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ABSTRACT
The x-ray structure of rubredoxin has
been refined by energy minimization. The computed
structure is constrained to have standard bond lengths,
bond angles, and planar trans peptide groups. Also, since
most of the steric overlaps have been relieved, it has a
very low energy. As judged by the root mean square (RMS)
deviation of the computed coordinates from those of the
x-ray structure, the two are very similar. The reliability
index R for the computed structure (determined from the
structure factors for the calculated conformation) is 0.37,
which is comparable to that for other proteins.

their proper positions. The fitting potential applied to all nonhydrogen atoms in the structure, including the cysteine sulfur
atoms, is of the form

EFP

WEi D,2

[11

where Di is the distance between the calculated atom position
and its corresponding x-ray position, and W is a weighting
factor taken as 50 kcal/mole A2 in the first iteration-of stage
II (on segments 1-20, 18-37, and 35-54). During this initial
application of the stage I and II procedures, the iron atom at
the active site of rubredoxin was not included in the computations.
In a second iteration of stage II (carried out on segments
1-15, 13-29, 27-42, and 40-54), W was reduced to 10 kcal/
mole A2, and a loop-closing energy, Ej0op, was introduced to
preserve the active site geometry. In this iteration, the iron
atom at the active site was introduced into the computations,
and the active site was treated by two alternative models in
all subsequent energy calculations. In one series of calculations, the Fe-S bond lengths (including one very short Fe-S
distance of 2.05 A) and the S-Fe-S bond angles were maintained fixed by keeping the iron and the sulfur atoms at their
positions observed by Watenpaugh et al. (1); in the alternative series of calculations, a slightly modified (but fixed)
geometry around the iron atom (with the Fe-S42 bond
lengthened from 2.05 A to 2.20 A, but with no other changes
in bond lengths or bond angles around the iron atom) was
examined. The loop-closing potentials were applied to the four
Co-S bonds, and calculated as
Eloop = (1/2) [K(l -10)2] + K,1[1 -COS (Vp -V)
+ K, [1- cos (V2 - v2)] [2]
which is similar to the potential of Gibson and Scheraga (5)
for closing disulfide loops. In Eq. 2, 1 is the distance between
the Ca and S atoms and lo is the equilibrium bond length
(1.82 A*), vi and P2 are the Cac-COS and CO-S-Fe bond angles
and vi° and v20 are their equilibrium values [113°* and 1040
(5), respectively], and the force constants were taken as KI =
1000 kcal/mole A2, K,, = 500 kcal/mole, and K,, = 250
kcal/mole.
After these two iterations of stage IL, it was observed that
the calculated coordinates of the first several residues differed from the x-ray coordinates significantly more than did
those of the remaining residues, probably because the fixed
coordinate system for the whole molecule was initially based
on the N, C", and CO atoms of the first residue; unfortunately,

The crystal structure of Clostridium pasteurianum rubredoxin
has been determined at 1.5-A resolution and refined to a high
degree (1). However, on energetic grounds, it seems unlikely
that the bond lengths and bond angles of the x-ray-refined
structure should deviate from their equilibrium values as
much as the examples shown in Fig. 1. Therefore, we have
carried out an energetic refinement of the x-ray structure.
The refinement is carried out in three stages. In stage I
(2), the dihedral angles of the backbone and side chains of the
polypeptide chain are adjusted by a least-squares procedure
to produce a structure conforming as closely as possible to the
x-ray coordinates but, at the same time, one which is constrained to have fixed bond lengths, bond angles, and planar
trans peptide groups that are characteristic of amino acids and
small peptides*. In stage II (3), most of the large atomic
overlaps are relieved by partial minimization of a portion of
the total energy, namely, the nonbonded, hydrogen-bond,
torsional, and "fitting potential" contributions. In stage III
(4), the energy contributions of stage II, together with the
electrostatic energy and a more refined hydrogen-bond potential (compatible with the electrostatic energy introduced at
this stage), are minimized.
PROCEDURE
Energy minimization

The computational procedure was similar to that described
previously (2-4), with the modifications noted below.
The tetrahedral iron complex of rubredoxin presented a
new computational problem. During stage I and the first
iteration of stage II, the positions of the cysteine sulfur atoms
relative to the iron atom were not constrained to form a
tetrahedral complex. Instead, reliance was placed on the
fitting potential, EFP of Eq. 1, to maintain the sulfur atoms in
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Abbreviation: RMS, root mean square.
* F. A.
Momany, R. F. McGuire, and H. A. Scheraga, manu.script to be submitted.
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the coordinates of this N-terminal residue were not very accurate, judging from the B factors in Fig. 2. Therefore, the
coordinates of the first several residues were readjusted, by a
slight modification of the stage I and II procedures, in order to
improve their fit to the x-ray coordinates and also to prevent
propagation of these errors in the N-terminal region to other
parts of the molecule (4). This resulting structure was used as
a starting point for the final (stage III) refinement.
In stage III, the total energy that was minimized was
ENB + EROT + Eloop + Epp + EEL + EHB (4). The FeS4
moiety was taken as neutral (assuming that the net charge of
-1 is balanced by a counterion from the external medium,
there being no lysine side chains in the immediate neighborhood of this moiety). The partial charges on the backbone and
side-chain atoms are the same as those used by Warme and
Scheraga (4). A value of 2 (6) was taken for the dielectric constant. An important difference between our earlier use of the
stage III procedure (4) and that applied here to rubredoxin is
that the energy of the whole molecule (rather than segments
thereof) was minimized with respect to the backbone and
side-chain dihedral angles, using the Fletcher minimization
procedure (7, 8). As the energy decreased, the weighting
factor W in EFP was reduced progressively from 10 to 5 to 1
kcal/mole As, and 250 iterations in total (i.e., 60, 40, and 150,
respectively, for the three values of W) were used in the
minimization. The energy decreased by 0.2 kcal/mole or less
per iteration during the last 20 iterations, indicating that the
energy was probably close to its minimum value; no significant changes of conformation were observed during the last
20 iterations, none of the dihedral angles being altered by
more than 0.90.
Structure factors

The crystallographic structure factors of the conformation
obtained after stage III were calculated with a computer program kindly supplied by Dr. G. N. Reeke, Jr. of Rockefeller
University. The 425 heavy atoms of the molecule (omitting
hydrogen atoms) and the oxygens of the 130 water molecules
at the positions reported by Watenpaugh et al. (1) were included in the calculation. The effect of anomalous scattering
TABLE 1. Energy contributions at each stage of refinement
of rubredoxin
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FIG. 1. (A) Deviations of the Ca-C' bond lengths [calculated
from the x-ray coordinates of rubredoxin (1)] from the "standard"
value of 1.53 Ai (shown as a horizontal line). (B) Similar plot for
deviations of the C'-N-Ca bond angles from the "standard"
value of 123° (shown as a horizontal line).

by the iron and sulfur atoms was also taken into account.
Using the amplitudes of the calculated structure factors
(F&.j) for all the 5005 reflections reported in the x-ray diffraction study (1), and the observed amplitudes (Fobs),
the overall R index of our refined structure was calculated as
E |IFcalcl - IFob I1I
R -

5005

IFobeI
5005

[31

E

RESULTS
A. Energy contributions at various stages of refinement

The magnitudes of the total energy and its various contributions at each stage of refinement are summarized in Table 1.
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*

Using the x-ray geometry for the active site.

t Using the modified geometry for the active site.

$ Contribution to the energy minimized during this stage of
the refinement.

FIG. 2. B (temperature) factors (1) for backbone (A) and
side-chain (B) heavy atoms.
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(ENB + EHB + EROT + EEL)
of each residue of rubredoxin after stage III refinement, calculated as one-half of the sum of the energies of interaction with
all other atoms of the entire protein which are within the normal
cut-off distances (4). A, for x-ray and B, for modified active-site
FIG. 3. Plots of total

5
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geometry.

The last two columns correspond to the x-ray and modified
geometry, respectively, around the active site. At the end of
stage I, the structure (constrained to have standard bond
lengths and bond angles, with a close fit to the x-ray structure) has severe overlaps, as can be seen from the high values
of ENVB and EHB. The value of ElOp at the end of stage I reflects the departure of the Co-S bond lengths and the C"-C"-S
and Ca-S-Fe bond angles from their equilibrium values (see
Table I of documentation).
The high energy obtained at the end of stage I is largely
decreased during the first iteration of the stage II procedure.
No loop closing potential was used during the first iteration of
stage II, and thus it is not surprising that Eloop increases in
this step. However, during the second application of the stage
II procedure, in which most of the strong overlaps are relieved,
the inclusion of Ei00p leads to better closure of the loops, i.e.,
the Cd-S bond lengths and the Ca-C,-S and C a-S-Fe bond
angles approach their equilibrium values.
In stage III, the energy is lowered considerably, for both
choices of the active-site geometry (last two columns of
Table 1). Both active-site geometries lead to similar energies
(Table 1) and similar dihedral angles (see Tables II and III of

05

10

15

20

25

30

35

40

45

50

55

Residue Number

FIG. 4. Plot of RMS deviation of each residue of rubredoxin
after stage III refinement. The overall RMS deviation is shown
as a broken line. A, for x-ray and B, for modified active-site
geometry.

documentation). The nonbonded and hydrogen-bond energies
decrease to negative values in stage III. However, 11 pairs of
atoms still are in fairly close contact, contributing nonbonded
energies greater than 1 kcal (see Table IV of documentation).
The highest contribution from such contacts is 3.33 kcal,
arising from a contact between Cc of Gly 43 and the carbonyl
oxygen of Cys 39. The electrostatic energy, which was minimized only in stage III, has decreased slightly in this stage.
However, EROT decreases significantly in stage III.
The total energy (ENB + EHB + EROT + EEL) is plotted
in Fig. 3. The net energy for most of the residues is negative;
the highest energy occurs for Lys-2, and arises mainly from
an unfavorable rotational contribution from xi.
B. Deviations from the x-ray coordinates

A protein structure, obtained by refinement from x-ray diffraction data, is not only expected to have a low energy, but
also to remain close to the original x-ray structure. The
root mean square (RMS) deviations from the x-ray co-

TABLE 2. RMS deviations from x-ray coordinates and average deviations of dihedral angles from their x-ray values at the consecutive
stages of the refinement
Stage II

Stage II

(1st iteration)

(2nd iteration)

Stage III*

Stage IIIt

0.53
0.80
0.63

0.59
0.78
0.66

0.55
0.77
0.64

0.61
0.75
0.66

0.61
0.76
0.67

200

200

200

180

180

380

380

320

340

330

Stage I
Backbone RMS dev. X
Side chain RMS dev., A
Overall RMS dev., A
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Average backbone dihedral angle
deviation
Average side-chain dihedral angle
deviation

* Using x-ray geometry for the active site.
t Using the modified geometry for the active site.
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FIG. 5. Stereoscopic view of rubredoxin, showing the refined structure (heavy lines) superimposed on the x-ray structure (light lines).
Only the Ca, Fe, and cysteine side-chain atoms are shown. The numbers correspond to the sulfur atoms of the four cysteine residues.

ordinates for the backbone atoms, side-chain atoms and the
RMS deviation for all atoms, calculated after each stage of
the refinement are listed in Table 2.
When we started the second stage of refinement, we became
aware that the amino-acid sequence derived by Watenpaugh
et al. (1, 9) from the x-ray structure differed in seven places
from the sequence obtained by McCarthy (10) by chemical
analysis. Ile 8, Ile 24, and Ile 44 all became valines, and we
simply ignored the C6 x-ray coordinates. For the other changes
(Val 12 became Ile; Glu 21 became Asp; Val 28 became Thr;
and Ile 41 became Leu) we have used the existing x-ray coordinates for calculating the fitting potential and RMS
deviations for all atoms whose deviations from the calculated
positions did not exceed 0.80 A after the stage I procedure was
reapplied to these side chains.
In Fig. 4, the RMS deviations are plotted against residue
number. It is apparent that the atoms of about 12 residues
have rather large RMS deviations and contribute significantly
to the overall RMS deviations. As can be seen in Fig. 2 from
the average temperature factors per residue plotted against
residue number, the x-ray coordinates of most of these residues
are associated with rather high average temperature factors
and thus are probably less accurate because of thermal
motion.
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C. Variations of dihedral angles

The backbone and side-chain dihedral angles obtained at the
end of the refinement of rubredoxin are listed in Tables II and
III of the documentation. The average deviations of the backbone and side-chain dihedral angles from the dihedral angles
computed from the x-ray data have been calculated after each
stage of the refinement and are listed in Table 2. The deviations for the side-chain dihedral angles are about twice as
large as the deviations of the backbone dihedral angles. The
decrease of the backbone dihedral angles deviation obtained at
the end of the third stage of refinement is a consequence of the
reorientation of the computed structure compared to the
x-ray structure of rubredoxin, i.e., by changing the coordinate
system. By that procedure, the deviations of the backbone
dihedral angles of Lys 3 were reduced significantly.
The R index, calculated for the computed structure using
the modified active-site geometry, is 0.37, which may be compared to the value of 0.126 of Watenpaugh et al. (1). Our
computed value of R may also be compared with values of
0.44 for subtilisin BPN' (11), 0.53 for cytochrome b5 (12), and
a range of 0.32-0.52 for tosyl-a-chymotrypsin (13). Thus, it
appears that our refined low-energy structure of rubredoxin

yields the observed structure factors with a reliability in the
range of that obtained for other proteins.
A stereoscopic view (14), comparing the refined and observed backbone and active-site structures, is shown in Fig. 5.
Further documentary material, including the cartesian coordinates and dihedral angles of the computed structure of
rubredoxin, are available as document No. NAPS-02422
of the ASIS National Auxiliary Publication Service, c/o
Microfiche Publications, 305 E. 46th street, New York, N.Y.
10017. A copy may be secured by citing the document number
and by remitting $1.50 for microfiche or $5.00 for photocopies. Advance payment is required. Make checks or money
orders payable to Microfiche Publications.
DISCUSSION
The computed value of R and the results shown in Tables 1
and 2 indicate that our objective of refining the x-ray structure of Clostridium pasteurianum rubredoxin has been
achieved. Our final structure has the characteristic bond
lengths and bond angles derived from crystals of its constituent amino acids, exhibits a very low conformational
energy, and yet remains very similar to the x-ray structure.
In considering the reliability index R, it should be pointed
out that Watenpaugh et al. (1) achieved a very low value of R
by determining the structure of rubredoxin using a technique
generally applied to small molecules; i.e., Watenpaugh et al.
(1) treated the coordinates of the atoms and the temperature
factors as parameters to be adjusted in their refinement.
When this technique is applied to small molecules, the ratio
of the number of reflections to the number of parameters to
be adjusted is at least 10: 1, thereby increasing the reliability
of the reported atomic positions, and the R index is very low
for a reliable structure. In the case of a protein, the ratio is
smaller than 10:1 (and is 2.2:1 in the case of rubredoxin), and
the crystallographer usually circumvents this problem by
reducing the number of parameters to be adjusted, i.e., by
assuming values for the bond lengths, bond angles, and planarity of the peptide group (usually with the aid of Kendrew
models) in fitting the electron density maps. Thus, R values
generally reported for proteins are in the range quoted in the
Results section. With the procedure used for rubredoxin (1),
a low R value was obtained but, as indicated in Fig. 1, the
structure shows many large departures of the bond lengths
and bond angles from their usually accepted values. It remains to be seen whether this situation arises because of the
relatively small number of reflections measured in the determination of the structure of rubredoxin. Any refinement which
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imposes constraints (2-4, 15, 16) will move the atoms from the
positions reported in the x-ray study to produce a conformation having normal bond lengths and bond angles, and consequently will increase the value of the R index (as well as the
reported RMS deviations). Thus, our value of R = 0.37,
compared to that of 0.126 of Watenpaugh et al. (1) is not unexpected, and lies in the range of R values obtained for other
proteins.
The major contribution to the RMS deviations of our refined coordinates from the x-ray coordinates comes from those
areas of the molecule that undergo substantial thermal motion
in the crystal (compare Figs. 2 and 4). Indeed, we observe
larger deviations for the atoms belonging to the N- and Cterminal residues as well as for the side chains lying on the
surface of the molecule. The lower accuracy of the x-ray coordinates of those atoms induces large deviations right at the
start of the computations (stage I) when we constrain the
structure to adopt a "standard" geometry. Nevertheless, the
total energy obtained at the end of stage III is very low.
The geometry around the active site has been preserved
without giving rise to larger-than-average deviations from
their x-ray positions of the atoms of the cysteine residues. The
energies observed for the refined structures corresponding to
two alternative geometries for the active site are very close to
each other, and do not allow us to select one of them over the
other.
We are indebted to Dr. L. H. Jensen for providing the x-ray
coordinates and structure factors in advance of publication; to
Dr. G. N. Reeke, Jr., for providing the computer program to
compute the structure factors and R index (and for help in its use);
and to Drs. D. Gabel and P. K. Ponnuswamy for helpful dis-
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