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a b s t r a c t

Flash photolysis has been used extensively in the advancement of our understanding of the electron
transfer reactivity of metalloproteins and in investigation of the kinetic complexities of electron transfer-
initiated protein folding. Additional opportunities for the use of flash photolysis to understand the
functional properties of metalloproteins have been afforded through the use of photoactive caged com-
plexes. This review surveys the uses of caged complexes to the study of metalloproteins that have been
reported and considers the potential for expanded use of photoactive caged complexes that have not yet
hemistry, on the occasion of his 75th
irthday.

eywords:
lash photolysis
etalloproteins

been applied in this manner.
© 2010 Elsevier B.V. All rights reserved.
aged reagents
H-jump
. Introduction

Following the initial reports of Norrish and Porter [1–3] that a
rief, highly intense light burst can be used to initiate photochem-

∗ Corresponding author at: Department of Biochemistry and Molecular Biology,
ife Sciences Centre, University of British Columbia, 2350 Health Sciences Mall,
ancouver, BC V6T 1Z3, Canada.

E-mail address: mauk@interchange.ubc.ca (A.G. Mauk).

010-8545/$ – see front matter © 2010 Elsevier B.V. All rights reserved.
oi:10.1016/j.ccr.2010.11.025
ical reactions and enable the spectroscopic detection of transient
chemical species, this method was soon applied to the investiga-
tion of biological processes. Early biological applications of flash
photolysis concerned the visual pigment rhodopsin [4], the pho-
tosynthetic pigment chlorophyll [5,6], and rebinding of carbon

monoxide to hemoglobin [7,8]. Subsequently, DeVault and Chance
used flash photolysis of photosynthetic proteins at cryogenic tem-
perature to provide the first experimental evidence for electron
tunneling in a biological electron transfer reaction [9,10]. Together,
these pioneering studies demonstrated the value of flash photoly-

dx.doi.org/10.1016/j.ccr.2010.11.025
http://www.sciencedirect.com/science/journal/00108545
http://www.elsevier.com/locate/ccr
mailto:mauk@interchange.ubc.ca
dx.doi.org/10.1016/j.ccr.2010.11.025
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is spectroscopy as a means of characterizing the kinetics of rapid
hemical processes in biological systems and led to development of
ncreasingly sophisticated instrumentation and chemical strategies
or use in biological studies. These improvements in technologies in
urn resulted in the application of flash photolysis to investigation
f a broader range of biological phenomena.

While these pioneering studies focused on chemical systems
hat are inherently photosensitive, the use of small, photoactive

olecules to initiate chemical reactions involving photolytically
nreactive biological systems made flash photolysis far more
enerally applicable. Thus, flavins [11,12], inorganic coordination
ompounds [13], and reduced pyridine nucleotides (NADH) [14]
ere useful reagents for the study of metalloprotein electron trans-

er kinetics and have been used by a number of investigators to
haracterize an increasing number of biological systems. The use
f photoactive reagents in this way has been refined subsequently
y Gray and colleagues through the design and synthesis of enzyme
ubstrate analogues with appended photoactive functional groups.
hese molecular “wires” enable photo-initiated electron transfer to
tructurally inaccessible active sites that otherwise exhibit little or
o photochemical response to exogenous reagents [15–17].

Another category of small, photoactive reagents that has been
eveloped over the past 30 years for use in flash photolysis exper-

ments is comprised of compounds that undergo rapid photolytic
elease of a chemical species to initiate a chemical reaction. Follow-
ng the terminology introduced by Kaplan et al. [18], reagents of this
ype are generally referred to as “caged” compounds, a term that has
ad a variety of alternative chemical meanings in other contexts.
he first reports of caged compounds of this type concerned caged
AMP [19] and caged ATP [18]. Since then, a great number of pho-
oactive caged complexes has been reported that permit the rapid
ut controlled release of a wide range of biologically active chemical
pecies that vary in complexity from protons (vide infra) to proteins
20–24]. The current review surveys those caged compounds that
ave been used in or may have the potential for use in mechanistic
tudies of metalloproteins in aqueous solution. From this survey,
t should be apparent that although the value of this experimen-
al approach has been well established, many new and informative
pportunities remain to be developed through application of this
echnology.

. pH-jump reagents

Among the earliest type of flash photolysis reagents to be
eported are those capable of inducing rapid changes in solution

H. This early start can be credited in part to Weber, who in 1931
bserved that the absorption and fluorescence emission spectra of
-naphthylamine-4-sulfonate (1a) exhibit different dependences
n pH [25]. This report sparked considerable activity concerning
nvestigation of the acid–base equilibria of molecules in the excited

able 1
inetic and thermodynamic parameters of reagents used in pH- and pOH-jump experime

Compound Jumpa �ex (nm) pK

Pyranine (8-hydroxypyrene-1,3,6-trisulfonate) pH- 347.2 7.

2-Naphthol-3,6-disulfonate pH- 347.2

2-Naphthol-6-sulfonate pH- 347.2 9.

Triphenylmethane leucohydroxide pOH-
6-Methoxy-quinoline pOH 5.
Acridine pOH 5.

a pH- and pOH- denote, respectively, the photoacidic and photobasic character of the r
b kact is the rate constant for proton dissociation of photoacids or proton abstraction fo
Fig. 1. Simplified Jablonski diagram illustrating a thermodynamic cycle for excited-
state proton transfer.

state (Fig. 1). One consequence of this work and related studies con-
cerning excited-state proton transfer by Förster [26] and Weller
[27] among others was recognition by the groups of Winn [28],
Gutman [29] and Irie [30] that this phenomenon can be used as a
means to perturb chemical and biological systems.

In principle, any molecule that exhibits a pKa shift upon elec-
tronic excitation could be used for pH-jump studies, but the
suitability of a reagent for this purpose depends on many fac-
tors [31,32]. As with all reagents reviewed here (Plate 1), pH-jump
reagents must be sufficiently soluble in water. The magnitude of
photo-initiated pH change will depend on the photochemical quan-
tum yield (˚pc), the concentration of reagent and the change in pKa

between the ground and the excited states. These reagents should
also be chemically inert with respect to the analyte. Reactions
between analyte and reagent should be limited to proton trans-
fer reactions unless, as in the studies by Gutman et al. [33–36], the
experimental results are derived from absorbance and fluorescence
changes of the reagents that are modulated by their non-covalent
interactions with the analyte. Next, reagents should exhibit either
mildly alkaline or acidic pKas in the ground-state and a substantial
pKa shift upon excitation (�pKa ∼3–7 pH units; Table 1) so that pro-
ton transfer reactions are energetically favourable. The compilation
by Ireland and Wyatt [37] of ground- and excited-state pKa values

of a wide range of organic compounds which exhibit photo-induced
pKa shifts is a valuable source of such information. This database
has been augmented over the years [38–40] and, more recently, it
has been expanded by Vos to include a number of [Ru(bipy)2L]2+

complexes [41]. In cases where these data are unavailable for a

nts.

a pK∗
a kact

b (×109 s−1) krecomb (×109 M−1 s−1) Refs.

7 0.5 10 160 [33]
1.4 32 [252]

[253]
0.5 31 70 [253]

[254]
1 1.6 1.02 90 [37]

[28]

18 5.2 [37]
5 10.6 [37]

eagent.
r photobases.
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Plate 1. Reagents for pH-jump experiments. (1) Naphthalene derivatives: (a) 1-naphthylamine-4-sulfonate (R1 = NH2, R4 = SO3
−), (b) 2-naphthol-6-sulfonate

(R2 = OH, R6 = SO3
−), (c) 2-naphtol-3,6-disulfonate (R2 = OH, R3 = R6 = SO3

−), (d) 1-(2-nitroethyl)-2-naphthol (R1 = CH2CH2NO2, R2 = OH); (2) 4-(dimethylamino),4′-
(trimethylammonium)triphenylmethanol iodide; (3) 6-methoxy-quinoline; (4) acridine; (5) 8-hydroxypyrene-1,3,6-trisulfonate (pyranine); (6) (a) ortho-nitrobenzaldehyde
( id (FM
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R1 = R2 = H) and its derivatives: (b) 4-formyl-6-methoxy-3-nitrophenoxyacetic ac
1 = R2 = OCH3), (d) 4-chloro-2-nitrobenzaldehyde (CNBA: R1 = H, R2 = Cl); (7a) 2-hy
7b) 1-(2-nitrophenyl)ethyl sulfate (caged sulfate, R = SO3

−; see table 2 for more de
r 4-NCC6H4CO2); (9) (coumarin-4-yl)methyl esters (R1 = SO3

− , SO2CH3, or PO(OEt)

articular reagent, the �pKa has been estimated with the Förster
quation (Eq. (1); Ref. [42]) on the basis of the known pKa of the
round-state at a desired temperature (T in K) and the 0–0 transi-
ion frequencies of the conjugate acid/base (�̄HA and �̄A− (cm−1),
espectively).

pK = pKa − pK∗
a = 0.625

T
× (�̄HA − �̄A− ) (1)

his approach is a practical alternative to fluorescence pH titration
r life-time measurements [43], but the results can be subject to sig-
ificant error. This problem stems in part from complications in the

dentification of 0–0 transitions in fluorescence spectra that often
ack sufficient fine structure to permit accurate determination of
mission maxima. Ireland and Wyatt cite a deviation of ∼1 pK unit
hen the combined uncertainty is as small as 4 nm in the near-UV

egion of the spectrum. Nevertheless, many investigators consider
he sign of the result (i.e., of �pKa) sufficient to learn whether a
ompound will act as a photoacid or base. Moreover, the magnitude
f the pH-jump is generally measured empirically with pH indica-
ors, and, ultimately, the rate of photoactivation is a more important
onsideration for time-resolved measurements than thermody-
amics. The foremost requirement is that proton/hydroxide ion
elease must be competitive with radiative and non-radiative fluo-
escence decay processes of the reagent because these compounds
ct as strong photoacids or bases only while in the excited state
compare cases 1–3 starting on page 66 of Ref. [44]). Upon relax-
tion to the ground state, the pKas shift to their pre-pulse value
nd reverse the pH-jump following second-order kinetics so that
he pH change lasts up to a few hundreds of microseconds.

.1. pH-jump up

Relatively few studies have featured flash photolysis to
ncrease solution pH. Irie proposed using triphenylmethane leu-
ohydroxide for this purpose because it exhibits a ˚ ∼0.25
n water and enhanced solubility upon derivatization (e.g.,
-(dimethylamino),4′-(trimethylammonium) triphenylmethanol
odide, (2) [30]). Concentrations of these reagents in the mil-
imolar range can increase solution pH substantially (∼4.5 pH
nits) [30] following the photo-induced heterolytic cleavage of
he reagent into a hydroxide ion and a coloured, highly sta-
le triaryl carbocation (k > 1 × 108 s−1 [45]). Abbruzzetti et al.
NA: R1 = OCH3, R2 = OCH2CO2H), (c) 4,5-methoxy-2-nitrobenzaldehyde (DMNBA:
phenyl-1-(2-nitrophenyl)ethyl phosphate (HPP, R = 2-hydroxyphenyl-phosphate),
es); (8) N,N-diethyl �-ketomide (LG = CH3CO2H, (C6H6)CHCO2, BocNHCH(CH3)CO2

nd R3 = H, OCH3, N(CH3)2).

subsequently demonstrated that multi-exponential return to the
pre-pulse pH consists of a fast, pH-independent phase associated
with a type of geminate recombination (k ∼1 × 107 s−1) and two
slower heterogeneous recombination processes (k ∼2.7 × 104 and
3.0 × 103 s−1)[45]. When monitoring the pOH-jump with an indi-
cator (bromoxylenol), the pH rose within ∼30 �s to a value that
was stable for at least 20 ms. Considering the intense absorbance
of the triaryl carbocation, however, it should also have been possi-
ble to evaluate the hydroxide pulse based on spectrophotometric
monitoring of the carbocation.

An alternative mechanism to excited-state hydroxide ion
release for the rapid alkalinization is provided by compounds such
as 6-methoxiquinoline (3) that generate a hydroxide ion in situ.
With an excited-state lifetime and pK∗

a of 1.6 ns and 11.9, respec-
tively [46], Gutman and Nachliel reasoned that collisional proton
transfer is too improbable within the lifetime of the excited state
and at mildly alkaline pH to account for the observed protonation
time constant of 3 ns. Therefore, these authors suspected that the
reagent actively abstracts a proton from the water that solvates
the compound in solution to generate a hydroxide ion that escapes
electrostatic pairing with the protonated quinoline [46,47]. Upon
return to the ground state, the proton recombines with the hydrox-
ide ion by hopping between any suitable proton acceptor, thus
reversing the pH change. In a study conducted on halorhodopsin,
however, this relaxation did not happen before the pOH pulse effec-
tively deprotonated the Schiff base of retinal and triggered the
unfolding of the protein [46]. One important caveat concerning the
use of 6-methoxyquinoline (and the analogous acridine (4)) is that
depending on the pre-pulse pH relative to the pKa of indicators or
other analytes present in the solution, this reagent can appear to
acidify the solution by undergoing collisional proton transfers to
these reporting agents [47].

2.2. pH-jump down

Gutman and co-workers have also conducted extensive and
systematic studies on the dynamics of proton transfer reactions

that acidify solutions using predominantly hydroxyarenes like
8-hydroxypyrene-1,3,6-trisulfonate (pyranine, (5)) and other, sul-
fonated naphthols (e.g., (1b) and (c), reviewed in [48]). Establishing
at each step the physical foundations for the interpretation of
results, these authors extended their studies to biological systems.
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f particular interest was the manner in which microenvironments
mmediately around and within proteins [33,34,46,49–52], within
on channels [36], and at the surface of lipid bilayers [35] influence
rotonation reactions to reveal information about the microenvi-
onments themselves. In one study, for example, the authors found
hat one pyranine molecule binds tightly and reversibly within
he heme pocket of apo-myoglobin [34]. It was estimated that
he pH within this cavity reached a value ∼0 upon illumination.
nder conventional equilibrium conditions, this pH is sufficiently
cidic to denature the protein. However, because this acidic pH
as generated within the confines of the heme pocket rather

han in bulk solution, the rate for recombination was enhanced to
estore native conditions before the slower unfolding events could
ccur. In water, photo-induced proton release from this dye is fast
kdiss = 1 × 1010 s−1) and capable of reducing the solution pH by 3–5
nits [31]. In contrast, proton release from the myoglobin-bound
yranine was 93% slower (kdiss = 6.9 × 108 s−1), reflecting a low
ater activity in this environment (aw = 0.67, which is equivalent to

he activity of water in a concentrated salt solution) and providing
measure of the strong interaction of (∼60, closely-packed) water
olecules with residues lining the cavity. By comparison, the water

ctivity determined from a similar study with a pyranine–albumin
omplex was aw = 0.85 [33]. In a different study, Gutman and Hup-
ert encapsulated 2-naphthol-3,6-disulfonate ((1c); rate for proton

9 −1
issociation from this reagent = 1.02 × 10 s [28]) within lipo-
omes [29] and determined that although this reagent cannot
ermeate the lipid membrane, photolysis results in a ∼104-fold

ncrease in proton concentration within the liposome. Thus, intense
hotolysis poises a proton-motive force (��H+) estimated to be

able 2
eaving group of 1-(2-nitrophenyl)ethyl caged compounds and physical parameters asso

Cage name Leaving group R

1-(2-Nitrophenyl)ethyl sulfate (NPE sulfate)

1-(2-Nitrophenyl)ethyl phosphate (caged
phosphate)

1-(2-Nitrophenyl)ethyl methyl phosphate
(caged methyl phosphate)

N-1-(2-nitrobenzyl) ethoxycarbonyl-l-serine d

2-Hydroxyphenyl 1-(2-nitrophenyl) ethyl
phosphate (caged HPP)

1-(2-Nitrophenyl)ethyl
adenosine-5′-triphosphate (caged ATP)

a Ground state pKa of caged reagent prior to photolysis.
b pKa of leaving group after photolysis.
c Other amino acids have been protected with a 4,4-dimethoxy-nitrophenyl group acco
istry Reviews 255 (2011) 737–756

180–240 mV which was proposed to be adequate to perturb the
energy-coupled reactions of oxidative phosphorylation.

Modification of hydroxyarenes has been explored in an effort
to improve various aspects of their performance. 2-Naphtol-3,6-
disulfonate, for example, exhibits greater aqueous solubility than
does 2-naphthol, but a sulfonate group is not as strongly electron-
withdrawing as a cyano group. This realization inspired Tolbert
and coworkers to investigate the properties of various cyano-
naphthols. Much of the work to characterize these so-called “super
photoacids” (reviewed in [39]) was carried out in organic sol-
vents where modifications of this type were seen to increase the
acidity of the naphthol group. Unfortunately, water quenches the
fluorescence of these compounds and thereby counteracts the
enhancements gained by the modifications [53].

More recently, Nunes et al. reported a persistent and
reversible acidification of aqueous solutions with 1-(2-nitroethyl)-
2-naphthol (NO2nH, (1d), Scheme 1) [32]. This derivative of
2-naphthol was synthesized following a rational design strat-
egy based on Formosinho’s Interacting-State Model [54–56] to
complement the rapid rate of proton dissociation from the naph-
thol hydroxyl group (kdiss ∼2 × 109 s−1) with the propensity from
a neighboring nitroalkane to transfer a proton to the resulting
hydroxide while still in the excited-state (kiESPT ∼3 × 108 s−1;
Scheme 1). The carbanion that forms on the aliphatic side

chain is very stable, so it reprotonates relatively slowly (kp

∼5 × 104 M−1s−1). Overall, these steps compete efficiently with
the fluorescence lifetime of the naphtholate (kfl ∼5 × 107 s−1) and
with the ion recombination that follows immediately to regen-
erate the starting reagent (krecomb ∼3 × 1012 M−1 s−1). Whereas

ciated with their light-induced acidification of solutions.

˚ pKa Ref.

gsa aci-b eqc

0.47 3.69 1.92 [60,69]

0.54 [255]

0.65 [77]

0.095–0.29 10.1 5.3 [77]

0.63 [255]

[71]

rding to Patchornik et al. [256].
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cheme 1. Mechanism for the photolysis 1-(2-nitroethyl)-2-naphthol and the per-
istent but reversible change in solution pH-jump.
dapted from Ref. [32].

he pH-jump generated with ∼4 mM nitrobenzaldehyde (NBA, (6))
olution persisted ∼500 �s before reverting to nearly the initial
H by ∼1 ms, flash photolysis of a 200 �M solution of NO2nH
ith 10 �M bromocresol green in a 2% methanol/water solution

emained acidic for a considerably longer period (>5 ms). It is rea-
onable to assume that sulfonation of NO2nH can improve its
olubility in water (thus obviating the need for methanol) to per-
it its use in studies of proteins without exerting a significant

eleterious effect on the other properties of the reagent.
A popular class of pH-jump reagent that fulfills more closely the

ole of a “caged” complex as first envisioned by Hoffman and co-
orkers [18] is based on 2-nitrobenzaldehyde (o-NBA; (6)). This

eagent and its derivatives have been used extensively in stud-
es by the groups of Viappiani [57–68], Corrie [60,61,69], Terazima
70–72], Krishnamoorthy [73,74] and others [32,75–82]. o-NBA in

act affords a versatile platform for caging and delivering a myriad
f other bio-effectors upon photolysis, often with the release of an
ccompanying proton (e.g., caged ATP [83]; Table 2). For pH-jump
pplications, a noteworthy feature of these reagents is that the

Scheme 2. Mechanism for light-induced solution
dapted from Refs. [69,81].
istry Reviews 255 (2011) 737–756 741

chemical alterations of the cage that accompany proton release ren-
der the acidification irreversible. Non-photolytic changes in pH that
follow activation result from the mixing of the photoactivated vol-
ume with the surrounding solution that did not undergo photolysis
and the buffering by any indicator, buffer and analyte molecules
present in the solution.

The mechanism of proton release from o-NBA (illustrated in
Scheme 2 for 1-(2-nitrophenyl)ethyl caged analogues) has been
studied extensively by time-resolved techniques (e.g., [57,75,81]).
The chain of reactions (first observed as early as 1901 [84]) begins
from the first excited singlet state with an intramolecular proton
transfer from the aldehyde to the nitro group (kdiss ∼2 × 107 s−1

in water; [85]). This step deactivates the excited state through
�-electron reorganization [57], and it generates an o-quinonoid
[81], also referred to as an aci-nitro intermediate. Depending on
the solution pH, the protonated form of this intermediate, nitronic
acid, either deprotonates reversibly to its conjugate nitronate base
(pKa = 2–3.5; [57,85]), or it proceeds via a bicyclic benzisoxazo-
lidine intermediate to the final photoproduct, a nitrosobenzoic
acid [75]. Yip et al. have reported [81] a parallel pathway (for o-
nitrobenzyl p-cyanophenyl ether in acetonitrile) in which internal
conversion of the excited singlet to the triplet state leads to a simi-
lar intramolecular proton abstraction that yields a biradical species
with a maximum at ∼460 nm. This intermediate then re-enters
the first pathway through conversion to either the nitronic acid
and/or the bicyclic intermediate. In the absence of other species
that may buffer the solution, the pKa of the final photoproduct,
nitrosobenzoic acid (pKa ∼3.5 [57]), controls the final pH of the solu-
tion; the stability of the nitrosobenzoic acid renders the pH change
irreversible over longer periods (ms-s [57]) than those observed
with excited-state proton transfer mechanisms alone. In aqueous
solution, ˚pc for this reagent is 0.40–0.45.

The performance of o-NBA derivatives has undergone consider-
able study in an effort to modulate various aspects of proton release
from this reagent. The oxyacetate group of 4-formyl-6-methoxy-
3-nitrophenoxyacetic acid (6b) [76], for example, enhances the
solubility of the caged proton relative to the parent o-NBA. More-
over, this modification renders the reagent impermeable to lipid
bilayers and, therefore, amenable to compartmentalization and the
the other hand, results in a bathochromic shift in the absorption
maximum and increases the molar absorptivity as in 4,5-methoxy-
2-nitro-benzaldehyde (6c) [57]. A greater two-photon absorption
cross section in this case is a desirable property for the activation

acidification with o-NBA-based reagents.
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f proton release with near-IR radiation [86]. However, detrimen-
al consequences of the introduction of these electron-donating
roups into the phenyl ring are a ∼0.5 unit increase in the pKa of
he aci-nitro intermediate, a 50–80% decrease in the ˚pc, and a
eduction in the conversion rate to nitrosobenzoate that delays pH
tabilization from tens of nanoseconds to a few microseconds [57].
n contrast, an electron-donating chlorine at the 4-position of the
henyl ring (6d) fails to perturb appreciably either ˚pc or the pKa,
ut it appears to accelerate the formation of the nitrosobenzoate
hotoproduct beyond the detection limit of the instrument used in
he study [57]. George and Scaiano [75] have reported similar stud-
es on additional phenyl ring derivatives of o-NBA, but these studies
ave been conducted entirely in organic solvents and, therefore, are
ot considered further here.

The aldehyde group of o-NBA is the coupling site for the
ncapsulation of other bio-effectors by this cage. Consequently,
odifications of the aldehyde group have also been investigated in

n effort to modulate functionality and, for pH-jump experiments,
o enhance their proton-releasing characteristics. The highest pKa

f all the photoproducts generated limits the lowest solution
H achievable by photolysis. This property is illustrated in the
omparison of caged-“HPP” and “sulfate” (2-hydroxyphenyl-1-(2-
itrophenyl)ethyl phosphate (7a) [77] and 1-(2-nitrophenyl)ethyl
ulfate (7b), respectively) [69]. In these compounds, an ethyl ether
roup replaces the aldehyde to link either a 2-phosphophenol moi-
ty or a sulfate group to the aromatic ring at the position ortho to
he nitro group. Breakdown of the bicyclic intermediate following
hotolysis yields 2-nitrosoacetophenone rather than nitrosoben-
oate, so the spent cage does not buffer the final solution. Instead,
he other photoproducts that accompany proton release, namely a
-phosphophenol group or a sulfate, act in this capacity. With a pKa

f 5.3 [69], the 2-phosphophenol leaving group buffers the solution
o a final pH that approaches this value whereas the caged sulfate
as been reported capable of protonating compounds with pKas as

ow as ∼2 [69] thanks to the strongly acidic pKa of the sulfate group
∼1.92).

Despite the wealth of information available concerning o-NBA-
ased pH-jump reagents, their use in metalloprotein research has
een surprisingly limited to protein folding studies of myoglobin
58,61,69,78] and mitochondrial cytochrome c [63]. Abbruzzetti
t al. used time-resolved photoacoustic detection to monitor vol-
me changes associated with conversion of native apo-myoglobin
o its acidic intermediate I following an o-NBA-induced pH-jump
n 200 �M guanidine hydrochloride [58]. This method allowed the
uthors to distinguish between the fast neutralization of two to six
arboxylate groups depending on the pH (3.4 mL/mol expansion;
25 × 109 M−1s−1) and the slower protonation of two His residues
presumably His24 and 119 based on Barrick et al. [87]; 82 mL/mol
ontraction; 7.7 × 109 M−1 s−1). Both processes were observed with
pre-pulse pH = 7.0, but reaction with the carboxylate groups was
bserved almost exclusively when the starting pH was 4.5. More
mportantly, the magnitude of the slower expansion was unusually
arge for the protonation of two His residues, leading the authors
o conclude that this expansion included the volume change asso-
iated with the conformational transition of myoglobin to its acidic
ntermediate [58].

Mikšovská and Larsen also used o-NBA to investigate further the
cid denaturation of apo-myoglobin by photoacoustic calorimetry
nd photothermal beam deflection but in the absence of denat-
rants [78]. In this study, the contraction associated with the
rotonation of the His residues and the conformational transi-

ion of the protein was ∼25% that reported by Abbruzzetti et al.,
nd all reaction rates were ∼4-fold faster. These differences were
ttributed to the lack of denaturant and the higher temperatures
sed for the experiment, but the mildly acidic pre-pulse pH (5.5)
sed for these measurements played a role. Also, there was no evi-
istry Reviews 255 (2011) 737–756

dence of further volume changes occurring over the next 5 ms after
the pH-jump, a time-point easily accessed with conventional rapid
mixing techniques.

Abbruzzetti et al. subsequently revisited the acid unfolding of
myoglobin [61] by focusing on the heme-protein complex, which
allowed them to monitor the progress of the reaction by time-
resolved spectrophotometry. On this occasion, the authors used the
caged sulfate o-NBA derivative (1-(2-nitrophenyl)ethyl sulfate) to
achieve a more acidic pH as shown by Barth and Corrie in their
pH titration of myoglobin using the same photo-activated caged
sulfate to acidify the solution [69]. In Abbruzzetti et al., monitor-
ing the kinetics of acidification spectrophotometrically revealed the
bi-exponential formation of an unfolded intermediate (k = 55 and
1.86 s−1), which decayed on a longer time scale (k = 1.06 s−1). These
events are slower than those exhibited by apo-myoglobin, but these
steps reflected the changes in the heme environment that followed
earlier protein unfolding events, which presumably were also influ-
enced by the interaction of the polypeptide with the heme group.

Finally, Viappiani and co-workers again used time-resolved
spectrophotometry and o-NBA to follow the effect of rapid solu-
tion acidification on the axial coordination of mitochondrial
cytochrome c in 4.5 M guanidine hydrochloride [63], and of the
N-terminal (residues 1–56) heme-containing fragment of the pro-
tein [62]. In both studies, the kinetic data were best described
with a bi-exponential model reflecting the scission of the non-
native bond between the heme iron and one of two His residues
(His26 and 33). While this process occurred at room temperature
over a timescale accessible with conventional rapid mixing tech-
niques, use of flash photolysis to achieve the pH-jump allowed
the authors to access much higher temperatures from which they
extracted activation energies. In both cases, these non-native con-
formations were seen to pose kinetic traps to the unfolding of the
protein, but the differences in these activation parameters were
a result of the different behaviors of the polypeptide in the pres-
ence or absence of the denaturant or the missing polypeptide
fragment.

Emerging proton-emitters that undergo similar chemical modi-
fication as part of the photolytic process to make pH perturbations
irreversible include compounds based on either �-ketoamides (8)
[88] or (coumarin-4-yl)methyl esters (9) [89]. Reaction by-products
of �-ketoamide photolysis (Scheme 3) consist of a five member
hemiacetal ring originating from the ketoamide backbone and a
generic leaving group (typically a carboxylate or a phenolate ion)
that, depending on its composition, could buffer the solution in a
manner similar to that described above for some o-NBA photoprod-
ucts. The reported ˚pc of these reagents is high (∼0.8), and indicator
(bromocresol green) bleaching was observed within ∼100 �s. As
with many of the studies to characterize pH-jump reagents, the
investigation on these ketoamides was performed in 50% acetoni-
trile, so it is unclear how these reagents perform under conditions
that are more biocompatible.

Similarly, kinetic analyses on the photochemistry of (coumarin-
4-yl)methyl esters (9) has been carried out for the most part in
aqueous organic solvents [90,91], but Hagen and co-workers also
showed that these compounds are soluble and functional in water
[89]. Photolysis (Scheme 4) begins with excitation of the reagent,
which then undergoes heterolytic cleavage (khc ∼2 × 1010 s−1) that
competes effectively with radiative and non-radiative fluorescence
decay processes. The resulting ion pair then either recombines
to regenerate the starting ground state reagent, or the ions sep-
arate completely to leave an anion (e.g., a sulfate or phosphate

group) and a (coumarin-4-yl)methyl cation. The former photoprod-
uct (in effect a buffer) limits the final acidity of the solution while
the latter intermediate hydrolyses water to release a proton and
(coumarin-4-yl)methyl alcohol [89]. The overall apparent proton
dissociation rate is fast (kdiss ∼5 × 108 s−1) and can be observed by
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Scheme 3. Photolysis mechanism leading to solution acidification with �-
ketoamides.
Adapted from Refs. [88].

Scheme 4. Competing pathways for the relaxation of coumarin derivatives follow-
ing photoexcitation and resulting in solution acidification
Adapted from Refs. [89].
istry Reviews 255 (2011) 737–756 743

monitoring the fluorescence of the (coumarin-4-yl)methyl alcohol
photoproduct as the cage is only weakly fluorescent prior to pho-
toactivation [89]. With high molar absorptivity and ˚pc (as high
as 17,000 M−1 cm−1 and 0.79, respectively), the photosensitivity of
these reagents also makes them appropriate for two-photon activa-
tion with Ti-sapphire lasers. Finally, this reagent is similar to o-NBA
insofar as it provides a versatile platform for caging of a multitude of
bio-effectors (which are released as the anionic photoproduct) such
as capsaicin [92], GTP, amino acids and cyclic mononucleotides
(e.g., AMP) [91].

The range of reagents available for pH-jump experiments is
rich in its variety and functionality, yet these compounds remain
largely underused in metalloprotein research. This deficiency may
result in part from an assumption that these reagents are solely
for kinetics studies in the nano to microsecond time regimes. As
the groups of Viappiani and Hagen have shown, however, caged
proton reagents can also be used to perturb the pH of a solution
persistently (e.g., in a sealed vessel) and in a controlled fashion
with pulses of light rather than through addition of a titrant. When
used for kinetics studies, repetition may be desirable to accumulate
and average multiple transients, and this capability can be achieved
even with the irreversible reagents by incorporating a flow-flash
strategy (e.g., [14]). In this respect, reversible pH-jump reagents
such as the hydroxyarenes and triphenylmethane leucohydrox-
ides described above may be superior as long as the duration and
magnitude of the pH pulse are compatible with the kinetics under
investigation. Another situation in which these reversible pH-jump
agents may prove useful is in the study of reversible processes such
as metal ion binding to proteins or in the study of reversible protein
conformational changes. Solutions of the protein(s) of interest and
the pH-jump agent in a suitable buffer cocktail could be subjected
to measurements analogous to saturation transfer difference NMR
spectroscopy experiments [93,94], for example, in which a pulse of
light is used rather than a saturation pulse from an RF emitter to
perturb the analyte (Fig. 2). The resulting difference spectrum could
be used to identify residues affected by metal ion binding or con-
formational changes induced by the change in pH. Alternatively, all
these pH-jump reagents could be used in tandem with metal ion
chelators that are not otherwise photoactive. Upon subjecting the
chelated-metal ion complex to the pH change, such an agent would
release the metal ion(s) into the solution so that, upon restoration
of the pre-pulse pH, the chelators would compete with the protein

to bind the metal ion. In the end, the applications and uses of these
pH-jump reagents is only limited by imagination and experimental
design.

Fig. 2. Difference NMR experiment pulse sequence for the observation of pH-
dependent protein structural changes induced by flash photolysis of pH-jump
reagent(s) in solution.
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. Caged complexes

.1. Metal ions

.1.1. Calcium
Initial efforts to design a caged metal ion complex involved

ynthesis of photoactive derivatives of established chelators for
alcium, the photoproducts of which exhibited significantly lower
ffinity for the metal ion. The focus of research concerning these
eagents has been development of tools for investigation of cellular
vents initiated by the release of calcium as monitored by optical
icroscopy or electrophysiological methods [95]. While many of

hese cellular processes are mediated by calcium binding to pro-
eins, these reagents have not been used directly in the study of
alcium binding proteins. As the availability and photochemical
haracterization of these reagents grows, the opportunity to ini-
iate calcium-triggered changes in protein structure or catalytic
ctivity rapidly by flash photolysis provides an attractive means of
nvestigating the kinetics and mechanisms by which these proteins
unction.

The first example of this approach was reported by Tsien and
ucker [96] in which the calcium-selective chelator BAPTA [97]
as modified by introduction of a nitropiperonyl group (10) (Plate

) that upon photolysis (365 nm) was proposed to produce a
itrosobenzophenone group that would decrease the affinity of the

igand for calcium. Determination of the stability constant of the lig-
nd before and after photolysis established that the photoproduct
xhibited an affinity for calcium that is 30–40 fold lower than that
f the parent ligand. The rate constant for calcium release from this
igand was relatively slow (� ∼210 s−1) owing to the involvement of

rate-limiting thermal step, and the quantum yield for the nitr-2-
a2+ complex (0.05) was slightly greater than that for nitr-2 alone
0.01) [98]. Subsequently, a series of related ligands (nitr-1 through
itr-7) was reported by this group [98,99] that retained selectivity

late 2. Ca2+-releasing photo-reagents. (10) BAPTA derivatives: (a) Nitr-1 (R1 = CH3), (b
itr-2 with R6–R7 = cis-(CH2)3, (e) Nitr-5 (R3–R4 = OCH2O), (f) Nitr-6: Nitr-5 with R1 = CO
GTA, R = H), (b) dimethoxynitrophenyl-EGTA-4 (DMNPE-4: R = OCH3); (12) DM-nitrophe
hotolysis.
istry Reviews 255 (2011) 737–756

for calcium (relative to magnesium) and relatively low quantum
yields, but that exhibited time constants as short as ∼1.8 ms for
release of calcium.

At about the same time, Ellis-Davies and Kaplan reported a
related but photochemically different chemical strategy for calcium
cage complexes through preparation of o-nitrophenyl-substituted
derivatives of EGTA and EDTA [83,100], which are referred to in the
literature as NP-EGTA (11) and DM-nitrophen (12), respectively.
These ligands differ from those described above in that photolysis
results in destruction of the ligand. As a result, the stability con-
stant for binding of calcium to the photoproduct of the ligand is
much lower than that of the photoproducts of the nitr-family of
ligands. The quantum yields for release of Ca2+ following photol-
ysis (347 nm) of the complex formed with DM-nitrophen (∼0.18
[83]) and nitrophenyl-EGTA (∼0.23 [101]) are also greater. While
the affinity of DM-nitrophen for Mg2+ is just 500-fold lower than
that for Ca2+, NP-EGTA exhibits greater selectivity for Ca2+ with an
affinity for this metal ion that is ∼12,500-fold greater than for Mg2+

[101]. The half-life (�1/2) for photo-dissociation of Ca2+ from DM-
nitrophen was reported as ≤180 �s [102], and indirect evidence led
to the expectation that Ca2+ release from the complex formed with
NP-EGTA is also rapid [101].

Subsequently, the photolysis of both of these caged Ca2+ com-
plexes was studied in greater kinetic detail to demonstrate that
both form transient intermediates that exhibit bi-exponential
decay processes and that photolysis of NP-EGTA is at least six times
faster than photolysis of DM-nitrophen overall [103]. While the ori-
gin of the bi-exponential decay kinetics remains to be fully clarified,
a calcium indicator dye was used to estimate the rate of photolytic
release of Ca2+ from NP-EGTA (6.5 × 104 s−1) and DM-nitrophen

(4.1 × 104 s−1). These slight differences in rate constants probably
reflect minor differences in experimental conditions used for their
determination. It is also likely that these rate constants are at the
limit of detection by the indirect nature of this method of measure-

) Nitr-2: Nitr-5 with R1 = CH3, (c) Nitr-3 (R1 = CH3, R2 = OCH3, R5 = NO2), (d) Nitr-4:
CH3, (g) Nitr-7: Nitr-5 with R6–R7 = cis-(CH2)3; (11) (a) o-nitrophenyl-EGTA (NP-
n; (13) Azid-1; (14) NDBF–EGTA. Dashed lines denote bonds that are severed upon
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ent. More recently, Faas et al. reported [104] a detailed analysis of
he kinetics of Ca2+ release from NP-EGTA and DM-nitrophen under
onditions different from those reported previously and found that
n each case the process was best analyzed in terms of two time
onstants. Clearly, on the basis of these results and other considera-
ions [105], the selection of calcium cage complex and experimental
onditions must be evaluated carefully in the design of experiments
sing these reagents.

Six new photolabile derivatives of EGTA, most of which involve
erivatization with a dimethoxynitrophenyl group were subse-
uently reported by Ellis-Davies and co-workers [106]. Of these
eagents, dimethoxynitrophenyl-EGTA-4 (DMNPE-4) (11b) exhib-
ted selectivity for calcium (relative to magnesium) that was
omparable to that of NP-EGTA, more than a 5-fold increase in
olar absorptivity (5140 M−1 cm−1 at 347 nm) and comparable

uantum yield (∼0.2). While DMNPE-4 has proved to be amenable
o 2-photon excitation, the resulting photoproducts retain a greater
ffinity for Ca2+ than those of DM-nitrophen or NP-EGTA, so the
mount of Ca2+ liberated by photolysis is ∼45% of that observed for
omplexes formed by these latter ligands [106]. Although chelators
losely related to DMNPE-4 have been synthesized and partially
haracterized [107], all appear to exhibit photochemical properties
nferior to those of DMNPE-4.

All of the calcium cage complexes discussed so far are based
n rendering established chelators photochemically active by
heir derivatization with 2-nitrobenzyl or dimethoxy-nitrophenyl
roups. The success of this approach is demonstrated by the
idespread use of these reagents in the literature. Nevertheless,

lternative strategies for the preparation of photosensitive chela-
ors have been developed in an effort to improve the functional
roperties of the resulting cage complexes and to increase their
ange of use. For example, Tsien and co-workers reported the 3-
zido derivatization of the fura calcium sensors [108] to produce
he calcium cage azid-1 (13) [109], a calcium complex with a molar
bsorptivity (342 nm) of 33,000 M−1 cm−1 and a quantum yield of 1.
he affinity of azid-1 for calcium is 230 nM, and this value decreases
o 120 �M (500-fold decrease) following photolysis. Notably, azid-
exhibits a cross-section for two-photon excitation (∼1.4 GM) that

s two orders of magnitude greater than that for DM-nitrophen
the cross-section for NP-EGTA is negligible) and that has permit-
ed use of this reagent for photolytic reagent in femtoliter volumes
86]. However, detailed kinetic analysis similar to that described
bove for NP-EGTA and DM-nitrophen of photo-initiated release
f calcium from the complex formed with azid-1 has not been
eported.

Another approach to improved photochemical performance has
nvolved the nitrodibenzofuran derivatization of EGTA to afford
he ligand NDBF–EGTA (14) [110], the calcium complex of which
xhibits a molar absorptivity (330 nm) of 18,400 M−1 cm−1 and a
uantum yield of 0.7 (347 nm). The affinity of this ligand for Ca2+

s ∼14 nM, but the affinity of the photoproduct is 140,000-fold
ower. The photolytic release of Ca2+ is monophasic with a rate con-
tant of 20,000 s−1, is ∼7-fold more efficient than its release from
M-nitrophen, and is amenable to two-photon photolysis [110].
hile the calcium complex of azid-1 exhibits a greater quantum

ield than the corresponding complex of NDBF–EGTA, the latter
omplex exhibits much greater affinity for Ca2+, a greater differ-
ntial in affinity before and after photolysis, and faster release
f Ca2+.

.1.2. Iron

As reviewed by Balzani and Carassati, the photosensitivity of

helated iron complexes such as the oxalate complex of Fe3+ has
een recognized for about 180 years [111] and was studied exten-
ively during the first half of the previous century. This work led to
he general recognition that aerobic photolysis of the ferric trisox-
istry Reviews 255 (2011) 737–756 745

alate complex leads to reduction of the iron and decomposition
of the ligand with the production of CO2 and other products. In
related work, illumination of the Fe3+–EDTA complex under a vari-
ety of conditions (as indicated) results in the formation of CO2
(250–400 nm) [112], formaldehyde (350 nm) [113], and a variety
of other larger, partially degraded forms of the ligand [114] with a
quantum yield in the range of ∼0.02–0.06 [113]. While the num-
ber of photoproducts formed during this reaction would greatly
complicate any attempt to determine the stability of Fe2+ bind-
ing to the ligand following photolysis (a measure of “uncaging”),
these early reports demonstrate a fundamental difference between
the reactivities of photoactive iron and the photoactive calcium
complexes in that Fe3+ in such complexes typically undergoes
photoreduction.

The abundance of iron in the earth’s crust combined with the
remarkable chemical reactivity of iron has led to evolution of a
metabolic requirement for iron by nearly all life forms. In devel-
opment of this dependence on iron, a variety of chemical processes
have been engaged to optimize the biological use of its catalytic
potential while controlling its potential toxicity and competing
successfully for its acquisition. In recent years, Butler and co-
workers have discovered that some marine bacteria acquire iron
through secretion of a variety of siderophores, some of which
are not photosensitive (hydroxamate siderophores [115]), some of
which are photoreactive in the absence of bound iron (catecholate
siderophores [115]), and some of which become photosensitive
upon binding Fe3+ (�-hydroxy carboxylate siderophores (e.g., 15a,
b) (Plate 3) [115–120]). Although most of the latter group of
siderophores releases bound iron as Fe2+ following photolysis (the
synechobactins A–C seem to be an exception [121]), the photooxi-
dized ligand in many cases retains sufficient affinity for Fe3+ formed
by re-oxidation of the photolytically released Fe2+ that the iron
is quickly rebound [116,118,122]. In the case of vibrioferrin (16),
however, introduction of two �-hydroxy acid functionalities ren-
ders the Fe3+ complex of the siderophore sufficiently photoreactive
that the photoproducts of the siderophores have no affinity for
iron [120]. As a result, it could be argued that at least in the
case of vibrioferrin, a naturally-occurring iron cage complex has
evolved that may provide insight into the design of a synthetic
iron cage for use in mechanistic studies of iron-requiring pro-
teins.

Recently, Baldwin and co-workers have used this approach in
the development of five new ligands for possible use in the prepa-
ration of iron cage complexes that are based on the principles
derived from studies of photosensitive siderophores [123]. As a
result, this group has prepared �-hydroxy acid-containing ligands
that incorporate a bidentate salicylidene group [123]. The first
of these complexes to be structurally characterized, Na[Fe3(3,5-
diCl-Sal-AHA)3(�3-OCH3)]·3.5H2O (17), crystallized as a trinuclear
complex and was photoreactive upon exposure to sunlight. Initial
results suggest that 50–60% of the iron from these complexes is
released following 2–3 h of exposure to an Hg lamp in the pres-
ence of the Fe(II) chelator bathophenanthroline disulfonate (BPDS),
a result that compares with ∼70% release of iron from aquachelin
(18) under similar conditions [116]. The presence of BPDS in these
experiments protects the Fe(II) produced during photolysis from
reoxidation to Fe(III) by dioxygen and is not required for photore-
duction of the iron [123]. At present, however, full photochemical
characterization of these iron complexes and their photoproducts
remain to be determined.

An alternative approach to development of a photocage for

Fe(III) was attempted by Burdette and colleagues [124] through use
of the N-phenyl-1-oxa-4,10-dithia-7-azacyclododecane (AT212C4)
macrocycle that had previously been used [125] as the metal ion
binding component of a highly selective fluorescent sensor for
Fe(III) in biological applications. The resulting cage complex, which
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late 3. Ligands for iron-releasing photo-reagents. (15) (a) Petrobactin, (b) Alterob
erriCast.

he authors named FerriCast (19), possesses the AT212C4 macrocy-
le with an appended 4,5-dimethoxy-2-nitrophenyl group. While

haracterizing the solution behavior of FerriCast, the authors dis-
overed that use of reagents based on the selective coordination
hemistry of AT212C4 is restricted to non-aqueous solvents lack-
ng strong oxygen donor atoms (e.g., alcohols, water) under which
onditions this ligand does not bind iron.

late 4. Ligands and complexes for delivery of Zn2+ or other metal ions by flash
ethoxybenzylidene) amino)phenol (R = OCH3), (b) R = a second methanylidineaminoph
-(1-(2-nitrophenyl)-3-oxo-3-(pyridine-2-ylmethylamino)propyl)picolinamide.
A; (16) Vibrioferrin; (17) Fe3(3,5-diCl-Sal-AHA)3(�-OCH3); (18) Aquachelin B; (19)

3.1.3. Zinc
Development of zinc photocages has begun only recently
through the activities of two groups. Burdett and co-workers have
focused on use of the nitrobenzhydrol caging group variously cou-
pled with a 4,5-dimethoxy-2-nitrophenyl group to develop the
reagent ZinCast-1 (Plate 4) (20), which exhibits a diminished affin-
ity for zinc following photolysis [126], and the reagent ZinCleav-1

photolysis. (20) [Zn(ZinCast-1)(H2O)]2+; (21) ZinCleav-1; (22) (a) (E)-2-((4-
enol group; (23) bisBenzospiropyran (R = (CH2)nCH3 where n = 1 (a) or 2 (b)); 24)
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21) that undergoes fragmentation as the result of photolysis [127].
inCast-1 exhibits an increase in dissociation constant (Kd) for zinc
rom 14.3 �M prior to photolysis to a value of 5.5 mM afterwards
nd a quantum yield of 1 ± 2% for release of zinc. On the other
and ZinCleav-2 exhibits an increase in corrected apparent disso-
iation constant for zinc of 0.023 ± 0.04 pM prior to photolysis to
value of >150 �M for the photoproducts with a quantum yield

f 0.55% for the release of zinc. An alternative, simpler approach
roposed by Zhang and Chen involves use of a phenolic Schiff
ase that forms a benzoxazole upon photolysis of the zinc complex
22a) [128]. This ligand is presumably bidentate, and the stability
f the zinc complex that it forms is quite low (Kd = 3.4 × 10−4 M).
n extended version of this ligand (22b) [129] with two biden-

ate binding regions forms a zinc complex with similar stability,
d = 3 × 10−4 M, and photoproducts related to the benzoxazole pro-
osed to form by photolysis of the original compound. The lack
f detailed characterization of the speciation, quantum yields, and
inetics of zinc release related to the zinc complexes formed by
hese reagents and the limited stability and specificity of these com-
lexes limits the use of these reagents in the study of biological
ystems.

.1.4. Other metal ions
The effort invested in development of photoactive cage com-

lexes for the release of calcium, zinc, and iron relative to other
etal ions is not surprising in view of the abundance of these metal

ons in biological systems. Nevertheless, other metal ions also con-
ribute critically important biological functions, and some attention
as been paid to development of reagents to study some of them as
ell. In fact, in their original report of DM-nitrophen, Kaplan and

llis-Davis reported its use in the photo-release of Mg2+ in addition
o its use in release of Ca2+ described above [83]. The stability con-
tant for the DM-nitrophen–Mg2+ complex (2.5 × 10−6 M−1, pH 7.1,
2 ◦C) was about three orders of magnitude lower than that for the
orresponding Ca2+ complex, but characterization of the properties
f the complex formed with Mg2+ or for several other metals with
hich DM-nitrophen has been used to a limited extent in cellular

tudies [130,131] has not been pursued in detail.
McCurdy and co-workers have proposed that the photoiso-

erization of bisbenzospiroyan [132] derivatives may be useful
n the release of Mg2+, Ca2+ and Sr2+. Bisbenzospiroyan mod-
fied with two aminodiacetate substituents (23a) forms a 1:1

omplex with Mg2+ (5.6 × 102 M−1) and Ca2+ (6.7 × 103 M−1)
hile modification with two aminodipropionate substituents (23b)

ncreases the stability constants for the complex formed with Mg2+

3.7(3) × 103 M−1) relative to that for the complex formed with Ca2+

5.6(7) × 103 M−1)(HEPES buffer (10 mM), pH 9.8). As indicated,

late 5. Photoactivatable caged ligands. (24) trans-4,4′′-bis(R)azotoluene (n = 1, 2): (a) a
25) 2,2′-(3,3diphenyl-3H-benzo[f]chromen-5-ylazanediyl)diacetic acid; (26) NiroBIPS-
hotoclevable bonds.
istry Reviews 255 (2011) 737–756 747

however, the stability constants for complex formation are rela-
tively low, and the selectivity is somewhat limited. The quantum
yields for the bisbenzospiroyan bearing two aminodipropionate or
two aminodiacetate substituents are also relatively low (0.0083(5)
and 0.0057(6)) for photolysis at 310 nm, respectively (HEPES buffer
(10 mM) pH 9.8)).

More recently, a caged copper complex has been reported
by Franz and co-workers in work that involved development of
the first ligand for photo-initiated release of a d-block metal ion
[133]. The bispyridylamide ligand designed by this group (N-
(1-(2-nitrophenyl)-3-oxo-3-(pyridine-2-ylmethylamino)propyl)
picolinamide; 24) binds Cu2+ with a stability constant of 16
pM in phosphate buffer at pH 7.4 and releases copper with a
quantum yield of 0.32 following irradiation at 350 nm. As pho-
tolytic release of copper occurs with partial degradation of the
ligand through release of picolinamide, the photoproducts have
minimal residual binding affinity for copper. The authors note
that the oxidation state of the copper released was not deter-
mined, but that Cu+ was probably the initial product and that
subsequent prompt oxidation to Cu2+ was likely under aerobic
photolysis.

3.1.5. Caged chelators
The logical complement to photo-initiated release of metal

ions is the photoinitated sequestration of metal ions. The strategy
underlying design of most of the reagents of this type that have
been reported involves increasing the affinity of a ligand for metal
ions through photo-isomerization. While a large number of ligands
of this type have been reported, few that are soluble in aqueous
solution have been identified. The first example of this type was
based on the photo-isomerization of the planar trans-4,4′′-bis(�-
iminodiacetic acid)azotoluene (or azo-IDA; 24a) (Plate 5), which
does not bind metal ions, to the non-planar cis stereoisomer that
does [134]. Upon irradiation at 320 nm, ∼80% of the trans isomer
converts to the cis isomer, which forms a 1:1 complex with Zn2+

with a stability constant of ∼1 × 105 M−1 in unbuffered aqueous
solution, but the quantum yield and kinetics of Zn2+ binding and
the ability of this compound to bind other divalent metal ions were
not reported. Subsequently, Shinkai et al. studied the Zn2+ binding
properties of azo-IDA and the related compound azo-ED (24b) in
which the iminodiacetate groups were replaced with ethylenedi-
amine groups [135]. These authors found that in buffered aqueous

solution at pH 9 the affinity of trans-azo-IDA for Zn2+ is much
greater (∼6 × 109 M−1) than in unbuffered solution and that of
trans-azo-ED (∼3 × 107 M−1), and that both bind Cu2+ with slightly
greater affinity than that exhibited with Zn2+ (∼6.5 × 109 M−1 for
trans-azo-IDA and 5 × 107 M−1 for trans-azo-ED). The affinity of

zo-IDA (R = �-iminodiacetic acid), (b) azo-ED (R = ethylenediamine), (c) Azo-Gly;
8-DA; (27) (a) Diazo-2 (R = CH3), (b) Diazo-4 (R = COCHN2). Dashed lines depict
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mately an order of magnitude greater than reported for the less
pure preparation. As with the previous studies of the mammalian
cytochrome oxidase, HPBC provides a valid means of studying the
reaction of dioxygen with the bacterial cytochrome bo3 oxidase. The
48 F.I. Rosell, A.G. Mauk / Coordination

rans-azo-IDA for Zn2+ contrasts with the previous observation
hat the trans isomer does not bind zinc possibly because the ear-
ier study was performed in unbuffered aqueous solution. Shinkai
t al. also found that photoisomerization of either caged chelator
ncreases its affinity for Zn2+ or Cu2+ just 1.4–4.7-fold. Although the
uantum yields for photoisomerization and the kinetics of metal

on binding were not reported, the relatively small difference in
ffinity exhibited by the cis and trans isomers of these ligands for
ither metal ion limits their usefulness in the study of metallopro-
eins.

Just as siderophores have provided a model for synthesis of
aged iron complexes, they have also suggested an approach for
esign of a caged chelator. Nagasaki and colleagues developed
synthetic trihydroxamate “siderophore” with an azobenzene

ramework, azo-Gly (24c), that undergoes photoinitiated isomer-
zation that increases affinity of the ligand for iron [136]. While
he photochemical and thermodynamic properties of this reagent
ere not reported and it has limited aqueous solubility, the cis iso-
er promotes bacterial growth while the trans isomer does not

137]. The photochemical and thermodynamic properties of azo-
ly remain to be elucidated.

More recently, photochemical studies of naphthopyran deriva-
ized with a single aminodiacetate substituent (25) have suggested
hat this ligand undergoes photoisomerization that increases the
ffinity for Ca2+ 77-fold at pH 7.6 [138]. This process is reversible
uch that metal ion binding occurs upon illumination with conver-
ion of the ligand to the “open” form and metal ion dissociation
ccurs in the dark with re-formation of the “closed” form of the
igand. Reversible cycling of this interconversion of the ligand

as demonstrated for at least five cycles. Although the quantum
ield for the napthopyran derivative with a single aminodiac-
tate substituent was not reported, the derivative with two such
ubstituents exhibited a quantum yield of 0.006 in HEPES buffer
10 mM, pH 9.8). A nitrobenzospiropyran derivatized with a sin-
le aminodiacetate substituent, nitroBIPS-8-DA (26), exhibits two
tates with differential affinity for Gd2+ that are inter-converted
y irradiation at different wavelengths [139]. Irradiation at 365 nm
r 720 nm (2-photon excitation) converts the spiro (SP) form of
itroBIPS-8-DA into the merocyanine (MC) form, which binds Gd2+

ith a dissociation constant of 5.2 �M in water, and irradiation at
43 nm converts the MC form to the SP form. Although the sta-
ilities of the complexes formed with other metal ions were not
eported, the affinity of this reagent for Ca2+ is apparently poor
139].

Tsien and co-workers reported an approach to a caged chelat-
ng agent that does not rely on photoisomerization and that is
ased on derivatization of the BAPTA ligand developed previously
y this group for binding of Ca2+. By introducing a diazoketone
ubstituent on one or both phenyl groups para to the aminodi-
cetate groups of BAPTA, the caged chelators diazo-2 and diazo-4
27a and b), respectively, were synthesized [140]. In this way, the
ffinity of diazo-4 for Ca2+ could be modified by electronic effects
uch that upon photolysis (365 nm), the Kd of diazo-4 for Ca2+

hanges from 8.9 × 10−5 to 5.5 × 10−8 M, an increase in affinity
f ∼1600-fold. The quantum yield for this process, however, was
ust 0.015 for photolysis of both diazoketone substituents. While
he quantum yield for 2-diazo was double this value owing to
he presence a single diazoketone substituent, the photo-induced
ncrease in affinity for Ca2+ for this reagent was much smaller
∼30-fold).

A related approach has been described by Pourzand and co-

orkers in an effort to design photo-activated iron chelators for

herapeutic use and thus ameliorate the pathological consequences
f inappropriate distribution of iron in vivo while avoiding the side
ffects that result from chronic exposure to chelators with high
ffinity for iron [141].
istry Reviews 255 (2011) 737–756

3.2. Caged di- and tri-atomic gases

As noted in the Introduction, flash photolysis has been used
since the 1950s for photodissociation of diatomic gases (i.e., car-
bon monoxide, dioxygen, nitric oxide) that are coordinated to heme
iron at the active site of heme proteins to permit analysis of the
kinetics of re-association of these ligands with the heme iron in
the dark. The great number of publications in which this approach
has been used is evidence of the effectiveness of this method. Nev-
ertheless, the application of this approach is limited to proteins
that bind such ligands and that can release them upon photoex-
citation. As a result, cage reagents that enable the photo-initiated
delivery of these gases for use in the study of proteins under other
circumstances afford a variety of useful and attractive experimental
options.

3.2.1. O2
The use of caged dioxygen for the study of metalloproteins was

first proposed by MacArthur et al. in a report that provided proof of
principle by demonstrating the photo-induced generation of oxy-
hemoglobin from an anaerobic solution of deoxyhemoglobin and
the perchlorate salt of [(�-O2)(�-OH)(Co(bpy)2)2]3+ (HPBC, 28a)
(Plate 6) following irradiation at 355 nm [142]. The quantum yield
for this process was 0.04, and the irreversible release of dioxygen
from the cage is complete within no more than 40 ns as determined
from the change in electronic spectrum of the complex. This group
then applied this approach to the study of the reaction of fully
reduced bovine heart cytochrome c oxidase with dioxygen [143]
to eliminate any potential complications that might arise from
the flow-flash method normally used for studying this reaction
. In the course of this work, the authors determined that a dioxy-
gen concentration of ∼90 �M could be achieved with a single laser
pulse by this method ([HPBC], 7.5 mM).

Subsequently, Lübben and co-workers prepared the nitrate salt
of HPBC to improve the solubility and avoid potential toxicity
of the perchlorate as part of a study concerning the reaction of
cytochrome bo3 oxidase with dioxygen. The revised procedure
yielded a preparation of HPBC with a both improved solubility and
greater purity that permitted crystallographic structure determi-
nation [144]. As well, the quantum yield of the improved product
following irradiation at 308 nm was significantly greater than that
observed previously presumably as the result of removal of impu-
rities and the use of an excitation wavelength closer to that of the
absorption maximum. In fact, the quantum yield varies with con-
centration of HPBC owing to the influence of a significant inner
filter effect, but at concentrations of 0.5–1 mM, it was approxi-
Plate 6. Photoinducible dioxygen cages. (28) �-peroxo dinuclear cobalt cages. (a)
HPBC (�-peroxo)(�-hydroxo) bis-[bis(bipyridyl)Co(III)] and (b) HPPC with phenan-
throline instead of bipyridyl (not illustrated).
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hotolysis of this HPBC salt at cryogenic temperatures [145] and the
hermodynamic parameters related to photolysis of the perchlorate
alt of HPBC and the related [(�-O2)(�-OH)(Co(phen)2)2]3+ (28b)
erchlorate salt [146] have been reported.

.2.2. NO
A substantial number of caged-NO complexes suitable for flash

hotolysis experiments [147] has arisen as the result of efforts to
evelop photo-responsive agents for the site-specific, therapeutic
elivery of this potent but unstable diatomic signaling agent. The
riginally intended uses of these reagents include, among other
pplications, the treatment of acute hypertension [148,149], the
nhancement of chemotherapy [150,151] and the eradication of
rotozoan and metazoan infections [152–154]. For in vitro studies
n the kinetics of NO interactions with metalloproteins following
ash photolysis, issues such as reagent and photoproduct toxicity
re less of a concern unless such toxicity translates into undesired
r ill-defined side reactions with the analyte. These side reactions
nclude, for example, the release of cyanide ligands from sodium
itroprusside (Na2[Fe(CN)5(NO)]) that then compete with NO for
oordination of the metal center(s) of interest or electron transfer
eactions between the spent cage and the metal center. Instead,
igh quantum yields (˚NO) and rates (kNO) for NO release are
equired along with high solubility in aqueous, buffered solutions.

As part of a program to develop reagents for the elucidation of
ellular metabolic processes, Makings and Tsien [155] combined
he photo-responsiveness of o-NBA with the NO-releasing capabil-
ties of the diazeniumdiolate, Na2[Et2N(N2O2)], described by Keefer
nd coworkers [156–158]. The resulting family of reagents (CNO-
through CNO-5, 29) (Plate 7) incorporate methoxy, acetoxy and

onger ester groups at positions 4 and 5 of the nitrophenyl ring
o enhance the absorptivity of the reagent and to modulate its per-
eability across lipid bilayers. More importantly, these compounds
re thermally stable in solution, and they release NO within 5 ms
ollowing exposure to 365 nm light (300 �s pulse) as monitored by
bsorbance changes of hemoglobin reacting with the NO released
�A430). Based on this criterion, the quantum yield, ˚NO, was 0.05

late 7. Photoinducible NO cages and ligands for the preparation of photoac
iethyl-l-triazenes. (a) CNO-1 (R = H) and its derivatives, (b) CNO-2 (R = OCH3

R = OCH2CO2CH2O2CCH3); (30a) e2-benzyl 1-(N,N-diethylamino)diazen-1-ium-1,2-diola
31) Cupferron (N-nitroso-N-phenylhydroxylamine ammonium salt); (32) O-anthr
imethyl-2-nitrobenzene; (35) sodium N,N′-dinitroso-phenylenediamine-N,N′-diaceti
terpy); (38) (a) 1,4,8,11-tetraazacyclotetradecane (cyclam, R = H) and its derivative, (
is(pyridine-2-carboxamido)benzene (H2Me2bpb, R = H) and its analogues, (b) 1,2-bis
,2-bis(quinaldine-2-carboxamido)-4,5-dimethoxybenzene (H2(OMe)2bQb, ligand 39b w

ts homologuese, (b) Thionol (Thnl, R = S) and (c) Selenophore (Seln, R = Se); (41) (a) N,N
erivative, (b) N,N-bis(2-pyridylmethyl)amine-N-ehtyl-2-quinaldine-2-carboxamide (PaP
istry Reviews 255 (2011) 737–756 749

for CNO-1 while decomposition of this complex monitored at A365
yielded ˚diss = 0.09.

The rapidity of NO release observed relative to the reported
half-life of the diazeniumdiolate at 25 ◦C (t1/2 = 2.1 min) [157] sug-
gests that the mechanism of NO release from this case is more
complex than the simple decomposition of the diazeniumdiolate
after it is photolyzed from the NBA cage. This situation prompted
the authors to suggest that the proton released as a by-product
of NBA photolysis catalyzes the decomposition of the diazeni-
umdiolate. Toscano and coworkers have since investigated this
process more closely (reviewed in [159]) and found that photol-
ysis of caged complexes containing a diazeniumdiolate moiety
can proceed through a mechanism that produces multiple species.
Using time-resolved FT-IR spectroscopy to follow the formation
of photoproducts, for example, Srinivasan et al. found [160] that
photolysis of O2-benzyl 1-(N,N-diethylamino)diazen-1-ium-1,2-
diolate (30a) in acetonitrile results predominantly in the cleavage
of the N N bond of the diazeniumdiolate to yield a nitrosamine
and an oxygen-substituted oxynitrene; secondary photolysis of the
nitrosamine results in NO release [158,159,161]. A less important
photolytic pathway leads to the production of nitrous oxide along
with aminyl and alkoxy radicals that react further. In a different
study focusing on the products of sodium 1-(N,N-diethylamino)-
diazen-1-ium-1,2-diolate photolysis in aqueous solution [157],
the authors determined that releasing the NO-donor from its
photo-active protecting group as the diazeniumdiolate anion leads
predominantly to the same products observed upon solvation of
the reagent and thermal decomposition, namely two molecules
of NO and a diethylamine. Following photoexcitation of sodium
diazeniumdiolate and intersystem crossing to the triplet state,
the resulting intermediate dissociates into NO and nitrosamine
anion radical followed promptly by a secondary photochemi-

cal event in which a second NO molecule and diethylamine are
produced. This finding thus set the stage for investigations in
which benzyl [162] and naphthol derivatives [163] bearing a
diazeniumdiolate were subjected to similar analyses to identify
modifications of the cage framework that can lead predominantly

tive metal nitrosyl complexes. (29) 1-[(2′-nitrophenyl)methoxy]-2-oxo-3,3-
), (c) CNO-3 (R = OCH2CO2Et), (d) CNO-4 (R = OCH2CO2K) and (e) CNO-5
te (R1 = R2 = H) and derivatives, (b) R1 = (CH3)2N, R2 = H and (c) R1 = R2 = (CH3)2N;

anyl-9-methyl-cupferron; (33) 6-nitrobenzo[a]pyrene (6-nitroBAP); (34) 1,3-
c acid (BNN5Na); (36) 2-methyl-2-nitroso-propane; 37) 2,2′:6′ ,2′′-terpyridine
b) 1-(3-propyl-ammonium)-cyclam (1-pramcyH, R = CH2CH2CH2NH3

+); (39) 1,2-
(quinaldine-2-carboxamido)-4,5-dimethylbenzene (H2Me2bQb, R = CH3) and (c)
ith R = OMe); (40) (a) 7-hydroxy-3H-phenoxazin-3-one (Resorufin, Resf, R = O) and
-bis(2-pyridylmethyl)amine-N-ethyl-2-pyridine-2-carboxamide (PaPy3H) and its
yQH); (42) Roussin’s Red salt; (43) Roussin’s black salt.
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o the formation of the diazeniumdiolate ion products followed
y NO in the manner summarized above. Whereas attachment
f a phenyl ring to the diazeniumdiolate leads to the undesir-
ble nitrosamine and oxynitrene photoproducts, incorporation of
imethylamine groups at the meta positions lead to the higher
NO in aqueous media (0.66 and 0.51 for the 3-dimethylamine-

30b) and 3,5-bis-dimethylamine (30c) derivatives, respectively)
162]. Similarly, incorporation of a methoxy group at position 5
f the O2-1-naphthylallyl-substituted diazeniumdiolate led pre-
ominantly to the formation of the anionic diazeniumdiolate and
˚NO of 0.66 [163]. However, the solubility of this NO-cage is low.
ore importantly, acidic conditions that may be incompatible with
any proteins are required to achieve rapid NO release from the

itrosamine anion radical produced with either cage framework
∼20 s [162]).

More recently, Sortino and co-workers [164] combined the
hermal stability of the diazeniumdiolate analogue cupferron
N-nitroso-N-phenylhydroxylamine ammonium salt, 31) through
-alkylation [165] as above with the known antineoplastic activity
f 9-anthrylmethyl carbocation to create a reagent (32) that fulfills
wo roles. The first is to enhance the absorptivity of the cupferron in
he near-UV region of the spectrum, while the second is to provide a
ehicle for both the carbocation and the cupferron that are released
pon photoactivation. Within tens of seconds of continuous irra-
iation, NO concentration in the nanomolar range is produced in
0% methanolic phosphate buffer solution (pH 7.4), reflecting the
elatively slow release of NO that limits the use of this and similar
O-donors in fast kinetics studies involving flash photolysis.

Fukuhara et al. investigated the potential of 6-nitrobenzo[a]
yrene (6-nitroBaP, 33) as a photoinducible source of NO [166].
nlike its analogues with the nitro group at positions 1 or 3,
-nitroBaP exhibited evidence of NO release upon illumination
ith visible light, presumably at wavelengths longer than 350 nm.
O-detection was based on the reaction of NO with the spin-

raps (MGD)2-Fe2+ and carboxyPTIO, which were transformed,
espectively, to the [(MGD)2-Fe2+(NO)] complex and carboxyPTI
ccording to ESR spectroscopy analysis. Further confirmation of NO
elease was obtained from the observation of various BaP quinones
hat resulted from oxidation of the 6-oxyBaP radical. Based on
emi-empirical MO calculations, the authors proposed that 90◦ tor-
ion of the 6-nitro group with respect to the macrocycle plane
ncreases the susceptibility of the reagent to intramolecular rear-
angement of the nitro group to form nitrite, thereby making NO
elease possible from this compound only. Similarly, the struc-
ural conditions that make 6-nitroBaP susceptible to photolytic
elease of NO were introduced into nitrobenzene by flanking the
itro group with methyl groups at both ortho-positions (34) [167].
evertheless, release of NO was not detected even after prolonged
xposure of the resulting 1,3-dimethyl-2-nitrobenze, its 4-hydroxy
r its 4-dimethylamine derivatives to light. It was only for 1,3-
imethyl-2-nitrobenze rings bearing extended �-electron systems
t this para-position that any NO release was detected by ESR spec-
roscopy following introduction of the spin traps above or from
riess assay results. Unfortunately, NO yields or NO release rates
ere not included, making it difficult to compare the performance

f this reagent to other NO-cages.
One NO-cage that seems to be suitable for flash photolysis

xperiments is sodium N,N′-dinitroso-phenylenediamine-N,N′-
iacetic acid (BNN5Na) [168,169]. BNN5Na is one of several related
ompounds bearing two photolyzable NO groups. Like its ester
erivative, BNN5Na is soluble and stable in aqueous solution for

rolonged periods and, more importantly, it releases NO in high
ield (˚NO ∼1.87) within ∼100 �s following irradiation (20 ns laser
ulse, 300 nm). The high efficiency of this reaction is attributed to
he formation of a diimine in the spent cage to yield an extended
romatic photoproduct. Based on the influence of free NO on the
istry Reviews 255 (2011) 737–756

process and based on the kinetics of NO trapping by TPPCo (meso-
tetraphenylporphinatocobalt(II)), the authors concluded that NO
release occurs in two sequential steps with a BNN5•− anion
radical intermediate. The release of the second NO molecule
(kd = 2.96 × 104 s−1) competes with the second order re-association
of free NO with the BNN5•− intermediate (kf = 1.38 × 108 M−1 s−1)
[168]. In a re-examination of the kinetics of NO release from
BBN5Na, Cabail et al. obtained different values for the rate con-
stants of the dissociation and re-association steps (500 s−1 and
1.1 × 109 M−1 s−1, respectively) [170] and identified conditions that
would generate up to 10 �M NO in situ (50 mM phosphate buffer,
pH 7.4) with 308 nm excitation from a XeCl excimer laser. However,
in subsequent flash photolysis experiments using this compound
to study the interaction of NO with Nitrosomonas europaea hydrox-
ylamine oxidoreductase (HAO), these authors determined that the
greatest free NO concentration generated in this case was ≤2.4 �M
[171]. This factor became an issue because their kinetic analy-
sis revealed that NO affected the 1-electron reduction of one or
two c-type heme group(s) in the protein based on the appear-
ance of absorption maxima at 552, 523 and 420 nm and decreased
absorbance at 404 nm. Given that only two of the seven heme
groups in the protein have any exposure to solvent, a 6-coordinate
c-type heme and a P460 heme, the authors reasoned that reduction
was mediated by the 5-coordinate P460 heme group followed by
intramolecular electron transfer to account for the rapid reduction
observed. While this argument is consistent with results obtained
by these authors for reduction of the protein in a solution equi-
librated with a pNO of ∼0.68 atm, it is inconsistent with previous
evidence that NO (at ∼1 mM) failed to reduce the protein [172].

Pacheco and co-workers have since carried out additional stud-
ies on the chemical reactivity of HAO with NO released by flash
photolysis of BNN5Na. In one of these studies, Cabail et al. reported
that the BNN5•− intermediate oxidized deoxy-Mb unless a sacrifi-
cial electron donor (e.g., [M(NH3)6]2+ (where M = Fe or Ru)) was also
present [173]. Thus, in the presence of [Ru(NH3)6]2+, Cabail et al.
quenched the radical intermediate within 20 �s and concluded that
just two of the four electrons involved in the HAO-catalyzed con-
version of hydroxylamine to nitrite are transferred initially to the
c-type heme “pool” in the protein while the other two remain at
the P460 {Fe(NO)}7 center [174]. In the presence of methyl violo-
gen, HAO can also mediate the 5-electron reduction of NO released
from BNN5Na to ammonia in two steps [175]. Throughout these
studies, the authors were able to quantify the NO released (by now
up to 60 �M) based on colorimetric control experiments performed
with deoxy-myoglobin as an NO indicator.

Many other types of organic NO-donors release NO as a
result of thermal and/or photo-induced decomposition (e.g., the
C-nitroso compound 2-methyl-2-nitrosopropane (36) [176] and
others reviewed in [177]). Additional reagents have been designed
specifically for use in photodynamic therapy [178–180], and some
have been adapted for deployment on solid supports or nanopar-
ticles (reviewed in [181]). The NO-releasing properties of many of
these compounds may be appropriate for use in flash photolysis
experiments, but photochemical characterization and optimization
of these reagents is required before they can be used in this capacity.

Metal nitrosyl complexes comprise another group of NO-
delivery agents that have attracted much attention. Following the
original comprehensive review of the subject by Richter-Addo and
Legzdins [182], updates [183,184] and reviews of their photochem-
istry [185–188] have been published. Cox and Wallace reported the
photolytic release of NO from [Ru(Cl)n(NO)]3+ (n = 3 or 5) as early

as 1971 [189]. With discovery of physiological roles for NO, the
possible clinical potential of these reagents stimulated a substan-
tial effort in characterization of this group of metallonitrosyls [190].
Rose and Mascharak [191] have recently provided a comprehensive
review of the resulting literature concerning the photochemistry
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Table 3
Selected ruthenium nitrosyl complexes that release NO in aqueous media near neutral pH upon exposure to UV light [191].

Complex ˚ (�irr) pH �max (ε M−1 cm−1) Reference kNO
a (s−1)

trans-[Ru(NH3)4(NO)(py)](BF4)3 0.18(330) 6.4 324(160) [194,205] 0.060
trans-[Ru(NH ) (NO)(4-pic)](BF ) 0.40(330) 6.0 325(220) [194,205] 0.070
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trans-[(cyclam)Ru(NO)(Cl)](PF6)2 0.16(355) 7.4
[(PaPy2Q)Ru(NO)](BF4)2 0.20(355) 7.4

a From Ref. [206].

f these compounds that is not repeated here. Instead, we focus
n these reagents as photolytic sources of NO and provide a brief
pdate.

Table 3 lists four ruthenium nitrosyl complexes from the
ompilation of Rose and Mascharak [191] that exhibit the best
ombination of aqueous solubility near neutral pH and relatively
igh quantum yield (�) for release of NO along with the associated
ate constants for NO release reported by Toledo et al. [190]. Other
uthenium complexes exhibit comparable or greater quantum
ields (e.g., [Ru(terpy)(NH2-NH2ph)(NO)](PF6)3, �355 = 0.47 in
F3COOH solution, pH 2.01 (terpy, 37) [192]), but the NO photol-
sis of the reagents highlighted here was investigated at mild to
trongly acidic pH. These conditions may appear to be counter-
roductive in light of the observation that �NO increases with pH
6 (e.g., trans-[Ru(1-pramcyH)(NO)Cl]3+ (pramcyH, 38b) [193];

rans-[Ru(NH3)4(NO)L]3+ where L = a series of N-linked hetero-
yclic molecules [194]; trans-[Ru(cyclam)(NO)(Cl)]2+ (cyclam, 38a)
195]) because deprotonation of the water ligand that aquates NO
ields a hydroxyl ligand that renders the complex less susceptible
o ligand exchange in a back-reaction [196]:

evertheless, ruthenium nitrosyl complexes are often character-
zed under acidic conditions or in solvents such as acetonitrile
o overcome solubility issues [196]. Use of these compounds at
ow pH also circumvents complications with nucleophilic attack
y hydroxide, which reacts reversibly with the nitrosyl to yield a
itro group [197,198]:

Ru(bipy)2(NO)L]2+ + 2OH− ↔ [Ru(bipy)2(NO2)(L)]+ + H2O

he nitrosyl and nitro forms are present in equal amounts (based
n the absorption maximum at ∼440 nm associated with the nitro
omplex) at pH 3.8 and 9.2 when L = pyridine and Cl , respectively
198]. For the cis-isomer with L = NH3, this condition is observed
t pH ∼5.7 [199], while trans-[Ru(NH3)4(NO)(L)]3+ complexes are
table in solution for >24 h at 25 ◦C up to pH 8 [200]. The equi-
ibrium constant (Keq) for the spectrochemical series comprised of
arious N-linked heterocyclic ligands varies between 2.2 × 105 and
.6 × 1013 dm6 mol−2 depending on the �-acidity of the coordina-
ion sphere [200,201] as discussed by Winter [202] and Bottomley
203,204] and more recently by others [190,205,206].

Selection of the complexes included in Table 3 from the results
ummarized by Rose and Mascharak [207] is based on the unam-
iguous solubility and stability of these reagents in aqueous
olution. Insufficient information is available for all of the com-
ounds compiled by these authors to determine whether some
f the other reagents should also be included here. For exam-

le, trans-[(Me2bpb)Ru(NO)(Resf)] (Me2bpb, 39a; Resorufin, Resf,
0a) exhibits similar photolytic characteristics in water and DMF
quantum yield of ∼0.052 when illuminated at 500 nm, t1/2 ∼5 min
208]). This complex illustrates two other features that, if imple-

ented together with suitable modifications to enhance solubility
263(3011) [195] –
420(1030) [213] –

in water, may enable use in fast kinetics experiments. First, the
coordination of the ruthenium by one or more carboxamide nitro-
gen atoms from a multidentate ligand generally stabilizes higher
oxidation states of metal ions [209]. As shown above in the reaction
scheme for the photolysis of cis-[RuII(bpy)2(NO+)Cl]2+, photolysis
of NO is accompanied by the oxidation of the ruthenium center;
consequently, carboxamido nitrogen coordination from a ligand
such as PaPy3 (41a) increases quantum yields [210–216]. To char-
acterize the ability of these reagents to serve as photolytic NO
donors, cytochrome c oxidase and myoglobin form NO complexes
without interference from the spent cage [210,212]. The second
noteworthy feature is that with judicious selection of the equa-
torial ligands and with direct coordination of a suitable dye to
ruthenium at the position trans to NO, the absorption maximum
for the d�(Ru) → �*(NO) transition and the absorption maximum
of the complex can be made to converge. Improving this reso-
nance condition in turn enhances the extent of energy transfer upon
illumination to improve the photolytic efficiency of the complex.
Mascharak and co-workers have demonstrated how modulation

of the tetradentate, equatorial ligand shifts the absorption maxi-
mum (Me2bpb vs. Me2bQb (39b)) or changes the molar absorptivity
(Me2bQb vs. (OMe)2bQb (39c)) [207,211]. Similarly, these authors
showed how a series of Resorufin dye homologues with sulfur or
selenium in place of the oxygen atom in the middle ring, system-
atically shifted the absorption maximum to longer wavelengths
(�max = 500, 530 and 535 nm for Resf (O, 40a), Thnl (S, 40b) and
Seln (Se, 40c), respectively; [217]). Therefore, given the interest in
developing effective photo-inducible NO-donors, it is very likely
that a soluble complex or complexes combining all these desirable
properties for flash photolysis experiments will be synthesized in
the near future.

The photolytic potential of bi-nuclear [218,219] and tri-nuclear
[220] ruthenium nitrosyl complexes has also been considered.
The binuclear complexes exhibit relatively low ˚NO (0.02–0.04
[219]), but they are soluble in aqueous solution (acetate buffer, pH
4.5). More recently, De Candia et al. characterized another soluble
binuclear complex, trans-[(NC)Ru(py)4(�-CN)Ru(py)4(NO)]3+, that
exhibits an intense maximum at 518 nm that is attributed to charge
transfer from the [(NC)2Ru(py)4] nucleus to [Ru(py)4(NO)]3+ [221].
Despite the enhanced absorptivity of this complex, the ˚NO is con-
siderably lower (0.06 × 10−3) owing to the low-spin d6 electronic
structure of the {RuII-NO•}7 complex, which is regarded as inert.

Although not directly applicable in kinetics experi-

ments, Doro et al. recently reported a method to immobilize
[(isn)Ru(NH3)4(NO)]3+ on a silica gel support [222]. More impor-
tantly, irradiation (334 nm) of this immobilized complexes releases
NO [222]. NO released in this manner in a chromatography column
during elution of an NO-binding protein may represent a simple
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eans of preparing protein nitrosyl complexes for downstream
ash photolysis experiments or other spectroscopic analysis. An
specially attractive feature of this approach is that the NO-donor
rapped in the resin can be regenerated once the NO supply is
epleted by reaction with a nitrite solution at pH 7.4 without
ignificant loss in nitrosylation performance. The feasibility of this
ethod could be increased by designing a donor that releases NO

pon irradiation at longer wavelengths that are less susceptible
o inner filter effects arising from interfering materials within the
hromatography column.

The first {Mn-NO}6 system known to release NO photolytically,
Mn(PaPy3)(NO)]ClO4, was reported by Mascharak and co-workers
223] shortly after they designed the pentadentate ligand PaPy3
41a). Spectroscopic and electrochemical analysis define this com-
lex as a low-spin, diamagnetic {MnII-NO•} species. The reactivity
f this Mn center with NO is attributable to coordination of the
n(II) center by the carboxamido nitrogen atom that also stabi-

izes the Mn(III) oxidation state. The Mn(III) that results following
hotolysis cannot react with NO, so NO release is effectively irre-
ersible. In water, NO release occurs with a rate constant of 8700 s−1

ollowing irradiation with weak, visible light [223]. Szundi et al.
eported that NO released from this reagent by flash photoly-
is (355 nm) reacts with cytochrome c oxidase with a lifetime
f ∼77 �s (kobs ∼13,000 s−1), which was estimated to be 10 to
0-fold faster than could be detected by conventional stopped-
ow spectroscopy [212]. Afshar exploited these properties of
Mn(PaPy3)(NO)]ClO4 to inactivate papain through S-nitrosylation
f the cysteine residue (ostensibly) at position 25, [224]. The quan-
um yield ˚NO for this release of NO from this complex has been
etermined to be 0.39 and 0.40 in water (�irr = 500 and 550 nm,
espectively) [225]. By exchanging the pyridyl group in the car-
oxamido arm of PaPy3 with a quinoline moiety, the expanded
-system of the resulting ligand (PaPy2Q) almost doubled the
NO values in water (0.74500 and 0.69550). Both of these reagents

ave been incorporated into sol–gel matrices successfully to elicit
O release into the adjacent liquid media even when the sol–gel

urface is protected with a coat of polyurethane [225–227]. The
otivation for the production of this assembly was its potential use

s a light-activated bactericidal agent in wound dressings [215].
Ford and co-workers have prepared and characterized a vari-

ty of organometallic nitrosyl complexes. Among these, Cr(III)
omplexes such as trans-Cr(III)(cyclam)(ONO)2

+ (cyclam = 1, 4, 8,
1-tetraaza-cyclotetra-decane, 38a) undergo one of two com-
eting reactions upon irradiation (�irr = 436 nm) [228]. In one
eaction, irreversible photoaquation is promoted under anaero-
ic conditions with the release of nitrite (˚aq 0.0092). In the
ther reaction, NO undergoes reversible, homolytic dissociation
rom a coordinated nitrite to yield a Cr(IV) intermediate. In the
resence of dioxygen, this intermediate oxidizes further to trans-
r(V)(cyclam)(O)(ONO)2+ with the production of superoxide anion
hat reacts with NO at low levels to produce peroxynitrite and
itrite as secondary products [229]. NO release nevertheless occurs
nder anaerobic conditions in the presence of glutathione to mimic
he reducing environment of a tissue or cell. The NO concentrations
enerated under these conditions are sufficient to activate soluble
uanylyl cyclase [230]. The overall photolytic quantum efficiency
˚NO) for NO release as determined by electrochemical NO detec-
ion with an NO-sensitive electrode was ∼0.27. However, the weak
ear-UV absorbance of these complexes (267 and 40 M−1 cm−1

t 336 and 476 nm, respectively) was considered to be a serious
imitation to the performance of this and other organometallic

omplexes. DeRosa et al. addressed this shortcoming by append-
ng so-called light-gathering antennae or photosensitizing groups
o the cyclam ligand to increase the absorption cross-section of
he complex [231]. While attachment of a benzyl group did not
nfluence NO release appreciably, anthracyl and pyrenyl groups
istry Reviews 255 (2011) 737–756

increased NO release ∼8- and 13-fold, respectively, albeit in a 50%
aqueous solution of acetonitrile. Prolonged exposure of these com-
plexes to light elicited the escape of a second NO molecule but with
a reduced quantum efficiency (∼10% of ˚NO-1). Consistent with this
observation, analysis of the photoproducts by mass spectrometry
revealed changes of −29 and −58 amu after brief and prolonged
light exposure, respectively, which was attributed to the binding
of a proton coupled to NO release. More recently, Neuman et al.
reported the photosensitization of the same Cr(III) complex result-
ing from electrostatic interaction with ZnS-coated CdSe quantum
dots (QD; ∼6 ZnS monolayers over a ∼3.8 nm diameter CdSe core)
[232]. As in the case of the cyclam derivatives, association of the
Cr(III) complex with the QD quenched the fluorescence of this pho-
tosensitizer (i.e., the QD) without reduction of the metal center,
and NO release increased ∼6-fold upon excitation leading to the
conclusion that photolysis in these cases is enhanced by excitation
energy transfer [232] from the photosensitizer to the Cr(III) center.
QDs have the advantage over the aromatic modifications to coor-
dinating ligands in that the QD can be custom-tailored to target
different tissues and for excitation with light from the visible to
the near-IR without decreasing solubility.

The iron nitrosyl reagent sodium nitroprusside
([Fe(CN)6(NO)]Na) has been known to release NO upon exposure
to near-UV and visible light [233] since the early investigations
of Mitra et al. on the ligand exchange reactions of the parent
[FeIII(CN)6] complex [234]. Despite the good yields of NO observed
(0.18–0.35 [235]), the release of CN− anion that accompanies this
photolysis and the slow thermal equation reaction of NO have
motivated efforts to formulate suitable replacements for flash
photolysis experiments and for use in all but the most extreme
of medical emergencies (e.g., acute cardiovascular challenges).
Roussin’s red salt ([Fe2S2(NO)4]2−, 42) is also susceptible to
photolysis, releasing ∼0.5 mol NO per mol complex [185,236]),
which can re-associate with the co-product [Fe2S2(NO)3]2−

(kNO = 9.1 × 108 M−1 s−1) [237]. Alternatively, and depending on
dioxygen and proton availability, the dianionic species can also
react with dioxygen (kOx = 5.6 × 107 M−1 s−1) to yield a secondary
intermediate that Bourassa and Ford believe may be a precursor
to the formation of the black salt ([Fe4S3(NO)7]2−, 43). This 4-iron,
3-sulfur nitrosyl form of the complex decomposes photolytically
with the release of 5.9 NO equivalents per mol of complex [236].
Ford and co-workers recently presented interesting advances in
the enhancement of the photolytic performance of Roussin’s red
salt [238–240]. In these reports, the authors described the synthesis
and photophysical properties of Roussin’s red salt derivatives with
two pendant fluorescein groups [239,241] or a protoporphyrin IX
group [238], both of which served to increase the absorption cross-
section of the complex considerably for two-photon excitation.
Photolysis of the former reagent at 436 nm results in the release
of 3.2 NO equivalents, each with ˚NO = 0.0036. Based on their
experimentally determined two-photon cross-section (ı = 63 GM),
the authors estimated an accumulation of 0.21 nM NO s−1 in
solution. A similar analysis of the porphyrin-based compound
was not possible owing to analytical difficulties, but based on
empirical observations it was estimated that as much as 2.5% of
the complex undergoes photolysis within 1 min of irradiation at
810 nm. While this level of performance may not compete with
those of the Mn nitrosyl complexes described above, further mod-
ification of the pendant groups to improve the solubility of these
reagents in aqueous media and the NO quantum yield should be
possible.
3.2.3. CO and CO2
Despite the similarity of CO and NO and their proposed roles as

biological signaling agents, the effort invested in development of
caged CO reagents for biological applications has been negligible
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late 8. Photoinducible CO-cages. (44) Nitrophenyl acetal derivative of bicyclo
46) tris(imidazol-2-yl)phosphane (2-TIPH); (47) tris[2-isopropylimidazol-4(5)-y
utyl)hydroquinone (Nmoc-DBHQ); (50) 2-((4-methoxy-7-nitroindoline-1-carbony

ompared to the intense effort spent in development of caged NO.
n view of the considerable number of inorganic and organometal-
ic carbonyl complexes that have been reported in the literature,
his situation may seem surprising, but as most if not all of this
ork has been undertaken in non-aqueous solvents, the solubil-

ty, stability and behavior of these complexes in aqueous solution
re presumably problematic with respect to their use for the study
f metalloproteins. Nevertheless, Motterlini and colleagues found
hat iron pentacarbonyl (Fe[(CO)5]) and dimanganese decarbonyl
[Mn2(CO)10]) would release CO to deoxymyoglobin (phosphate
uffer, pH 6.8) only after exposure to light [242]. While iron pen-
acarbonyl formed a precipitate upon continued illumination and
as not used in subsequent experiments, dimanganese decarbonyl

0–100 �M) was found not to be toxic to vascular smooth muscle
ells following exposure for 24 h under the conditions studied. Nev-
rtheless, the stoichiometry, kinetics, and quantum yield for of CO
elease was not reported for either compound.

The first example of caged CO reagents developed for bio-
ogical applications were those of Kao and Keitz [243]. The
pproach taken by these investigators was to build on the known
hoto-decomposition of norbornadienone to benzene and CO
hrough synthesis of nitrophenyl-bearing acetal derivatives of this
ompound (44) (Plate 8) with increased photosensitivity and a
ed-shifted absorption maximum so that CO can be released by
hotolysis at wavelengths between 300 and 400 nm. The authors’
oals in the preparation of these compounds was their use in elec-
rophysiological or microscopy studies rather than the study of

etalloproteins, so the kinetics of CO release and the quantum
ields of these compounds have not been characterized.

More recently Schatzschneider and colleagues have developed
number of manganese and, in some cases, rhenium carbonyl com-
lexes for possible use in photodynamic therapy of cancer. The
rst reagent from this group to afford relatively prompt, albeit
inetically undefined, photo-release of CO was the tris-carbonyl
omplex [Mn(CO)3(tris(pyrazolyl)methane)]PF6 (tmp, 45) [244].

hile solutions of this compound in phosphate buffer (pH unde-
ned) released no CO in the dark, irradiation at 365 nm resulted

n the release of two equivalents of CO as monitored by the for-
ation of carbonyl-myoglobin [244]. This group then designed

nd synthesized a pentapeptide framework (Thr-Phe-Ser-Asp-Leu)

nto which a reactive derivative of the tris-carbonyl Manganese
omplex was conjugated either at the N-terminus or the Phe
ide chain [245]. The resulting peptide conjugates of this man-
anese triscarbonyl complex retained the same ability to release
O photolytically as the parent compound to the extent that this
]hepta-2,5-diene-7-one (norbornadienone); (45) tris(pyrazolyl)methane (tmp);
sphane (4-TIPiPr); (48) caged-glutamate; (49) Nmoc-protected caged di(tert-

)ethyl phosphate.

reaction was characterized. Subsequently, this same group pre-
pared the triscarbonyl adducts of the manganese and rhenium
tris(imidazol-2-yl)phosphane (46) and tris[2-isopropylimidazol-
4(5)-yl)]phosphane (47) complexes, both of which are soluble and
stable in buffer [246]. While the rhenium compounds exhibited no
absorption maximum in the near UV that made them of potential
interest, the manganese complexes were, again, stable to thermal
release of CO and released ∼2 equiv. of CO following irradiation at
365 nm. Currently, the photophysics of CO release by all of these
reagents remain to be determined.

Carbon dioxide is liberated by a variety of photochemical reac-
tions but is generally a by-product and not of primary interest.
In principle, therefore, any cage reagent that liberates CO2 in the
process of releasing the molecule of immediate concern could be
considered also as a CO2 cage as long as the protein under study
does not react with the molecule that is released to solution con-
comitant with the release with CO2. In aqueous solution, of course,
the speciation of CO2 is relatively complex and dependent on pH,
among other variables [247], so it is important to consider experi-
mental conditions carefully when designing experiments in which
photo-initiated release of CO2 is a critical concern. While the appli-
cations of photo-generated CO2 are more limited than those for
the other gases discussed here, metalloproteins such as transferrin
and carbonic anhydrase exemplify systems for which photolytic
CO2 release might be useful.

Early examples of organic reagents that undergo photodecom-
position in aqueous solution to products that include CO2 are
provided by 3- and 4-nitrophenylacetate and 4-nitrophthalate
[248]. The quantum yields for photolysis of these reagents follow-
ing irradiation at 367 nm are ∼0.6 although 2-nitrophenylacetate
and 2,4-dinitrophenylacetate exhibit much lower values (∼0.04).
4-nitrophenylacetate and 4-nitrophthalate both release CO2 after
formation of aci-nitro intermediates, the decomposition of which
is not readily detected by electronic spectroscopy. Although gen-
eration of CO2 during photolysis of various cage reagents is
not uncommon (e.g., caged glutamate (48) [249], caged di(tert-
butyl)hydroquinone (DBHQ, 49) [250]), this release of CO2 is rarely
studied in its own right. As reported for 4-nitrophenylacetate, how-
ever, the release of CO2 typically results from the decomposition
of a carboxylated intermediate at a rate that may be limiting. The

kinetics of this decomposition to form CO2 can be difficult to mon-
itor spectroscopically, and so are generally not characterized. One
exception to this generalization is the work by Papageorgiou et al.
in which time-resolved IR spectroscopy was used to monitor the
rate of CO2 release following flash photolysis of a nitroindoline (50)
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251]. Although the quantum yield for photolysis of this compound
as quite low (∼0.04), the alkoxycarbonate intermediate produced

y photolysis was sufficiently stable that its decomposition could
e monitored by this method.

. Concluding remarks

While most of the reagents discussed in this review were not
eveloped specifically for kinetic studies of metalloproteins, the
eactions that they undergo upon photolysis should afford valuable
eans of characterizing various functions of a wide range of these

roteins. Nevertheless, it can be difficult if not impossible to assess
he suitability of a specific reagent in the design of an experiment
ecause the manner in which these reagents have been charac-
erized has been highly variable. Although we have attempted to
rovide fundamental parameters such as excitation wavelengths,
uantum yields, and kinetic parameters wherever possible, these
arameters were not always of relevance or interest to the authors
ho reported many of these reagents. As well, experimental con-
itions used in evaluating the photochemistry of many of these
eagents often involve broad band excitation (e.g., sunlight, irradi-
tion from arc lamps) with few if any details concerning intensity or
uration of irradiation. Despite these limitations and our resulting

nability to provide a truly comprehensive and systematic review
hat allows unambiguous selection of the “ideal” photo-reagent for
ny specific experimental occasion, we believe it is useful to high-
ight the potential value of these reagents in the investigation of

etalloproteins. As this potential is increasingly recognized and
mplemented, these limitations in our understanding will diminish.
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