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FIGURE 1 Ribbon diagram of the Citrine molecule and chromophore. The

chromophore consists of the main chromophore and Tyrzo3 . The coordinate
axes embedded in the Tyr*® phenol are used in the discussion in this article.

projects into the interior of the B-barrel. The main chromo-
phore is attached to a 3-10 helix that threads through the
center of the (-barrel. The top and bottom of the B-barrel
consist of loops and the N-terminus o-helix.

We showed previously that the pressure-induced reorien-
tation of the main chromophore and the Tyr?** phenol leads
to a shift in the fluorescence peak of the Citrine from 527 nm
at ambient pressure to 510 nm at pressures >350 MPa (13).
As the pressure applied to Citrine is increased from ambient
pressure to 500 MPa, the main chromophore moves contin-
uously by =0.5 A in the positive y-direction shown in Fig. 1
and =0.4 A in the positive x-direction from its ambient
pressure position relative to Tyr*>*. This small deformation
removes the perturbing influence of Tyr*** and permits the
main chromophore to return to its green fluorescent state.
An estimate of the effect of removing this perturbation on
the fluorescence peak of Citrine is included in Section S1
of the Supporting Material.

To understand what global structural changes in the scaf-
fold of Citrine are responsible for the local deformation
observed at the chromophore, we analyzed the motion of
individual residues as well as groups of residues in the
crystal structures obtained at high pressure. The results of
this analysis show that the chromophore motion is actuated
by the concerted, differential motion of two groups of resi-
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dues in the @-barrel wall and central 3-10 helix of the Citrine
molecule. These results support the view that small global
changes to the structure of a protein can be communicated
to the active site and greatly affect its function. They also
suggest that protein function may be modified by introducing
mutations that affect the relative positions and motion of
clusters of residues that may exist within a single domain
of the protein.

EXPERIMENTAL PROCEDURES

Crystals of Citrine were grown as described previously (13). A closely
spaced series of high-pressure structures of Citrine were solved using the
high-pressure cryocooling x-ray crystallography technique developed by
Kim et al. (8). Briefly, a protein crystal is pressurized with helium gas and
is then cooled to 77 K, locking in collective pressure-induced structural
changes (8,9). After pressure release, the protein molecules composing the
crystal will retain many of the collective changes of the pressurized state,
as long as the crystal temperature remains well below the protein glass tran-
sition temperature (9,14,21). Citrine crystals were prepared at pressures
ranging from 50 to 500 MPa (13). Each structure at every pressure is derived
from a different crystal at cryogenic temperatures. The high resolution limit
of the datasets was typically <2 A (13). The Citrine structures used in this
analysis are listed in Table S1.

The fluorescence spectra of high-pressure cryocooled Citrine samples
were recorded using a custom microspectrophotometer described previously
(13). As the fluorescence spectra of YFPs are known to be sensitive to
changes in solution pH (22), the choice of buffer was considered carefully.
Citrine displayed a similar response to pressure under various buffers at
room temperature (Section S2 of the Supporting Material), in agreement
with reports that Citrine is less sensitive to changes in pH than other
Aequorea YFPs (20). Nonetheless, buffers with low volume changes of ioni-
zation were selected to stabilize the pH for crystallization and spectroscopy
(23,24).

To calculate the overall volume reduction of Citrine, the external surface
and surfaces of internal cavities present in each solvent-stripped structure
were identified and traced with the reduced surface computation program
MSMS (25) using a 1.2 A radius probe. The surfaces identified by MSMS
were used to compute the volume enclosed by the external surface of each
Citrine structure (the excluded volume) and the volumes of the cavities
present in the interior of each Citrine structure. The net volume of each struc-
ture was computed by subtracting the total internal cavity volume from the
excluded volume of the structure.

Clusters of residues that move in concert with increasing pressure in the
series of Citrine atomic structures were identified using the heuristic clus-
tering algorithm, rRiGiMoL (DeLano Scientific LLC, Palo Alto, CA). Input
coordinate files to RIGIMOL were prepared with PYMOL (DeLano Scientific
LLC). Structural properties of Citrine atomic structures such as inertia
tensors, centers of mass, and principal axes were computed using custom
software implemented in PYTHON with use of the NUMPY numerical library.
Fitting of structural parameters was carried out using the IPYTHON program
and the NUmMPY and scipy numerical libraries. Detailed discussion of the
clustering algorithm and inertia tensor analysis can be found in Section S3
of the Supporting Material.

RESULTS

Nonisotropic volume reduction of Citrine under
pressure

The deformation of Citrine due to pressure is very small in
comparison to the overall dimension of the molecule. The
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FIGURE 2 Average distance deviation between a-carbons of Citrine at
0.1 and 400 MPa versus residue number. Deviations below the gray band
at 0.2 A are at the uncertainty of the measurement.

superimposed structures of Citrine at 0.1 and 400 MPa are
shown in Fig. S6. The overall volume of Citrine decreased
by ~300 A®, or 1.1%, over the 500 MPa pressure range
investigated (Section S4 and Fig. S7 of the Supporting Mate-
rial), consistent with reported values of protein compress-
ibility (26). The displacement of the «-carbons over this
pressure range is small in magnitude when compared to
the overall dimension of the protein. A plot of the average
displacement of the a-carbon of each residue under a pressure
increase from ambient pressure to 400 MPa is shown in
Fig. 2. We estimate that the uncertainty in the displacements
of the a-carbons is =0.2 A, as indicated by the apparent
“noise threshold” in Fig. 2 (9,11). In addition to the
displacements seen at the disordered N-terminus of Citrine,
there are numerous residues that were displaced by several
times the noise threshold. Two notable displacements high-
lighted in Fig. 2 are the pressure-induced displacements of
the main chromophore and Tyr203, consistent with our
previous report of the deformation of the chromophore
(13). It is important to emphasize that although there are
likely many residues in the structure of Citrine where the
displacement due to pressurization is <0.2 A, the positional
uncertainties (27) on the Citrine structures do not permit the
definitive identification of displacements smaller than the
noise threshold (9,11) (Section S5 and Table S1 of the Sup-
porting Material).

It is noted that the magnitudes of the residue displace-
ments are nonuniform, suggesting the nonisotropic nature
of the compression of Citrine, despite Citrine’s overall linear
volume reduction with pressure (Section S4 and Fig. S7 of
the Supporting Material). Consistent with this, a distance dif-
ference matrix of the structures at 0.1 and 400 MPa show
both the contraction and expansion of distances between
residue pairs (Section S6 and Fig. S8 of the Supporting
Material). If the compression of Citrine under high pressure
were isotropic and homogeneous, we would expect that the
relative orientation of the two elements of the chromophore
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would be retained with increasing pressure. However, the
two chromophore elements slide apart with very little change
in vertical separation with increasing pressure (13).

Principal axis and clustering analysis of Citrine
compression

To further quantify the nonisotropic compression of Citrine,
we analyzed the relative motion of clusters of atoms in the
series of high-pressure Citrine structures. The (-barrel and
the central 3-10 helix of Citrine were extracted from the
series of high-pressure structures and aligned using the least
squares fitting algorithm incorporated into PYMOL. The
clustering algorithm RrRiGiMoL was used to identify clusters
of atoms that move in concert with increased pressure.
This analysis was restricted to the $-barrel and central 3-10
helix to avoid domination of the analysis by the disordered
regions of the protein. The identification of clusters was
found to be very reproducible, largely independent of choice
of input structures (RIGIMOL can only take one structure per
pressure as input), clustering algorithm parameters, and
structural refinement method. (A description of the valida-
tion tests carried out on the RIGIMOL algorithm may be found
in Section S3 of the Supporting Material.)

The clustering algorithm identified two clusters of atoms
in the (-barrel and central 3-10 helix of Citrine that move
with respect to one another as the pressure applied to the
Citrine molecule is increased (Fig. 3). An important feature
of the cluster assignment is that the perturbing Tyr*® is
attached to cluster 1, whereas the main chromophore is
attached to cluster 2. Over the investigated pressure range,
the center of mass of cluster 1, containing the perturbing
Tyr**? ring, moves by =—0.2 A in the x-direction with
respect to that of cluster 2, which contains the main chromo-
phore. For ease of reference, the coordinate axes used in this
discussion are the same as those used by us in our prior work
on the deformation of the chromophore of Citrine (13). This
coordinate system is shown in Figs. 1 and 5. The cluster 1
center of mass appears to move relative to cluster 2 in the
y-direction. However, this y-direction motion is small in
comparison to the uncertainty on this motion, especially
the displacement at 400 MPa. For this reason, it is difficult
to discern if this motion is linear, perhaps extending to
=-0.05 A by 500 MPa, or curved; returning to =0.0 A
at 500 MPa. There is no discernible motion in the z-direction.

Principal axis analysis shows that another component of
the cluster movement is rotation. The principal axes of each
cluster were found by computing the eigenvectors of the
cluster’s inertia tensor using the NUMPY numerical library.
The principal axes were shown to rotate relative to one
another by 1°-2° over 500 MPa (Figs. 4 and 5), suggesting
a slight bending of the Citrine (-barrel wall. Consistent
with this bending, principal axis analysis of the entire
B-barrel wall suggests a redistribution of mass toward the
side of the @-barrel wall containing Tyr*** (Section S7 of

Biophysical Journal 97(6) 1719-1727



1722

\Cluster 2
(back side of
B-barrel wall)

Cluster 1 (front side
of B-barrel wall)

Main
Chromophore

\— Tyrosine 203

FIGURE 3 Clusters identified in the §-barrel walls and central 3-10 helix
of the Citrine molecule that move in concert under high-pressure perturba-
tion. Note that the main chromophore is attached to cluster 2, whereas the
perturbing Tyr*®® ring is attached to cluster 1. The main chromophore is
colored light blue.

the Supporting Material). To investigate the effect of cluster
motion on the chromophore, the pressure-induced translation
and rotation of cluster 1 relative to cluster 2 were extracted
and applied to Tyr*® of the ambient pressure structure,
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keeping the main chromophore fixed. Under these opera-
tions, Tyr’*> moved in the negative x- and y-directions with
respect to the main chromophore, consistent with the actual
direction of movement observed at high pressure (13)
(Fig. 5). This result suggests that the cluster translation,
coupled with the slight rotation of the principal axes of the
clusters, could possibly produce sufficient leverage to
actuate the relative motion of the two elements of the Citrine

chromophore.

Perturbation of hydrogen bonding network
in chromophore cavity

We reported previously that the fluorescence peak of Citrine
shifts to the blue with increasing pressure (13). Accompa-
nying this blue-shift is a considerable reduction in fluores-
cence intensity, implying either a reduction in the quantum
yield, a change in the absorption spectrum of Citrine, or
both. The fluorescence peak intensity of Citrine solutions,
high-pressure cryocooled at a range of pressures from 50
to 360 MPa, is shown in Fig. 6. The fluorescence peak inten-
sity initially increases, from 0.1 MPa to 50 MPa, and then
decreases. By a pressure of 200 MPa, the peak Citrine fluo-
rescence intensity is =1/100th of its value at 50 MPa.
Reports by Mauring et al. (28) and Ganesan et al. (29)
suggest that the fluorescence intensity of Citrine may be
modulated by the length of the hydrogen bond between the
chromophore phenolic oxygen and the o;-nitrogen of
His'*®. The His'*® 6,-nitrogen to chromophore phenolic
oxygen bond increases by 0.4 A under a pressure increase
from 0.1 to 500 MPa (Fig. 7).

In addition to the His'*® ¢;-nitrogen to chromophore
phenolic oxygen bond, the main chromophore is stabilized
by several other hydrogen bonds. A simplified schematic
of the hydrogen-bonding network stabilizing the Citrine
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