the chin appears deeper than the neck; the
convexity of the face becomes concave; nose
points inwards. Latency can be reduced by
concentrating the gaze on the tip of the nose
in the fused image. Masking of the texture of
the skin is evident, but most facial features
can be recognized without difficulty (Fig.
4). In this stereogram familiarity with the
object is clearly a very prominent feature; yet
familiarity does not prevent reversal. In con-
trast, when texture perspective is natural
(Fig. 6), the fused image defies any effort to
the perceived as inverted.

The creation of a neutral texture perspec-
tive has the effect in a monocular view of
introducing some flatness into the impres-
sion of the face, much as if it had been
painted on coarse canvas. Most textures
with a sufficiently high density and an ap-
proximately uniform distribution of ele-
ments proved effective in neutralizing tex-
ture perspective. All concave or convex ob-
jects (for example, balls, bowls, and boxes)
we investigated could be reversed in depth,
regardless of familiarity or complexity of
shape.

Our stereogram confirms Julesz’ emphasis
on the role of global factors in binocular
depth perception. Neutralizing texture per-
spective has the binocular effect of eliminat-
ing texture perspective disparity. In this way
texture perspective is made ineffective as a
global binocular depth cue, while the dispar-
ity of other global image features, like clus-
ters of texture elements, remains compatible
with the disparity of local texture elements.
The failure of pseudoscopy when texture
perspective disparity is present, shows that a
cooperation between local and global dis-
parity information is essential for binocular
depth perception.
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4. Readers not being in the possession of a stereoscope
or prism can try to fuse the stereogram by crossing
their eyes. This can be done by slowly moving a
pencil or finger from the stereogram toward the
eyes, while concentrating the gaze on the tip. In this
way the images should shift until three images are
apparent; the middle image will come to depth; the
outer images should be disregarded. For a first
attempt the reader is advised to fuse the line stereo-
gram: a downward pointing pyramid indicating
correct pseudoscopic fusion. Fused images may ini-
tially look unsharp, but after a few seconds the eyes
will accommodate. We found fusion and accommo-
dation relatively easy with the stereogram held at
arm’s length.

5. Anaglyphs are constructed by superimposing the left
and right views of a stereogram in red and green. To
appreciate the depth effect the anaglyphs have to be
viewed through a red-green stereo viewer, which
separates the original images by filtering, based on
the physical wavelengths of light: the eye with the
red filter in front can only see the green image and
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the eye with the green filter in front sees only the red
image. The image in depth may not instantly be
apparent, since the eyes have to adapt to the filters
and to the disparity in the fused image. Good color
vision is not necessary, but viewing in good light is
essential. Some residual images cannot be avoided,
particularly when anaglyphs are reproduced by a
regular four-color printing process. For this reason

we developed a yellow-green background, which
masks most of the red and green residues.

6. We are grateful to R. M. Steinman for critical
reading of the manuscript and to J. Brinkman and
W. Rynders of the Amsterdam School of Graphics
for preparing the anaglyphs.
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Crystal Versus Solution Structures of Enzymes: NMR
Spectroscopy of a Crystalline Serine Protease

STEVEN O. SMITH,* SHAUNA FARR-JONES, ROBERT G. GRIFFIN,

WiLLiaMm W. BACHOVCHINT

The hydrogen-bonding status of His* in the catalytic triad (Asp-His-Ser) of serine
proteases has important mechanistic implications for this class of enzymes. Recent
nitrogen-15 nuclear magnetic resonance (NMR) studies of a-lytic protease find His®
and Ser'** to be strongly hydrogen-bonded, a result that conflicts with the correspond-
ing crystallographic studies, thereby suggesting that the crystal and solution structures
may differ. This discrepancy is addressed and resolved in a nitrogen-15 NMR study of
the enzyme in the crystalline state. The results show that the His-Ser and Asp-His
interactions are identical in crystals and solutions, but that in crystals His" titrates
with a pK, of 7.9, nearly one pK, unit higher than in solution. This elevated pK,
accounts for the absence of the His-Ser hydrogen bond in previous x-ray studies.

OST HIGH-RESOLUTION STRUC-

tural information about proteins

comes from x-ray diffraction stud-
ies of crystals, whereas functional properties
of proteins are usually studied in solution.
Thus, the question of whether or not the
crystal and solution structures are the same
often arises when functional properties are
correlated with structure. In the case of
enzymes, this question can be especially
troublesome, because even small differences
in the positions of key functional groups can
have important mechanistic implications,
and such differences have frequently been
noted.

A case in point is the apparent discrepancy
concerning the hydrogen-bonding status be-
tween His’” and Ser' in the active site of
serine proteases. Recent solution NMR
studies (1) of a-lytic protease (a-LP, E.C.
3.4.21.12) have provided evidence for a
His-Ser hydrogen bond based on the N
chemical shifts of the active site His. How-
ever, these results conflict with the x-ray
crystallographic studies of a-LP (2-4) [and
of other serine proteases (5-9)], which have
concluded that Oy of Ser!® and Ne2 of
His®” are too far apart and not properly
aligned to form a hydrogen bond. This
discrepancy, though small, nevertheless has
important implications for the catalytic
mechanism of these enzymes, a mechanism
that has been the subject of intense interest
and debate (10-13). To summarize, the exis-
tence of this hydrogen bond would indicate

a role for the Asp-His diad in activating the
serine hydroxyl group for nucleophilic at-
tack on the substrate. In its absence, such
activation would probably not take place,
instead the Asp-His diad may be more im-
portant in catalyzing the breakdown of the
tetrahedral intermediate.

The above discrepancy between the solu-
tion and crystalline state studies does not
prove that the solution and crystal structures
of the enzyme are different. Instead, it raises
the question of whether or not either the
NMR or x-ray diffraction data could have
been misinterpreted or in some other way be
in error. (This would be true of any such
comparison involving the results of different
techniques.) To address this question, we
have carried out a "N NMR study of
a-LP in the crystalline state using magic
angle spinning (MAS). The results provide a
direct comparison with the corresponding
solution state study, thereby eliminating the
uncertainty described above associated with
comparing interpretations of nonequivalent
experimental data.

The solution N NMR work (1), which
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provided the evidence for the existence of a
strong His-Ser hydrogen bond, also con-
firmed the presence of the Asp-His hydro-
gen bond, both at high (His%” neutral) and
low (His’” protonated) pH and presented a
framework for interpreting the SN chemical
shift behavior of histidyl residues. The ring
nitrogens of His can exist in three different
bonding states as listed in Table 1 where
NH and =N- refer to the protonated and
nonprotonated  nitrogens,  respectively,
within a neutral imidazole ring, whereas

Fig. 1. Crystals of '*N-labeled a-LP used for
solid-state NMR. o-LP was crystallized from
0.6M Li;SO,, pH 5.7, 20 mg of enzyme per
milliliter. ['"*N]His—labeled a-LP was produced
by culturing a His-requiring mutant of Lysobacter
enzymogenes (ATCC 29487) with ['*N]His and
isolated as previously described (22). Enzyme seed
crystals were obtained at room temperature by the
hanging drop method with 1.0 to 1.3M Li,SO,,
pH 7.0, and about 10 mg of enzyme per milliliter.
Larger quantities of crystals were produced by
adding the above seed crystals to solutions con-
taining 0.6M Li,SO,, pH 5.7, and 20 mg of

enzyme per milliliter. The crystals appeared to be identical to those used in the x-ray work (23).

+NH refers to both nitrogens within a
protonated imidazole ring. Hydrogen bond-
ing typically induces an 8- to 10-ppm
change in chemical shift of these nitrogens,
moving the hydrogen bond donor NH and

+NH types of nitrogen downfield while

moving the hydrogen bond acceptor nitro-
gen (=N- type) upfield.

For a-LP in solution at pH 4.0, where
His* is fully protonated (pK, ~7.0), N51
and Ne2 resonate at 191.6 and 204.2 ppm,
respectively. The low-field position of N&1,

‘o

Hi557 His57
o] serl95 0 serlss
Asp'92 / 8/ - \e H Asp'o2_ 7/ — (
B— { 3
\Og-H—N\?/,N—H H,O = \O---H—N\/N---H/o
192.8 202.2 197.2 1365
192.8 ppm
pH
D 8.2
B 75 E 8.5
c 79 F 1972 10.4
56.5\
0 100 200 300 0 100 200 300

Chemical shift (ppm)

Fig. 2. CP-MAS "N NMR spectra of doubly '*N-labeled a-LP crystals as a function of pH. The 192.8-
ppm resonance moves to 197.2 ppm, whereas the 202.2-ppm resonance moves to 136.5 ppm as the pH
is increased. The CP mixing time was 2 ms. Chemical shifts are relative to 1M *N-labeled H'*NO,
referenced to the amide backbone centered at 255 ppm. Each spectrum represents 10,000 to 20,000

scans.
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~10 ppm downfield from that of +NH
nitrogens, reveals the presence of the hydro-
gen bond to Asp'® At pH 9.5, where
His® is fully neutral, N31 and Ne2 resonate
at 199.4 and 138 ppm, respectively. Specific
sulfonylation with phenylmethylsulfonyl
fluoride (PMSF) or phosphorylation with
DFP of Ser'® induces Ne2 to move ~10
ppm downfield to ~128 while N81 remains
at ~200 ppm, and thus providgs.compelling
evidence for a strong His-Ser hydrogen
bond in solution. [See (1) for a detailed
discussion of these results.]

On the basis of the solution NMR results
outlined above, we expected high-resolution
5N NMR spectra of crystalline enzyme,
under conditions where His’ is neutral, to
yield one of two possible results, that is, Ne2
at either ~138 or ~128 ppm. The first
result, Ne2 at 138 ppm, would show that
crystals and solutions are the same and,
therefore, that the discrepancy must arise
from misinterpretation of experimental data,
cither x-ray or NMR. The second result,
that is, Ne2 at 128 ppm, would show that
the His-Ser hydrogen bond is indeed absent
in crystals, thereby establishing that the so-
lution and crystal structures are different
with respect to this structural feature.

Representative "N NMR spectra (14) of
a-LP crystals (Fig. 1) at a series of pH values
(15) are shown in Fig. 2. The pH-indepen-
dent signal at ~255 ppm arises from the
amide nitrogens of the peptide backbone at
natural abundance "*N. At low pH (<7.0),
where His" is fully protonated, N31 and
Ne2 resonate at 192.8 and 202.2 ppm,
respectively (Fig. 2A), similar to their chem-
ical shifts in corresponding solution-state
spectra. The low-field position of N31 dem-
onstrates the presence of the Asp-His hydro-
gen bond. As the pH is increased, the N31
and Ne2 resonances at 192.8 and 202.2
ppm gradually decrease in intensity, while
new N81 and Ne2 resonances from the
neutral form of His®’ appear at 197.2 and
136.5 ppm, respectively. A neutral imidaz-
ole ring with these '*N shifts shows that
crystals and solution are the same with
respect to His-Ser hydrogen bonding. (The
lower intensity of the Ne2 resonance at
136.5 ppm compared to the 202-ppm reso-
nance results from decreased cross-polariza-
tion (CP) efficiency of nonprotonated ver-
sus protonated nitrogens and does not re-
flect a population difference.) The slow ex-
change between the protonated and neutral
forms of His>’ we observed contrasts with
the fast exchange observed in the solution
studies. Nevertheless, the N chemical
shifts ascribed to the protonated and neutral
forms of His" in the solution studies are
remarkably similar to those observed here
for enzyme crystals.
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A potentially important difference be-
tween crystals and solutions emerges from
the titration curve of His* in crystals. The
titration curve is most easily followed by
integrating the intensity of the 192.8-ppm
signal. A plot of the intensity versus pH
(Fig. 3) indicates that His* in crystals has a
pK, of ~7.9 (= SEM of 0.1) (16), nearly
one pK, unit higher than in solution. This
result explains the discrepancy between the
x-ray and NMR work on the existence of the
His-Ser hydrogen bond because at the pH of
the x-ray work (2), 7.2, His"’ would be
mostly protonated and thus unable to act as

Titration of N31

15N Intensity

5 6 7 8 9 10 M
pH

Flg. 3. Plot of N31 signal intensity (relative to the
intensity of the amide backbone) as a function of
pH. The solid line is a calculated titration curve
for a pK, of 7.9.

a hydrogen bond acceptor for the serine
hydroxyl proton. Protonated His*’ also does
not form a hydrogen bond with Ser'®® with
Ne2-H acting as the donor atom in either
crystals or solutions as demonstrated by the
N shifts of Ne2, which are typical for a
non-hydrogen-bonded +NH type nitro-
gens.

Thus, the present work shows that the
x-ray diffraction and NMR studies, al-
though apparently in conflict, are neverthe-
less both correct. The discrepancy arises
from the altered pK, value of His*’ in
crystals. Why the pK, is higher in crystals is
still unclear. Preliminary results indicate that
most of the +A0.9 pK, change can be
attributed to the high Li,SO4 concentra-
tions necessary to stabilize the crystals and,
moreover, that it may be a sulfate anion—
specific effect as Li,SO, appears to have a
similar effect on the His*’ pK, in solutions
(17). The low temperatures we used are
unlikely to contribute significantly to the
elevated pK, as the measured pK, of His"’
was the same at 240 K and 170 K.

The behavior of the N signals of His"’
of a-LP was also examined in frozen solu-
tions (170 K). The results show that under
these conditions the protonated and neutral
forms of His*” could also be observed and
that they have "N chemical shifts similar to
those observed for the solution and crystal-
line state enzymes (Fig. 4).

N NMR spectroscopy thus demon-

A 9.5 l 4.1

B 10.0

W

MM\—V\

1

Flg. 4. Comparison of the

>N NMR spectra of doubly

labeled o-LP in solution
53 (A), frozen solution (B),
and in crystals (C). High-
pH spectra (9.5 to 10.4) are
in the left-hand column and
low-pH spectra (4.1 to 5.3)
are in the right-hand col-
umn. Spectra (B) and (C)
were obtained with CP mix-
ing times of 1.5 ms, result-

. e
300 0 100
Chemical shit (ppm)
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o
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T ing in slightly different in-
300 tensities relative to those in
Fig. 2.

200

Table 1. >N chemical shifts of imidazole nitro-

gens.

Nitrogen SN® N3 (ppm) in
type (ppm) hydrogen bond
NH 210 200
=N- 128 138

+NH 201 191

strates that the overall structure of the Asp-
His-Ser catalytic triad is remarkably similar
in crystals and solutions. The '*N chemical
shifts indicate that these three residues form
a strongly hydrogen-bonded system, much
as originally proposed by Blow et al. (18).
This structure implies that the Asp-His diad
plays a role in activating the serine hydroxyl
group for nucleophilic attack. Recent site-
specific mutagenesis experiments in which
Asp'® was changed to Asn in trypsin sup-
port this view because this change not only
substantially disrupted catalysis, it also sub-
stantially lowered the intrinsic reactivity of
Ser'™ to reagents such as DFP (19-21). The
later result points to a role for the Asp-His
diad in activating the serine for nucleophilic
attack and thus correlates with our results,
which show that the Asp-His diad is strong-
ly hydrogen-bonded to Ser'™ in the resting
enzyme.

The present study demonstrates the com-
plementary nature of NMR spectroscopy
and x-ray crystallography and the valuable
role solid-state NMR can play in bridging
solution and crystalline state studies.
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Ice Core Evidence for Extensive Melting of the
Greenland Ice Sheet in the Last Interglacial

R. M. KOERNER

Evidence from ice at the bottom of ice cores from the Canadian Arctic Islands and
Camp Century and Dye-3 in Greenland suggests that the Greenland ice sheet melted
extensively or completely during the last interglacial period more than 100 ka
(thousand years ago), in contrast to earlier interpretations. The presence of dirt
particles in the basal ice has previously been thought to indicate that the base of the ice
sheets had melted and that the evidence for the time of original growth of these ice
masses had been destroyed. However, the particles most likely blew onto the ice when
the dimensions of the ice caps and ice sheets were much smaller. Ice texture, gas
content, and other evidence also suggest that the basal ice at each drill site is
superimposed ice, a type of ice typical of the early growth stages of an ice cap or ice
sheet. If the present-day ice masses began their growth during the last interglacial, the
ice sheet from the earlier (Illinoian) glacial period must have competely or largely
melted during the early part of the same interglacial period. If such melting did occur,
the 6-meter higher-than-present sea level during the Sangamon cannot be attributed to
disintegration of the West Antarctic ice sheet, as has been suggested.

NTERPRETATION OF THE AGE AND
mode of origin of the ice sheets and ice
caps has been difficult because drag and
melting at the base of these ice sheets may
have disturbed or removed the record in the
deepest and oldest ice. Studies of oxygen
isotopes (3'80) and pollen concentrations in
a core from the top of the flow line on
Agassiz ice cap, Ellesmere Island, Canada

Terrain Sciences Division, Geological Survey of Canada,
Ottawa, Ontario K1A OES8.
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(Fig. 1), led to the conclusion that the
lowermost 3 m of ice were deposited during
the last (Sangamon) interglacial period (7).
The location must, therefore, have been ice-
free earlier during the same interglacial.
Because of certain similarities among this
core and others drilled from the same ice cap
and on Devon ice cap, this interpretation
was extended to include the Canadian Arctic
Island (CAI) ice caps in general (Fig. 1) (1).
A similar origin for the basal ice in the ice
cores from Camp Century (CC) and Dye-3

(D3) (Fig. 1) has been cursorily suggested
(2, 3), and a study of diatoms in the basal
debris of the CC core showed that this drill
site was ice-free during some interglacial in
the past (4). In this report, I review the
record from the Greenland and Antarctic
cores to evaluate the possibility that the ice-
free period at the CC and D3 drill sites was
the last interglacial (5).

I use Core 79 from Agassiz ice cap (Fig.
2) as representative of all the CAI cores
(Table 1) because it is from a drill site close
to the top of the flow line and has been
intensively studied (1, 6-8). Byrd and Vos-
tok cores are from Antarctica; D3 and CC
are located on the Greenland ice cap. Dating
for all these cores has been achieved by
various methods (9-11) but is largely specu-
lative beyond 13 ka (2, 12). However, for
assessing the age of the basal ice with respect
to the last interglacial, a rough time scale is
adequate.

There are three main sections in the 3'30
record of the CAI and Greenland cores (Fig.
1): (i) an uppermost one (A in Fig. 1)
representing the present interglacial period
(0 to 10 ka); (ii) a middle section (B) with
more negative values representing the last
glaciation (10 to 110 ka); and (iii) a lower-
most section (C), where 8'80 values are less
negative again. In general, negative 80
values represent cold climatic conditions and
less negative values, warmer conditions. The
3'%0 records, together with ice texture and
cation, pollen, and microparticle concentra-
tions (1, 9, 13, 14), indicate that the CAI
cores include these three ice core sections
even though the CAI ice caps are much
thinner than the ice sheets of Greenland and
Antarctica (Table I). The Vostok core,
which does not reach bedrock, includes all
these sections, spans the entire last intergla-
cial period, and includes also part of the
glacial period before that (3). The Byrd core
covers the top two sections (11) and has
been arguably considered to include Sanga-
mon ice at its base (15).

Comparisons between the observed %0
values of the basal and mean Holocene ice in
the CAI and Greenland ice cores suggest
that the basal ice in all these cores was
deposited during an interglacial climate (Ta-
ble 2). However, correction of the Green-
land ice core data is necessary to account for
the effect of elevation on the basal §'%0
values (17, 18): because of the nature of
glacier flow, the deepest ice forms from
snow deposited on the surface well up the
flow line, and $'®0 values become more
negative with increasing elevation in Green-
land (16). Correction of the CAI data is not
necessary as, at present, elevation is not
related to 8'%0 values in the Canadian Arctic
Islands (19), and the cores I am considering
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