In either model, the apparent sequence
specificity of some metazoan replication or-
igins would result from modulation by the
nuclear context of a primarily nonsequence-
specific initiation mechanism. Indeed, Xeno-
pus egg extracts are able to initiate DNA
replication specifically within the Chinese
hamster DHFR initiation zone if intact G-
phase nuclei are used as the substrate (28).
This finding was suggested to result from
nuclear structure rather than transcription,
although it remains to be demonstrated that
Xenopus egg extracts do not carry out tran-
scription in these experiments.

The confinement of replication initia-
tion outside of genes may have had different
evolutionary consequences in organisms
with different ways of life (1, 12). Protozoa
and viruses with small genomes, little inter-
genic DNA, and requirements for rapid
growth could have been favored by the
emergence of efficient, sequence-specific
replication origins. On the contrary, a non—
sequence-specific  initiation mechanism
may adapt with greater flexibility to the
variety of proliferation rates and nuclear
contexts found in a metazoan organism.
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A Left-Handed Parallel 3 Helix in the Structure of
UDP-N-Acetylglucosamine Acyltransferase

Christian R. H. Raetz and Steven L. Roderick*

UDP-N-acetylglucosamine 3-O-acyltransferase (LpxA) catalyzes the transfer of (R)-3-
hydroxymyristic acid from its acyl carrier protein thioester to UDP-N-acetylglucosamine.
LpxA is the first enzyme in the lipid A biosynthetic pathway and is a target for the design
of antibiotics. The x-ray crystal structure of LpxA has been determined to 2.6 angstrom
resolution and reveals a domain motif composed of parallel 8 strands, termed a left-
handed parallel g helix (LBH). This unusual fold displays repeated violations of the protein
folding constraint requiring right-handed crossover connections between strands of par-
allel B sheets and may be present in other enzymes that share amino acid sequence
homology to the repeated hexapeptide motif of LpxA.

The outermost membrane monolayer - of
Gram-negative bacteria is composed pri-
marily of the lipid A moiety of lipopolysac-
charide (LPS). The first step of lipid A
biosynthesis in Escherichia coli is catalyzed
by the cytosolic enzyme LpxA, which acts
specifically to transfer the 14-carbon fatty
acid, (R)-3-hydroxymyristate, from its acyl
carrier protein thioester to the 3'-OH posi-
tion of UDP-N-acetylglucosamine (I).
LpxA and other enzymes of lipid A biosyn-
thesis are essential for bacterial growth, as
well as the maintenance of the permeability
barrier function of the outer membrane (2).

The IpxA gene from E. coli has been
cloned and encodes a subunit of 262 residues
(3). The amino acid sequence is similar to
that of several other enzymes, most of which
are bacterial acetyl- and acyltransferases (4—
6), including the enzyme that catalyzes the
third step of lipid A biosynthesis, UDP-3-O-
(R-3-hydroxymyristoyl)-glucosamine M-
acyltransferase (LpxD; FirA) (7). The region
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of sequence similarity common to all of these
enzymes is a tandem-repeated imperfect six-
residue sequence motif termed a “hexapep-
tide repeat” (6) or an “isoleucine patch” (5).
This motif is characterized by an aliphatic
residue at every sixth position (usually Ile,
Val, or Leu) and a small residue (Ala, Sert,
Cys, Val, Thr, or Asn) preceding the hydro-
phobic residue at position i-2. Glycine often
occupies the position immediately after the
aliphatic residue position. The hexapeptide
repeat sequence motif occurs 28 times in
LpxA within the NH,-terminal 186 residues.

The x-ray crystal structure of LpxA was
solved by the method of isomorphous re-
placement with two heavy-atom derivatives
and refined to a conventional R factor of
18.4% at 2.6 A resolution (8, 9). Crystallo-
graphic statistics are presented in Table 1.
The atomic model reveals that LpxA is a
trimer composed of three identical subunits
that are related by a crystallographic three-
fold rotation axis (Fig. 1). Each subunit is
composed of two domains: an NH,-terminal

"domain of predominantly parallel B-sheet

structure (residues 1 to 186) and a COOH-
terminal domain (residues 187 to 262) con-
taining four o helices. The polypeptide
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chain in the NH,-terminal domain, which
contains tandem copies of the hexapeptide
sequence motif, is coiled in a markedly reg-
ular left-handed triangular helix of 10 coils
interrupted at two corners by external loops.
The overall fold of this domain closely ap-
proximates an equilateral prism with dimen-
sions of 17 by 39 A. Its central axis is very
nearly parallel to the crystallographic three-
fold axis that relates individual subunits of
the trimer. We term this structural motif a
left-handed parallel B helix (LBH) in order
to emphasize the highly unusual left-handed
crossover connections between the strands
of its three parallel B sheets (see below) and
its coiled conformation.

Six of the 10 helical coils of the LBH
domain are uninterrupted, are composed of
18 residues (three hexapeptide units), and
resemble equilateral triangles (Figs. 1B and
2). Of the remaining four coils, two are
interrupted at corners by external loops.
These polypeptide loops include residues 69
to 83 and 99 to 108, which disobey the
hexapeptide repeat rule by the presence of
the polar residues Asp’ and GIn!%* at the
aliphatic residue position required by the
hexapeptide sequence motif. The first and
last coils are abbreviated. Both the edges
and corners of these triangular coils stack
directly on top of adjacent coils and form
interstrand hydrogen bonds to produce
three flat, parallel B sheets that are the flat
faces of the equilateral prism. The average
separation distance of 4.8 A between
strands is typical for parallel B sheets.

The roles of the conserved residues of
the hexapeptide repeat sequence motif are
apparent from the crystal structure. For
each 18-residue triangular coil, 6 side
chains are directed inward, toward the axis
of the prism, and 12 side chains point out-
ward (Figs. 2 and 3). The six internal side
chains of each turn are accounted for by the
hydrophobic and small conserved positions
of the hexapeptide repeat unit present in
three copies for each coil. No charged res-
idues are present in the interior of the LBH
domain. Residues that occupy equivalent
positions of adjacent helical coils stack di-
rectly on top of one another in regular
ladders. The side chains of the conserved
aliphatic residues point inward to form the
hydrophobic core of the LBH domain.
These residues, predominantly valine and
isoleucine, adopt side-chain torsion angles
that are staggered relative to the main
chain and produce a cupped fit of these side
chains with equivalent side chains of adja-
cent coils. This hydrophobic core packing
scheme produces a long, narrow channgl
with a diameter of approximately 2 to 3 A
that is coincident with the helical axis. This
channel is too narrow to accommodate sol-
vent, and none is observed. The conserved
small residues of the hexapeptide repeat
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Fig. 1. (A) Ribbon dia-
gram of a single subunit
of LpxA. The NH,-termi-
nus is positioned at the
top of the diagram. The
B strands of the left-
handed parallel B helix
(LBH) domain are indi-
cated in blue as broad-
ened arrows. The largely
a-helical COOH-terminal
domain is displayed in
red at the bottom of the
diagram. (B) a-Carbon
trace of trimeric LpxA
viewed nearly parallel to

the crystallographic threefold rotation axis. Figures produced by SETOR (30).

motif also point inward and occupy posi-
tions immediately after each corner of a
triangular coil. Small, polar residues at
these positions (Cys, Thr, and Asn) hydro-
gen bond to main-chain and side-chain
groups of adjacent coils and may stabilize
the tight turn at each corner. Three aparag-
ine residues, Asn®®, Asn®°, and Asn!!?, oc-
cupy equivalent positions in three consec-
utive coils. The side chains of these residues
hydrogen bond to one another and to main-
chain peptide groups of adjacent coils. Gly-
cine is found in the position immediately
after the aliphatic residue in 11 of 28
hexapeptide units. Other residue types at
these positions would frequently produce
unfavorably close contacts of their side-
chain atoms with the carbonyl oxygen and
side-chain atoms of residues in the tight
turn of the succeeding coil.

The short B strands that form the faces
of the LBH domain are usually composed of
two residues (10). These strands are sepa-
rated by hydrogen-bonded turns or non-
bonded bends that redirect the main chain

by 120°. The main-chain torsion angles for
these two residue bends are often similar to
those of classical type II tight turns (11).
The average main-chain torsion angles &,
W for the first residue are —69°, 143°. The
second residue frequently makes use of a
nonglycine residue in left-handed a confor-
mation with average main-chain torsion
angles ¢, ¥ of 63°, 21°. The central peptide
plane of these turns is nearly perpendicular
to the plane of the coil, allowing the amide
nitrogen and carbonyl oxygen to hydrogen
bond to peptide groups of tight turns in
adjacent coils. The side chains of residues
that project outward from one column of
these tight turns and the residues that im-
mediately flank these turns are responsible
for forming the majority of interactions be-
tween subunits of the trimeric enzyme.
The last helical coil is abbreviated and
leads to a COOH-terminal domain that
lacks the characteristic hexapeptide repeat
sequence motif. This domain contains four
a helices within the residue range 199 to
253. The location of the active site of LpxA

Table 1. Isomorphous replacement phasing statistics for LpxA with PHMPS (1 mM p-hydroxymercuri-
phenylsulfonic acid; 1-hour soak) and cis-Pt(NH3)Cl, (1 mM; 2-hour soak) derivative crystals. The total
number of observed reflections, the number of unique reflections, the completeness of the data, and the
mean /ao(/) on the basis of counting statistics are given for the three data sets measured to 2.6 A
resolution. The refined relative occupancies, coordinates, and thermal factors are also tabulated. Overall

figure of merit for 8605 reflections to 2.6 A = 0.56.

Complete-

Data Observed  Unigue ness <Wo)> Rpege” Risol
Native 79727 8860 0.87 23.7 0.063 -
PHMPS 90691 8681 0.85 241 0.071 0.100
cis-Pt(NH,),Cl, 91362 8641 0.85 17.6 0.092 0.089
Data Site Occé')?a”' y z B f/OCt RS
PHMPS 1 0.51 0.6945 0.6544 0.4506 191 1.82 0.63
cis-Pt{NH,),Cl, 1 0.56 0.9059 09589 06313 314 1.41 0.63
2 0.37 0.4995 0.8027 0.6728 228
*Rrerge = 21 = <i>I/Z 1] within one data set. 1R, = E|Fyy — Fpo /21 Fyy | between native and derivative
data sets.  #./LOC = rms heavy-atom structure factor amplitude/rms lack-of-closure.  §R; = Sl1f, ool —

[£cac) [7211£, opsl | for the 857 and 834 centric reflections measured for the two derivative crystals.
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Fig. 2. Residues 145 to 162 of the LBH domain
viewed parallel to the crystallographic threefold
rotation axis. Electron density from the final 2F_ —
F. map is also depicted. These residues corre-
spond to those of coil C8 of Fig. 3. The a-carbon
atoms of three conserved aliphatic residues are
labeled (Val'47, lle'53, Val's9),

and regions that bind its sugar nucleotide
and acyl-acyl carrier protein substrates is not
known (12). However, most of the enzymes
that display the hexapeptide repeat se-
quence motif use acyl-coenzyme A or acyl-
acyl carrier protein as substrates (2), both of
which contain a characteristic phosphopan-
tothenyl moiety. This may imply a contri-
bution of the LBH domain toward binding
of these structurally similar donors.

Since 1993, the crystal structures of sev-
eral proteins that have domains composed
entirely of parallel B structure have been
determined (13). These proteins all fold as
large, right-handed B coils with either two
or three B strands per helical turn. Proteins
with three strands per turn include the pec-
tate lyases C (14) and E (15) from Erwinia
chrysanthemi and from Bacillus subtilis (16),
and the P22 tailspike protein (17). These
proteins share some structural similarities
with the LBH domain of LpxA, including
an overall coiled fold and the flat, parallel B

Fig. 3. Structurally PB1
based amino acid align- .

ment within the LBH do- c1 M[I]|D
main of LpxA identifying C2 A s|I|e
equivalent residues of cC3 VE|I|6
each coil. PB1, PB2, and C4 TK|I|G
PB3 denote the parallel C5 VE|I|G
B strands; T1, T2, and C6 TK|VIG
T3 denote tumn residues €7 CTWV|G
according to the nomen- c8 VvV s|V|D
clature of Yoder et al. e c1I jc
(15). C1 to C10 identify ~ €10 --D[V|P

individual coils of the he-

sheets that promote several different types
of repetitive interactions between residues
of adjacent coils. Interactions common to
both right- and left-handed B helices in-
clude the hydrogen bonds between strands
of the parallel B sheets, the cupped stacking
of aliphatic residues, and the interactions of
small polar residues near tight turns, such as
the short column of three asparagine resi-
dues observed in LpxA that adopt interac-
tions similar to those of the asparagine res-
idues found in the “Asn ladders” of pectate
lyases (15).

Despite these similarities, the LBH do-
main structure of LpxA reported here differs
markedly from previously described protein
structures. The fold of the LBH domain
allows formation of a well-packed and near-
ly symmetric hydrophobic core in the con-
text of a highly symmetric main-chain con-
formation promoted by tandem repeats of
the hexapeptide sequence motif. The sym-
metry of the LBH fold is disrupted only
minimally by the two polypeptide loops
that project from the LBH domain. The
abundance of extremely rare left-handed
crossover connections between B strands of
LpxA is in contrast to the nearly complete
absence of such connections found in the
protein structural database in preference to
right-handed crossovers. This preference
has been recognized since 1976 as a highly
unusual and predictable long-range feature
of protein supersecondary structure (18, 19)
and has been attributed to a variety of
factors. The inherent right-handed twist of
extended polypeptide and a-helical seg-
ments naturally folds into right-handed
coils as the ends of these segments are
brought together (18). In addition, the
shorter and more compact right-handed
crossover connections between strands of
parallel sheets that are twisted in the com-
mon right-handed sense (20) are thought
to be energetically more favorable (21), as
are the packing interactions between B

T PB2 T2 PB3 T3
'Y [ ]

KsS AF[VlH PpT AI[VIE EG
AN AH|Il6 PF c1I|V|]G PH
EG TVI|LK SH VV|V/[N GH
RD NE|I[]Y QF A S|I{t-|Loop1|
DR NR|[IIR ES V T|I}-|Loop2|
SD NL|LIM IN AH|I/IA HD
NR CILLA NN ATLIA GH
DF AIlIle eM TaAlv[H QF
AH VM|VIG G6C SG|Vf-ITaAQ 1]
P Y V I-=-|COOH-terminal domain|

lix. The amino acid sequence for residues 1 to 186 of the LBH domain are arranged so that each row
corresponds to a helical coil and each column to a single ladder of aligned residues in the three-
dimensional structure. The residues of the conserved aliphatic residue position i referred to in the text are
enclosed in boxes; residues of the conserved small residue position i-2 are arranged in columns marked
by e. Single-letter abbreviations for the amino acid residues are as follows: A, Ala; C, Cys; D, Asp; E, Glu;
F, Phe; G, Gly; H, His; |, lle; K, Lys; L, Leu; M, Met; N, Asn; P, Pro; Q, Gin; R, Arg; S, Ser; T, Thr; V, Val;

and Y, Tyr.
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strands and right-handed crossover seg-
ments composed of a helices (22). It may
be significant that the latter two argu-
ments favoring right-handedness would
not apply to the LBH domain of LpxA,
because the length of crossover connec-
tions between strands of its parallel B
sheets, which are extremely flat and un-
twisted, would not favor either hand, and
the crossover connections between strands
are not composed of a helices.
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Elementary Computation of Object Approach
by a Wide-Field Visual Neuron

Nicholas Hatsopoulos,* Fabrizio Gabbiani, Gilles Laurentt

An essential function of the brain is to detect threats, such as those posed by objects or
predators_on a collision course. A wide-field, movement-sensitive visual neuron in the
brain of the locust was studied by presenting simulated approaching, receding, and
translating objects. The neuron’s responses could be described simply by multiplying the
velocity of the image edge (d6/dt) with an exponential function of the size of the object’s
image on the retina (e ~*°%). Because this product peaks before the image reaches its
maximum size during approach, this neuron can anticipate collision. The neuron’s activity

peaks approximately when the approaching object reaches a certain angular size. Be- .

cause this neuron receives distinct inputs about image size and velocity, the dendritic tree
of a single neuron may function as a biophysical device that can carry out a multiplication

of two independent input signals.

Vision plays an important role in notifying
animals of imminent danger, such as an im-
pending collision with a predator or an envi-
ronmental surface. One possible strategy for
collision avoidance is for the animal to react
when the object is at a given distance away
from it. This would require that the animal
estimate depth, using cues such as motion or
binocular parallax. Many animals, such as ar-
thropods, can avoid rapidly approaching ob-
jects, but are unlikely to use this strategy
because their binocular fields and the spacing
between their eyes are too small.

A second possible strategy is to react at a
given time before collision by monitoring
the symmetrical expansion of the image pro-
jected on the retina by the approaching ob-
ject (1). Behavioral and electrophysiological
evidence from birds and flies support the use
of this strategy (2). Imagine an object sub-
tending an angle 6 at a distance d from the
eye (Fig. 1A). If this object moves toward
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the animal at a constant velocity v, its image
on the retina will grow increasingly faster as
the object approaches (8 will increase non-
linearly as 0 increases; the dot means time
derivative). The tau function (3),

d  sin0 cosO

i’

where t is. time, is useful because it can
provide the time before collision without
any explicit knowledge of d. The tau func-
tion can be obtained from the optical flow
field and requires only knowledge of 6 and 6,
which can both be determined monocularly
at the retina. The function 7(t) (4) could be
encoded in the firing rate of a neuron, and
an escape command would be triggered
when 7(t) has decreased to below a threshold
value (Fig. 1C). Alternatively, the brain
could compute 1/7(t), which peaks at colli-
sion (Fig. 1C). In this case, an escape com-
mand would be triggered when 1/7(t) ex-
ceeds a certain threshold. In either case, the
timing of escape depends on determining
that a threshold has been crossed, which is a
difficult problem for biological systems. We
now report that a pair of identified neurons

0
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in an insect brain adopts yet a different
strategy to track object approach, combining
6 and 6 nonlinearly to yield a response pro-
file similar to the function f(t) (Fig. 1C).

We studied the LGMD and DCMD neu-
rons (Fig. 1B), two connected, motion-sensi-
tive neurons in the brain of the locust Schis-
tocerca americana (5—7). These visual neurons
respond to novel, small contrasting object
motion, regardless of direction or orientation,
and are inhibited by large-field motion (such
as flow fields generated by the animal’s own
motion) (8). More recent investigations (9,
10) have shown that the LGMD and DCMD
neurons respond preferentially to approaching
rather than translating objects and have sug-
gested that the feature most closely correlated,
with their firing is angular acceleration of the
image edges (11).

We recorded the response of DCMD to
simulated “approaching” objects presented
monocularly to the animal (12) and noted
that it differs significantly from the accel-
eration profile of the image. First, when a
simulated object approached the animal at
low but constant velocity (a condition in
which image angular velocity and accelera-
tion increase as the image grows larger),
DCMD activity peaked before the image
acceleration was maximal (Fig. 2ZA) (13). If
DCMD tracked image acceleration, its fir-
ing rate should not decrease before the ac-
celeration peak (14). The timing of the
DCMD peak firing rate was strongly corre-
lated with the collision time (Fig. 2C, re-
gression coefficient = 0.963, 2 = 0.9998)
(15). The delay between peak firing and
collision, however, was a function of both
object size ‘and object velocity (Fig. 2D).
This indicates that DCMD does not encode
7(t) [or 1/7(t)], because 7 is independent of
these two parameters. Second, when the
simulated object decelerated while ap-
proaching the animal (image angular veloc-
ity hgld constant, that is, image accelera-
tion = 0), DCMD responded strongly at
first and continued firing, although progres-
sively less strongly, as the simulated object





