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We recently demonstrated that simple molecular crystals rich
in hydrogen bonds adsorb, orient, and overgrow a surprising
variety of biopolymers on specific faces.1 Such protein- and
oligonucleotide-containing mixed crystals inform biopolymer
recognition mechanisms and are suited to studies of anisotropic
molecular properties. Moreover, biopolymers trapped in single
crystals might experience substantial kinetic stabilization. Here,
we demonstrate that green fluorescent protein (GFP),2 first isolated
from the jellyfishAequoreaVictoria, can be oriented and stabilized
in its native conformation in single crystals ofR-lactose mono-
hydrate, and subsequently released into solution in its native state
by dissolution of the matrix.

GFP is fluorescent due to ap-hydroxybenzylideneimidazolinone
chromophore that is formed in an autocatalytic posttranslational
cyclization, dehydration, and oxidation of three residues,65Ser-
Tyr-Gly67, buried within the cylindrical, 11-strandedâ-barrel (∼42
Å height and∼24 Å diameter, 238 amino acids, 27 kDa). Native
GFP has chromophore-derived absorption maxima at 395 and 475
nm corresponding to the phenol and phenolate, respectively, both
of which emit from the deprotonated excited state at 508 nm.3

GFP was chosen for this study because it is known to fluoresce
only in its native conformation. Upon denaturation, the interior
of the barrel is exposed, and the chromophore fluorescence is
rapidly quenched.4 R-Lactose monohydrate (LM) was selected
as a host because it is pH neutral and produces well-formed
crystals (a ) 7.982(2) Å,b ) 21.562(3) Å,c ) 4.824(1) Å,â )
109.57(3)°, space groupP21, Z ) 2).5 Crystals grow best by
evaporation of water from a supersaturated solution only after
deionizing theR-lactose (Aldrich) by first passing the solution
through both cation- and anion-exchange columns.6 When 40µL
of a 1 mg/mL GFP (Clontech) solution (10 mM tris-HCl, pH 8,
10 mM EDTA) was mixed with 0.5 mL of a 1.15 M aqueous

lactose solution and allowed to stand for 3-4 days at room
temperature in a 24-well plate, crystals were deposited. Crystals
display a hatchet morphology having a broad base (010) further
bounded by{100}, {110}, {11h0}, and{01h1}; small (01h0) and
{15h0} faces are also occasionally present (Figure 1). LM crystals
are polar and grow rapidly in the [010] direction, with virtually
no growth in the [01h0] direction. When illuminated with a long
wavelength UV lamp, the crystals exhibited a bright green
fluorescence (Figure 1), localized within a sharply defined
pyramid corresponding to the (010) growth sector.7 This indicates
that the GFP is selectively recognized and overgrown by the (010)
face in preference to the others.1 More importantly, it is strong
evidence that GFP is in its native conformation. The molar ratio8

of GFP to lactose in one of these crystals is roughly 1:106; each
GFP molecule is as large as∼180 lactose molecules.

The emission energy and excited-state lifetime of GFP in LM
were measured while exciting at the long-wavelength absorption
band (λex ) 470 nm) to prevent photobleaching.9 The data are
comparable to those from GFP in other environments, although
the lifetime is curiously shorter in condensed lactose phases. The
relevant data are summarized in Table 1.

The emission anisotropy for LM/GFP as a function of polariza-
tion of the excitation in the (100) and (010) faces was marginal
(10% differences in fluorescence). Nevertheless, the fluorescence
maxima were consistent when the exciting light and the emitted
light were polarized parallel tob for light incident on (100) and
nearly parallel toa for light incident on (010).11

The GFP steady-state fluorescence intensity was measured as
a function of time and temperature in three environments:
saturated aqueousR-lactose solution, lyophilizedR-lactose, and
crystalline LM. As shown in Figure 2, both the solution and
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Figure 1. Photograph illustrating fluorescence from a LM/GFP mixed
crystal (1.8 (h)× 0.8 (w)× 0.5 (d) mm3) with an idealized representation
of habit. Sides of the crystal in the photograph are bright due to internal
reflection.
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lyophilized preparations lost nearly half of the fluorescence at
333K within 1 h; surprisingly, the lyophilized sample was not
more thermally stable than the solution over this time period. On
the other hand, the crystal showed no change at 333 or even 343
K. It is reasonable to expect that encasing a protein in a crystal
would retard the internal dynamics necessary for unfolding. The
leveling off of the decay in the lyophilized sample may indicate
that some of the GFP is genuinely incorporated in crystallites.

As it is conceivable that GFP can unfold in LM crystals without
fluorescence-quenching, we monitored the rise in fluorescence
on dissolution of the mixed crystals. After placing several crystals
in water, an immediate onset in the solution fluorescence was
observed, followed by a steady increase as the crystals dissolved.
To further test the possibility that denatured GFPinsidethe LM
crystals might still be fluorescent we synthesized a derivative of
the “naked chromophore” (1) using a modification of the
procedure by Tsuji and co-workers.12,13Its X-ray crystal structure

revealed the cis stereochemistry at the exocyclic double bond
(Figure 3).14 Unfortunately, growing LM crystals did not incor-
porate detectable quantities of the synthesized chromophore,
underscoring the fact that isomorphism is not the requisite
condition for forming unusual mixed crystals, but rather the
persistence of surface interactions.

Recently, proteins encapsulated in porous, silica-based sol-
gels have been shown to retain their structure and activity.15 In
some cases, proteins were more stable,16 but in others they were
less so.17 Crystals, like sol-gels, should also limit large confor-
mational fluctuations of included proteins, thereby retarding
denaturation, and consequently should be considered as containers
for storing and analyzing biopolymers.18 The kinetic stabilization
of GFP in LM crystals shown here is one realization of this
proposition. As a variety of GFP mutants are now available, we
will in the future study the effect of primary and secondary
structural perturbations on the process of mixed-crystal growth.
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Figure 2. Decay of steady-state fluorescence of GFP at 333 K in several
environments: mixed crystal LM/GFP (2), saturated lactose solution (9),
lyophilized LM ([).

Table 1. Energy and Lifetime of Fluorescence from GFP

λex (nm) λem (nm) τ(σ) (ns) ø2

aqueous solution 470 507 2.86(6) 1.10
saturated aqueous

LM solution
470 509 2.640(3) 1.07

single GFP crystal10 395 512 3.30(9)
lyophilized lactose 470 503 2.29(6) 1.06
single crystal LM 470 515 2.2(1) 1.05

Figure 3. ORTEP representation (50% probability) of1.
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