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Biotechniques 7, 514 (1989)] with 5’-GACGTCGAC-
CTGAGGTAATTATAACC-3' as primer. Sequence
files were analyzed by means of the SAGE software
group (7), which identifies the anchoring enzyme site
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used for SAGE and to construct a cDNA library in the
ZAP Express vector. The ZAP Express cDNA Syn-
thesis kit (Stratagene) was used according to the
manufacturer’s protocol. Analysis of 15 randomly
selected clones indicated that 100% contained
cDNA inserts. Plates containing 250 to 500
plagues were hybridized as described [J. M. Rup-
pert et al., Mol. Cell. Biol. 8, 3104 (1988)]. The
cDNA probes for trypsinogen 1, trypsinogen 2,
procarboxypeptidase A1, chymotrypsinogen, and
elastase IIIB were derived by RT-PCR from pancre-
as RNA. The sequences of primers are available
from the authors upon request. The trypsinogen 1
and 2 probes were 93% identical and hybridized to
the same plaques under the conditions used. Like-
wise, the elastase lIIB probe was >95% identical to
protease E.

13. Plates containing 250 to 2000 plaques were hybrid-
ized to oligonucleotide probes with the same condi-
tions previously described for standard probes ex-

The Radius of Gyration of an
Apomyoglobin Folding Intermediate

Apomyoglobin (apoMb) forms a stable
compact partially folded state under acidic
conditions (1). This “molten globule” in-
termediate is slightly expanded relative to
the native form of the protein, with a
radius of gyration (R) of 23 (= 2) A
versus 19 (= 1) A (23, and shows stable
secondary structure (3) in the A, G, and H
helices (Fig. 1).

We demonstrated recently, with the use
of stopped-flow circular dichroism and
pulse-labeling hydrogen exchange measure-
ments, that the earliest detectable interme-
diate (formed within 6 ms) in the apoMb
kinetic refolding pathway closely resembles
the equilibrium molten globule state popu-

Fig. 1. Sketch of the structure of holo-myoglobin,
illustrating the location of the A, G, and H helices,
which are present in both the equilibrium and ki-
netic folding intermediates of the apoprotein.

lated under acid conditions (4). A key ques-
tion remained as to how compact this ki-
netic intermediate is compared to the equi-
librium and native states. The cooperative
unfolding of the kinetic intermediate and
the significant protection from amide pro-
ton exchange (as compared to correspond-
ing isolated peptides in solution) led us to
propose that the kinetic intermediate is also
compact (4, 5). Such a proposal could best
be verified by direct determination of the
size of the protein as it folds, but measure-
ments of this nature were not feasible at the
time.

Newly developed improvements in time-
resolved small angle x-ray scattering
(SAXS) experiments allow direct measure-
ment of the time-dependent change of R, of
a protein as it folds in the millisecond to
second time frame (6, 7). We initiated stud-
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ies of the refolding of apoMb using this
technique, under conditions similar to
those employed in our previous work (4).
SAXS data collected during the first 100 ms
after initiation of the refolding reaction (8)
are shown in Fig. 2.

Data collected from the fully refolded
protein and unfolded protein are given for
comparison (Fig. 2). The data obtained 100
ms after the initiation of folding are within
experimental error of the data obtained for
the refolded protein, and easily distinguish-
able from data obtained for the unfolded
state. An R, value of 23 (£ 2) A is obtained
at 100 ms, only 1 A greater than the 22 (*+
1) A value obtained for the refolded pro-
tein. By contrast, the unfolded state has an
R, of 34 (= 2) A. The slightly higher than
expected R, value obtained for the refolded
state may result from either experimental
error (9) or a small degree of sample aggre-
gation owing to radiation damage during
exposure. It is possible that the R, value
obtained at 100 ms is similarly inflated, and
it may therefore be considered an upper
bound on the true R,.

Our conclusion that the intermediate is
compact is based on the small differences

Fig. 2. SAXS data from
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sperm whale apomyoglobin
after 100 ms of folding, after
4.2 s of folding, and in the
unfolded state. Detected in-
tensity is plotted as a func-
tion of K. Data from the un-
folded state is scaled to
match the folded state data
at zero scattering angle. The
data obtained from the fully
folded protein and that ob-
tained after 100 ms of fold-
ing are barely distinguish-
able from each other and are
different from the data for
the unfolded protein.
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between both the raw SAXS data and the
R, values from the kinetic intermediate and
from the fully refolded protein. It is unnec-
essary to invoke specific models to reach
this conclusion. Indeed, the low resolution
of SAXS data and the uncertainties inher-
ent in time-resolved SAXS measurements
make it both inappropriate and unwise to
attempt to interpret the current data in
terms of specific structural models.

_ Taken as an upper bound, the 23 (* 2)
A R, obtained at 100 ms illustrates that the
first intermediate observed in the kinetic
refolding reaction of apoMb is at least as
compact as the equilibrium “molten glob-
ule” state of apoMb. The fact that this R,
value is only 1 A greater than the value
measured for the fully refolded protein, to-
gether with the great similarity of the actual
SAXS data at 100 ms to the data from the
refolded protein, suggests that the kinetic
intermediate may be nearly as compact as
the native state itself (10). SAXS data col-
lected during the first 20 ms of folding
indicate these same results, but with a lower
signal to noise ratio (11). Thus the present
experiments provide a direct measurement
of the size of the early kinetic folding inter-
mediate of apoMb.
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In such a highly compact intermediate it seems likely
that the polypeptide chain segment that forms heli-
ces B through F in native myoglobin would also have
undergone some degree of collapse. The possibility
that the kinetic intermediate may be more compact
than the equilibrium intermediate is supported by our
previous observation (5) that the apoMb equilibrium
intermediate would be about 1 kcal/mol more stable
under the conditions used for the kinetic studies than
under the partially denaturing conditions in which it is
typically studied.

The time-resolved circular dichroism and amide ex-
change data (4) indicate a lag phase between 5 and
350 ms into the folding reaction, where no change in
mean residue ellipticity or amide proton. protection is
observed.
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