queens of the other genotypes in 15 of the 18
colonies containing Pgm-32/-32 queens, a pattern
that departs significantly from the null expectation
of equal frequencies of higher and lower median
weights for Pgm-3%/-32 queens (sign test; P <
0.005). Thus, weight differences among the gen-
otypes are important at the colony level as well as
at the population level.

33. At the colony level, the proportion of Pgm-32/-32
queens shedding their wings invariably was
greater than the proportion of nestmate queens of
the other genotypes that shed their wings in the
15 colonies containing two or more Pgm-32/-32
queens (sign test; P < 0.001).

34. Colony of origin and Pgm-3 genotype interacted
significantly to influence the number of eggs laid (F
= 2.68; df = 30; P < 0.001). However, Pgm-3/-32
queens invariably laid as many or more eggs than
the median number laid by nestmate queens of the
alternate genotypes (sign test comparing median
numbers of eggs laid by Pgm-39/-3% queens and
other nestmate queens; P < 0.005), showing that the
effect of genotype on fecundity is important in indi-
vidual colonies as well as the entire population. All
statistical analyses on egg counts were done on
values transformed as (x + 0.5)'2 [R. R. Sokal and
F. J. Rohlf, Biometry: The Principles and Practice of
Statistics in Biological Research (Freeman, San
Francisco, ed. 2, 1981)].

35. Nests 1 to 4 were collected from a monogynous
population in northern Georgia in the spring of

1991 and reared for 10 days in the laboratory.
These four nests were selected on the basis of
having the genotype Pgm-32/-32 segregating with
Pgm-32/-3° among winged daughter queens. The
single reproductive queens in monogynous nests
mate with a single haploid male (22), so that
alternate homozygotes at single loci are never
present in the same nest (this explains why the
genotype Pgm-3¢/-3° is not represented in these
four nests). Queens from the mating flight were
collected in the summer of 1991 from the same
monogynous population as nests 1 to 4 (the
polygynous form does not occur in this area).
Mating flights of S. invicta are synchronized over
large areas, and sexuals are capable of flying
considerable distances during these flights [G. P.
Markin, J. H. Dillier, S. O. Hill, M. S. Blum, H. R:
Hermann, J. Ga. Entomol. Soc. 6, 145 (1971)],
with the result that these queens are likely to have
originated from many different nests (this explains
why all three genotypes are represented in this
sample).
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Kinetics of Folding of the All- Sheet
Protein Interleukin-13

Paul Varley,* Angela M. Gronenborn,7 Henriette Christensen,
Paul T. Wingfield, Roger H. Pain, G. Marius Cloref

The folding of the all-B sheet protein, interleukin-1B, was studied with nuclear magnetic
resonance (NMR) spectroscopy, circular dichroism, and fluorescence. Ninety percent of
the B structure present in the native protein, as monitored by far-ultraviolet circular di-
chroism, was attained within 25 milliseconds, correlating with the first kinetic phase de-
termined by tryptophan and 1-anilinonaphthalene-8-sulfonate fluorescence. In contrast,
formation of stable native secondary structure, as measured by quenched-flow deuterium-
hydrogen exchange experiments, began after only 1 second. Results from the NMR
experiments indicated the formation of at least two intermediates with half-lives of 0.7 to
1.5 and 15 to 25 seconds. The final stabilization of the secondary structure, however,
occurs on a time scale much greater than 25 seconds. These results differ from previous
results on mixed a helix—f sheet proteins in which both the « helices and B sheets were
stabilized very rapidly (less than 10 to 20 milliseconds).

It has been observed that helix formation
can occur within the low millisecond time
scale when unfolded proteins are trans-
ferred into refolding conditions (1). This
was perhaps not surprising because the
hydrogen bonding interactions involved
in helix formation are local, extending
over only four residues for one turn of
helix. Whereas both « helices and B
sheets form secondary structure elements
within a protein, hydrogen bonding in B
sheet formation involves interactions be-
tween distant parts of the polypeptide
chain. Hence, it was less expected when
quenched-flow deuterium-hydrogen (D-H)
exchange protection experiments on
mixed a helix—f sheet proteins showed
that the kinetics of formation of stable B
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sheet are similar to those of helices (2).
Theoretical studies have suggested that
only when there is significant stabilization
of the B structure will its rate of formation
be compatible with the rates of folding of
the proteins referred to above (3). Wheth-
er this rapid stabilization is adequately
accounted for by hydrophobic collapse and
compaction (4) or whether other more
specific interactions are required is an
important question in protein folding.

To further elucidate the mechanisms of
B structure formation during the folding
process, we studied the folding of the all-B8
protein interleukin-18 (IL-1B) (5) with
techniques sensitive to the conformation,
stability, and environment of the secondary
structure elements. Interleukin-1B was cho-
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sen as a model system for three reasons: (i)
complete 'H, N, and >C resonance as-
signments have been obtained (6); (ii) the
high-resolution three-dimensional structure
has been determined by NMR spectroscopy
and x-ray crystallography (7-9); and (iii)
the equilibria and conditions of its revers-
ible unfolding have been established (10).
Whereas equilibrium unfolding is two-state,
the protein refolds kinetically through a
significantly populated, compact intermedi-
ate or molten globule that appears to exhib-
it 80 to 90% of the secondary structure
content present in the native protein, as
monitored by far-ultraviolet circular dichro-
ism (far-UV CD) ellipticity, but little or no
stable tertiary structure (11).

The kinetics of B structure formation
were monitored by stopped-flow far-UV CD
(12). At an absorbance of 225 nm, the
unfolded and native proteins exhibited
mean ellipticities of —3000 and —1200 deg
cm? dmol~?, respectively, so that the ellip-
ticity becomes less negative as the protein
refolds from the unfolded to the native
conformation (10). On refolding at 4°C,
the earliest observed value of ellipticity
(after a mixing artifact) was about —1400
deg cm? dmol !, showing that ~90% of the
ellipticity was regained within 25 ms in a
process with a half-life (t,,) that was less
than the dead time (10 ms) of the stopped
flow apparatus. Subsequently, there was a
slow phase of low amplitude (~10%) with a
tip ~ 65.

The rapid formation of B structure as
monitored by CD was paralleled by the
fluorescence of the single tryptophan resi-
due (Fig. 1A) and bound 1-anilinonaphtha-
lene-8-sulfonate (ANS) (Fig. 1B) (13). In
the native structure, the fluorescence spec-
trum of Trp'?® has a maximum emission
wavelength of 344.5 nm (10), characteris-
tic of its partially buried state (7). Analysis
of the tryptophan and ANS fluorescence
data suggested a folding pathway with for-
mation of three intermediates
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U-=X;—»X;—»X;—>N (1
where U and N are the fully unfolded and
native states, respectively, and X, is the
intermediate along the folding pathway.
The measured half-lives and amplitudes for
the first three phases were, for tryptophan
and ANS fluorescence, respectively, 3.5 ms
(35% of the total fluorescence change) and
4 ms (55% of the maximum fluorescence
intensity attained during folding), 46 ms
(3%) and 32 ms (21%), and 2.7 s (25%)
and 1.1 s (24%). The ANS molecule does
not bind to either the unfolded state in 2 M
guanidinium hydrochloride (GuHCI) or to
native IL-1B, so that in the fourth, slow
phase (t;;, ~ 20 min) the fluorescence trace
returned to its initial value of zero (14).
Tryptophan fluorescence continued to in-
crease, corresponding to the slow transition
from the kinetic molten globule intermedi-
ate, X;, to the native state (11) with at,,,
~ 20 min and an amplitude of 37% (14).
The kinetic data show that a series of
activation energy barriers exist on the fold-
ing pathway, resulting in several intermedi-
ates being significantly populated. The first

Fig. 1. Refolding of IL-18 at 4°C monitored by
(A) tryptophan and (B) ANS fluorescence. The
fluorescence is recorded in arbitrary units. The
zero time of the experiment is marked with a
vertical arrow. In both cases the fluorescence
intensity extrapolates to a value characteristic
of the unfolded protein at t = 0 s. The fluores-
cence intensity change shown in (A) represents
63% of the total increase in fluorescence ob-
served during refolding. The remaining 37% of
the increase in Trp fluorescence is associated
with a slow phase with t,,, ~ 20 min.

major phase in the recovery of far-UV CD
ellipticity either corresponds to or is faster
than the first step in the above pathway. At
the end of this first step, 90% of the B
structure of the native protein has been
formed together with a major collapse of
the polypeptide chain, as indicated by the
change in environment of Trp!?® and by
the formation of sufficiently extensive hy-
drophobic clusters to bind ANS. The sec-
ond phase of change in far-UV CD elliptic-
ity corresponds to step three in scheme (1),
by which time Trp'?? is substantially buried
and the compact molten globule intermedi-
ate X5 (11) has reached its maximum ca-
pacity for ANS binding. Beyond this stage
in folding, no further change in far-UV CD
ellipticity at 225 nm is detected. The na-
tive, high-density packing of nonpolar res-
idues within the hydrophobic core as mon-
itored by the desorption of ANS, on the
other hand, takes place on a time scale of
many minutes (t;,, ~ 20 min) (15).

To correlate the CD and fluorescence
kinetics with structure, we followed the
protection of backbone amide groups (ND)
against exchange with solvent (H,O) by

A Tryptophan fluorescence
20 ms

10s

¢ |
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'
R S P )

ANS fluorescence
Fw 20 ms

~—Fluorescence B3 <— Fluorescence
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means of quenched-flow D-H exchange ex-
periments (I, 2) in combination with two-
dimensional (2D) 'H-!°N correlation spec-
troscopy. In this experiment, fully unfolded
protein in D,0 at pH 5 is allowed to fold for
a length of time T, after which it is subject-
ed to a 16-ms exchange pulse in H,O at pH
9.3, followed immediately by a quench
pulse at pH 5 (16). Backbone amide groups
that participate in stable native hydrogen
bonds at the time the exchange pulse is
applied are protected against D-H ex-
change, thereby permitting the time course
of formation of the various hydrogen bonds
in the native structure that are associated
with very slowly exchanging amide groups
(t;;, > 10° min for H-D exchange in the
native protein at pH 5) (17) to be followed.

A series of 'H-'’N NMR correlation
spectra of samples in which the labeling
pulse was taken at T = 0, 1, and 25 s after
initiation of folding from the unfolded state
at 4°C is shown in Fig. 2. At T = O s,
obtained after initiation of folding by dilut-
ing unfolded protein in D,O directly into
pulse buffer, no protection occurred, and all
47 slowly exchanging amide protons of the
native protein (out of a total of 144 NH
protons) were observed at their expected
intensities (Fig. 2A). Hence, no stable
backbone hydrogen bonds were formed dur-
ing the dead time (3 to 5 ms) of the
quenched-flow apparatus. Similarly, no
protection was observed after 50 ms of
refolding. Therefore, the rapid formation of
B structure observed by far-UV CD and the
hydrophobic collapse observed by fluores-
cence were not correlated with the forma-
tion of stable B sheet structure. At 1 s,
however, there were 21 NH protons with
resonance intensities that decreased by 50
to 70% (Fig. 2B). At 25 s, these NH

protons could no longer be observed, and
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Fig. 2. '"H-'5N correlation spectra of IL-1p showing the extent of amide initiation of protein folding at 4°C. The residues witha t,,, 0of 0.7 t0 1.5, 15

group protection from D-H exchange at (A) 0 s, (B) 1 s, and (C) 25 s after
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to 25, and much greater than 25 s are labeled in the respective spectra.
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the resonance intensities of another seven
NH protons decreased by 50 to 70% (Fig.
2C). Also seen at 25 s were 19 NH protons
with resonance intensities that remained
essentially unchanged and that were there-
fore not protected at all against D-H ex-
change at this time, although at longer times
the control experiments showed that they
became protected as with the native protein.
Thus, the NMR data provide evidence for at
least two distinct intermediates formed with
half-lives of 0.7 to 1.5 and 15 to 25 s that
correlate with the formation of intermediate
X; and another intermediate, X,, between
X5 and the final native state N in the kinetic
scheme (1) based on the fluorescence results
(that is, X; — X, — N).

The locations of the three classes of
amide protons within the secondary and
tertiary structures of the native protein are
summarized in Figs. 3 and 4, respectively.
IL-1B displays threefold pseudosymmetry
comprising three topological units, A, B,
and C, each consisting of four antiparallel B
strands (7, 8, 17). The earliest event (t,,, ~
0.7 to 1.5 s) observed by NMR s associated
with the formation of most of topological
unit B, the interface between topological
units B and C, and part of topological unit
C, involving 11, 4, and 5 hydrogen bonds,
respectively, that are associated with slowly
exchanging amide protons in the native
protein. In addition, a single hydrogen
bond between B strands 1 and 4 in topolog-
ical unit A is observed. In the second event
(t,, ~ 15 t0 25 5), two additional hydrogen
bonds are added to topological unit B, two
to the interface between topological units
A and C, and one each to topological unit
C and the B-C and A-C interfaces. The last
event (t;,, >> 25 s) principally involves
the formation of topological unit A (11
hydrogen bonds), the A-B (2 hydrogen
bonds) and A-C (1 hydrogen bond) inter-
faces, and the completion of topological
unit C (5 hydrogen bonds). Of the 19
amide protons that remain unprotected
against D-H exchange at 25 s, four are
involved in bridging backbone hydrogen
bonds associated with tightly bound inter-
nal water molecules (7, 18): in particular,
Leu'® NH (strand 1) to Val*® O (strand 4)
and Leu'® NH (strand 2) to Leu!® O (strand
1), which stabilize the internal strands of
topological unit A; Leu®® NH (strand 5) to
Leu®® O (strand 6) and Phe®® O (strand 8),
which stabilize the internal strands of topo-
logical unit B; and Ser'?* NH (strand 10) to
Pro'3! O (strand 11), which stabilizes the
turn between B strands 10 and 11 in topo-
logical unit C.

The difficulties in assessing the content
of B structure—and in particular in equat-
ing it to native-like B sheet structure—from
the CD spectra of proteins that also contain
helix, together with the “overshoot” anom-
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Fig. 3. Schematic diagram of the
hydrogen bonding and topology
of IL-1 illustrating the sequential
formation of secondary structure
as observed in the quenched-flow
D-H amide protection experi-
ments. The positions of amide
groups that are protected during
foldingwitha t,,0f 0.7t0 1.5, 15
to 25, and much greater than 25 s
are indicated by the black circles,
the hatched circles, and the black
circles with a white star, respec-
tively. The three pseudosymmet-
ric topological units, A, B, and C,
are formed by B strands 1to 4, 5
to 8, and 9 to 12, respectively.
Hydrogen bonds are marked by
arrows from the donor backbone
NH group to the acceptor group
(backbone carbonyl or water),
and waters involved in bridging

hydrogen bonds are indicated by the letter W. The hydrogen bond from Lys'® NH to the side chain

O? atom of Asn'? is indicated by a dashed line.

alies seen with some proteins during refold-
ing (19, 20), suggest caution in detailed
structural interpretation in such cases.
With IL-1B, however, an all-B sheet pro-
tein that exhibits no overshoot phenomena
and that has no disulfide bonds, the rapid
acquisition of 90% of the total far-UV CD
ellipticity can only be ascribed to the for-
mation of unstable B-like secondary struc-
ture, the precise form of which must remain
the subject of further investigation. It is
clear from the NMR data that any back-
bone hydrogen bonds that are formed in the
early B structure seen by far-UV CD are not
stable either because of local breathing or
sliding of one strand relative to another,
resulting in the rapid formation and break-
ing of hydrogen bonds. The lifetime of
these hydrogen bonds for D-H exchange
must be less than 16 ms, the duration of the
high pH exchange pulse. This is more than
five orders of magnitude shorter than the
D-H exchange lifetimes observed in the
native protein at the same pH (21).

In contrast, the stabilization of native
hydrogen bonds within the B sheets of
IL-18 occurs much more slowly, on the
order of seconds, in a process that involves
at least two intermediates. The first is
formed with a t,,, of 0.7 to 1.5 s, which
correlates with the third phase in the ANS
binding kinetics, and is associated with a
substantial increase in ANS fluorescence.
Thus, although a significant amount of
native secondary structure is formed at this
stage, comprising most of topological unit B
and part of topological unit C, large clusters
of hydrophobic residues are available for
ANS binding. The second intermediate is
formed with an apparent t;,, of 15 to 25s,
which is somewhat slower than the second
phase in the far-UV CD kinetics (t;, ~ 6
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Fig. 4. Ribbon diagram of the polypeptide fold
of IL-1B illustrating the spatial location of the
amide groups protected during folding. The
residues of amide groups protected witha ¢, ,
of 0.7 to 1.5, 15to 25, and much greater than 25
s are shown as black, gray, and white circles,
respectively. Beta strands 1, 4, 5, 8,9, and 12
form a six-stranded antiparallel 8 barrel that is
closed off at one end by the remaining six
strands. In the view shown, the open face of the
barrel is located in the back of the structure.
The ribbon drawing was made with the pro-
gram Molscript (22).

s). During this time frame, desorption of
ANS begins to occur, implying that hydro-
phobic residues are being buried within the
protein core. The complete formation of
stable secondary structure, which is princi-
pally associated with the formation of topo-
logical unit A, has not yet taken place at 25
s and probably occurs on a time scale similar
to the late phase of packing of Trp!?° into
its native environment and the final desorp-
tion of ANS (t;,, ~ 20 min).

The present results obtained for IL-18
contrast with the very early stabilization
(on the order of milliseconds) of native B
structure observed in mixed a-B proteins



(2). In all these cases, the regions of native
B sheet that are detected first are those
involved in tertiary interactions with a
helix (or helices) that are also stably formed
early in the folding process. In the native
structure of the all-B sheet protein IL-1B,
on the other hand, the three pseudosym-
metric elements of B sheet do not form such
interactions. Each B strand contributes two
or three nonpolar residues to a hydrophobic
core that depends for its stability on the
hydrophobic and van der Waals interac-
tions of a large number of tightly packed
side chains. We therefore suggest that fold-
ing to the stable native structure for this
type of protein involves the rapid formation
of B structure around a nonpolar core,
followed by the much slower stabilization of
native secondary structure that accompa-
nies the progressive final tight packing of
the core groups or those groups external to

the B sheets, or both.
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Substrate Phage: Selection of Protease Substrates
by Monovalent Phage Display

David J. Matthews and James A. Wells*

A method is described here for identifying good protease substrates among approximately
107 possible sequences. A library of fusion proteins was constructed containing an amino-
terminal domain used to bind to an affinity support, followed by a randomized protease
substrate sequence and the carboxyl-terminal domain of M13 gene lll. Each fusion protein
was displayed as a single copy on filamentous phagemid particles (substrate phage).
Phage were then bound to an affinity support and treated with the protease of interest.
Phage with good protease substrates were released, whereas phage with substrates that
resisted proteolysis remained bound. After several rounds of binding, proteolysis, and
phagemid propagation, sensitive and resistant substrate sequences were identified for two
different proteases, a variant of subtilisin and factor X_. The technique may also be useful
for studying the sequence specificity of a variety of posttranslational modifications.

Proteolysis is a common form of posttrans-
lational modification and is important in
regulation and protein turnover (I).
Knowledge of protease specificity aids in the
identification of biologically relevant sub-
strates, helps direct the design of specific
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inhibitors, and is useful in applying proteases
for site-specific proteolysis (2). Substrate se-
quences for proteases often extend over sev-
en or eight contiguous residues (3), and thus
one protease can potentially interact with a
vast number of possible substrates.

We present a method, called substrate
phage, in which more than 107 potential
substrates can be tested concurrently. Each
substrate sequence is displayed as a single
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