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ABSTRACT A major problem in the deter- 
mination of the three-dimensional structure of 
proteins concerns the quality of the structural 
models obtained from the interpretation of ex- 
perimental data. New developments in X-ray 
crystallography and nuclear magnetic reso- 
nance spectroscopy have accelerated the pro- 
cess of structure determination and the biolog- 
ical community is confronted with a steadily 
increasing number of experimentally deter- 
mined protein folds. However, in the recent 
past several experimentally determined protein 
structures have been proven to contain major 
errors, indicating that in some cases the in- 
terpretation of experimental data is difficult 
and may yield incorrect models. Such problems 
can be avoided when computational methods 
are employed which complement experimental 
structure determinations. A prerequisite of 
such computational tools is that they are inde- 
pendent of the parameters obtained from a par- 
ticular experiment. In addition such techniques 
are able to support and accelerate experimen- 
tal structure determinations. Here we present 
techniques based on knowledge based mean 
fields which can be used to judge the quality of 
protein folds. The methods can be used to iden- 
tify misfolded structures as well as faulty parts 
of structural models. The techniques are even 
applicable in cases where only the C, trace of a 
protein conformation is available. The capabil- 
ities of the technique are demonstrated using 
correct and incorrect protein folds. 
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INTRODUCTION 
Knowledge of the three-dimensional structure of 

proteins is essential for understanding their func- 
tion and it is a prerequisite for engineering their 
properties or for the design of drugs interfering with 
their biological function. Two powerful, complemen- 
tary methods, X-ray analysis and nuclear magnetic 
resonance spectroscopy, are available to obtain the 

0 1993 WILEY-LISS, INC. 

structures of proteins. However, in several cases ex- 
perimentally determined structures have been 
proved to contain major errors and the recognition of 
errors in three-dimensional structures has recently 
become a subject for open discussion. In their recent 
commentary Branden and Jones remark’: “The bio- 
logical community has regarded X-ray structures as 
gospels of truth because X-ray diffraction data in 
principle contain sufficient information to extract 
the correct structure. This faith has been shaken by 
studies showing that there are serious errors in sev- 
eral recently published X-ray structures.” 

Prominent examples are ferredoxin from Azoto- 
bacter vinelandii, the small subunit of Rubisco, the 
HIV-proteinase and the Ha-ras oncogene product 
p21 (reviewed in refs. 1,2). Errors in these structures 
have been revealed by independent parallel or sub- 
sequent structure determinations on the same mol- 
ecule. Erroneous interpretation of experimental 
data is not confined to X-ray analysis. An early nu- 
clear magnetic resonance structure of a plasmino- 
gen kringle fragment was corrected only after a re- 
lated X-ray structure was published.2 

Even a reader sophisticated enough to interprete 
data of published structure determinations is usu- 
ally unable to judge the quality of reported folds. 
Hence, the biological community is confronted with 
a fast growing number of experimentally deter- 
mined protein folds, but it remains uncertain, 
whether or not the experimental data have been cor- 
rectly interpreted. Exceptions are folds obtained by 
repeated structure determination or high resolution 
structures. But even in cases of moderate resolution 
and low R-factors structural models may contain er- 
rors. 

A satisfying method for the quality assessment of 
experimentally determined protein folds should be 
complementary to experimental data, like resolu- 
tion and R-factors obtained in a single structure de- 
termination. An ideal technique relies only on the 
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final coordinates obtained from the interpretation of 
experimental data. A major step toward the devel- 
opment of such techniques has been achieved by 
Eisenberg and co-~orkers .~ They employ statisti- 
cally derived amino acid properties like secondary 
structure preferences and solvent accessibilities. Us- 
ing these parameters the quality of fit of a given 
amino acid sequence and an all atom model of its 
three-dimensional structure can be evaluated. The 
incompatibility of a sequence with a given fold is 
indicated by unfavorable profiles and scores ob- 
tained from the preference parameters. 

In the present study methods derived from knowl- 
edge-based mean fields are used to analyze the en- 
ergy distribution in protein folds. The technique is 
able to recognize misfolded structures and reveals 
incorrect parts of a given fold. A major advantage is 
that the technique is applicable to  low resolution 
structures so that the incompatibility of a sequence 
and a given fold can be detected even in cases where 
only the C, trace is available. A survey of a substan- 
tial number of public domain structures shows that 
there are only a few structures in the current 
Brookhaven data base4 which appear to be problem- 
atic. 

METHODS 
Our approach to the development of force fields for 

protein solvent systems is based on Boltzmann's 
principle.' The set of three-dimensional structures 
solved by experimental means contains a tremen- 
dous amount of information on the forces which sta- 
bilize native folds in solution. Using Boltzmann's 
principle these forces are extracted from a data base 
of known structures in the form of potentials of 
mean force. The force field for a particular protein of 
known or unknown structure is then obtained by a 
recombination of these potentials as a function of 
the amino acid sequence. The applicability of this 
approach to protein folding has been explored re- 
cently and the mean field has been successfully ap- 
plied to a number of problems in structural biol- 
~gy.~- ' '  A most important feature is the ability of 
the force field to  distinguish native folds from mis- 
folded  decoy^.^^^ This feature is the key which en- 
ables the recognition of incorrect structure determi- 
nations. To be specific, we are not interested in 
problems which arise from close contacts or other 
violations of basic steric principles but rather in the 
correct arrangement of the protein chain in three 
dimensions. 

The mean field employed consists of potentials of 
mean force which model the energetic features of 
intramolecular pair interactions as a function of the 
spatial separation of two atoms associated with par- 
ticular amino acids.' In a given structure the inter- 
action energy ey between amino acid residues at  po- 
sitions i and j along the chain is the sum of the 
interaction energies between the atoms of the re- 

spective residues. In the calculations presented be- 
low ey corresponds to C,-C, or C,-C, interactions. 
The total pair interaction energy E is obtained from 
the sum over all pair interactions, E = vi Zoee,. The 
total energy of a protein is a function of its sequence 
S and conformation C, as expressed by the symbol 
E,,,. The native fold corresponding to sequence S 
will be denoted by N. A model fold derived from 
experiment or modeling studies will be denoted by a 
different symbol X ,  since native and observed folds 
are not necessarily identical. 

If X corresponds to (or is at least closely related to) 
the native fold N of sequence S then the energy E,, 
should have its lowest value as compared to a large 
set of alternative conformations. This feature can be 
tested in a straightforward computer experiment. 
The backbone of the experimentally determined fold 
X is hidden among a large number of nonnative de- 
coys C. In using only the backbone atoms (including 
C,) the amino acid sequence cannot be derived from 
the remaining scaffold. Now the task is to seek X 
where the energy calculated from the force field is 
used as the guiding principle. The task is solved suc- 
cessfully if the sequence S has lowest energy when 
combined with the observed fold X as compared to 
all alternatives. 

Hide and seek is performed on a polyprotein con- 
structed from a set of known three-dimensional 
structures." The structures are joined using short 
fragments from the proteins in the data base with 
the requirement that there are no close contacts be- 
tween modules along the polyprotein and that the 
local geometry in the linker regions does not violate 
basic steric principles. This ensures that any frag- 
ment taken from the polyprotein corresponds to a 
reasonable conformation. The polyprotein used in 
this study consists of 230 proteins of known struc- 
ture with a total length in the order of L = 50,000 
residues. 

In the hide and seek experiment the amino acid 
sequence S of length 1 of a protein is shifted along 
the polyprotein and the mean force energy E(S,C) is 
evaluated at  each position C. The set of conforma- 
tions C = l, . . . ,L, - l + l encountered represents 
the conformation space of sequence S accessible in 
the experiment. Since 1 << L the number of avail- 
able conformations is practically independent of 1 
and close to L = 50,000. The energies ESFc express 
the fitness of the sequence structure pair (S,C) in 
terms of the mean field. These energies are trans- 
formed to z-scores by z,,, = (E,,, - E,)/u,, where 
l?, = Z$,,,/(L - 1 +1) and us is the associated 
standard deviation. In particular z,, is the z-score 
of the target fold X. The target fold X is successfully 
identified if E,, < E,,, and equivalently zsx < 
z,,,, for all C # X. zsx can be interpreted as a 
measure of the predictive power of the force field 
with respect to the protein of sequence S whose ob- 
served structure is X. 
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In this hide and seek experiment we use the hy- 
pothesis that the target conformation X corresponds 
to the native fold N of S and the goal is to verify this 
assumption. Deliberately misfolded proteins are ob- 
tained by assigning sequences S to arbitrary folds X. 
Here again we use the hypothesis that such folds are 
the most favorable for the associated sequence. In 
the case of misfolded proteins the hypothesis is, of 
course, false and we expect high energies and insig- 
nificant scores in these cases. 

RESULTS 
Figure 1 summarizes the results obtained in a sur- 

vey of a set of 163 public domain structures using a 
force field consisting of C ,  (left) and C, interactions 
only (right). The number of decoys used for each test 
is in the order of 50,000 conformations. The ranges 
of energies encountered by individual sequences de- 
pend on sequence length and are not comparable, 
but the transformation of energies to z-scores en- 
ables a comparison of the results for all proteins. For 
most experimentally determined proteins the com- 
bination of their sequence S with the associated ob- 
served fold X yields the most favorable energy and 
z-score. On the other hand deliberately misfolded 
proteins are easily recognized by their high ener- 
gieshscores. The result demonstrates that the force 
field provides a reasonable energy model for virtu- 
ally all proteins in the public domain data base. The 
results obtained for the two different sets of poten- 
tials yield comparable results, but the scores ob- 
tained from the C, interactions are generally larger 
(in absolute value). This may indicate that the C, 
atoms carry a larger amount of information on the 
energetic features of protein folds as compared to C ,  
atoms. 

It is noteworthy that the force field employed is 
derived from a set of soluble globular proteins. 
Hence, it is unreasonable to assume that the force 
field appropriately models the interactions encoun- 
tered in hydrophobic environments. It is, therefore, 
indeed surprising that the observed folds of mem- 
brane associated and integral proteins (photosyn- 
thetic reaction center) as well as those of virus coat 
proteins are successfully identified as the most fa- 
vorable structures among more than 50,000 alterna- 
tives. In general the z-scores of these proteins are, 
however, less significant from those of soluble glob- 
ular proteins of comparable size. 

The results summarized in Figure 1 contain four 
exceptions. The observed fold X of gene 5 DNA bind- 
ing protein" (2GN5; the protein codes used are 
identical to the codes used in the Brookhaven pro- 
tein data bank4) is not recognized as the most favor- 
able fold. The rank of the 2GN5 fold with respect to 
C, interactions is 3,326, i.e., there are 3,325 confor- 
mations which are more favorable for the 2GN5 se- 
quence as compared to the observed fold of 2GN5. 
The result obtained for 2GN5 is most similar to 
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Fig. 1. z-scores obtained from hide and seek on a polyprotein 
plotted as a function of sequence length. z-scores calculated from 
C,-C, interactions are shown on the left and those calculated 
from C,-C, interactions on the right. Each symbol corresponds to 
the z-score z,, of an individual protein. The different symbols 
denote soluble globular proteins (0), chains of the membrane 
associated photosynthetic reaction center (x), viral coat proteins 
(A), incorrect and problematic folds (o), and deliberately mis- 
folded proteins (+). With the exception of RUBW, 2GN5, ITHI, 
1 PTE, and deliberately misfolded proteins all observed sequence 
structure pairs have the most favorable energy and z-score as 
compared to the 50,000 alternatives derived from the polyprotein. 
The proteins used to compile the mean force potentials (marked 
by 0) are labp, lacx, lak3-a, lalc, Ibbd, lbp2, lc5a, lca2, 
lcbp, Iccr, Icd8, Icho-i, lcla, Icms, Icol-b, Icrn, Icro, Ictf, 
leca, lf3g, Ifb4-h, lfb4-1, lfcl-a, Ifc2-c, Ifdx, lfkf, l fx l ,  Ifxb, 
lfxd, Igcr, lgdl-p, Igky, lgmf-b, Ihip, Ihne-e, Ihoe, li18-a, 1101, 
1 Idm, 1 Ihl , 1 lrd-4, 1 lzl , 1 mba, 1 mbd, 1 mle, 1 ntp, 1 p07-a, 1 paz, 
Ipcy, Ipom, Ipp2-r, Ipyp, Irbp, Irhd, lrn3, Irnb, Irsm, lrve-a, 
Isdh-a, lsgt, lsn3, Isnc, Isnv, ltec-e, Itgs-i, ltnf-c, Itpk-a, Itrb, 
lubq, lutg, Iwsy-b, lypi-a, 256b-a, Paat, 2act, Papr, 2aza-a, 
2c2c, 2ccy-a, 2cd4, Pchy, Pcna, Pcpp, Pcro, Pcyp, 2enl, 2er7-e, 
Bbj-I, 2gbp. 2hhb-a, Phhb-b, 2hip-a, 2hmg-a, 2kai-a, 2kai-b, 21bp. 
21hb, Pltn-a, Pmhr, Ppab-a, Pphh, 2prk, 2scp-a, 2sec-i, Psni-e, 
2sni-i, 2sod-b, Pssi, 2trx-a, 2tsc-a, 2wrp-r, 351c, 3adk, 3b5c, 3blm, 
3cpa. Bdfr, 3ebx, 3est, 3fxc. 3gap-a, 3hla-a, 3hla-b, 3icb, 3mt2, 
3rp2-b, 3sgb-e, 4dfr-a, 4fdl14fxn, 4il b, 4icd, mdh-a, 4pfk, 4sgb-i, 
4tmn-e, 4xia-a, Scpv, Shvp-b, Spti, Srxn, Stnc, 7atl-c, 7atld, 
8adh, Bdfr, 9api-a, grub-b, hga-b, actl-a, hcrtn-b, hcys-i, hgpf-a, 
hhir-h, hmar, hmbm-i, hphy-k, hphy-I, hppst-i, nitro-a, rasl , rop2-a, 
sblp. Proteins whose codes start with "h" were obtained from R. 
Huber. nitro-a and sblp are courtesy of D. Rees and P. Sigler, 
respectively. rasl, rop2 and act1 were obtained from the EMBL 
file server. In all calculations presented the respective protein is 
subtracted from the data base and the potentials are recompiled. 
This ensures that the force field of a protein does not contain any 
specific information derived from experimental data of this mole- 
cule. For ITHl and 1 PTE only C, coordinates are available from 
the Brookhaven protein data bank4. C coordinates were obtained 
from Liisa Holm and Chris Sander. hsfolded pairs (+) are con- 
structed by exchanging the sequences of experimentally deter- 
mined folds. Pairs are formed using conformations and se- 
quences of proteins of comparable length. This ensures that 
misfolded pairs have a globular fold. The sequence structure pairs 
shown in the figure are lHMQ-ZMCP, 2MCP-IHMQ, ITPK- 
2GN5, 2GN5-1TPK, ITHI-SGAP, 3GAP-lTH1, 1 PTE-1 MLE, 
1 MLE-1 PTE, INSB-SPHH, 2PHH-1 NSB. 

RUB-W, an incorrect variant of the small subunit of 
ribulose biphosphat carboxylase (rubisco) producing 
a score of -1.57 (rank 2,211). The revised rubisco 
model ranks on first position and the score of -8.16 
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Fig. 2. Energy graphs of several observed and deliberately 
misfolded proteins calculated from COG, interactions. The 
graphs are smoothed by a window size of 10 (thin lines) and 50 
(bold lines) residues. Energies are represented in units of UltT. 
The figure compares the observed hemerythrin (1 HMQ) and vari- 
able domain of a mouse myeloma immunoglobulin (PMCP) struc- 
tures and two deliberately misfolded pairs. The misfolded pairs 
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are obtained by exchanging the sequences of 2MCP and 1 HMQ. 
1 HMQl2MCP corresponds to the 1 HMQ sequence folded in the 
2MCP conformation. 2MCPI1 HMQ corresponds to the 2MCP se- 
quence folded in the hemerythrin conformation. Graphs of mis- 
folded proteins (high energies) are in marked contrast with graphs 
obtained for observed sequence structure pairs (low energies). 
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Fig. 3. Energy graphs of dihydrofolate reductase (SDRF), 
leghemoglobin (1 LHl), adenylate kinase (3ADK), and immuno- 
globulin light chain (1FW-L). The graphs are typical for native 
sequence structure pairs. Graphs obtained from a small window 

is in the range typical for native folds. Data obtained 
from recent nuclear magnetic resonance studies on 
2GN513 are in conflict with the model obtained from 
the X-ray determination, a result which is in line 
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size (= 10 residues) have only few small positive peaks. Graphs 
obtained from large window sizes (= 50 residues) stay below 
zero. The examples cover a wide range of protein architectures. 
1 LH1 belongs to the all a class and 1 FW-L is an all p protein. 

with the result obtained from the hide and seek ex- 
periment. 

A second case where the native fold is not identi- 
fied as the most favorable structure is D-alanyl car- 
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graphs of the correct and incorrect 

bo~ypeptidase'~ (1PTE). The fold determined by 
X-ray analysis to a resolution of 2.8 A is defeated by 
28,857 decoys. In the third case, the very sweet pro- 
tein t h a ~ m a t i n ' ~  (lTHI), the native fold ranks at 
position 82. In the hide and seek test these exam- 
ples, like 2GN5 and RUB-W, behave more or less 
like deliberately misfolded proteins. The structure 
of thaumatin has been recently refined to a resolu- 
tion of 1.65 A. During refinement several frameshift 
errors were corrected and several loops were remod- 
eled.16 The coordinates of the refined model are not 
yet available so that we are presently unable to re- 
port the score for the revised structure. 
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(right) model Of nrbisco, based on C, (a) and C, 

The z-scores obtained from hide and seek can be 
interpreted as an overall quality index of a particu- 
lar fold. A more detailed view of the energy distri- 
butions in protein folds is obtained from the residue 
interaction energies eij. The interaction energies eli, 
i, j = 1, . . . ,I form the energy matrix E of a confor- 
mation, where the sequence length 1 corresponds to 
the dimension of the matrix. From E the interaction 
energy ei = XJeG of a particular residue i with re- 
spect to all other residues in the molecule is derived. 
When e, is plotted as a fundion of i we obtain an 
energy graph displaying the energy distribution of a 
sequence structure pair in terms of sequence posi- 
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Fig. 5. Comparison of the observed 2GN5 and lTPK folds with deliberately misfolded pairs. 2GN5 on 
1TPK corresponds to the 2GN5 sequence folded in the lTPK conformation and lTPK on 2GN5 corresponds 
to the 1TPK sequence folded in the 2GN5 conformation. The graph of 1TPK is typical for native like sequence 
structure pairs. The 2GN5 graph resembles misfolded energy graphs. 

tion. In energy graphs positive values point to 
strained sections of the chain whereas negative val- 
ues correspond to stable parts of the molecule. 

Figure 2 shows several energy graphs calculated 
from observed (hemerythrin and variable domain of 
an immunoglobulin) and misfolded sequence struc- 
ture pairs.17 Misfolded pairs have positive energies 
ei for most positions i which is particularily appar- 
ent when a large window is used for sliding aver- 
ages. Such structures are highly strained. In gen- 
eral, the energy graphs of observed sequence 
structure pairs have negative values and only occa- 
sionaly we observe small positive peaks as shown in 
Figure 3. Figure 4 compares the energy graphs cal- 
culated from the incorrect and correct structure de- 
termination of the small subunit of rubisco. The fig- 
ure shows that the general features of the C, graphs 
(Fig. 4a) are very similar to the C, graphs (Fig. 4b), 
demonstrating that it is possible to identify faulty 
structures even if there is only a C, trace available. 

Figure 5 compares the energy graph of the ob- 
served structure of 2GN5 to the graphs of the 
observed lTPK, the misfolded 1TPK-structure- 
2GN5-sequence and the misfolded 2GN5-structure- 
1TPK-sequence pairs. As expected from the high to- 
tal energy the 2GN5 graph is similar to those of 
misfolded sequence structure pairs. 

The graph. of lTHI has some interesting features 
(Fig. 6). The N-terminal part is highly strained but 
the energy drops toward the C-terminus, remines- 
cent of a partially misfolded chain. The high energy 
regions agree with those parts of the lTHI model, 
which were subsequently revised in the high reso- 
lution study.16 The 1PTE structure again produces a 

graph of high energy resembling energy graphs of 
misfolded chains (Fig. 7). 

DISCUSSION 
The high energies observed in the energy graphs 

of RUB-W, 2GN5, lTHI, and lPTE are not a conse- 
quence of violations of basic steric requirements. In 
all calculations presented the energies eii are calcu- 
lated for distances r in the range 4 A 5 r 5 15 A. 
Hence, possible close contacts do not contribute to 
the residue interaction energies ei or total energies 
E. On the other hand mean force energies at large 
distances r are mainly determined by large proteins 
in the data base used to compile the mean force po- 
tentials. Inclusion of these energies may introduce 
side effects which derive from specific features of a 
particular protein. Consequently, to avoid such pos- 
sible effects, the potentials were cut a t  15 A. 

An important feature of mean field calculations is 
that they do not depend on minute structural details 
of protein folds. They can be applied in cases where 
only the C, trace of a fold is available. Such tech- 
niques are particularily useful in the interpretation 
of electron density maps of low resolution. In a sim- 
ilar way mean field calculations can support the 
computation of structures from distance constraints 
derived from nuclear magnetic resonance studies, 
especially in cases where distance information is 
sparse or insufficient. In the context of the present 
work, the most important point is, however, that the 
computational tools presented complement experi- 
mental structure determinations allowing the objec- 
tive judgment of the quality of a structure. This is 
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Fig. 6. Energy graphs of thaumatin (ITHI) calculated from C,-C, interactions (left) and C,-C, interactions 
(right). 
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Fig. 7. Energy graph of o-alanyl carboxypeptidase (1 PTE) (based on C, interactions). 

even possible for low resolution studies, and in cases 
where the C, trace is available only. 

In addition the techniques presented are relevant 
for protein structure prediction. z-scores and energy 
graphs can be calculated from any model, derived 
from experimental data or theoretical calculations. 
In other words the technique can be used to judge 
the quality of calculated or predicted structures. 
This in turn implies a possible route to protein 
structure prediction: Change the structural model 
as long as z-scores and energy graphs indicate a mis- 
folded structure. We are currently proceeding along 
these lines. 

In summary we conclude that the current version 
of the knowledge based mean field provides a rea- 

sonable energy model for virtually all protein folds 
examined and that most of these structures have 
energetic features expected for native protein folds. 
It is clear that no comments can be made in the case 
of structures which have been published, but whose 
coordinates have not been made available to the sci- 
entific community. We suggest that reports of struc- 
ture determinations are supplemented by the 
z-scores and energy graphs obtained from the re- 
spective structural models, since these parameters 
indicate the quality of the model. 
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