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PREDICTING THE STRUCTURE OF THE
FLAVODOXIN FROM Eschericia coli BY HOMOLOGY
MODELING, DISTANCE GEOMETRY AND
MOLECULAR DYNAMICS!

T.F. HAVEL

Department of Biological Chemistry and Molecular Pharmacology, Harvard
Medical School, Boston, MA 02115

(Received August 1992, accepted October 1992)

As part of our on-going development of a method, based upon distance geometry calculations, for
predicting the structures of proteins from the known structures of their homologues, we have predicted
the structure of the 176 residue Flavodoxin from Escherichia coli. This prediction was based upon the
crystal structures of the homologous Flavodoxins from Anacystis nidulans, Chondrus crispus,
Desulfovibrio vulgaris and Clostridium beijerinckii, whose sequence identities with Escherichia coli were
44%,33%, 23% and 16%, respectively. A total of 13,043 distance constraints among the alpha-carbons
of the Escherichia coli structure were derived from the sequence alignments with the known structures,
together with 8,893 distance constraints among backbone and sidechain atoms of adjacent residues, 978
between the alpha-carbons and selected atoms of the flavin mononucleotide cofactor, 116 constraints to
enforce conserved hydrogen bonds, and 452 constraints on the torsion angles in conserved residues. An
ensemble of ten random Escherichia coli structures was computed from these constraints, with an
average root mean square coordinate deviation (RMSD) among the alpha carbons of 0.85 Angstroms
(excluding the first 1 and last 6 residues, which have no corresponding residues in any of the homologues
and hence were unconstrained); the corresponding average heavy-atom RMSD was 1.60 A.

Since the distance geometry calculations were performed without hydrogen atoms, protons were
added to the resuiting structures and these structures embedded in a 50X 50 x 40 A solvent box with
periodic boundary conditions. They were then subjected to a 20 picosecond dynamical simulated
annealing procedure, starting at 300 K and graduaily reduced to 10 K, in which all the distance and
torsion angle constraints were maintained by means of harmonic restraint functions. This was followed
up by 1000 iterations of unrestrained conjugate gradients minimization. The goal of this energy
refinement procedure was not to drastically modify the structures in an attempt at @ priori prediction,
but merely to improve upon the predictions obtained from the geometric constraints, particularly with
regard to their local backbone and sidechain conformations and their hydrogen bonds. The resulting
structures differed from the respective starting structures by an average of 1.52 A in their heavy atom
RMSD’s, while the average RMSD among the heavy atoms of residues 2-170 increased slightly to
1.66 A. We hope these structures will be good enough to enable the phase problem to be solved for the
crystallographic data that is now being collected on this protein.

KEY WORDS: Escherichia Coli, homology modeling, distance geometry, molecular dynamics.

INTRODUCTION

Because the rate at which DNA and proteins are being sequenced vastly exceeds
the rate at which the corresponding protein structures can be determined, the
problem of predicting the tertiary structure of proteins from their primary structure

"This work was supported by NIH grants GM-38221 and GM-47467.
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continues to grow in importance [1]. Although considerable progress has been
made at finding minimum energy conformations of small peptides, and even for
larger proteins with sufficiently simple structural models and potential functions
[2,3,4], it seems safe to say that it will be many years before these methods can
achieve the reliability available from established experimental methods like nuclear
magnetic resonance (NMR) and X-ray crystallography (cf. [5]). The steadily
increasing gap between the supply of and the demand for the structures of new
proteins, together with the observation that most protein domains fall into a
relatively small number of “structural classes”, has led many investigators to
develop empirical methods of predicting the structural class from the sequence (see
e.g 6,7, 8,9, 10]. Coordinates for the backbone atoms may be derived from such
predictions by taking them from idealized models representing the corresponding
class, after which the sidechain conformations may be added on by various energy
minimization techniques [11, 12, 13, 14].

Another, related approach that has generally proven more effective is known as
“homology modeling” [15, 16, 17, 18, 19]. This approach relies on having the
structure of at least one, and preferably several homologous proteins available,
from either previous NMR or crystallographic studies. Although the details of this
procedure vary, its broad outline is now well-established and may be broken down
into the following basic steps:

e First, the “structurally conserved regions” (SCR’s) of the protein family in
question are identified, generally by searching for segments of well-defined
secondary structure that can be closely superimposed upon each other in all of
the known homologous structures.

® Second, the sequences of the known structures are aligned so that the residues in
each SCR match, and the sequence of the unknown protein is aligned with them
so as to maximize the homology subject to the constraint that no insertions or
deletions occur in any region that is aligned with an SCR.

® Third, the known structures are aligned in space by minimizing the RMSD
between corresponding alpha-carbons in all of the SCR’s together. The
backbone coordinates in the SCR whose sequence is judged most similar to the
unknown protein’s are then copied to obtain backbone coordinates for the
SCR’s of the unknown protein. As a rule, the coordinates of any sidechain atoms
that are the same as in the unknown protein are also copied to obtain
coordinates for the corresponding atoms in the unknown.

o Fourth, coordinates are obtained for those regions, generally loops between
regions of well-formed secondary structure, that do not lie in an SCR by means
of either database searches or by various modeling techniques. Coordinates are
also obtained for mutated sidechains and sidechains not in any SCR by similar
methods.

e Finally, the resulting coordinates are refined by energy minimization and/or
dynamics, with the goal of eliminating distortions in the covalent structure
between SCR’s and any steric clashes between the added sidechains that result
from the foregoing “cut-and-paste” procedure.

Recently [20] it has been shown that distance geometry algorithms [21] can be
used to construct not just one, but a large variety of initial model structures, and
with substantially less effort than that required for a single structure by the cut-and-
paste procedure. In addition, the method provides an estimate of the precision of
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the structure prediction, and simultaneously searches for loop and sidechain
conformations whose geometry is compatible with the relatively well-defined
conformations of the SCR’s. In order to evalulate the potential of this approach to
homology modeling, structures were built for each of the four members of the
Kazal family of trypsin inhibitors whose structures have been determined by
crystallography and/or NMR, using structural information derived from one or
more of the other experimentally determined structures. This structural informa-
tion was expressed in the form of distance and chirality constraints among the alpha
and gamma-carbons of the amino acids, which in turn were derived from
alignments of the sequence of the computed structure with the sequences of the
other structures. The conclusions of this study may be summarized as follows:

® When the sequence homology is sufficiently high, the procedure used in this
study reliably delivered a precise and accurate backbone structure. The positions
of the sidechain atoms were less precisely determined, although the gamma-
carbons of conserved residues usually had the correct orientation.

@ In cases of low homology (less than ca. 50%), the precision of the prediction
declined substantially. In addition, the structures were biased away from the
correct structure particularly when the constraints were derived from only one of
the other structures, or when the other structures were substantially more
similar to each other than to the computed structure.

Although this pilot study demonstrated the promise of the “distance geometry”
approach to homology modeling, further work is needed to determine the precision
to use for the constraints as a function of the degree of structural similarity of the
known structures and their sequence similarity with the unknown. In addition, the
sidechain constraints used were clearly inadequate, and the distance geometry
program (DISGEO) that was used does not sample conformation space as well as
more recent programs [21]. In order to gain further experience with such
predictions and thereby refine the methodology, in the present paper we have used
the distance geometry approach to predict the structure of the Flavodoxin from
Escherichia coli from the crystal structures of four of its homologues, the
Flavodoxins from Anacystis nidulans, Clostridium beijerinckii, Chondrus crispus
and Desulfovibrio vulgaris. We believe that the resulting structures will be of
sufficiently high quality to serve as valuable aids in solving the phase problem for
the crystallographic data that should soon be available for the E. coli form, now
that it has been cloned [22]. By this means we also hope to demonstrate that,
although further improvements in the protocol are no doubt possible, the
predictions obtained from the distance geometry approach are already good
enough to be of substantial practical value.

METHODS AND PROCEDURES

The distance geometry approach to homology modeling consists of the following
steps:

1. The SCRs are identified and the sequence of the unknown is aligned with the
sequences of the known structures, much as in the usual procedure. Note,
however, that in this paper the term “SCR” refers to any region of our unknown
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protein that is believed to be similar to at least one of the known homologues,
rather than to all of them as in its usual usage.

2. Distance (and possibly other) geometric constraints among the atoms of the
unknown structure are derived by looking at the ranges in value of the
corresponding distances in the known structures, and expanding these ranges to
account for the fact that even correctly aligned residues may have somewhat
different conformations.

3. An ensemble of conformations for the unknown protein is computed, where
each member of the ensemble is compatible with the distance constraints but
otherwise “random”. This ensemble is then analyzed to determine which
geometric features are uniquely determined by the constraints, and which
remain underdetermined.

4. Each structure in the ensemble isenergy minimized in order to eliminate
structural irregularities (such as eclipsed rotatable bonds) that are difficult to
exclude by means of simple distance constraints.

Structure and Sequence Alignments

In the present case, the SCR’s were identified by taking the published structural

Figure 1 The Flavodoxin sequence alignment used throughout this study. The yellow letters at the
beginning of each line indicate the organism for each sequence: A for A. nidulans, B for C. beijerinckii,
C for C. crispus, D for D. vulgaris, and E for E. coli. The remaining letters on each line are the one-
letter amino acid codes. The colors indicate the secondary structure element of each SCR identified: red
for beta strands, green for alpha helices, violet for turns and cyan for random coil. White is used for
those regions of the homologues that are not structurally homologous to the E. coli sequence, and for
E. coli regions that are not homologous to any of the homologues. The sequence numbers shown refer
to the E. coli sequence. (See Colour Plates)



179

THE STRUCTURE OF THE FLAVODIXIN FROM E. coli

(sateld 1nojo]y 23G) “ou] ‘safojouyda] WASOIE Wwoly sjqeriear wesdord yySisuy sy Suisn psonpoud a1om saded sip) ur sagewnr soiydead spndwos soyio
118 pue SIYL "MOJ]PA UL UMOYS [[E dJB $10108J0> IPHOS2NUOUOUI WIARLY Y1 1Y} 1d20Xd *| 2In3( ul se Buuesw Juwres Yyl dAey $10j0d Ay ‘dSINY 2
SZIWIUIL 01 S8 OS IMIDNAS SUDINPIU * 341 UL S YDS Buipuodsariod Aue Jo suoqies-eydie syl uo pasodwiiadns uaaq aaey 391y 1SE[ Y1 JO S, YIS 2y Ul
suoquled-eydie oY1 21oym ‘sundna ‘q pue sndsid "D ‘uyouralag "y ‘supinpiu *y ‘sangojowoy 1n0j dY) jO 3ded1 Hoqied-eydie Yl JO MIIA0INS T 3Indiy

1102 Alenuer $T L€:6T @IV Papeo |uwog



19: 37 14 January 2011

Downl oaded At:

180 T.F. HAVEL

alignments of the A. nidulans, C. beijerinckii and D. vulgaris sequences [23], and
aligning the C. crispus structure to them. On the basis of the information present in
the C. crispus structure, it was deemed advisable to adjust the alignment of the
other three structures in a few places, so as to obtain overall consistency. These
structural alignments were made using the Homology modeling program that is
available from BIOSYM Technologies, Inc. [19]. The resulting four-way structural
alignment is shown in Figures 1 and 2, with the SCR’s indicated by colors; the
crystallographic structures on which this alignment is based were first published in
[24, 25, 26, 27]. The reader may also wish to refer to Figure 3, which shows a
schematic drawing of the A. nidulans Flavodoxin with various relevant residue
numbers added. Since the numbering of the E. coli Flavodoxin differs from the A.
nidulans numbering by at most one at all positions, this same diagram can also be
used as a guide to the figures showing the E. coli structures.

The published alignment of the E. coli sequence with the A. nidulans sequence
(with which it is distinctly most similar) was then used to obtain an initial alignment
with the other Flavodoxin sequences, and the alignment of the E coli sequence
further adjusted to take account of the information present in the other sequences
(see Figure 1). In particular, the site of the one-residue deletion in the E. coli
sequence relative to A. nidulans was moved from between residues 31 and 32 to
between residues 28 and 29, since it was clear from the structural alignments that
this is where the indels (i.e. insertions/deletions) had been concentrated in the
other structures. The following features of this alignment are worth noting:

1. The N-terminal methionine and C-terminal six residues of the E. coli sequence
have no corresponding residues in any of the known homologues, so that
nothing can be said about their conformations on the basis of the alignment.

2. The only other regions left completely unconstrained were a segment of two
residues at 28—29 where the deletion occurred, and the residues 135-137 which
flank the inserted histidine at position 138. Otherwise, there are no indels in the
alignment involving the E. coli sequence.

3. In several regions, e.g. residues 59-64, indels occurred between the E. coli
sequence and some but not all of the other sequences. In such cases the regions
of those homologues with indels in them were not considered part of the SCR,
so that those homologues had no corresponding residues in that region of the E.
coli sequence.

4. In this alignment, the percent identities of the E. coli sequence with the A.
nidulans, C. beijerinckii, C. crispus and D. vulgaris sequences are 44%, 16%,
33% and 23%, respectively. The sequence identities among the known
structures, on the other hand, ranged from 17% to 33% (Table 1), which is
comparable and hence implies that the variations among the known structures
can be used as a reasonable estimate of magnitude of the deviation of the E. coli
structure from them.

Geometric Constraints from the Alignment

The basic assumption on which the distance geometry approach to homology
modeling is based is that the distances among pairs of atoms in the unknown
structure should be similar to the distances between the corresponding pairs in the
known structures. Moreover, it is reasonable to use the variations in the distances
among the known structures to estimate the uncertainty of the corresponding
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Figure 3 Schematic “ribbon” diagram of the Flavodoxin from A. nidulans, with the sequence numbers
of the residues at the beginning and end of each element of secondary structure shown. This picture was
produced using the MolScript program of P. Kraulis.

distances in the unknown. Here, the term “corresponding” means that the pair of
residues in which the pair of atoms involved in the distance occur correspond in the
alignment. For distances between atoms that are found in all amino acids, i.e.
backbone atoms, the correspondence of the residues in the alignment is wholly
sufficient to determine the correspondence of the atoms. Similarly, if both residues
of the pair of atoms involved in the distance have the same type as in the
homologues, then the correspondence between the atoms is obvious. If the distance
is between a pair of sidechain atoms that are contained in residues that have
mutated to residues of different types of some or all of the homologues, however,
the corresponding distance in the unknown protein is not unambiguously defined.

It should be noted, however, that (unlike the usual cut-and-paste approach to
model building), these ambiguities in our definition of the correspondence among
the atoms will not necessarily lead to inaccuracies in the computed structures;
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Table 1 Sequence identities (below diagonal), number of residues (diagonal) and alpha-carbon RMSD’s
between the common SCR'’s (above diagonal) of the four homologues.

A. nidulans C. beijerinckii C. crispus D. vulgaris
A. nidulans 169 1.90 A 1.40A 1.29A
C. beijerinckii 20% 138 1.92A 1.67A
C. crispus 33% 17% 173 1.25A
D. vulgaris 27% 25% 21% 147

instead, what they will usually lead to is less precise constraints (because the
distances between pairs of atoms that do not play identical structural roles will tend
to vary more among the known structures). Similarly, errors in the alignment of the
sequences of the known structures will tend to reduce the precision of the
constraints rather than their accuracy. This in turn will reduce the precision of those
features of the unknown structure that depend upon by these constraints, meaning
that the members of the structural ensemble obtained from the distance geometry
calculations will show larger variations in those features. Thus the statistical
analysis of the ensemble will at least not be led to erroneous conclusions; rather it
will conclude (correctly) that it is not possible to say anything about these features
on the basis of the alignment. This automatic compensation for errors in the
sequence alignment and ambiguities in the definition of the correspondence among
the atoms is in fact one of the most significant strengths of the distance geometry
approach to homology modeling.

For each pair of atoms i and j whose distance was constrained in the E. coli
structure, the following procedure was used to determine the lower and upper
bounds on that distance to use as input for the distance geometry calculations.
First, if iy and j, denotes the corresponding pair of atoms in the k-th known
structure (A. nidulans, C. beijerinckii, C. crispus or D. vulgaris) and d(iy, j;) is the
distance between them, we define the lower and upper limits on the corresponding
distance in the E. coli structure as:

G, j):= mkin (d (i, Ji))
a(, j):= max (d(ix, Ji))

Then, the distance bounds used for the calculations were obtained from these limits
by the following formulae:

1G, jy:= @, )+ )2=pad, j)—13, j)2-38n,
uli, jy:=Ca(, )+Ii0, pP2+p@ad, )—IG j)2+sn,

where the parameter p =0 is called the precision of the constraint and the para-
meter 8 =0 is the tolerance. The variable n;; is the number of homologues in which
the E. coli atoms i and j have a corresponding atom, so that the corresponding
distance exists in that homologue and hence was used in computing the limits /, 4.
Thus, when all four homologues were used in computing the limits, the range (i —
[)/2 times the precision was taken as a good estimate of the uncertainty and only
one fourth the full tolerance was used, whereas if the corresponding distance
existed in only one of the homologues, the uncertainty about that single distance
{= 1 was exactly 4.
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A Brief Description of the Constraints

In order to determine the overall chain fold and secondary structure without having
to deal with the ambiguities that arise with nonconserved residues, we extracted all
the information we could concerning the distances among the alpha-carbons. In this
case the precision p was set to 2.0, while the tolerance & was set to 1A if both
alpha-carbons were contained in the same SCR (short-range alpha-carbon
constraints) and 2 A if they were in different SCR’s (long-range constraints). All
told, this gave 575 short-range constraints and 12 468 long-range ones. In addition,
978 constraints were derived on the distances between the alpha-carbons and the
NI, C4, C6, C9, C2', C4' and P atoms of the flavin mononucleotide cofactor (see
Figure 4), using a precision p=2.0 and a tolerance 6 =2.0. Collectively, these
will be referred to as global distance constraints; the root mean square gap between
their lower and upper bounds was 4.20 A.

In order to determine the finer details of the sidechain and backbone

Figure 4 Drawing of the oxidized form of the flavin mononucleotide cofactor in the tautomer used for
all the calculations in this paper, and with the atom labels used draw in in yellow. (See Colour Plates)
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conformations, 8893 local constraints were also imposed on the distances between
the nonhydrogen atoms within each residue and between the backbone and
sidechain nonhydrogen atoms of adjacent residues, providing these were separated
by more than three rotatable bonds. These were derived using a precision p= 1.5,
a tolerance §=0.5A, and the following table of equivalences between the side
chain positions of nonidentical residues (Table 2). In this table, the rows and
columns are indexed by the one-letter amino acid codes, and the entries in the
upper half of the table contain the greek letter of the position in the sidechain out to
which the atoms of each pair of residues were considered equivalent. A little more
precisely, if at a given position in the E. coli sequence the corresponding residue in
at least one of the homologues of known structure had the same type, then the
bounds were derived from only those structures wherein the residue had the same
type. Otherwise, the intersection over all sets of equivalent atoms in the E. coli
sidechain and the corresponding sidechains in the homologues was determined, and
bounds were generated only among the atoms in this intersection and the backbone
atoms of adjacent residues. The root mean square gap between these bounds
was 1.13A.

Additional constraints were imposed upon the torsion angles, using the same
recipe as used for the distance constraints to derive lower and upper bounds on the
angles with a precision p=1.5 and a tolerance §=30°. The angles constrained
included all ¢ and ¢ angles in residues that were aligned with any of the known
homologues, together with all sidechain angles that were equivalent, with
substitutions handled as shown in the lower half of Table 2. In all, this gave 452
torsion angle constraints with a root mean square gap of 77.5°. Finally, each of the
homologues was energy minimized using the Discover molecular mechanics
program (available from BIOSYM Technologies, Inc.), and a list of hydrogen
bonds in the resulting structures printed. These lists were then scanned manually

Table 2 Sidechain atom (above and on diagonal) and angle (below diagonal) correspondences between
residue types.

A R D N C E QO G H I L K M F P S T W Y V
A B B B B B B B a« B B B B B B B B B B B B
R —¢ B v B B 8 a v B B &6 B B B B B B B B
b —— 38 v B B B « B B B B B B B B B B B B
N —x' x' 8 B B B « v B B B B B B B B B B B
cC -— — = B B B « B B B B B B B B B B B B
E —— — = — € b6 o B B B B B B B B B B B B
Q —x¥ — — — ¥ B o v B B B B B B B B B B B
G - —— — —-— — - — a aa ¢ a a a a e « a a a a
H —x' — x — —x! —e¢ B B B B B B B B v B B
I - ¥— - = - — — 3% B B B B B B B B B v
L - - - - - — — — 46 B vy B B B B B B B
K — ¥ — — — — — — — — — ¢ B B B B B B B B
M - - — — — — — — — x' — € B B B B B B B
F - - - - — — - — ¢ B B B vy & B
P - - - - — — — 45 B B B B B
s - - - - - - - - - - — — — — 9y B B B B
T —— - - - — - — - - — — — — — — 9y B B B
W—____—“’_Xl—_‘——/\’l_—’—"l')’ﬁ
Y - — — — — — — — — — — — — ¥ — — — X't B
vV - - — - - = = — X% = - = - = = = = — ¥
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Table 3 Hydrogen bond constraints (donor acceptor).
5-G:N 49-1:0 6-I:N 32-D:0O 7-F:N 51-L:O
8-F:N 34-H:0 9-G:N 53-G:0 11-D:N FMN:OP2
12-T:N FMN:OP2 12-T:0G1 FMN:OP1 13-G:N FMN:OP1
14-N:N FMN:0P1 14-N:ND2 FMN:OP1 15-T:N FMN:0P3
16-E:N 10-S:0G 18-I:N 14-N:O 19-A:N 15-T:0
20-K:N 16-E:O 21-M:N 17-N:0O 11-I:N 18-1:0
23-Q:N 19-A:0 23-Q:NE2 31-A:0 24-K:N 20-K:0
25-Q:N 21-M: 0 26-L:N 22-1:0 27-G:N 23-Q:0
32-D:N 4-T:O 34-H:N 6-1:0 34-H:ND1 32-D:0D1
37-A:N 35-D:OD1 38-K:N 35-D:O 40-S:N 43-D:0OD1
47-Y:0OH 32-D:0OD2 50-L:N 82-L:0 51-L:N 5-G:O
52-L:N 84-A:0 53-G:N 7-F:0 54-I:N 86-F:0
56-T:N 88-C:0O 57-W:NEI1 FMN:OP2 59-Y:N FMN:N5
60-G:N FMN:04 63-Q:NE2 65-D:0D1 65-D:N 63-Q:0E1
66-W:NE1 53-G:0O 66-W:N 63-Q:0E1 70-F:N 66-W:0
70-F:N 67-D:0O 72-T:0G1 68-D:0O 77-D:N 45-E:OE1
80-G:N 113-G:0O 81-K:NZ 45-E:O 81-K:NZ 47-Y:0
83-V:N 115-T:O 84-A:N 50-L:O 86—-F:N 52-L:O
87-G:N 142-L:0O 89-G:N 144-1:0 90-D:N FMN: 02
91-Q:N 145-D:0D1 91-Q:NE2 145-D: 0Dl 91-Q:NE2 149-Q:OEl1
92-E:N 90-D:0D1 93-D:N 90-D:0D1 94-Y:N 90-D:O
98-F:N 129-A:0 99-C:N FMN:02 101-A:N 56-T:0G1
102-L:N 99-C:0 104-T:N 100-D:O 105-I:N 101-A:0O
106-R:N 102-L:0O 107-D:N 103-G:0O 108-1:N 104-T:O
109-I:N 105-1:0 110-E:N 106-R:0O 112-R:N 109-1:O
113-G:N 110-E: O 115-T:N 81-K:0 117-V:N 83-V:0
120-W:NE1 125-Y:0OH 125-Y:N 122-T:O 125-Y:OH 143-A:0
126-H:N 91-Q:OE1 128-E:N 95-A:0 129-A:N 95-A:0
130-S:0G 98-F:O 132-G:N 130-S:0G 140-V:N 132-G:O
142-L:N 85-L:0 144-1:N 87-G:0O 147-D:N 145-D:0OD1
148-R:NE 90-D:0OD1 148-R:N 145-D:0OD1 153-T:0G1 146-E:OFEI1
156-R:NH1 149-Q:OEl 156-R:NH2 149-Q:OE1 156-R:N 153-T:O
157-V:N 153-T:0 158-E:N 154-A:0 159-K:N 155-E:O
160-W:NE1 118-G:O 160-W:N 156-R:0 161-V:N 157-V:0
162-K:N 158-E:O 163-Q:N 159-K: O 164-1:N 160-W:0
164-1:N 161-V: 0 165-S:N 161-V:0O 166-E:N 162-K:0O
166-E:N 166—-E:OE| FMN:OP3 10-S:0G FMN:OP3 15-T:0G1
FMN:02’ 56-T:0 FMN:N3 97-Y:0 FMN:03’ 147-D:0OD1
FMN:03’ FMN: 04’ FMN:04’ FMN:O5’

and the hydrogen bonds that occurred in all of the homologues (except those in
which a substitution had occurred that eliminated the donor or acceptor atoms)
were identified. Providing that analogous donor and acceptor atoms were also
present at the aligned positions in the E. coli sequence, a distance range of 2.5 A to
3.3 A was imposed on the donor/acceptor distance. (The proton/acceptor distance
could not be constrained, since no protons were included in the distance geometry
calculations.) This gave the 116 hydrogen bond constraints shown in Table 3.

Distance Geometry Calculations

Using the NMRchitect package available from BIOSYM Technologies, Inc., the
distance and torsion angle constraints derived from the sequence alignment with
the homologous structures were combined with the bond lengths, bond angles,
hard sphere radii etc. that follow from the chemical identities of the atoms and
the arrangement of covalent bonds in E. coli Flavodoxin. The entire set of
constraints was then used as input to the DG-II distance geometry program [21],
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and an ensemble of ten structures that satisfied the constraints but were otherwise
“random” computed. In order to reduce the computer time required, no hydrogen
atoms were included in these calculations, leaving a total of 1423 atoms.

The overall computational protocol followed was similar to that used in [21]:

1. First, the initial bounds matrix was subjected to triangle inequality bound
smoothing followed by sequential tetrangle bound smoothing, to obtain a set of
distance bounds with a root mean square gap between the bounds of 15.13 A.
This is only about half the root mean square gap that is typically obtained with
calculations using NMR data, which in turn will tend to make the present
calculations more reliable and efficient. The bound smoothing calculations
themselves required approximately 13 hours of CPU time on a Sun SparcStation
II desktop workstation.

2. Next, ten distance matrices were chosen using a process known as metrization,
which yields highly random distance matrices whose elements obey both the
distance bounds as well as the triangle inequality [28, 29]. Each full metrization
required approximately one and one half hours on the SparcStation II
computer.

3. These distance matrices were then converted into metric matrices, i.e. matrices
of dot products among the vectors from the center of mass to each of the atoms,
and these metric matrices converted into coordinates for the atoms as described
in [30, 31]. Each such “embedding™ of the distance matrices required less than
five minutes of CPU time on the SparcStation II.

4. The resulting coordinates were refined so as to give a weighted least-squares fit
to the original distance matrix using a procedure known as majorization [32],
where the weights were chosen according to the range-plus-average scheme
described in [21]. In contrast to the procedure followed in this latter reference,
however, the least-squares equations were solved by a linear conjugate
gradients algorithm rather than by computing a generalized inverse, and a larger
step size was used at each iteration. This new procedure is substantially more
efficient, and required only about 20 minutes for the twenty-five iterations used
for each structure on the SparcStation IL.

5. Finally, the torsion angle constraints and chirality constraints implicit in the
stereochemistry of the amino acids were converted into oriented volume
constraints [21], and the coordinates refined via the usual simulated annealing
procedure used by the DG-II package to full consistency with the distance and
volume constraints. Each of these calculations required between two and a half
and five hours on the SparcStation II, depending on if the correct mirror image
was chosen at the onset or not.

Energy Minimization

Although the structures obtained from distance geometry calculations inevitably
have the correct stereochemistry and are free of any serious steric problems, they
often exhibit eclipsed comformations at rotatable bonds and may have unfavorable
electrostatic interactions, e.g. hydrogen bond geometries, that could easily be
eliminated by small changes in their conformations. This latter problem is
particularly noticeable in the calculations reported here because the distance
geometry calculations were done without any protons present for efficiency’s sake.
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Thus, although the hydrogen bond distance constraints enforced the spatial
proximity of the donor and acceptor atoms, they could not guarantee an approxi-
mately optimum angle of 180° about the intervening hydrogen atom. For these
reasons the ten structures obtained from the distance geometry calculations were
energy minimized.

In our experience, however, ordinary energy minimization by standard descent
techniques such as conjugate gradients usually fails to change the conformations
significantly. Thus we have used a simulated annealing procedure in which the
distance geometry structures are subjected to molecular dynamics simulation at
gradually decreasing temperatures starting from 300K. Because molecular
dynamics tends to unfold proteins unless done with great care, the full set of
constraints used in the distance geometry calculations were enforced using a
harmonic restraint function (“pseudo-potential”). Finally, the structures were
polished off with an unrestrained conjugate gradients energy minimization. Since
the distance geometry structures already constituted a diverse sample of the
“conformation space” compatible with the constraints, the goal of this mild energy
refinement procedure was not to drastically alter their conformations in a search for
new ones, but rather to attain a good energy minimum that was largely compatible
with the geometric constraints derived by homology.

These calculations were done using BIOSYM’s Discover molecular mechanics
program, together with the associated CVFF energy function. Parameters were
obtained for the flavin mononucleotide cofactor using the automatic parametriza-
tion procedure in BIOSYM’s Insight program, assuming the tautomer for the
oxidized form shown in Figure 4. To make these calculations as realistic as
computationally possible, water was accounted for explicitly using a solvent box
along with periodic boundary conditions. The dielectric constant was set to 1.0 and
a 51gm01dal scaling of the nonbonded interactions was used starting at 6A and
going to zero at the cutoff of 8 A. The refinement procedure itself consisted of the
following steps:

1. Protons were added to each structure so that all its nonhydrogen atoms had their
correct valences and charges for a pH of 7.0.

2. The resulting molecule was embedded in a 50x50x40A solvent box
containing ca. 2500 water molecules.

3. The homology restraints were added to the potential function using a harmonic
restraint function with a force constant of 10.0kcal/A? for the hydrogen bond
restraints and 1.0 for all other distance restraints. The torsion constraints were
enforced using a harmonic potential with a force constant of 30 kcal/rad?.

4. The system was energy minimized briefly to eliminate atomic overlaps, first
using 100 steps of steepest descents with all nonhydrogen, nonsolvent atoms
fixed, and then another 100 steps with no fixed atoms.

5. The system was heated rapidly to 300K, and cooled in gradual steps to 10K over
20psec. of molecular dynamics simulation using a leap-frog algorithm with a
stepsize of 1.0fsec.

6. The restraints were removed and 1000 iterations of conjugate gradients energy
minimization applied.

Each of these refinements consumed approximately three and one half days of
CPU time on a single processor of an Silicon Graphics 480 computer, or roughly a
factor of ten more than the distance geometry calculations.
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Structural Analysis

The statistical analyses used to study the structural ensembles computed from the
homology constraints are similar to those commonly used for NMR constraints [5].
The two most important geometric properties analyzed are:

1. The root mean square deviation (RMSD) in the coordinates [33]. This difference
measure may be computed for segments of the polypeptide chain or other
subsets of the atoms (e.g. alpha-carbons), in order to measure the difference in
their relative positions [5]. The mean value of the RMSD over all pairs of
structures in the ensemble then provides a convenient measure of the variability
of those coordinates over the ensemble.

2. The torsion angles about single bonds. The variations in the ¢ and ¢ angles of
proteins may be visualized via a Ramachandran map [34]. More recently, a
torsion angle “order parameter” has been introduced that measures how well
an angle is defined and at the same time defines an average value for the angle
[35] (see below).

The use of the RMSD for comparing structures and parts of structures is well-
established, and does not need to be explained here (see e.g. [21]). It should
nonetheless be pointed out that the optimal superposition of the coordinates
obtained by computing the RMSD between them aliows one to easily visualize the
detailed differences via molecular computer graphics, which is perhaps more
important than the value of the RMSD itself. Many hours were spent studying the
ensembles computed in this paper by these techniques, in order to locate
differences between them and their homologues that could then be quantitated by
other means.

The order parameter of a torsion angle in an ensemble of conformations is
obtained by placing a unit vector in the plane R? for each conformation of the
ensemble, where the angle of the unit vector with the x-axis is equal to the value of
the torsion angle in that conformation. The unit vectors are then summed and
divided by their number, to obtain a vector whose length is the order parameter
and whose angle with the x-axis is the average angle by definition. In equations, if
6, is the value of the i-th angle in the k-th member of an ensemble of N
conformations, then the order parameter of 9, is

V(3 cos(6;,))” + (34 sin(6,,))°
&= N

and its average is

_ (Ek Sin(Bik)>
6;: = arctan| — ),
2, cos(6;)
where the sign of §; is the same as that of s;sin(6;). Note that & is always
between zero and one, and is one only if the angle has precisely the same value in
all members of the ensemble. In practice, we have found that the order parameter
is usually close to unity, i.e. it is not very sensitive to differences in the precision of
moderately well-defined angles. Thus we have used instead the logq of the
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transformed order parameter &;:

loglo(éi) 1= —logp(1—-§)

as a measure of the precision of the angle.

RESULTS AND DISCUSSION
The Distance Geometry Ensemble

Each of the ten distance geometry calculations converged smoothly to structures
with maximum distance constraint violations ranging from 0.27 to 0.59 A. The
number of distance constraint violations exceeding 0.1 A ranged from 8 to 38 with
an average of 14.7; the number of distance constraint violations exceeding 1% of
the violated bound ranged from 19 to 73 with an average of 28.0. These figures
indicate that the constraints as a whole were largely consistent even though they
were pieced together from four different structures, which in turn means our choice
of precisions and tolerances was not drastically too “tight”.

One structure in particular exhibited numerous small violations involving the
sidechain of the phenylalanine at_position 86, even though its maximum distance
constraint violation was only 0.27 A. This sidechain was found to be separated from
its position in the remaining structures by glycine-53 in the center strand of the
beta-sheet, which it evidently failed to cross during the optimizations. This new
position for the sidechain was accommodated by twisting the stand in which it itself
occurs rather than by a change in its local conformation. Otherwise, no local
minima were encountered that were obviously different from the usual conforma-
tions.

The number of torsion angle constraint violations exceeding 5.0° ranged from 8
to 11. A few of these violations were quite large, however, exceeding 120° in some
cases. These turned out to be an artifact of the method by which torsion angle
constraints are usually enforced in the DG-II package, coupled with the reduced
structure representation that was used. The torsion angle constraints are usually
translated into oriented volume constraints, which individually permit ambiguities
in the angle range [36]. As a rule, these ambiguities can be eliminated by defining
the range in all possible ways, i.e. with respect to all pairs of 1,4 atoms, but without
protons the number of such oriented volume constraints per angle was too small to
guarantee a unique solution in all cases.

The problem could probably be eliminated by also using 1,4 distance constraints
to restrict the range of torsion angle. Fortunately, the number of such torsion angle
violations was small, ranging from 2 to 5 over the ten structures and involving only
10 torsion angles in all. Of these, one was the ¢ angle of glycine-27, four were x!
angles and the rest were higher y angles; none were violated in more than six of
the ten structures, and three were violated in only one of the structures. Thus, the
precision of the ensemble would probably not have been improved significantly had
these angles been properly constrained, and in any case these ranges were properly
enforced during the dynamical energy minimization performed subsequently.

The RMSD among the alpha-carbons, excluding the unconstrained residues 1
and 171-176, averaged only 0.85 A over all pairs of structures in the ensemble
(maximum 1.07 A). The average heavy atom RMSD among these same residues
averaged 1.60 A (maximum 1.88 A). These numbers are comparable to those
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{a)

Figure 5 The alpha-carbon trace plus flavin mononucleotide cofactor of the ten structures obtained by
distance geometry calculations, all aligned so as to minimize the RMSD with the alpha-carbons of
residues 2-170 of the first structures in the ensemble. The colors have the same meanings as in Figures |
and 2. Figure (a) shows an edge-on view of the central beta sheet; (b) shows a front view of the sheet.
(See Colour Plates)
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(b)

obtained in a high-quality NMR structure determination, and indicate that the
variations in the relative positions of the atoms tends to-be substantially less than
the range allowed by the individual constraints. This phenomenon is a consequence
of the way in which the constraints were pieced together from diverse structures
and applied to yet another structure, so that the range of solutions compatible with
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the combined homology, sterecochemical and steric restrictions is considerably
smaller than the precision of the individual homology constraints might suggest.

Two different stereoviews, turned by 90°, of the alpha-carbons of the distance
geometry ensemble are shown in Figure 5 (a) and (b), where all members of the
ensemble have been colored by SCR. This not only confirms the overall similarity
of the backbone conformations, but also illustrates how the distance geometry
algorithm automatically “searches” for a diverse set of conformations in those
regions of the chain that could not be aligned with any of the homologues. These
regions include the C-terminal six residues as well as the loops at residues 28-29
and 136-138, where the deletion and insertion of the E. coli sequence with respect
to all four homologues are found, respectively. Diverse sets of possible
conformations for those sidechains that had been substituted in E. coli with respect
to all four homologues were also obtained, as will presently be discussed in detail.

A Ramachandran plot in the ¢, ¢ plane of the residues in all ten structures
exhibited the usual clustering of the residues in the energetically favorable alpha
and beta regions (see Figure 6(a)). There was also a noticeable tendency of the
residues to clump together at certain points. These points were found to be
occupied by the same residues in all ten of the structures, showing that the ¢ and
¢ angles of these residues were within a few degrees of each other. Careful
examination of a few such clumps revealed that the corresponding angles in the
homologues also tended to be within about ten degrees of each other in all four
homologues and usually differed by less than 0.1 A in their backbone RMSD. Thus,
the local distance and torsion constraints in these regions tended to be relatively
tight, and this combined with the exact distance constraints that define an ideal
covalent geometry (as opposed to the range that occurs in the homologues) was
evidently sufficient to give the very high degree of similarity obtained.

This similarity was also visible in the plots of the order parameters versus
sequence (see Figure 7). Although some of the really extreme spikes may be due in
part to roundoff error, the local structure as a whole shows excellent definition
almost everywhere except at the ends and in the regions where the insertion and
deletion occurred. One should be a little careful not to read too much into these
plots: the abrupt dip in the ¢ plot at residue 117 and the ¢ plot at residue 118, for
example, is due primarily to a single structure wherein these angles are turned
nearly 180° from the rest. The y' angles with transformed order parameters
greater than 10 (log;o =1 in the plots) correlate well with the sidechains that are
identical between E. coli and at least one of its homologues, and therefore had
constraints on all of their atoms. The exceptions we have looked at are easy to
understand. For example, the sidechain of histidine-34 is involved in a hydrogen
bond with the aspartate at 32 and hence has a relatively well-defined y ' angle. The
leucine at position 50, on the other hand, is rather poorly defined because the
corresponding leucines in the homologues fall into two structural classes: in A.
nidulans and C. beijerinckii x' is about —60°, while in C. crispus it is —150°.
Thus the distance and torsion constraints generated by our algorithm included this
entire range, and in four of the computed E. coli structures the y' angle of
leucine-50 is near —150° while it is in the neighborhood of —60° in the
remaining six structures.

The Energy Minimized Ensemble

Since the dynamical energy minimization used a relatively “soft” harmonic
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Figure 6 Ramachandran plot of 10X (176—2)=1740 residues in the ensemble of 10 distance
goemetry structures (a) and the 10 structures after refinement versus the CVFF potential (b).
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Figure 7 The average angles and corresponding transformed order parameters plotted versus the
sequence number for the ¢ angles (a), ¢ angles (b) and x' angles (c) of the distance geometry
ensemble. For those residues that have no y' angle, the average angle was arbitrarily set to zero and the
transformed order parameter to one.

potential to enforce the constraints, the number and the magnitude of the
violations increased substantially even before the final unconstrained energy
minimization. Even so, large violations were not numerous, with only 1 to 10
distance violations over 1.0 A and 0 to 3 torsion violations exceeding 10° in the ten
structures. The constraint violations increased further in size and number during
the final unconstrained minimization, after which the number of distance violations
exceeding 1.0 A ranged from 43 to 135 with an average of 84.1, while the number of
torsion violations exceeding 10° ranged from 26 to 46 with an average of 32.7. The
maximum distance violation ranged from 1.79 to 4.38 A with an average of 2.56 A,
and the maximum torsion violations ranged from 35° to 104° with an average of 54°.
Although these violations are much larger than those in the distance geometry
structures, given the heuristic procedure by which the constraints were obtained it
is not unreasonable to allow such violations if necessary to reduce the energy.
The energies attained after the final minimization ranged from —29259 to
—29 648 kcal, which ran about 400 kcal less than the energy after the dynamical
annealing. The change in the structures during the final minimization ranged from
0.34 A t0 0.50 A in the heavy atom RMSD’s of residues 1 through 176. The overall
change in the structures during the entire refinement (annealing plus minimization)
ranged from 1.45 A to 1.60 A in heavy atom RMSD, or 0.95A to 1.17 A for the
alpha-carbons. These numbers are comparable to the RMSD’s among the members
of the distance geometry ensemble, which together with their similar energies
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Figure 8 The same plots as in Figure 7 for the ensemble after energy minimization versus the CVFF
potential.

implies that the simulated annealing procedure was powerful enough to search a
substantial region of the conformation space around each starting structure for an
energy minimum that was (largely) consistent with the constraints.

The alpha-carbon RMSD between resxdues 2 through 170, averaged over all
pairs of the ten refined structures, was 1.00 A (maximum 1.28 ); the corresponding
heavy atom RMSD averaged 1.66 A (maximum 1.94 A). These numbers are shghtly
higher than the corresponding numbers for the unrefined DG-II ensemble, in part
because the structures expanded slightly on refinement in order to accommodate

Table 4 Results of dynamical energy refinement.

Structure Number and size of violations Change (RMSD) Energy
number >1A Max. >[0° Max. Alpha Heavy (kcal)

I 74 2.40 27 347 1.16 1.55 —29630
I 65 2.83 34 45.6 1.02 1.45 —29587
I 130 4.38 32 48.6 1.00 1.61 -29580
v 135 2.58 34 82.3 0.95 1.53 —29 604
\'% 100 1.79 35 103.7 0.96 1.56 —29414
Vi 74 2.14 46 432 1.06 1.59 —29546
vII 59 3.05 26 42.5 1.17 1.55 —29523
viln 96 2.45 27 45.7 1.08 1.56 —29456
IX 65 1.99 37 442 1.08 1.60 —29648
X 43 1.95 29 46.6 1.06 1.52 -29259
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Figure 9 Stereoview comparing the alpha-carbon traces and flavin mononucleotide cofactors of the
distance geometry and energy minimized ensembles. All structures have been superimposed so as to
minimize the alpha-carbon RMSD to the corresponding SCR’s of the A. nidulans Flavodoxin (not

shown). The distance geometry ensemble is drawn in red, the energy minimized ensemble in green. (See
Colour Plates)



19: 37 14 January 2011

Downl oaded At:

THE STRUCTURE OF THE FLAVODIXIN FROM E. coli 199

the added protons (the radius gyration of the alpha-carbons increased by 2.6%),
but mostly because the constraints were not as strongly enforced. Figure 9 shows
the alpha-carbons and flavin mononucleotide cofactor before and after energy
minimization, from which it may be seen that there were systematic changes in the
ensemble upon minimization. Despite the small increase in the heavy atom RMSD
among the structures, the sterecoview of the sidechains that were conserved
between E. coli and at least one of its homologues (Figure 10(a) and (b)) shows that
most of these sidechains were fairly well-defined, and that their spatial dispersion
was decreased by the refinement.

As expected, the distribution in the ¢/¢ angles improved on dynamical
refinement versus the relaxed restraints (Figure 6(b)), and showed a distribution
very similar to that found in crystal structures. The sequence dependence of any
systematic changes in the distribution of the torsion angles on refinement, on the
other hand, is revealed by a comparison of the plots of the average angles and
transformed order parameters in the DG-II and CVFF ensembles (Figure 7 and 8).
From these plots it may be seen that although the average ¢ and ¢ angles did not
change appreciably, the precision with which they were defined decreased slightly
as a rule on refinement. This, once again, is probably due to the lower weight given
to the restraints (including the covalent geometry), and to the fact that the
restraints were often incompatible with the energy. The average x' angles, on the
other hand, did change appreciably in many cases, and they became better defined
as a rule: 56% of the residues with x' angles now have logo(£)> 1. This is
probably due to the elimination of eclipsed conformations by the refinement.

The listing of the hydrogen bonds in the structures produced by Discover imptied
that between 55 and 60% of those that were constrained in the distance geometry
calculations were actually formed in the refined structures, and that 31 of 116 pairs
of atoms involved in hydrogen bond constraints did not form hydrogen bonds in
any of the refined structures. The criteria used by Discover for hydrogen bonds are
a little on the stringent side, however. When all acceptor - proton pairs separated
by less that 2.5 A were considered to be hydrogen bonds, they were formed an
average of 65% of the time, and only 15 did not occur in any of the refined
structures; when all acceptor — proton pairs separated by less than 3.0 A were
considered to be hydrogen bonds they were formed an average of 82% of the time,
and only six failed to be formed in any of the ten structures. One of these six was
due to Insight using a tautomer of neutral histidine in the refinement, and another
two were due to ambiguities in the labeling of the carboxyl oxygens of aspartate and
glutamate. Thus, our strategy for obtaining a homologous hydrogen bonding
network in the computed structures usually succeeded, even though no protons
were used in the distance geometry calculations.

The Plausiblity of the Structures

A comparison of the alpha-carbons in the SCR’s of the computed E. coli structures
with the corresponding alpha-carbons of the homologues yielded the RMSD’s
shown in Table 5. Figure 11 shows a stereoview of the alpha-carbon traces and
flavin mononucleotide cofactors of DG-II ensemble and the C. beijerinckii, C.
crispus and D. vulgaris structures all superimposed on the A. nidulans structure so
as to minimize the alpha-carbon RMSD among their common SCR’s. The
structures are most similar to the A. nidulans structure, and they diverged from it
and the other homologues on refinement. Whether this trend was correct or not
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Figure 11 The alpha-carbons of residues 2-170 and flavin mononucleotide cofactor of the distance
geometry ensemble along with the four homologous structures, all of which have been superimposed so as
to minimize the RMSD between the alpha-carbons of the SCR’s that they have in common with the
A. nidulans structure. The structures in distance geometry ensemble are white, while the A. nidulans
structure is yellow, the C. beijerinckii structure is red, the C. crispus structure is green and the D. vulgaris
structure is violet. (See Colour Plates)
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Table 5 Alpha-carbon RMSD’s between SCR's of the E. coli structures and its homologues (A).

DG-11 1 I m 14% |4 vI vil vii IX X
A. nidulans 0.66 0.75 0.72 0.63 0.67 0.67 0.66 0.76 0.68 0.66
C. beijerinckii 1.72 1.75 1.73 1.83 1.71 1.93 1.73 1.80 1.70 1.63
C. crispus 1.39 1.34 1.39 1.33 1.31 1.26 1.38 1.29 1.31 1.42
D. vulgaris 1.15 1.15 1.20 1.24 1.30 1.27 1.16 1.13 1.24 1.21
CVFF

A. nidulans 0.97 1.09 1.14 0.97 1.05 1.04 1.01 1.05 0.97 0.97
C. beijerinckii 1.98 1.96 1.90 2.00 1.81 2.03 1.94 1.82 1.94 1.87
C. crispus 1.52 1.65 1.62 1.65 1.51 1.44 1.52 1.60 1.59 1.55
D. vulgaris 1.47 1.61 1.43 1.50 1.45 1.56 1.44 1.51 1.48 1.50

will have to wait for the structure to be determined experimentally. Nevertheless,
the observed differences between the computed structures and their homologues,
among the homologues themselves, and their sequence identities, make us fairly
confident that the alpha-carbons of the SCR’s are with 1.5A of the “correct”
structure in all structures of both the distance geometry (DG-II} and refined
(CVFF) ensembles.

One thing that is reasonably certain is that no single structure in our ensemble is
correct in all its features. Instead, the structures are probably “chimeric”, in that
for example one structure might be correct in one region but wrong in another
while the situation may be just the opposite in another of the structures. Since the
C-terminal end of the molecule is extended and not folded back onto the rest of the
protein in all of the computed structures, it is certainly incorrect — or at least
different from what it will be in any crystal structure. Nonetheless, it has been
found in protein structure determinations by nuclear magnetic resonance that
nonconserved terminal regions of proteins tend to be unstructured in solution, even
if they are well-ordered in a crystal structure [S]. Hence it is possible that there is no
really correct structure for the C-terminus.

The turns at the site of the deletion and the insertion of the E. coli sequence with
respect to its homologues were examined in some detail by the graphical method
described in [35]. At the site of the deletion (residues 28-29 in E. coli), the
homologues differ from each other quite substantially in their ¢ and ¢ angles,
particularly C. crispus. The C. beijerinckii and D. vulgaris structures have a type I
turn [37] followed by a residue with positive ¢ angle, whereas in A. nidulans the
positive ¢ angle precedes the type I turn. Six of the ten refined E. coli structures
exhibit a type I turn at residues 28—-29 (numbers 111, IV, VI, VII, IX and X), which
is preceded in all but one case by a positive ¢ angle (X). The remaining four
structures do not exhibit any well-defined patterns, and it therefore seems probable
that this turn will have the A. nidulans conformation in the crystal structure.

The site of the insertion at residues 135-138 does not exist in either C.
beijerinckii or D. vulgaris, because both of these have a massive deletion extending
from residues 120-140 of the E. coli sequence. In A. nidulans, this region contains
a type II at the corresponding residues 134-135, which adjoins a type I’ at 135-136
and continues on in an extended conformation. In C. crispus, the type II turn at the
corresponding residues 138-140 adjoins a distorted type II’ turn, and then goes into
an extended conformation. Six of the ten E. coli structures (II through V, IX and
X) exhibit a pattern like C. crispus in residues 134-136, but residues 137-138 show
no trend whatsoever. In three of the structures (VIII, IX and X) these residues
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Figure 12 The residues 57 through 59 and the flavin mononucleotide cofactors of the E. coli structures
before and after energy minimization. The structures have been aligned on the first structure in each
ensemble so as to minimize the RMSD between the backbone atoms of residues 57-59; the colors are
the same as in Figure 9. (See Colour Plates)
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Figure 13 The flavin mononucleotide cofactor before (left) and after (right) energy minimization,
where the structures in each ensemble have been aligned so as to minimize the RMSD between their
flavin rings. The colors are the same as in Figure 10. (See Colour Plates)
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exhibit positive ¢ angles, while residue 139 is the $8 region in all ten structures. It
should also be mentioned that in the 2D nuclear magnetic resonance spectra of the
A. nidulans Flavodoxin, the sequential nuclear Overhauser enhancements d, and
dnn were not observed in this region [38], which implies that it is disordered in
solution. Given the residues 135-137 of the E. coli are all aspartate, it would be
surprising if the same were not true for the E. coli form as well.

Another noteworthy feature of the Flavodoxin from E. coli is the presence of a
pair of adjacent tyrosine residues at positions 58 and 59, which have no analogue in
any of the homologues. In all ten of the refined E. coli structures this region has a
type I' turn followed by a positive ¢ angle at glycine-60, so we predict that this is
the correct backbone conformation. As shown in Figure 12, however, the sidechain
conformations are essentially random, although after refinement there is some
preference for staggered rotomers and for the rings to lie flat against one of the
many other aromatic sidechains in this region, or the methyl groups of the flavin
ring. Thus, there is little we can say about their conformations at this time.

The final feature of the computed structures that we wish to consider is the
conformation of the sugar chain of the flavin mononucleotide cofactor. In all of the
homologous structures these angles are all approximately trans except for the angle
about the C3'-C4’ bond, which is gauche™ in the six structures I, IV through VII
and IX, but gauche™ in the four structures II, III, VIII and X. Although the
refinement reduced the spatial dispersion of the sugar chain substantially (see
Figure 13), it did not succeed in changing the rotomeric state of the C3'~C4’ angle.
What it did change was the rotomeric state of the C5'-05’ angle from trans to
gauche™ in all of those structures in which the C3'—C4’ angle was also gauche™.
Although this succeeded in making the chain as a whole follow a similar path
through space as the gauche® conformations, because the gauche* conformation
occurs in all four homologues we strongly suspect it is the correct conformation.

CONCLUSIONS

In the preceding section the computed E. coli structures were subjected to a careful
analysis with the goal of discovering which structural features were not well-
determined by the geometric constraints derived from the alignment, along with
anything else that might be wrong with the computed conformations. From this, it
has become clear that there are some things we might have done better. For
example, torsion angle constraints should have been applied to the sugar chain of
the flavin mononucleotide cofactor, to ensure that its bonds came out in the same
rotomeric states as in the homologues. In addition, the clustering observed in the
Ramachandran map of the distance geometry structures implies that the tolerance
used for deriving the local backbone and sidechain constraints was probably a little
too low, and in future calculations we would recommend a value of 6 =1.0 A for
these constraints.

On the positive side, we point out that we easily computed the ten complete E.
coli Flavodoxin structures shown in Figure 14, all of which are certainly correct in
their chain fold, the location of their secondary structure elements, the placement
of the flavin mononucleotide cofactor, and the conformation of many of the
essential sidechains — all without the benefit of any direct experimental data. The
procedure required relatively little time and relatively few arbitrary decisions once
the alignment had been decided upon, and the majority of it could readily be
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automated. While the computations involved may seem undesirably long, most of
the computer time was consumed by the refinement, because it was done rigorously
with solvation accounted for by including all necessary water molecules explicitly.
Given that the backbone conformation generally comes out so well, more limited
systematic searches for the conformations of sidechains that cannot be determined
from the available homologues could probably be used instead [11, 12, 13, 14]. This
should both reduce the computer time required while at the same time possibly
improving the predictions.

Although many detailed features of the conformation remain underdetermined,
the distance geometry approach has the advantage that these features can be
identified by comparing the members of the ensemble with one another to find out
how much and in what ways they differ. This reduces the danger of making false
predictions about the structure, and one can, if so inclined, proceed to resolve the
underdetermined features by whatever means seems most suitable, experimental or
theoretical. In the present case, a fluorescence transfer or NMR study might be
used to obtain additional constraints on the sidechains of the double tyrosine at
positions 58—-59. The possibility of combining constraints derived from homology
studies with constraints derived from experiments to determine a better structure
than could be derived from either source alone is in fact another significant
advantage of our approach. In this context, it is worth stressing that diverse
geometric constraints often act together in surprising ways to determine conforma-
tional features about which one has no a priori information.

With the possible exception of the C-terminal end, all of the structures produced
are in accord with the basic principles of protein conformation, and we doubt that
an expert could easily distinguish the actual structure (once it has been determined)
from any of the structures in the refined ensemble. It has recently been reported
that various simple potential functions can identify incorrect protein folds [39, 40,
41, 42, 43}, and we stand ready to provide any of these investigators with our struc-
tures to see if they can choose the “best”. The structures computed in this paper
have already been given to the laboratory of Prof. M. Ludwig at the University of
Michigan, where the crystal structure of E. coli Flavodoxin is in progress. By
computing the electron density from these structures, averaging it appropriately
over the entire ensemble to eliminate contributions from underdetermined atoms,
and Fourier transforming to obtain the complex structure factors, we hope that it
will prove possible to obtain a reasonably good estimate of the phases and thereby
eliminate the need for multiple isomorphous replacements.
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