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Summary

Oculocutaneous albinism Type 1 (OCAL) is an autosomal recessive disorder caused by mutations
in the tyrosinase gene. Two subtypes of OCA1 have been described: severe OCALA with complete
absence of tyrosinase activity and less severe OCA1B with residual tyrosinase activity. Here, we
characterize the recombinant human tyrosinase intra-melanosomal domain and mutant variants,
which mimic genetic changes in both subtypes of OCAL patients. Proteins were prepared using
site-directed mutagenesis, expressed in insect larvae, purified by chromatography, and
characterized by enzymatic activities- tryptophan fluorescence, and Gibbs free energy changes.
The OCALA mutants show very low protein expression, protein yield, and are enzymatically
inactive. Mutants mimicking OCA1B were biochemically similar to the wild type, but exhibited
lower specific activities and protein stabilities. The results are consistent with clinical data, which
indicates that OCA1A mutations inactivate tyrosinase and result in severe phenotype, while
OCA1B mutations partially inactive tyrosinase and results in OCA1B albinism.
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Introduction

Albinism is a heterogeneous group of genetic disorders currently defined by abnormalities in

visual system development and a variable hypopigmentation phenotype (Montoliu et al.,
2014). There are two major types of albinism: non-syndromic and syndromic. Non-

syndromic albinism includes X-linked ocular albinism (OA), caused by mutation in GPR143
(OA1) gene that is confined to the eyes, and oculocutanious albinism (OCA), in which lack
or reduction of pigment affects the eyes, skin and hair (Schiaffino and Tacchetti, 2005,
Gronskov et al., 2007). There are several subtypes of OCA caused by genetic mutations in
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the following genes: 7YR (Oculocutaneous albinism type 1, OCAL), OCAZ (Pgene,
OCA2), TYRPI(OCAS3), SLC45A2(0OCA4), OCA5 (OCADb), SLC24A5 (OCAB),
CI100RF11 (OCAT) (Tripathi et al., 1992b, Manga et al., 1997, King et al., 1978, King et
al., 1986, Boissy et al., 1996, Newton et al., 2001, Gronskov et al., 2013, Simeonov et al.,
2013, Wei et al., 2013). Syndromic forms of albinism, such as Hermansky-Pudlak (types 1-
10) and the Chediak-Higashi syndromes, are caused by mutations in HPS1-10and LYST
genes, respectively. They are characterized by similar clinical phenotypes as OCA, but have
additional health perturbations (Oh et al., 1998, Jung et al., 2006, Anikster et al., 2001,
Suzuki et al., 2002, Zhang et al., 2003, Huizing et al., 2009, Li et al., 2003, Morgan et al.,
2006, Cullinane et al., 2011, Ammann et al., 2016). These syndromes have different levels of
severity, commonness and occurrence in ethnic groups (OMIM®, An Online Catalog of
Human Genes and Genetic Disorders; http://www.omim.org).

OCA1, the most common type of albinism, is caused by bi-allelic mutations (missense,
nonsense or frameshift) in the 7Y/ gene on chromosome 11q14.3 and occurs in
approximately 1: 40,000 worldwide (total OCA - 1:17,000). This type of albinism, most
common in Caucasians, is subdivided clinically into two groups: the most severe type of
albinism, in which tyrosinase activity and melanin synthesis are undetectable, OCA1A
(OMIM # 203100), or partially measurable, OCA1B (OMIM # 606952). Clinically, OCA1A
patients have a life-long absence of melanin, and presentwhite hair and eyelashes, milky
skin, and light blue or translucent-appearing (red in bright light) irides. In OCA1B patient’s
symptoms are present perinatally, but may improve with age. Both subtypes of OCA1 result
in reduced best-corrected visual acuity, nystagmus, foveal hypoplasia, and abnormal
decussation of ganglion cell axons at the optic chiasm (Oetting, 2000). OCA1 was suggested
to be an endoplasmic reticulum (ER) retention disease in which misfolded tyrosinase
mutants are retained in the ER by cellular quality control (Halaban et al., 2001, Popescu et
al., 2005).

Nearly 350 mutations were found dispersed throughout the 7YR gene, which involves
approximately 77% missense mutations (OCA1A — 67% and OCA1B - 33% from patients
with established diagnosis), ~15% deletions, and ~3% insertions (HGMD Professional
2016.2 database, https://portal.biobase-international.com/hgmd/pro/gene.php?gene=TYR).
These mutations affect the normal production of melanin either by full or partial elimination
of the tyrosinase activity.

Tyrosinase is a membrane glycoprotein widely expressed in plant/animal tissues and crucial
in melanin production (Wang and Hebert, 2006, Bijelic et al., 2015). The enzyme catalyzes
the oxidation of L-tyrosine (monophenol substrate) and L- 3, 4-dihydroxyphenylalanine (L-
DOPA, diphenol substrate) to form dopaquinone (Riley, 1999). Although typical Michaelis-
Menten behavior is observed for both monophenol and diphenol activities, the K, values for
each substrate ranges widely across species, e.g. for L-DOPA, K, values 0.016 mM (Mus
musculus, (Hearing et al., 1978)) to 8.1 mM (Streptomyces, (Kohashi et al., 2004)). The
monophenolase and diphenol oxidase activities are linked to the tyrosinase active site, which
is composed of six histidine residues that coordinate two copper ions (CuA and CuB)
essential for activity (Oetting, 2000, King et al., 2003). Previous data show that activity and
stability of mutant tyrosinase could be indirectly improved with using nitisinone, an FDA —
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approved inhibitor of tyrosine degradation, by increasing the concentration of substrate
(tyrosine) available to the enzyme (Onojafe et al., 2011). Human tyrosinase
(OMIM*606933) is post-translationally modified in the ER by addition of several N-linked
glycans, which are required for protein maturation and stability (Imokawa and Mishima,
1984). Glycosylation appears to have a crucial role in the translocation of protein from ER to
the cytoplasm (Wang and Hebert, 2006). Human tyrosinase is predicted to have 28
asparagine residues (N), of which 7 (N-86, -111, -161, -230, -290, -337, and -371) have the
N-x-S/T sequence motif for potential N-glycosylation.

We have previously shown that a recombinant intra-melanosomal domain of human
tyrosinase (hTyrCy,) and two temperature-sensitive OCA1B-related mutant variants are
soluble monomeric glycoproteins with enzymatic activities mirroring the /n vivo function
(Dolinska et al., 2014). Also, it was shown that hTyrC;, contains at least five N-glycosylation
sites, which are either completely (N86, N337) or partially (N111, N230, N290) modified
((Dolinska et al., 2014), see also Figure 1).

In this work, we propose that the genetic mutations in tyrosinase, which give rise to OCA1
albinism, mainly influence protein folding, stability, and intrinsic activity. This link between
structural change and severity of mutation was studied at the protein level by biochemically
and biophysically characterizing a number of mutant variants of hTyrCy, that mimic OCA1
genetic changes. All mutant variants were selected based on available patient information
from the National Institutes of Health. These include: OCA1A-related mutants: T373K and
R77Q, and OCA1B-related mutations, R402Q, R422W, R422Q, and P406L. The OCA1A
mutants were unstable and showed no enzymatic activity. Mutants mimicking OCA1B were
biochemically similar to the wild type, however, showed decreased enzymatic activity and
protein stability.

Expression and purification of hTyrC;, and OCA1l-related mutants

Protein expression of hTyrCy, and its OCA1-related mutants was assessed by SDS-PAGE
and Western blot of protein supernatants from larval lysates; all showed fairly similar protein
levels (Supplementary Materials, Figure S1). At the second purification stage (Sephacryl
S-300 HR), three peaks were observed: Peak 1, which corresponds to the void volume of the
column (exclusion limit ~2000 kDa), Peak 2, proteins in the 20 — 300 kDa polypeptide range
with a very low tyrosinase activity, and Peak 3, which matches elution of pure hTyrC;, and
OCA1B mutants (Figure 2). The SDS-PAGE and Western blots of the chromatography peaks
shown in Figure 2 (insert lanes A, B) and native gel electrophoresis (insert lanes C, D)
shows that hTyrCy, and OCA1B-related mutants migrated well into the gel (not aggregated)
and reacted strongly with L-DOPA. Based on these results, the hTyrC;, and OCA1B-related
mutants were purified as soluble proteins with high enzymatic activities.

The hTyrC;, protein and OCA1B-related mutants, R422W, R402Q, R422Q, and P406L.
were then applied to a Superose 12 10/300 GL column and eluted as single monomeric
peaks (Supplementary Materials, Figure S2A). Previously, sedimentation equilibrium was
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used to show that hTyrC;, was monomeric with a molecular weight of 56.63 kDa (Dolinska
etal., 2014).

The proteins were all >97% pure according to the SDS-PAGE (Table 1). However, the
proteins did exhibit broad, heterogeneous bands between 55 and 70 kDa due to
glycosylation (Figure 2, insert, panel A). These bands all reacted strongly with the T311
human tyrosinase antibody on the Western blot (Figure 2, insert, panel B).

In contrast, OCA1A mutant variants, T373K and R77Q, were mostly in the first, higher-
molecular weight peak during gel filtration, with none present in Peak 3; these corresponded
to enzymatically-inactive degraded polypeptides (Figure 2, insert lanes 7-8). Moreover, after
concentration from Peak 1, the OCALA mutant proteins were pelleted by low speed
centrifugation, indicating that they were highly aggregated and, therefore, excluded from the
further analysis.

Enzymatic activity

The specific activities of OCA1B-related mutants, R422W, R402Q, R422Q, and P406L,
were 95, 68, 51, and 35 % of the hTyrC;, specific activity, respectively (Table 1). Michaelis-
Menten constants (Kp,), which show the concentration of L-DOPA resulting in half of the
maximal velocity for the diphenol oxidase reaction, indicated that the binding affinity is
slightly higher for the most severe OCA1B-related mutants, R422Q and P406L (Table 2,
Figure 3). From the Vo and Ky, values, the enzyme turnover, A4, and enzyme efficiency,
Keat! K, were calculated and indicated that hTyrCy, has higher L-DOPA specificity (150.64)
than the OCA1B-related mutants (121.82, 116.07, 107.40, and 111.55 for R422W, R402Q,
R422Q, and P406L, respectively) (Table 2). K, values of hTyrCi and OCA1B mutant
variants were similar, indicating similar L-DOPA binding affinities; enzyme turnover was
decreased for mutant variants, however.

Conformational and activity changes on urea induced folding - refolding

To test if missense mutations resulted in conformational perturbations, proteins were probed
using far-UV circular dichroism, CD (secondary structure) and intrinsic protein fluorescence
(tertiary structure). The similarity of the far-UV CD spectra of OCA1B-related mutants and
hTyrC, suggests little or no change in their overall secondary structure (Supplementary
Materials, Figure S2B).

The three amino acids give rise to intrinsic fluorescence, phenylalanine (Phe), tyrosine (Tyr),
and tryptophan (Trp), but most is due to Trp. The 40 ns tyrosinase homology model
indicates that 6 out of a total of 11 Trp are buried inside the enzyme (Supplementary
Materials, Figure S3). Thus, Trp can be used to monitor changes in the tertiary structures
under unfolding/refolding conditions. Native hTyrCy, has a fluorescence maximum at 340
nm, which upon unfolding with urea red shifts to 363 nm with an increase in intensity
(Supplementary Materials, Figures S4 and S5). These spectral changes are consistent with
protein unfolding where buried and quenched Trp(s) are solvent exposed. Similar red shifts
(23-26 nm) were observed for OCA1B-related mutants after urea treatment (Supplementary
Materials, Figure S5). When the denatured protein was refolded, the fluorescence maximum
of hTyrC;, was blue-shifted to 340 nm indicating folding reversibility. The OCA1B-related
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mutants, R422W, R402Q, R422Q, and P406L, when refolded, also blue-shifted to varying
degrees, but none reached native-like 340 nm (Table 1, Supplementary Materials, Figures S4
and S5). Although the emission intensity of R422Q was decreased, possibly due to protein
aggregation, both mutant variants, R422Q and P406L, showed partially recovered L-DOPA
activity after the refolding, 62% and 47%, respectively. Consistent with the fluorescence
monitoring, the specific activities of hTyrC;, and mutants R422W and R402Q, exhibited loss
and regain of activity, which confirmed the fully reversible denaturation-renaturation cycle.
These results are summarized in Table 1.

Equilibrium unfolding and refolding

Urea-induced equilibrium unfolding/refolding of hTyrCy, and mutants were obtained by
plotting the fluorescence emission 360/320 nm ratio as a function of urea concentration. The
sigmoidal curves were fitted using the Boltzmann function (Figure 4). The refolded hTyrCy,,
R402Q, and R422Q exhibited native-like response curves whereas the mutant variants,
R422W and P406L, curves exhibited hysteresis. The stability of the proteins expressed as
free energy changes (AG) were determined at zero urea concentration as shown in a Table 2.
These changes in protein stability show a remarkable correlation with the specific activity
(Figure 5A), suggesting the decrease in protein specific activities in the OCA1B-related
missense mutations is due to the decrease in protein stabilities.

Catalytic properties of the recombinant human full length and truncated tyrosinases

In order to compare the enzymatic properties of hTyrCy, (Dolinska et al., 2014) and full
length detergent associated hTyr tyrosinase, kinetic parameters obtained from reactions with
L-DOPA were measured under the same conditions in the presence of 0.1% Triton X-100.
The Kkinetic parameters K, Vimax, and &gz for hTyr were 0.68 £ 0.03 mM, 0.21 = 0.04 mM/
sec, and 140.04 + 28.89 sec™1, respectively, and for hTyrCy,, were 0.64 + 0.03 mM, 0.18
+0.03 mM/sec, and 103.23 + 16.26 sec™1, respectively. Specific activity for hTyr was
238,741 + 6370 U/mg and for hTyrCy, 439,851 + 18,736 U/mg.

Discussion

Recombinant human tyrosinase was truncated at the C-terminus to remove the membrane
associated region. The truncated protein, hTyrCy, correspond to residues 19 — 469 of the
native tyrosinase. The hTyrC;, and OCAl-related mutant variants, R422W, R402Q, R422Q,
P406L, T373K, and R77Q were expressed in larval biomass and purified by IMAC and size-
exclusion chromatography. Both, OCA1A and OCA1B mutants showed similar expression
as the wild type protein, while mutants mimicking OCA1A, T373K and R77Q, were not
detectable after two steps of purification and exhibited no enzymatic activity in the peak
corresponding to tyrosinase. Initial evaluation of human recombinant tyrosinase from the
crude lysate was difficult due to the presence of larval endogenous tyrosinase in the sample
and was estimated as 200 mg of total tyrosinase. Finally, purified proteins yields were, in
average, 3 mg or less of the recombinant tyrosinase from 20 g of frozen larvae.

The OCALA causing mutations destabilized the tyrosinase structure, resulting in loss of
protein activity. Mutants mimicking OCA1B also resulted in structural destabilization, but to
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a lesser degree with lower specific activities and protein stabilities compared to wild type.
Our work quantifies this link, indicating a negative correlation between specific activity and
protein stability and positive correlation between specific activity and enzyme turnover and
efficiency (Figure 5, A—C). These findings are consistent with clinical data, which suggests
mutations involved in OCA1B albinism reduce tyrosinase activity (OMIM®, An Online
Catalog of Human Genes and Genetic Disorders; http://www.omim.org).

OCA1A-related mutants are well known known, especially the T373K variant (c.1118C>A,
exon 3), which is the most commonly observed and occurs in ~30% of Northern European
clinical cases (Spritz et al., 1997, Halaban et al., 2000, Hutton and Spritz, 2008a). Any
mutation at position 373 could result in disruption of the N-x-S/T sequence motif, which
eliminates N-linked glycosylation at N-371, and produces a protein post-translationally
modified with six glycans. Our most recent study with deglycosylated mutants of the
tyrosinase intra-melanosomal domain, where asparagines in the glycosylation sites were
replaced with aspartic acid residues, shows that deglycosylation of position 371 is critical for
protein stability and activity. Specific L-DOPA activity shows moderate decrease for mutants
with two glycans at positions N161 and N371 or with only one glycan at N371, and dramatic
change for the fully deglycosylated protein. Moreover, the final protein purity was gradually
decreased for 5, 6, and 7 N-deglycosylated mutants, compared to that of the hTyrCy,
(unpublished data). This agrees with cell culture studies of T373K, which demonstrates this
mutant is misfolded and retained in the ER (Halaban et al., 2000). The additional effect of
T373K mutation could also be due to introduction of a positive charge close to the CuB
binding region. This may inactivate the enzyme by altering the location of the histidines
and/or alter the local secondary structure (Oetting and King, 1992, Tsai et al., 1999, Halaban
et al., 2000).

Another common OCA1A mutant causing albinism among Korean and Japanese individuals
is R77Q (c.230G>A, exon 1) (Park et al., 1996, Park et al., 1997, Tomita et al., 2000,
Simeonov et al., 2013). Other mutants at position 77 also cause OCAL (R77W) or OCA1B
(R77G) forms of albinism in humans (https://portal.biobase-international.com/hgmd).
Moreover, the 7yr¢-2/¢-2mouse, a model of OCA1A, is phenotypically albino due to a
mutation in the 7yrgene (c.G291T, p.R77L) (Onojafe et al., 2011). In addition, in silico
modeling performed in this work suggests that the R77L mutation causes a destabilizing
structural change. Sterically, the human R77Q mutation could be a subject of stronger
change, which might disrupt the tyrosinase catalytic activity (Shibahara et al., 1990, Spritz et
al., 1997).

In our /n vitro study, with recombinant T373K and R77Q mutant variants, we observed low
molecular weight bands reacting with T311 antibody (Figure 2) indicating protein
processing suggestive of structural perturbations. Currently, we could not provide direct
evidence, we suggest OCA1A mutants were not properly folded. This agrees with previously
published data from cell culture, which shows OCA1A-related mutants (possibly misfolded)
are retained in the ER, bound to calnexin and calreticulin, then degraded and, thus, not
released to the melanosomes, the final destination of tyrosinase (King et al., 1991, Tsai et
al., 1999, Halaban et al., 2000, Berson et al., 2000).

Pigment Cell Melanoma Res. Author manuscript; available in PMC 2017 August 23.


http://www.omim.org
https://portal.biobase-international.com/hgmd

1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Dolinska et al.

Page 7

OCA1B mutations located in exon 4, R402Q (c.1205G>A), R422W (c.1264C>T), R422Q
(c.1265G>A), and P406L (c.1217C>T), display temperature-sensitive phenotypes, where the
immature glycoproteins are degraded more quickly at 37°C than at 32°C. In cultured human
melanocytes at 32°C the enzyme is not degraded, but translocated as normal to the
melanosomes (Halaban et al., 1988, Tripathi et al., 1992b, Halaban et al., 2000, Jagirdar et
al., 2014). All these mutations are located in the CuB binding site and may affect the
geometry of the substrate binding site or the interaction of the substrate with the binuclear
copper site, resulting in reduced tyrosinase activity (Giebel et al., 1991, Oetting and King,
1992). From our results, the mutants identified in OCA1B show protein expression levels
and yields similar to that of the wild type but specific activities were generally lower than
the wild type protein (Table 1). Furthermore, while the hTyrC;, and R422W proteins
exhibited similar free energy changes (AG), the other OCA1B-related mutant variants
R402Q, R422Q, and P406L were less stable (Table 2). It is interesting that OCA1B-causing
mutations inhibit the folding pathway to the lowest energy conformation thereby tyrosinase
remains in a non-native conformation.

Mutations that change protein stability and activity are spatially close; as such, residues 402,
406, and 422 are all in the loop connecting the helix H4 from the 4-helical bundle and the
protein C-terminus (Supplementary Materials, Figure S6). Genetic changes in this loop may
play a role in the thermal sensitivity of human tyrosinase and possibly define the
temperature-sensitive phenotypes.

There is some controversy over the mutation at position 402. As previously reported by
some authors, the R402Q mutant variant is a non-pathogenic polymorphism, occuring
frequently, but without strong correlation with pigmentation phenotypes among normal
Caucasian individuals (Norton et al., 2007, Simeonov et al., 2013). However, R402Q is
strongly associated with patients who have albinism (Chiang et al., 2009) and is not
associated with autosomal recessive ocular albinism, suggesting that a causative variant may
be in genetic disequilibrium with the R402Q variant (Oetting et al., 2009). On the contrary,
functional /n vitro studies showed the mutation at codon 402 reduces tyrosinase activity by
25% when expressed in culture HelL a cells (Tripathi et al., 1992a, Jagirdar et al., 2014). In
addition, homozygous 402Q/Q human melanocytes produce significantly less tyrosinase
protein, exhibit altered trafficking and glycosylation, with decreased L-DOPA activity when
compare to the wild type melanocytes (Jagirdar et al., 2014). Our in vitro study of the
R402Q variant showed an agreement with above results, and the reproducible decrease in
enzymatic activity by 32% and corresponding decrease in protein stability (AAG =0.48 kcal/
mol) compared to that of the wild type (Table 1 and 2). This indicates that the R402Q might
destabilize tyrosinase structure in a way similar to that of other disease-causing mutant
variants from our study.

Likewise, the P406L mutation might be clinically complicated due to incorrect diagnosis in
some cases as described for the TYRL pseudogene (Chaki et al., 2005). To avoid
misinterpretation of the results this group designed primers for specific amplification of
either 7YRor TYRL locus. However, the P406L was often reported as the disease-causing
mutation (Hutton and Spritz, 2008b, King et al., 2003). The proline residue has a unique
stereochemistry, which restricts conformation of the protein backbone. This amino acid is
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often found in very tight turns and loops in protein structures and its presence has been
correlated with thermostability (Matthews et al., 1987). A substitution of hydrophobic
proline residue by leucine preserves a hydrophobic property in the position 406, but changes
the orientation of protein backbone. This change could explain a significant destabilizing
effect of the P406L mutation compared to that of the other OCA1B mutations (Table 2).

One of the limitations of our study is we used the soluble and enzymatically active domain
of human tyrosinase (intra-melanosomal) as a surrogate for the full-length membrane
associated protein. Although this was reasonable (and standard practice) we generated
human full-length tyrosinase and showed that it had similar enzymic properties as the
truncated variant. The ~ 2-fold higher activity of hTyrCy, over hTyr may be related to the fact
that the latter is associated with micelles (one molecule per micelle), which could affect
substrate transfer rates. It does seem reasonable, therefore, to conclude that our findings with
the OCA1A variants, located in the intra-malanosomal domain, are valid.

Another issue is that in the melanosome the activity of tyrosinase might be modulated by
protein-protein interactions with other proteins (Toyofuku et al., 2001). This adds an
additional layer of complexity to tyrosinase and related melanogenic proteins. To resolve
this issue in the future, we like to perform additional biochemical, protein-protein
interactions, and functional studies on full-length tyrosinase and related proteins from the
melanogenic pathway such as tyrosinase-related protein 1 (OCAS3), P-protein (OCA2),
among others.

In conclusion, we have shown that both OCA1A-related mutants, T373K and R77Q,
although expressed in 7.5/ larvae, were susceptible to proteolytic degradation (a hallmark of
unfolded and partially unfolded proteins) and were enzymatically inactive. This is consistent
with the view that in patient’s cells OCA1A-related mutant tyrosinases are retained in the
ER and degraded due to incorrect protein folding. Likewise, our results indicate that the
tyrosinase catalytic activity in OCA1B- related mutants varies among the mutations and is
inversely proportional to the protein stability, which is consistent with the OCA1B
phenotypes variations. The biochemical and structural determinations exemplified in this
study suggest how individual mutations contribute to the diverse phenotype in patients with
albinism at a molecular level. Our findings may help to quantify the effect of different
missense changes in OCA1B albinism. Lastly, we believe that recombinant OCA1B proteins
are useful tools for identifying novel compounds that may stabilize or activate mutant
tyrosinase. Such compounds may be of use in the treatment of patients with OCA1B.

Proteins expression and purification

Tyrosinase intra-melanosomal domain—Recombinant human wild type intra-
melanosomal tyrosinase domain (residues 19 — 469 of the native protein), hTyrCy and
OCAZ1-related mutants, R422W, R402Q, R422Q, P406L, T373K, and R77Q, were expressed
in baculovirus and produced in whole insect 7. n/larvae at 27°C, as previously described
(Dolinska et al., 2014). A 6xHis-Tag was added to the C-terminus of the protein. Protein
purification was performed as follows. Frozen at —80°C, infected larvae were disrupted by
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Omni Tissue Homogenizer using the Hard Tissue Omni Tip™ Homogenizer Probes (Omni
International, GA) in 5 x (v/w) Buffer A: 20 mM sodium phosphate, 500 mM NaCl, and 20
mM imidazole, pH 7.4, supplemented with 25 pM 1-Phenyl-2-thiourea, PTU (Sigma-
Aldrich, MO), 2 mM MgCl,, 40 pg/ml DNAse | (Thermo Fisher Scientific, PA), 0.2 mg/ml
lysozyme and a Complete Protease Inhibitors (Roche, USA). No additional copper was
added to the buffer during the expression and purification. The homogenates were incubated
on the Orbitron Rotator (Boekel Scientific, PA) at RT for 15 min and then sonicated using an
Ultrasonic Processor GE130PB (Hielscher System, Germany) for 10 min. The lysates were
centrifuged at 10,600 x g for 30 min at 4°C. Supernatants of hTyrC;, and mutant variants
were diluted 1:1 (v/v) with binding buffer (Buffer A) and then subjected to an automated
two-step purification at room temperature (RT) using AKTAXxpress liquid chromatography
system and the UNICORN 5.31 software (GE Healthcare, NJ). Crude lysate was
automatically loaded on 5 ml His-Trap Crude IMAC column (GE Healthcare, NJ)
equilibrated with Buffer A and eluted at flow rate of 1 ml/min into a 13-ml loop with Buffer
B: 20 mM sodium phosphate, 500 mM NaCl, and 500 mM imidazole, pH 7.4. The protein
from the loop was then applied on a HiPrep 26/60 Sephacryl S-300 column (GE Healthcare,
NJ) pre-equilibrated with Buffer C (50 mM Tris-HCI, pH 7.4, ImM EDTA, 150 mM NaCl,
and 50 uM TCEP). Fractions containing 2 ml were collected on a 96 well plate and were
analyzed by SDS-PAGE using 4-15% polyacrylamide gels (Bio-Rad, CA) stained in
GelCode Blue reagent (Thermo Scientific, IL). The activity was tested by a color reaction
with L-DOPA (see Tyrosinase enzymatic assays below). Protein identity was confirmed by
Western blot analysis using anti-tyrosinase T311 antibody (Santa Cruz Biotechnology, CA).
The proteins were concentrated using Amicon Ultra-15/10,000 NMWL centrifugal filter
units (Merc Millipore, Ireland) and concentrations determined at A260/280 nm using the
NanoDrop 2000c UV-Vis spectrophotometer (Thermo Scientific, DE). Tyrosinase yields for
hTyrCy, and OCALl-related mutant variants in protein extracts during purification were found
from SDS-PAGE gels as 100% x tyrosinase band intensity/total protein band using UN-
SCAN-IT gel ™ gel analysis software (Silk Scientific, Inc., UT). Purified proteins were
stored in Buffer C at —80°C until further use.

Full-length human tyrosinase—Protein (hTyr) was expressed in baculovirus, produced
in whole insect 7. n/larvae, homogenized in the presence of 1% Triton X-100 detergent,
with supernatant prepared similar to that of described for the hTyrCy, above. The purification
was performed using a Bio-Logic Duo-Flow Maximizer workstation (Bio-Rad, CA). First,
the macrofiltered supernatant was loaded onto a 5 ml His-Trap FF Crude IMAC column (GE
Healthcare, NJ) equilibrated preliminary with Buffer A, containing the detergent, and eluted
at a flow rate of 0.5 ml/min. A gradient of 0-500 mM imidazole was applied and 2.5 ml
fractions were collected. Fractions containing active hTyr were identified using a color
reaction with L-DOPA.. Active fractions were dialyzed overnight against 4 liters of Buffer C
containing 0.1% Triton X-100. Then, the fractions were concentrated into 5 ml and were
further purified by SEC using Sephacryl S200 10/60 column (GE Healthcare, NJ). Fractions
of 2.5 ml were collected and monitored by SDS-PAGE, while protein identity was confirmed
by Western blot analysis.
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Tyrosinase enzymatic assays

Tyrosinase activities were determined spectrophotometrically (Lopez-Serrano et al., 2007,
Jeong and Shim, 2004). Protein diphenol oxidase activities were measured using L-DOPA
(Sigma-Aldrich, MO) as a substrate. The reaction mixture containing 3 mM L-DOPA in 10
mM sodium phosphate buffer, pH 7.4, was incubated for 30 min at 37°C and monitored by
measuring the dopachrome formation at 475 nm (egopachrome =3700 M~1 ecm™1) using the
SpectraMax i3 multi-mode detection platform (Molecular Devices, CA). Specific activity
was determined as L-DOPA enzyme activity multiplied by the sample total volume and
divided by total protein.

Kinetic parameters

The diphenol oxidase reaction rate (Vnax) Was determined using L-DOPA as a substrate at
concentrations of 0.094, 0.188, 0.375, 0.75, 1.5, 3, and 6 mM. All assays (in triplicate) were
performed in 10 mM sodium phosphate buffer, pH 7.4 at 37°C. Absorbance was measured
spectrophotometrically at 475 nm in the SpectraMax i3 multi-mode detection platform
(Molecular Devices, CA) using a microtiter 96-well plate. The Michaelis-Menten constant
(Km) and Viax Of proteins were calculated using SoftMax Pro software, rev. 6.5. The
enyzyme turnover (kgqt) Was determined as a number of substrate molecules turned over per
enzyme per minute, and was derived from Vq/ &, Where £ is the concentration of enzyme
in mM.

Circular Dichroism (CD)

Far UV (180-260 nm) circular dichroic spectra of recombinant human hTyrCy, and OCA1B-
related mutants were recorded using a Jasco 710 spectropolarimeter using a 0.1 cm path-
length cell. Scans were performed in 10 mM sodium phosphate buffer, pH 7.4 at a protein
concentration of 0.2 mg/ml. The reported CD spectra averaged twelve scans and corrected
the values by subtracting the blank buffer. Mean residue ellipticities were expressed for all
wavelengths as deg x cm? x d.mol~1 and were calculated from the equation /6] = Gobs x

M /10 x d x ¢, where Bobs is the measured ellipticity in degrees, M, the mean residue
molecular weights, d'the optical path in cm and cthe protein concentration in mg/ml.

Intrinsic tryptophan fluorescence

Fluorescence emission spectra of hTyrC;, and OCA1B-related mutant variants, R422W,
R402Q, R422Q, and P406L (10 uM) were recorded at RT in 10 mM sodium phosphate
buffer (pH 7.4) in the presence or the absence of 8 M urea. Spectra were recorded using a
SpectraMax i3 multi-mode detection platform (Molecular Devices, CA). Proteins were
excited at 285 nm, and the emission was recorded from 300 to 400 nm. All fluorescence
spectra were corrected for the buffer baseline.

Urea-induced equilibrium unfolding/refolding

All proteins including hTyrC;, and OCA1B-related mutant variants were a subjected to

equilibrium unfolding/refolding. Proteins were diluted to a final concentration of 1 pM in 10
mM phosphate buffer, pH 7.4 with urea concentrations from 0 to 8 M then incubated for 24h
at RT. For equilibrium refolding experiments, 50 uM stocks of protein (final concentration 1
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UM) in 8 M urea were incubated at RT for 5 h and then diluted with 10 mM phosphate
buffer, pH 7.4 to 0-8 M urea and incubated for 24h at RT. Samples were excited at 285 nm
and emission spectra was recorded at 300-400 nm. Both unfolding and refolding was
monitored using the emission 360/320 nm ratio, which was plotted vs the urea
concentration. The experimental curves were fitted with a Boltzmann function using
OriginPro 2015 (Origin Lab Corporation, MA). Each unfolding/refolding curves were
averaged in triplicate and normalized to show a change of unfolding fraction «from 0 to 1.
The dependence of the unfolding fraction & on the urea concentration was converted to a free
energy plot using the following formula : AG =—RT In(u/(1-u)). Finally, the values of Gibbs
free energy changes at zero urea concentration (‘physiological’ conditions) were obtained by
the linear approximation of experimental points using the Origin Pro 2015 software (Origin
Lab Corporation, MA).

Homology Modeling

The FASTA sequence for human tyrosinase was downloaded from the UniProtKB database
(http://www.uniprot.org, Acc. # P14679) and truncated to only include residues 106-451.
Homology modeling was performed using the program Yasara (http://www.yasara.org). A
tyrosinase active site from Protein Model Database (model PM0079416) (Favre et al., 2014)
and bacterial tyrosinase structures from the database of protein crystal structures (PDB files:
3NM8, 2AHK, 2AHL, 4J6T, and 3AWZ, http://www.rcsb.org) were used as structural
templates to build an atomic model of human tyrosinase. A hydroxide ion was added in
between the two copper atoms to more accurately match the PM0079416 model and depict
the likelihood of a hydroxide ion present in Tyr’s met form. The OH™ ion was placed as a
bridge between Cu A and B. Copper A was localized to be, approximately, 2.0A in distance
from the epsilon nitrogen, Ng», on histidine 180, 202, and 211. The same distance was
determined for copper B and the N, atom of histidine 363, 367, and 390. Finally, the atomic
structure of human tyrosinase was equilibrated in water for 40ns using scalable molecular
dynamics program NAMD (http://www.ks.uiuc.edu/Research/namd/). Finally, the obtained
structure was used for modeling of the following mutant variants: T373K/N371D, P406L,
R402Q, R422W, and R422Q. The tyrosinases stereochemistry was repaired and evaluated
for free energy changes, AAG using the FoldX suite (http://foldxsuite.crg.eu/). The structure
of R77Q was not modeled because of the residues 77 was located outside of the range for
our current structure.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.

Abbreviations

OCA1l oculocutaneous albinism Type 1 genetic disorder

OCAlA a Type 1A disorder with a complete absence of tyrosinase
activity and lack of melanin production

OCA1B a Type 1B disorder with residual tyrosinase activity
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hTyrCy and hTyr intra-melanosomal domain and full-length human
tyrosinase, respectively
IMAC immobilized metal affinity chromatography
SEC size-exclusion chromatography
CD circular dichroism
L-DOPA L-3,4-dihydroxyphenylalanine
PTU 1-Phenyl-2-thiourea
RT room temperature
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Significance

Very little is known how individual mutations contribute to the diverse pigmentation
phenotype in patients with OCA1 albinism at the molecular level. Our in vitro
experiments with purified recombinant human tyrosinase mutants corresponding to
OCAI1A indicate they are unstable and enzymatically inactive. In contrast, OCA1B
mutants are more stable and active in varying degrees. These results suggest a direct link
between protein stability and loss of pigmentation in OC1A. This opens the possibility of
high-throughput screens to identify novel drug compounds, which modulate protein
folding and stability, resulting in recovery of tyrosinase activity and pigmentation in
albinism patients.
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Figure 1. Protein structure of N-glycosylated wild-type Tyr
Panel A: Glycosylated Tyr. The protein backbone is depicted as a beige cartoon ribbon.

Glycans are shown attached to their respective asparagine side chains in a ball-and-stick
model with red indicating oxygen, cyan indicating carbon, and blue indicating nitrogen. The
Insert shows the active site. The two copper atoms (copper A and copper B) are depicted as
orange spheres in the center of the active site, bridged by a hydroxide ion. Cu A is
coordinated by the epsilon nitrogen of HIS 180, HIS 202, and HIS 211. Cu B is coordinated
by the epsilon nitrogen of HIS 363, HIS 367, and HIS 390.

Panel B: Residues undergo OCAL1-related mutations (orange spheres representing their side
chain atoms) mapped to the human tyrosinase protein structure model as described in
methods section. The protein backbone structure is depicted as a beige cartoon ribbon and
the protein surface is shown by grey mesh. Surrounding rectangles show Tyr mutants
superimposed over wild type. R77Q, R402Q, and R422Q - the glutamine mutation is
superimposed over the wild type amino acid residue, arginine. R422W - the tryptophan
mutation is superimposed over the wild type amino acid residue, arginine. P406L — the
leucine mutation is superimposed over the wild type amino acid residue, proline. The wild-
type residues are depicted in beige and the mutants are depicted in baby blue. The protein
backbones are shown as a beige-colored cartoon ribbon.
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Figure 2. Purification and enzymic activity of recombinant hTyrCy, and OCAl-related mutant

variants

Top panel: Absorbance values recorded at 280 nm after two steps of purification using
AKTAxpress chromatography system. Chromatography of hTyrC;, (red) and mutant variants
(R422W, orange; R402Q, yellow; R422Q, green; P406L, blue; T373K, purple, and R77Q,
light violet) were eluted from Sephacryl S-300 HR column as three peaks, Peak 1 (fractions
A2-A9), Peak 2 (B8-C9), and Peak 3 (D8-F9). Insert shows the SDS-PAGE (A), Western
blot (B), native gel incubated with 3 mM L-DOPA (C), and native gel stained with GelCode
Blue reagent (D) of hTyrCy,, and OCAl-related mutants. From the left: 1, protein ladder; 2,

hTyrCy; 3, R422W; 4, R402Q; 5, R422Q; 6, P406L; 7, T373K; 8, R77Q.

Bottom panel: Specific activity of tyrosinase in the three peaks obtained as the L-DOPA
enzyme activity multiplied by the sample total volume, and divided by total protein are
shown as the colored bars. The tyrosinase content (yield) of hTyrCy and mutant variants in
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all three peaks calculated from the SDS-PAGE gels using UN-SCAN-IT gel ™ gel analysis
software are showed as the empty bars.
* Indicate no bands at the proper position on SDS-PAGE gel or no activity.
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Figure 3. Kinetic analysis of OCA1B-related mutants
Michaelis-Menten plots of diphenol oxidase activity of hTyrCy, (red), R422W (orange),

R402Q (yellow), R422Q (green), and P406L (blue) as a function of L-DOPA concentration
measured at 37°C. The lines represent nonlinear fits to the Michaelis-Menten equation
obtained from OriginPro software. Experiments were performed in triplicate, and error bars
represent the standard deviations.
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Figure 4. Urea-induced equilibrium unfolding/refolding of hTyrC¢, and OCA1B-related mutants
Intrinsic tryptophan fluorescence was measured using an excitation wavelength of 285 nm.

Emission spectra were recorded in the range between 300 and 400 nm. Proteins (10 uM)
were in 10 mM phosphate buffer, pH 7.4 with 0-8 M urea. For refolding, proteins were
dialyzed against 10 mM phosphate buffer, pH 7.4 at 4°C for 24 h. Unfolding and refolding
curves were measured as a 360/320 nm ratio and indicated by black and green points,
respectively. To visualize the unfolding/refolding the experimental points were fitted with a
Boltzmann function using OriginPro 2015 as indicated by black and green lines for
unfolding and refolding, respectively.
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Figure 5. Protein stability, enzyme turnover, and enzyme efficiency as function of specific activity
for hTyrC¢r and OCA1B-related mutants

Specific activity of the hTyrC;, and R422W, R402Q, R422Q, and P406L mutant variants was
obtained as the diphenol oxidase enzyme activity (as described in Materials and Methods
section), multiplied by the sample total volume and divided by total protein.

Panel A shows a negative correlation (Pearson’s r = —0.992) between the experimental
Gibbs free energies (AG) and the specific activity for each protein. Protein stability AG
(kcal/mol) values were characterized and calculated from unfolding/refolding reactions.
Panel B represents a positive correlation (Pearson’s r = 0.962) between Ky, the enzyme
turnover (sec™1) and the specific activity. Enzyme turnover was defined as a ratio of Vax/ &,
where £ is concentration of enzyme in mM.

Panel C shows a positive correlation (Pearson’s r = 0.900) between enzyme efficiency,
Keat! Km (min~1 sec™1), and the specific activity.
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