). 

DISCUSSION 
Like other investigators, we have found that X-ray crys- 

tallographic data alone are insufficient in most instances to 
identify the amino acids belonging to an otherwise easily 
traceable polypeptide chain (Anderson et al., 1978b; Waten- 
paugh et al., 1973). However, it is possible to produce a 
subjective table of probabilities for each location in the electron 
density map. Chemical sequence information on peptide 
fragments may aid in identifying side chains in an electron 
density map, but often several locations in the map can be 
assigned to a given partial sequence. At 2.5-A resolution, 
partial models, refinement procedures, and electron density 
maps based on the incomplete model help and, at least for 
sMDH, were useful in resolving some of the amino acid se- 
quence ambiguities. 

It was our experience that longer peptides, Table IVa, could 
be fitted into the model with less difficulty, whereas shorter 
peptides, Table IVb, Le., five residues or fewer, in general 
yielded too many possibilities of near equal probability. In 
a few cases for longer peptides, a probable location included 
a few residues placed in a position that was in poor agreement 
with the scoring matrix and the electron density maps. In such 

J. J. Birktoft and L. J. Banaszak, submitted for publication to J .  
Bioi. Chem. 

V O L .  2 6 ,  N O .  1 0 ,  1 9 8 7  2733 

instances, if the peptide otherwise could be accommodated at 
this location in the electron density map, preference was given 
to the residue suggested by the electron density rather than 
by the chemical sequence. 

For brevity sake, the history of this study was illustrated 
with a 27 amino acid segment, spanning residues 34-60, that 
is presented in Tables I and 11, and a portion of this segment 
of the polypeptide chain is presented in Figure 1. These 
stereodiagrams show the models and the electron density maps 
as they progressed through various stages of the fitting study. 
At either end of this segment, sequenced peptides were placed 
in model 2 with the probability tables. However, the chemical 
identity of the middle 18 residues was not confirmed through 
chemical sequencing until the complete amino acid sequence 
was known. Of these residues, six were correctly identified 
in model 3, and this number increases to eight if valine and 
threonine are assumed to be identical. The third revision 
suggested the correct amino acid for all but one of the re- 
maining 10 residues, although sometimes more than one choice 
was still possible. The lone incorrect assignment was serine 
for valine at position 38, an error of only one atom. The 
identification process for this particular segment of sMDH 
was clearly aided by the partial model refinement and model 
phases. Even though we have chosen just a short segment as 
an example, the experience described for these 27 residues is 
fairly representative for the sMDH structure as a whole. 

As has been discussed above, the subsequent analysis of this 
region did indeed improve the sequence assignments. For the 
sMDH structure as a whole, it is our feeling that subsequent 
cycles of revision of the sequence probability table on the basis 
of the shape of the side-chain density and refinement would 
have improved the sequence, but the process was tedious 
without further automation. 

Some conclusions can be reached about the procedures used 
to fit partial chemical data and employment of refinement 
methods. The overall quality of electron density maps cal- 
culated from even a partial structure appeared higher than 
the original MIR map as can be seen in comparing panel a 
with panel b of Figure 1.  This was most apparent when 
electron density maps were analyzed at  the two cofactor 
positions, noting that the coordinate set used in the refinement 
of model 2 and subsequent phase calculations did not include 
contributions from the NADs. This can be seen in Figure 1 
in Birktoft et al. (1982a). 

The probability matrix scoring procedure that we employed, 
part of which is given in Table I, facilitated examination of 
chemically sequenced peptides as they became available. In 
the studies described here, many short peptides had to be 
compared with the X-ray results at various stages of the study. 
However, the same method might facilitate the fitting of a 
complete amino acid sequence to an electron density map. 
When attempting to interpret a new electron density map, it 
is not unusual to have incorrect chain segment connectivity, 
breaks in electron density, frame shifts of one or two residues, 
or even, in rare instances, errors in the chemical sequence. 
Many of these would probably be obvious in the comparison 
matrix, and even more importantly the corrective action should 
be apparent. 
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Selective Isolation of Human Plasma Low-Density Lipoprotein Particles 
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ABSTRACT: A monoclonal antibody to human plasma apolipoprotein B was used in a single-step immu- 
noaffinity chromatography procedure to isolate a subpopulation of low-density lipoprotein particles from 
normolipidemic human plasma. The isolated particles were homogeneous in terms of size (20 nm), flotation 
coefficient (S ,  = 9.5), and electrophoretic mobility ( p  band). Their protein moiety consisted of apolipoproteins 
B and E in a molar ratio close to 2. The lipid moiety consisted of 47.3% cholesterol, 4.7% triglycerides, 
and 48.0% phospholipids. To indicate its characteristic apolipoprotein composition and hydrated density 
properties, this family of particles was named LP-B:EL2. In most normolipidemic subjects, LP-B:EL2 particles 
accounted for less than 10% of the total plasma apolipoprotein B content. The LP-B:EL, particles bound 
to the membranes of the human hepatoma HepG2 cells in a specific and saturable manner indicative of 
receptor-mediated binding. Their binding was significantly higher than that of low-density lipoprotein particles 
containing only apolipoprotein B. 

H u m a n  plasma low-density lipoprotein (LDL) are consid- 
ered to be potentially the most atherogenic of all plasma li- 

poproteins (Fredrickson et al., 1978). In fact, the recently 
released results of the Lipid Research Clinics trial have shown 
that reduction of LDL-cholesterol is associated with a sig- 

I 

nificant decrease in the morbidity and mortality of coronary 
heart disease (Lipid Research Clinics Program, 1984). 
PhYsicochemicallY, LDL represent a system of particles bet- 
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Rodthohl 8, D-63 Giessen, West Germany. erogeneous with respect to hydrated density, size, and lipid 
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